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Abstract 

To withdraw better water quality from the Potomac River for a water treatment plant during low 

flow conditions, Fairfax Water in VA had an off-shore river intake built in 2004.  The intake was 

comprised of a 36-ft diameter hexagon concrete structure sitting on the bed of the river and a 

10×8 ft vertical shaft connected to a 10-ft diameter pipe under the river bed.  In addition, a sand 

barrier was built around the intake to minimize the sand withdrawal.  The sand barrier is a 

nonagon concrete structure with approximately a 54 ft diameter.  

Since the intake started operating in late 2004, it has exhibited a significant amount of sand 

withdrawal.  The d50 of the sample collected from deposited material in the intake is 0.016 inches 

(0.4 mm).  

A 1:10 scaled model of the intake was built on the second floor of the St. Anthony Falls 

Laboratory (SAFL) to study the causes of sand withdrawal and to modify the structure and 

minimize the amount of sand withdrawal. 

The scaled model represented a 180×390 ft of the Potomac River which is 1,780 ft wide at that 

location, with a head tank and a rock crib wall to uniformly distribute the flow, a leafdrop gate at 

the downstream end of the model, the intake, the sand barrier, the rectangular vertical shaft, and 

a settling tank on the first floor.  The model basin was filled with sand and silt to simulate 

sediment transport along the model basin.  Froude similarity was used to scale all model 

parameters.  In order to simulate the bed forms in the model basin, the water depth was set lower 

than the 1:10 scale of the river; the prototype average depth under 22,000 cfs was 6.73 ft, and the 

model average flow depth was set equal to 0.44 ft instead of 0.67 ft.  

The physical model study showed that sand was withdrawn into the intake through two 

processes: (1) the deposition of bed materials at the downstream end of the sand barrier would 

allow the dunes to move over the sand barrier and enter the intake from the downstream end, and 

(2) the scouring at the upstream end caused by vortices would bring the larger particles into 

resuspension which would ultimately move over the sand barrier and enter the intake. 

A total of eight geometries and modifications to the intake were studied and tested.  A total of 61 
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tests were conducted.  An automatic sampler with a multi-port intake was installed in the intake 

effluent pipe to measure the concentration of finer particles. In addition, sediments removed 

from the intake effluent pipe were collected from the settling tank, dried and weighed. After 

comparing all eight geometries with the existing (original) geometry, the most effective one was 

identified, which was comprised of two wingwalls at the downstream end, a nose wall at the 

upstream end and a crown over the entire structure. The results of the tests conducted on this 

geometry suggest that the prototype bedload withdrawal should decrease by more than 60%. 
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1. Introduction 

Fairfax Water supplies drinking water to 1.3 million residents in the Northern Virginia 

communities through four water treatment facilities.  One of the water treatment facilities is the 

Corbalis Water Treatment Plant and its water source is the Potomac River.  The Potomac River 

intake is located in the Seneca Pool upstream of Dam no. 2 (Figure 1), and comprises an on-

shore and an off-shore intake structure.  The water quality near the shoreline declines, i.e. its 

turbidity along the shore generally increases due to localized rain and run-off events any time of 

the year.  To remedy this problem, an off-shore intake was constructed and added to the system 

in 2004.  The off-shore intake was a 36-ft diameter hexagon concrete structure sitting on the bed 

of the Potomac River with a 10×8 ft vertical shaft connected to a 10-ft diameter pipe laid under 

the river bed.  The intake concrete structure was surrounded by a 54-ft nonagon sand barrier of 

the same height to minimize the amount of sand withdrawal.  The Potomac River is relatively 

wide along that reach; approximately 2000 ft. The Fairfax Water currently withdraws 170 

MGPD (millions of gallons per day) with a maximum of 300 MGPD from the off-shore intake 

when the Potomac River discharge is less than 20,000 cfs, i.e. when the quality of the river flow 

near the shoreline is suspected to be poor.  

Since the beginning of its operation, the intake has been filled with sand and silt quite frequently.  

The operation log (Figure 2) shows that from December 2004 to March 2006, the off-shore 

intake has been self cleaned at least three times, and cleaned by divers twice, while the last time 

it took divers about 16-days to finish the cleaning.  In addition, the off-shore intake was 

completely covered with sand after the flood of March 30, 2005, which peaked at about 110,000 

cfs. The log also shows that during the same period, the operators switched to the on-shore 

intake, i.e. they stopped operating the off-shore intake, as the river discharge exceeded 20,000 

cfs except on very few occasions. 

The scope of this study was to build a physical model of the Fairfax Water off-shore intake in the 

Potomac River and to study the sediment transport in the vicinity of the intake and the 

mechanisms that lead to sand withdrawal through the intake, and then to redesign or modify the 

sand barrier or the intake structure to effectively minimize the rate of sediment withdrawal by the 

intake. 
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Figure 1. Aerial photo of the Potomac River and the approximate location of the off-shore intake in the 
Seneca Pool. 

 

This report has been organized as follows: In Section 2, the project tasks are explained in 

chronological order.  In Section 3, some background information regarding the river and its 

hydrology and the results of the field trip are provided.  In Section 4, the model scale selection 

and construction are described.  In Section 5, the testing procedure and the initial test series are 

introduced.  In Section 6, the modifications made to the intake and sand barrier are summarized 

and Section 7 is the summary and conclusion of the study. 

Dam #2 
Off-shore Intake 

On-shore Intake 
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Figure 2. Observed river discharge at Point of Rocks and the off-shore intake operation from December 
2004 until March 2006. 
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2. Project Chronology 

To minimize cost and increase effectiveness, the model study included a deliberate incremental 

approach where Tasks 7a, 7b, 7c and 7d were implemented as testing progressed.  Following are 

the project steps in chronological order.   

• The project started on July10, 2006.   

• The model construction and instrumentation ended on September 29, 2006, about two weeks 

after the schedule.  The model basin was built larger than what was stated in the proposal (39 

ft long instead of 25 ft).   

• Calibrating the weirs and evaluating the settling tank and the automatic sampler ended on 

October the 10th. 

• The initial testing in the flume started on October 2, 2006 in the 20-inch flume.  Initial tests 

were inconclusive and no transport was evident in the model. 

• Cross-sectional data and other information regarding the bed rock were received from MWH 

on October 31, 2006 and the bed material particle size distribution was received on 

November 15, 2006.  

• After more initial testing and inconclusive results, on January 5th a site visit to map the bed 

river was proposed to Fairfax Water, which was approved on January 12, 2007.  The site visit 

was expected to be conducted during or immediately after a 20,000 cfs flood in the river. 

• A site visit was conducted on March 7 and 8 when the river discharge was at 22,000 cfs. The 

river bed in the vicinity of the off-shore intake was mapped and flow velocities were 

measured at three locations. 

•  The first test series on the existing geometry was completed by March 27, 2007. 

• The second test series, first modification, was completed on April 3, 2007. 

• The third test series (Task 7a), second modification, was approved on April 4, and was 
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completed on April 15, 2007. 

• The fourth test series (Task 7b), third modification, was approved on April 17, and was 

completed on April 26, 2007. 

• To determine the fourth modification (Task 7c), it was proposed to study five geometries to 

be evaluated through a dye study.  The approach was approved on May 10, and was 

completed on May 23, 2007. 

• The fifth geometry (Task 7c) was approved in June and was completed on June 29, 2007.  

During this period, several other tests were repeated. 

• The sixth geometry (Task 7d) was approved on July 18 and was completed by August 12, 

2007.  During this period, several other tests were repeated. 

• The draft final report was submitted on September 17, 2007. 
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3. The Potomac River and the Off-Shore Intake 

In order to study the interactions between the Potomac River and the Fairfax Water off-shore 

intake in the Seneca Pool, it was necessary to obtain some information regarding the hydrology 

of the river system, the flow regime and the sediment transport along the river reach.   

3.1. The Potomac River Hydrology 
There is no USGS gaging station at the vicinity of the intake.  However, there are two USGS 

gaging stations at Point of Rocks (01638500), about 20 miles upstream of the intake, and near 

Washington DC at the Little Falls Pump Station (01646500) approximately 20 miles downstream 

of the intake (Figure 3).  The Potomac River drainage area at the Fairfax intake is approximately 

10,000 square miles (26,000 km2).  From the Point of Rocks to the intake there is no major 

tributary discharging into the Potomac River, therefore, the river discharge at Point of Rocks can 

be assumed for the Fairfax Water intake to obtain a general picture of the river hydrology. 

For the past 100 years, the records show that the maximum annual flood level at Point of Rocks 

has always exceeded 27,000 cfs (765 m3/s), i.e. it is very likely that the river discharge will 

exceed 20,000 cfs (566 m3/s) more than once per year at Point of Rocks (Figure 4). In addition, 

there is a 55% chance that the maximum annual flow will exceed 100,000 cfs (2,830 m3/s) in any 

given year.  Therefore, a flow of 20,000 cfs (566 m3/s) is not considered an extreme event at the 

Seneca Pool and it is very likely that the river will exhibit much higher flows in any given year. 

3.2. River Morphology in the Vicinity of the Intake 
In 2003, a habitat assessment study was conducted for the Potomac River from Little Falls to the 

Seneca Pool by the Maryland Department of Natural Resources.  As part of the study, the river 

bathymetry was surveyed.  The surveyed data and the topographical map of the area show that 

the river upstream of the intake is a straight reach with a relatively uniform width for over 1.5 

miles (2.4 km), i.e. from Sharpshin Island to the off-shore intake (Figure 1). The average water 

depth in the vicinity of the intake was about 6 ft (1.8 m) when the survey was done, and the river 

width is about 1,780 ft (543 m).  The survey was conducted on October 8, 2002 when the river 

discharge was about 2,000 cfs (57 m3/s) at the intake.  
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Figure 3. The location of the Fairfax water intake with respect to the USGS gaging stations on the 
Potomac River. 
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Figure 4. The Potomac River maximum annual floods recorded at the Point of Rocks USGS gaging 
station. 



 9

The soil sample collected from the river bed by Froehling and Robertson, Inc. for Fairfax Water 

shows that the Potomac River upstream of Dam no. 2 has a sandy bed with some gravel (Figure 

5). According to the data collected from boreholes by MWH1 in 1994, the River in the vicinity of 

the intake has a sandy bed with bed rock only a few feet below the bed surface.  At some 

boreholes, the sand layer is less than a foot deep.  Even though the river is has sandy bed it is 

sediment source limited, i.e. sometimes a significant amount of sand is transported while some 

other times there is not enough sand, which is typical of the riverine systems in the eastern part 

of the US.  Therefore, it is very likely that sand is not withdrawn during every large flood event. 

The median size, d50, of the bed materials is 0.039 inches (1 mm), and d15 and d85 are 0.017 (0.42 

mm) and 0.1 (2.5 mm) inches, respectively. 

 

Figure 5. Particle size distribution of the materials sampled from the river bed near the intake in 2006. 

                                                 
1 The data were provided by Eugene J. Gemperline through email correspondence. 
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3.3. Bed Shear Stresses 
As was mentioned, the Potomac River has a sandy bed mixed with some gravel along that reach.  

The gravel portion is too small to armor the bed.  The particle size distribution of the samples 

collected from inside the off-shore intake is given in Figure 6. The d50 of the sediments 

withdrawn was about 0.016 inches (0.4 mm), and the d15 and d85 were 0.009 (0.23 mm) and 

0.032 (0.81 mm) inches, respectively.  According to Figure 6, it seems that most of the sediments 

withdrawn by the intake and sampled were bedload and not suspended load (Chien and Wan, 

1999), unless most of the suspended sediments were carried into the water treatment plant and 

were not sampled.  

 

Figure 6. Particle size distribution of the materials withdrawn from the river in 2006. 
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To model the river bed correctly it was necessary to determine the prototype bed shear stress. 

The bed shear stress is determined from equation 1. 

e0 SRγ=τ        (1) 

In equation 1, τ0 is the bed shear stress, γ is the specific weight of water, R is the hydraulic radius 

of the cross-section and Se is the slope of the energy line.  Hydraulic radius for wide rivers such 

as the Potomac River is equal to the average depth of the cross section. In cases, where near 

normal (uniform) flow conditions exist in a reach, Se can be approximated by the bed slope of 

the River.  However, in this case the river reach of interest was located upstream of a dam which 

affected the slope of energy line and the water surface slope. In order to determine Se, it was 

necessary to have some information about the roughness of the bed.  MWH provided the 

surveyed cross-sections upstream of the dam and the one-dimensional hydraulic model (HEC-

RAS) of the Potomac River was developed at SAFL. A total of 6 cross-sections were input to the 

geometry file of the HEC-RAS model and 38 interpolated cross-sections were added.  The 

upstream end of the HEC-RAS model was set at Sharpshin Island and the downstream end was 

set on Dam no. 2.  It was assumed that the downstream boundary condition was at the critical 

depth, i.e. flow was critical over the dam. 

Water depths have been monitored at the intake by Fairfax Water and were provided for the 

modeling effort.  Table 1 gives the observed water depths at the intake associated with 

discharges observed at Point of Rocks, assuming a lag due to travel time. The approximate river 

cross-section (cross-section 4.35 in the HEC-RAS model), where the intake is located, is given in 

Appendix A. 

Table 1. Observed data used in the HEC-RAS model (cross-section 4.35) of the Potomac River 
Water Surface 
elevation (ft) 

Average water 
Depth (ft) 

 Discharge (cfs) 

182.5 6.7 22,300 
181.7 6.2 13,300 
181.2 5.7 7,800 

 

The Manning’s n coefficient of roughness of the HEC-RAS model was calibrated using the 

observed data in Table 1.  In order to calibrate against the water surface elevation at 182.5 ft 
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under 22,300 cfs, Manning’s n was set at 0.052 (Figure 7).  A Manning’s n of 0.052 is generally 

too large for a sandy bed river like the Potomac River along the Seneca Pool.  In addition, a 

Manning’s n of 0.052 was too small to validate the HEC-RAS model under lower flow 

conditions. To recalibrate the model for a discharge of 13,300 cfs and 7,800, Manning’s n had to 

be set equal to 0.068 and 0.09, respectively. The discrepancy might be partly due to the 

downstream boundary condition. During the site visit in March 2007, it was noticed that the 

tailwater downstream of the dam could be high enough that critical flow conditions may not 

occur over the dam under all flow conditions.  A higher water level at the downstream end of the 

HEC-RAS model would result in a smaller Manning’s n and subsequently a milder gradient for 

the energy line.  Nevertheless, a high Manning’s n not typical of sandy bed rivers can be due to 

presence of dunes (form loss versus friction loss) under a 20,000 cfs flow condition.  Dunes do 

not dissipate quickly after the flood recedes and can cause larger head losses.  Therefore, a larger 

Manning’s n under lower flow conditions as was evident in the HEC-RAS model could be due to 

the presence of dunes in the river. To understand whether dunes were formed or not, a decision 

was made to visit the site, map the bed, take velocity profiles and estimate the bed shear stress 

from the observed data. 
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Figure 7. Simulated longitudinal velocity profiles along the Potomac River upstream of Dam no. 2, 

under three flow conditions. 
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3.3. Field Data Collection and Results 
On March 8, 2007, a field trip was carried out to the site. Four people boarded a motor boat and 

collected three velocity profiles and mapped the bed forms using a Lowrance LCX-15MT sonar 

equipped with a differential GPS (Lowrance model LGC-12S). The sonar transducer had a dual 

frequency of 50kHz/200kHz with a 36 degree beam angle for 50 kHz and 12 degree for 200 kHz. 

The site visit was planned for March 8, 2007 because a flood had started in the river on March 2 

and it had peaked at 79,000 cfs during the early hours of March 4 (Figure 8). The field work 

started when the flow was around 20,000 cfs at Point of Rocks.  Assuming 16 hours of travel 

time between Point of Rocks and the Fairfax Water intake, the river discharge was at about 

22,000 cfs during the field work which started around 7 am.  
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Figure 8. The Potomac River discharge in early March of 2007 recorded at the Point of Rocks gaging 
station. 

 

An area of about 150 by 150 feet upstream of the intake was mapped.  The sonar clearly showed 

the presence of bed forms, i.e. dunes. Dunes could be identified as high as two feet, while the 
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water depth was as deep as 8 feet.  However, the bed forms seemed to be irregular with different 

heights and had not covered the entire mapped area.  This could have been due to the thin layer 

of sand above the bed rock.  A coarse depiction of the bed bathymetry is shown in Appendix B 

(Figure B-1). 

To measure velocity, a two-dimensional Sontek Flow Tracker Acoustic Doppler Velocimeter 

(ADV) with an accuracy of +/-1.0% was mounted on a pole held in the vertical position while 

the boat was anchored from three directions. Point velocities were measured at a frequency of 2 

Hz and were averaged over 2 minutes. The flow velocities could not be measured exactly at the 

same location, i.e. every time the pole had to be pulled out of the water to adjust the depth of the 

probe.  Nevertheless, the approximate time-averaged point velocities were collected at three 

locations.  During data retrieval from the probe, it was realized that one dataset was corrupted 

and could not be retrieved.  In Figure 9, the other two sets of velocities are plotted against the 

lognormal of the depth and since velocity in open channels can be explained as a logarithmic 

function of depth (equation 2), shear velocity, u*, can be obtained from the slope of the line fitted 

to the data. 

( ) ttanconsylnuu * +
κ

=      (2) 

In equation 2, u is the velocity at depth y, and κ is the von Karman constant and can be assumed 

equal to 0.4.  Bed shear stress, τ0, is a function of shear velocity as shown in equation 3. 

2
*0 uρ=τ        (3) 

In equation 3, ρ is the water density. From the two profiles given in Figure 9 and equations 2 and 

3, bed shear stresses were estimated to vary from 0.137 to 0.335 lbs/ft2. The variability in shear 

stresses could be due to the non-uniformity of the bed forms and also where the velocity profiles 

were taken, e.g. at the crest of a dune or at the trough of a dune.  The average shear stress and 

shear velocity were estimated to be 0.24 lbs/ft2 and 0.35 fps, respectively. 

With an average shear stress of 0.24 lbs/ft2and the particle size distributions given in Figure 5 
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dunes should form under 22,000 cfs flow conditions if the sand supply is adequate2.  By 

comparing the average shear velocity and the particles fall velocity, all particles smaller than 

0.0047 inches (0.12 mm) were suspended and all particles larger than 0.039 (1 mm) were 

bedload under 22,000 cfs.  Particles between 0.0047 inches (0.12 mm) and 0.039 (1 mm) moved 

as either bedload or suspended load. Then by referring to Figure 6 more than 85% of the 

materials in the sample taken from the off-shore intake can be either bedload or suspended load 

in the river. 

To obtain an estimate of the sediment discharge in the Potomac River along the reach where the 

Fairfax Water intake is located, the van Rijn (1984) method was utilized.  Computations are 

given in Appendix C. Based on this analysis, four fifth of the sediments are transported as 

suspended load and one fifth as bedload. Even though the van Rijn method is not accurate (there 

is no accurate method), but it suggests that the suspended load transport is significantly higher 

than the bedload transport in that reach of the Potomac River. 

With an average shear stress of 0.24 lbs/ft2, Manning’s n becomes about 0.06 which is slightly 

larger than what was obtained from the calibration of the HEC-RAS model.  Therefore, it is very 

likely that the bed forms create enough head loss that a Manning’s n of 0.052 is likely to 

represent the bed roughness under 22,000 cfs flow conditions. 

                                                 
2 With a Shields number of 0.71 and a grain Reynolds number of 26 associated with a d50 of 0.039 inches (1 mm) 
and an average flow velocity of 1.84 fps, dunes should be the predominant bed forms in the river (Chien and Wan, 
1999). 
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Figure 9. Velocity profiles measured near the Fairfax Water intake under approximately 22,000 cfs 
flow conditions in the Potomac River. 
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4. The Physical Model Construction  

The physical model was built on the second floor (Model floor) of the St. Anthony Falls 

Laboratory (SAFL).  Since the reach of the Potomac River upstream of the intake was relatively 

straight and wide, and the off-shore intake capture zone3 was small in comparison to the 

approach flow, only a 180 foot-width of the river was modeled.  By assuming a uniform flow 

distribution across the river width, no information regarding the bed load transport would be lost 

in this physical model study.   

4.1. Model Scale 
The goal of the model study was to accurately simulate the flow patterns in the river, around and 

inside the sand barrier, and around the off-shore intake.  To do so, Froude similarity was used to 

simulate the prototype flow conditions in the model.  However, another goal of the physical 

model study was to accurately simulate the bedload transport in the river. To do so, Shields 

similarity (an index of the bed shear stress) had to be satisfied as well. It is worth noting that one 

may not be able to satisfy both conditions using a scaled model, especially if there are bed forms.   

The model was built at a scale of 1:10 on the model floor of SAFL. Using the Froude similarity, 

the model-prototype relationships for a number of parameters are given in Table 2.  As will be 

discussed in the next section, to maintain Shields similarity and simulate the bed forms, the 

length scale was revised for the water depth.  Therefore, Froude similarity was not fully 

maintained 

Table 2. Model-prototype scales used for a number of parameters in this study 
Length  1:10 

Area  1:100 

Volume  1:1000 

Flow rate  1:316.2 

Velocity  1:3.16 

Time  1:3.16 

Shear stress 1:10 
                                                 
3 The capture zone can be approximated assuming potential flow in the river.  The equation for the capture zone can 
then be approximated by RiverQQWL /int=  where L is the width of the capture zone, W is the width of the river, 
Qint is the intake withdrawal rate and QRiver is the river discharge. 
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The maximum modeled river flow was 7 cfs which corresponded to 22,000 cfs for the prototype 

across 180 ft of the river, and the maximum modeled intake withdrawal rate was 0.95 MGPD 

(1.47 cfs), which corresponded to 300 MGPD (464 cfs) for the prototype. 

4.2. Model Features 
The physical model consisted of a head tank and an 18×39 ft rectangular basin representing 

180×390 ft of the Potomac River, the intake structure, a tail tank (Figure 10) and a settling tank 

(Figure 11).  Mississippi River water was discharged into the head tank using two different 

sources.  Downstream of the head tank a rock crib wall was built to uniformly distribute the flow 

across the 18-ft basin. 

The water supply into the head tank was controlled by two valves on a 12-inch and a 10-inch 

water supply line connected to the laboratory Supply Channel (Figure 12a).  Model flow rates 

varied from 2 cfs to 7 cfs to represent the prototype flows for the model calibration and model 

testing. 
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Figure 10. Plan view and longitudinal cross-section of the model basin. 
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Figure 11. Schematic of the longitudinal cross-section of the entire model including the settling tank. 

 

To keep the model river bed in equilibrium, sediments had to be fed at a constant flow rate 

across the entire width of the basin.  This would mimic the uniform flow conditions at the 

prototype scale in the Potomac River.  In order to achieve this, a sediment delivery system was 

built that used a single sediment feeder which equally fed twelve points along the width of the 

model immediately downstream of the rock crib wall.  The sediment delivery system was 

comprised of a jet pump that would pump slurry of the fed material and water, and a motorized 

arm that would distribute the slurry among twelve funnels connected to the feed points via ¾” 

plastic tubes (Figure 12b).   

The intake structure and sand barrier were built from wood (Figure 13a) and Plexiglas (Figure 

13b), and the intake vertical shaft and its bell mouth were built from sheet metal (Figure 13c).  

The intake structure was placed on a wooden platform to facilitate the future modifications to the 

structure.  Subsequently, the model basin was filled with cinder blocks and a 2-inch layer of 

rocks (pebbles) on top. A geo-synthetic membrane was placed on top of the river rocks and then 

more than 4 inches of sediments representing the river bed materials at the model scale were 

placed on top of the membrane. 
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Figure 12. Photos of (a) the head tank, the water supply and the rock crib wall at the upstream of the 
model and (b) the sediment delivery system. 

 

 

 

Figure 13. (a) The intake structure and the sand barrier made of wood on a wooden platform, (b) the 
intake piers made of Plexiglas, and (c) the intake drop shaft and its bell mouth made of sheet 
metal. 
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To accurately simulate water surface elevations in the basin, a leafdrop gate was built at the 

downstream end of the 18×39 ft basin; the leaf drop gate was 18 feet long (Figure 14).  Water 

after flowing over the leafdrop gate would enter the tail tank and then flow over a sharp-crested 

weir which was used to measure discharge (Figure 14). The basin was built from plywood and 

steel C-channels, sealed and painted. 

 

 

Figure 14. The model basin leafdrop gate for controlling the water level, the tail tank and the sharp-
crested weir to measure the flow rate. 

 

The intake inlets were covered with screens to correctly simulate the flow into the intake vertical 

shaft.  To size the intake screens in a physical model study, it was necessary to accurately 

simulate the head loss across the screens.  The head loss is due to flow separation downstream of 

the vena contracta, which is the sudden contraction inside the opening of the screens.  The depth 

of the screen has an insignificant contribution to the total head loss; however, it can cause an 

additional flow loss due to separation downstream of the screen.  Head loss can be estimated 

Leafdrop 
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Wet wells 
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using the following equation 

g
VKhl 2

2

=        (4) 

where hl is the head loss in ft, V is approach velocity in fps, g is the gravitational acceleration in 

ft/sec2 and K is the dimensionless coefficient of head loss.  The coefficient of head loss varies 

with the Reynolds number (
ν

VD
=Re , where D is a length scale and ν is the kinematic viscosity 

of water).  When the flow is turbulent, and the Reynolds number exceeds 5000, the head loss 

coefficient becomes more or less independent of the Reynolds number (Stefan and Fu, 1978).  If 

the flow regime through the screen opening in the model study is turbulent and the Reynolds 

number is about 5000 or more, then as the model K-value approaches the prototype K-value, the 

model screen hydraulically behaves similarly to the prototype screen. 

Previous studies have been conducted to determine the head loss coefficient, K, of screens.  Most 

studies have shown that at a high Reynolds number, K is solely dependent upon the percentage 

opening of the screens and the coefficient of contraction. 

Escande (1940) gave the following equation for the coefficient of head loss: 
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where Cc is the coefficient of contraction, b is the width of the opening and s is the distance from 

center-to-center of two adjacent bars.  The coefficient of contraction, Cc, can be determined from 

equation 6 as follows 

b
sCc 1.054.0 +=       (6) 

The model screen openings were 1.5 inches and the depth of the screen was 0.2 inches.   
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4.3. Instrumentation and Calibration 
To measure the flow rate through the model, a sharp-crested weir was built at the downstream 

end of the tail tank and was calibrated against the SAFL weighing tanks. The SAFL weighing 

tanks have a maximum capacity of 16 cfs and an accuracy of 0.2%.  Water level upstream of the 

weir was measured using a pressure tap mounted orthogonal to the flow direction to give the 

hydrostatic pressure and was connected to a wet well with a point gage via a ¼” plastic tube.  

The point gage had a precision of 0.001 ft.  The calibration curve is given in Figure 15.   

To measure the rate of withdrawal by the intake, a second weir was built at the outlet of the 

settling tank.  The second weir was also calibrated against the SAFL weighing tanks and the 

calibration function is shown in Figure 16. Before the start of each test, the valve downstream of 

the intake was closed until the flow measured over the sharp-crested weir met the target value. 

Subsequently, the valve downstream of the intake was opened and the flow over the second weir 

was adjusted to meet the target withdrawal by the intake. 

To scan the bed forms after each test, a laser profiler was mounted on a towing carriage.  

Scanning was conducted every two inches (5 cm) for an area of about 13'×13' (400×400 cm), 

with the intake at the center of the area.  The laser profiler has an accuracy of 0.02 inches (0.5 

mm). 

To measure velocities upstream and inside of the sand barrier, a two-dimensional Sontek 

FlowTracker Acoustic Doppler Velocimeter (ADV) was mounted on the carriage.  The ADV 

could measure the velocity of a cylindrical sampling volume (0.24″ diameter, 0.35″ height) 

located 4 inches away from the probe with an accuracy of +/-1.0%.   

To measure the water surface drop along the basin and a 20-inch flume during initial testing, a 

MassaSonic M-5000/220 Smart Ultrasonic Sensor was mounted on the carriage and connected to 

a PC.  The MassaSonic Sensor emits a pulse of high-frequency (220 kHz) sound and measures 

the time taken for the signal to return. Sensing ranges from 4 to 40 inches.  Sound is emitted in a 

narrow (8°) conical beam. Listed accuracy is +/-0.25% of the maximum distance.  
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Figure 15. The results of calibrating the model basin weir against the SAFL weighing tanks. 
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Figure 16. The results of calibrating the settling tank weir (flow through the intake) against the SAFL 
weighing tanks. 
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Figure 17. The laser profiler and the towing carriage installed on the C-channels around the model basin 
for scanning the bed forms. 
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5. Initial Test Series 

5.1. The Model Particle Size Distribution (PSD)  
The particle size distribution of the sediments used in the model study was selected based on a 

scale of 1:10 and a specific gravity of 2.65 for the bed materials.  Therefore, three different 

gradations were mixed to represent the prototype bed materials at the model scale (Figure 18).  

The mixture was 28% Lakeland sand, 39% Silica F95, and 33% SCS250.  The d50 of the three 

gradations matched the three portions of the sample collected from the bed materials.  The PSD 

of the selected mixture is given in Figure 19. According to Figure 19, however, the selected 

distribution was slightly coarser in the middle.  However, no data point was provided between 80 

and 15 percent finer of the prototype materials sampled (see Figure 18).  

After placing the materials in the model basin and conducting the tests, samples were taken from 

the model bed and sieved. The PSD of the bed samples are given in Figure 20.  All samples are 

from the surface of the bed except sample 950 BL which was collected from a deeper portion of 

the bed and represents the undisturbed materials.  The sample distribution is close to the 

theoretical mix, only slightly coarser at the lower tail.  It is evident from Figure 20 that the bed 

materials became coarser over time. 

25% Lakeland Sand d50 = 350 µ

35% F95 d50 = 100 µ

30% SCS250 d50 = 55 µ

The very coarse (3%) and very fine 
(7%) sediments will not be modeled

 

Figure 18. Particle size distribution of the sample taken from the Potomac River bed materials and the 
selection of the gradations for the model bed materials. 
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Figure 19. Computed particle size distribution of the mix selected for the physical model study and the 
scale of 1:10 particle size distribution of the prototype sample. 
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Figure 20. Particle size distributions (PSD) of 10 samples collected from the model bed materials after 
several series of tests.  Sample 950 BL is the finer PSD among all bed samples and represents 
the undisturbed bed materials.  
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5.2. Initial Modeling Approach: Flume Study 
Before starting the tests, it was necessary to determine the conditions under which the bed would 

reach equilibrium, i.e. the size and shape of the bed forms would not change over time.  

Therefore, several series of tests were conducted along 18 ft of a 20-inch flume at SAFL.  Six 

inches of the materials with the PSD shown in Figure 19 were placed in the flume and 

Mississippi River water was discharged into the flume under three flow conditions representing 

5,000 (0.15 cfs for the model), 10,000 (0.31 cfs) and 20,000 cfs (0.6 cfs) flow conditions.  Under 

5,000 cfs flow conditions, no transport of sediment was evident.  Under the 10,000 and 20,000 

cfs flow conditions very little transport was evident.  When the flow depth was decreased to 5.5 

ft for the prototype (see Table 1), some very fine ripples were formed under 10,000 cfs (Figure 

21).  Under 20,000 cfs and a 6 ft depth of water for the prototype, some small dunes were formed 

in the 20-inch flume (Figure 22). When the same flow condition and water depth were 

maintained in the model basin, the small dunes evident in the flume did not develop in the model 

basin (Figure 23).  This difference can be explained by the significant difference between the 

hydraulic radii in the flume and the model basin. From these test series it was clear that very 

little transport could be simulated under laboratory conditions.  Lack of knowledge of the 

expected bed forms was another reason the field trip described in Section 3.3 was conducted.    

 
Figure 21. Plan view of the bed forms formed in the SAFL 20-inch flume under the prototype conditions 

of 10,000 cfs discharge and 5.5 ft depth. 
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Figure 22. Plan view of the bed forms formed in the SAFL 20-inch flume under the prototype conditions 
of 20,000 cfs discharge and 6 ft depth. 

 

Figure 23. Ripples were formed in the model basin under the prototype conditions of 20,000 cfs 
discharge and 6 ft depth. The small dunes evident around the sand barrier were caused by 
localized high shear stresses from the contracted flow.  
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After a number of iterations in the flume study, a flow depth of 4.3 ft (5.25 inches for the model)  

under 22,000 cfs flow conditions (Figure 24) was selected to simulate bed shear stresses in the 

model basin.  After dunes formed in the model basin, velocity profiles were measured at six 

locations: four on the crest and back of dunes and two on the trough of dunes. The average bed 

shear stresses at those locations were calculated (Figure 25).  The average bed shear stress of the 

six measurements was estimated to be 0.029 lbs/ft2 which was well scaled with the average bed 

shear stress estimated from the field data (0.24 lbs/ft2). The average Shields number of the 

prototype and the model were estimated to be 0.71 and 0.61, respectively, which are relatively 

close. The average shear velocity of the model was calculated to be 0.12 fps. By comparing the 

average shear velocity at the model scale and the particles fall velocity, all moving particles 

smaller than 0.0047 inches (0.12 mm) were considered suspended load and particles larger than 

0.0079 inches (0.2 mm) and smaller than 0.031 inches (0.8 mm) were considered bedload.  

Assuming a d50 of 0.0055 inches (0.14 mm) for the model bed materials (Figure 19) and a flow 

of 7 fps at a depth of 0.44 ft (5.25 inches), the suspended load was estimated to be eight times 

that of the bedload, i.e. the results of the physical model study will be conservative with respect 

to the suspended load. As the d50 of the bed materials changed from 0.0055 inches (0.14 mm) to 

0.0079 inches (0.20 mm), as was shown in Figure 20, total sediment discharge decreased by 25% 

but the ratio of suspended load to bedload remained at 8 (Appendix C). 

Through trial and error a series of tests were conducted in the 20-inch flume to determine the 

amount of sediment required to feed the system to maintain the shape of the bed forms 

(equilibrium conditions) under 22,000 flow conditions. Each test took more than 24 hours. 

During the tests, it was observed that the Lakeland sand with a d50 of 0.014 inches (0.35 mm) 

would deposit few inches downstream of the feed point.  Therefore, the Lakeland sand was 

omitted from the mix, and then the new mix was comprised of 54% F95 and 46% SCS250. The 

concentration of the materials fed was determined to be 28 mg/l.  
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Figure 24. The plan view and a three-dimensional view of the dunes formed in the 20-inch flume under 
the prototype conditions of 22,000 cfs discharge and 4.3 ft depth. 
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Figure 25. Velocity profiles measured in the model basin under the prototype conditions of 22,000 cfs (7 
cfs at the model scale) discharge and 4.3 ft (5.25 inches at the model scale) depth.  



 33

5.3. Testing procedure 
To determine the amount of sediment withdrawal, an automatic sampler was used to take one-

liter bottle samples every five minutes for a period of an hour.  The entire water sample was then 

filtered, dried and weighed to determine the sediment concentration.  Sampling was conducted 

via a multi-port intake where full flow was running through the pipe (Figure 26).   

Prior to the start of the tests, the accuracy of the sampler was checked by feeding a mix of 

SCS250 into the intake from the top of the intake with the intake lid removed. The results of the 

tests under a withdrawal rate of 1.47 cfs (300 MGPD for the prototype) and three concentrations 

of 50, 20 and 10 mg/l were 89%, 94% and 92%, respectively. In other words, the sampler could 

collect samples with concentrations at about 90% of the average concentration of SCS250 in the 

pipe.   

During the same test, the removal efficiency of the settling tank was also assessed.  Since 

SCS250 is comprised of very fine sediments (d50 is about 0.022 inches (55 microns)), sediments 

would not settle in the settling tank and the removal efficiency of the settling tank was at about 

30%. It was clear that the settling tank could only remove the sand fraction of the SCS250 (31% 

of SCS250 is larger than 0.003 inches (0.075 mm)). The results showed that the settling tank 

could remove all the bedload entering the intake and some of the suspended load.   

To capture more suspended load in the settling tank, 45 micron screens were placed in the 

settling tank, but the screens were quickly clogged and the settling tank overflowed.  Therefore, 

initially it was decided not to collect any sediment from the settling tank.  However, as tests 

advanced, it became evident that the intake was withdrawing a significant amount of larger 

particles (bedload) and they would settle in the settling tank which could not then be accurately 

sampled by the automatic sampler.  The automatic sampler could not give the concentration of 

the total suspended and bedload entering the intake and there was definitely an overlap between 

the sampler and the settling tank, and one could use the results obtained from both devices to 

determine if any changes in the intake structure or the sand barrier could change the amount of 

sediment withdrawal by the intake.  Out of a total of 39 tests conducted under a 22,000 cfs flow 

condition in this study, there were only 8 tests where the sediments removed by the settling tank 

were not measured. 
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The main steps of the testing procedure are summarized below: 

• Weigh the sediments prior to placing them in the empty sediment feeder.  Calibrate the 

feeder to the specified feed rate (gr/sec). 

• Start up the flow slowly in order to prevent any wash out of the existing bed forms.  

• Set the water elevation in the basin.   

• Open the intake valve, i.e. start the withdrawal.   

• Start the automatic sampler.  Set the sampler to collect 12 samples for a 60 minute test.   

• Start the sediment feeder.   

• Take background samples from the head tank at 1/3 and 2/3 of the test duration and 

record exactly when they were taken.  

• During the test, keep track of water depths upstream of both weirs and inside the basin.  

• Stop the test when all sediments have been distributed by the feeder. 

• Drain the settling tank and collect all sediments in the tank using a shopvac. 

• Dry and weigh all sediments removed by the settling tank. 

• Filter, dry and weigh all samples collected by the automatic sampler. Determine the 

concentration of the sediments in the intake pipe. 

 
Figure 26. A multi-port intake was placed inside the intake pipe at the upstream end of the settling tank 

and connected to the automatic sampler via a plastic tube. 
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6. Summary of All Test Series 

After more than 15 tests for developing the appropriate bed forms in the model basin, a total of 

61 tests were conducted to evaluate different geometries for the intake. A total of nine 

geometries, including the existing (original) geometry of the intake and sand barrier, were tested 

and evaluated.   

During the initial test series, bedload transport was not evident under low or medium flow 

conditions, therefore, initially it was decided to run the model under low and medium flow 

conditions while Froude similarity was fully maintained.  The test results under low and medium 

flow conditions did not show any significant sediment withdrawal by the intake, and sometimes 

even the concentration of sediments withdrawn was less than the background concentration, i.e. 

the Mississippi River water concentration.  Subsequently, the tests were only continued under 

high flow conditions, i.e. 22,000 cfs.  The total number of tests conducted under 22,000 cfs flow 

conditions was 39. 

Due to the dynamic behavior of the bed and the impacts of some configurations on bed forms 

and the deposition of materials around the sand barrier, the testing methodology was modified 

several times over the course of the 61 tests. Subsequently, some of the geometries were 

evaluated again, specifically the original geometry.  

In the following section, a summary of the geometries built and tested are presented, and the 

results of conclusive tests are summarized.  The details of all tests are given in Appendix D.  

6.1. Description of Geometries Tested 
After the completion of the first test series on the original geometry, sediments were deposited 

on the downstream end of the sand barrier such that some dunes had moved over the wall of the 

sand barrier (Figure 27). Furthermore, scouring had occurred near the upstream end of the sand 

barrier (Figure 28).  The bed conditions around the sand barrier were in general agreement with 

the sounding data collected from the bed on July 18, 2006 by Coastal Marine Sciences, Inc. 

The first modification proposed for the intake was blocking two of the downstream ports (Figure 

29).  The test results did not show any significant reduction in withdrawal. The second 
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modification included two wingwalls at the downstream end of the sand barrier (Figure 30).  

After the completion of six tests under three flow conditions, only a minor reduction in sediment 

withdrawal was observed.  Scouring between the wingwalls and the sand barrier was so severe 

(Figure 31) that it was concluded that scouring at those locations could have had negative effects 

on the performance of the sand barrier.  Therefore, the areas between the wingwalls and the sand 

barrier were covered with tapered sheet metals and the tests were repeated (Figure 32).  

Improvement was evaluated to be minor. 

Scouring of the bed materials in the upstream end of the sand barrier was identified as another 

important source of sediment withdrawal and a slopped crown around the entire sand barrier was 

proposed as the fourth geometry for testing (Figures 33 and 34). The results of this test series 

showed some improvement. By this time, the sediment withdrawal had decreased by 25%.   

 

 

Figure 27. Original geometry: Deposition of sediments on the downstream end of the sand barrier. 
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Figure 28. Original geometry: Scouring around the upstream section of the sand barrier. 

 

Figure 29. First geometry: Two screens of the intake were removed and replaced with Plexiglas walls. 
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Figure 30. Second geometry: Two wingwalls were proposed around the sand barrier to deflect the dunes. 

 

Figure 31. Second geometry: After the completion of the tests, severe scouring was evident between the 
wingwalls and the sand barrier. 
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Figure 32. Third geometry: Tapered sheet metals were placed between the wingwalls and the sand 
barrier. 

 

Figure 33. Fourth geometry: A crown was installed on top of the sand barrier.  The dimensions shown 
are at the prototype scale. 
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Figure 34. Fourth geometry: Crown installed on the sand barrier.  Scouring was still evident in the 
upstream end of the sand barrier.  Flow direction was from the lower left corner to the upper 
right corner of the picture. 

 

Since scouring in the upstream end of the sand barrier was still evident and the reduction in 

sediment withdrawal was in the order of 25%, a fifth geometry was studied.  The fifth geometry 

was expected to minimize scouring, therefore, five nose walls were built and installed.  No water 

sample was taken and only scouring around the sand barrier was photographed (Figure 35).  

After consulting with Fairfax Water, a long broken nose wall with a crown on top of the nose 

wall and the sand barrier was selected (Figure 36).  

Before studying the fifth geometry, some tests were repeated for the original geometry.  Due to 

inconsistency in the results of the tests, the testing methodology was modified and several 

geometries were evaluated again.  By utilizing the new testing methodology (next section), the 

second geometry (wingwalls) performed significantly better.  Therefore, the sixth geometry was 

selected to be a combination of the nose wall, wingwalls and a crown (Figure 37).  Meanwhile, a 

long flat nose wall was also built and tested once.  The eighth and final geometry was wingwalls 

with a crown to re-evaluate the absence of the broken nose wall. 
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Figure 35. Five nose walls were qualitatively evaluated: (1) A long straight nose wall, (2) a short straight 
nose wall, (3) a short broken nose wall, (4) a long broken nose wall, and (5) a curved nose 
wall. 
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Figure 36. Fifth geometry: A long nose wall with a crown around the nose wall and the sand barrier. 

 

Figure 37. Sixth geometry: A long nose wall, with wingwalls, and a crown around the nose wall, the 
sand barrier and the wingwalls. In this figure, the crown was removed to scan the bed forms 
around the structure. 
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6.2. The Results of Two-Hour Tests 
After witnessing relatively large standard deviation among water samples and inconsistencies in 

the first 13 tests under high flow conditions, the movement of dunes around the sand barrier was 

documented using a digital video camera. The video showed that under high flow conditions two 

consecutive dunes might reach upstream of the sand barrier over a one-hour period.  Therefore in 

order to guarantee that the number of dunes arriving at the upstream end of the sand barrier 

would not significantly change from one test to another, the test duration extended to two hours 

and five geometries were tested again under two hour test periods.  During every two hour 

testing, 12 water samples were collected from the intake effluent pipe, upstream of the settling 

tank. In addition, after each test, the settling tank was drained and all the sediments in the tank 

were removed, dried and weighed.  Discharge through the model was at 7 cfs (22,000 cfs for the 

prototype) and the withdrawal rate was set at 1.47 cfs (300 MGPD for the prototype). The results 

of the tests are given in Table 3. It should be noted that the automatic sampler gives the 

concentration of some particle sizes; specifically it is good in sampling particles smaller than 

0.0029 inches (0.075 mm).  The settling tank can collect particles between 0.0029 inches (0.075 

mm) and 0.0079 inches (0.2 mm) with 90% efficiency and above 0.0049 inches (0.125 mm) with 

near 100% efficiency.  The results obtained from the settling tank include all bedload and some 

suspended load. The sum of the results obtained from the automatic sampler and settling tank 

(Table 3) does not give the total withdrawal. 

Table 3. Summary of the test results for two-hour duration tests.  STD stands for the standard deviation 
of 10 samples collected by the automatic sampler with a multi-port intake. The settling tanks 
results given for wingwalls and the long broken nose wall are averages of the tests conducted 
on the dates given in the table. 

Automatic sampler (mg/l) 
Geometry Ave 

(mg/l) 
Ave 

(grams) 
STD 

(mg/l) 
Ave 

(mg/l) 
Ave 

(grams) 
STD 

(mg/l) 

Settling 
Tank 

(grams) 
Date 

Original 25 7507 2.54 - - - 6610 5/23 
With two ports blocked 21.9 6564 1.69 - - - 4047 5/25 
With wingwalls 17.7 5304 1.16 19.5 5844 2.75 2584 5/31, 6/1 
With a crown 13.7 4106 0.89 - - - 2289 5/30 
With a long broken nose wall 15.7 4705 1.98 15.5 4645 4.28 2751 6/6, 6/7 
 

The original geometry was tested on May 23.  The amount of materials collected from the 

settling tank was 6610 grams while the automatic sampler gave a concentration of 25 mg/l with a 

standard deviation of 2.54 mg/l.  The particle size distributions of the materials collected from 
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the settling tank are given in Figure 38 which shows the particles were quite coarse.  The 

materials collected on May 23 during the test on the original geometry were coarse in 

comparison to all the test results given in Table 3. The high withdrawal rate on May the 23rd was 

due to a large amount of deposition at the downstream end of the sand barrier during the tests 

prior to the May 23rd test. During the tests conducted on the intake with two ports blocked and 

with a crown over the entire structure (Figure D.7), the bed forms were not disturbed and 

therefore the same bed conditions existed but the withdrawal rate was significantly lower. When 

the wingwalls were placed downstream of the sand barrier, the particles collected in the settling 

tank were slightly finer than those collected from other configurations. 

According to Table 3, blocking the ports decreased the withdrawal of particles larger than 0.0029 

inches (0.075 mm) by 39%, the wingwalls (third geometry) decreased it by 61%, the crown alone 

(fourth geometry) decreased it by about 65%, and the broken nose wall (fifth geometry) by 58%. 
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Figure 38. Particle size distributions of the materials collected from the settling tank during the two-hour 
tests. 
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6.2. The Results of Two-Hour Tests with Two-hour Pre-run 
Even though the results of two-hour testing seemed to be promising, the good performance of the 

wingwalls did not match the original tests conducted on the wingwalls.  So the test procedure 

was modified again.  In the new approach, the bed around the sand barrier was flattened prior to 

each test, and then water was run through the model basin without the intake valve open.  The 

discharge was set at 7 cfs (22,000 cfs for the prototype).  The bed forms around the structure 

were developed in less than two hours.  After the two hour period, the intake valve was opened, 

the discharge was set at 1.47 cfs (300 MGPD for the prototype) and sampling started and 

continued for another two hours.  At the end of the test, water samples were analyzed and the 

sediments removed by the settling tank were collected, dried and weighed.  This testing 

methodology was conducted on the original geometry, the sixth geometry (the combination of 

nose wall, wingwalls and a crown) and the eighth geometry (the combination of wingwalls and a 

crown). The results are shown in Table 4.   

The flattening of the bed around the sand barrier was done because of the obvious increase in the 

rate of deposition at the downstream end of the sand barrier after each test, i.e. testing conditions 

were not similar in the previous tests.  By flattening the area around the sand barrier and running 

the model for two hours without the intake valve open, all geometries were subjected to 

relatively similar initial conditions around the sand barrier. 

Table 4. Summary of the test results for two-hour duration and a two-hour pre-run.  STD stands for the 
standard deviation of 10 samples collected by the automatic sampler with a multi-port intake. 

Automatic sampler (mg/l) 
Geometry Ave 

(mg/l) 
Ave 

(grams) 
STD 

(mg/l) 
Ave 

(mg/l) 
Ave 

(grams) 
STD 

(mg/l) 

Settling 
Tank 

(grams) 
Date 

Original 23.6 7073 2.66 21.2 6354 2.14 3413 7/30,7/31 
Nose wall and wingwalls 
with the crown 15.2 4556 1.98 13.9 4166 2.1 2166 7/20,7/23 

Wingwalls with the crown 17.9 5365 0.9 17.1 5125 2.21 2504 7/25,7/26 
 

By comparing the results of Table 4 to Table 3, it is evident that the standard deviation of water 

samples analyzed improved under the two-hour tests with a two-hour pre-run.   

The test results summarized in Table 4 show that the original geometry performed well and 

actually better than the previous tests.  The better performance of the original geometry was 
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mainly due to a very small deposition of materials at the downstream end of the sand barrier 

(Figure 39).   

The combination of nose wall, wingwalls and a crown over the entire structure (sixth geometry) 

gave the largest reduction in sediment withdrawal which was about 37%. No deposition at the 

downstream end was evident and it seems that the wingwalls were effective (Figure 40). The 

wingwalls with a crown over the entire structure (eighth geometry) reduced the sediment 

withdrawal by 27%.  No deposition was evident in this case either (Figure 41). The PSDs of the 

materials collected from the settling tank (Figure 42) show a small change from the original 

geometry to the sixth and eighth geometries, i.e. the sediments collected from the settling tanks 

under the sixth and eighth geometries were slightly finer than the sediments collected from the 

settling tank under the original geometry.  However, that slight difference stands for a 53% 

reduction in the withdrawal of sediments larger than 0.0049 inches (0.125 mm) for the sixth 

geometry and 38% for the eighth geometry.  Since all moving particles smaller than 0.0047 

inches (0.12 mm) are suspended at the model scale (see section 5.2), one could assume 0.0049 

inches (0.125 mm) as the cut off for the bedload, therefore the bedload was reduced by more 

than 50%, while the original geometry performed best on 7/30 and 7/31 among all tests 

conducted prior to the test on 7/31. 

As a result, the sixth geometry had the best effect in the reduction of bedload. However, it is 

anticipated that for the prototype, the withdrawal of the bedload will be more than 50% because 

of the exaggerated effects of scouring at the model scale.  Scouring occurs because of horizontal 

vortex formation near the bed.  Horizontal vortices impose higher shear stresses on the bed 

sediments and bring even larger particles into resuspension. The ratio of average streamwise 

velocities to median size particle settling velocities (equation C-11) for the model (assuming d50 

= 0.0079 inches (0.2 mm)) and the prototype were 10 and 5, respectively. If average velocity is 

assumed to be proportional to the turbulent diffusion of suspended particles where scouring 

occurs, it can be seen that at the model scale the likelihood that particles stay in resuspension is 

higher.  A better indicator for particle resuspension is the Rouse number (Equation C-10).  As the 

Rouse number decreases, the concentration of suspended sediment increases (see Appendix C). 

Therefore, the results of the model study suggest that the sixth geometry should reduce the 

bedload withdrawal rate by more than 50%. 
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Figure 39. Bed contours in the vicinity of the intake and sand barrier after the test conducted on the 
original geometry on 7/31. River discharge was 22,000 cfs.  The intake flow rate was set at 
300 MGPD (1.47 cfs). It was a 2-hour duration test with a 2-hour pre-run. Elevations are in 
cm.  

 

In addition to the above tests, similar tests were conducted on the original geometry and the 

combination of nose wall, wingwalls and a crown under a 150 MGPD (0.73 cfs at the model 

scale) intake flow rate.  The results are given in Table 5.  The reduction in sediment withdrawal 

was about 34%.  The PSDs of the sediments collected from the settling tanks are displayed in 

Figure 43.  When the sixth geometry was tested, the withdrawal of particles larger than 0.0049 

inches (0.125 mm) decreased by 50%. 
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Table 5. Summary of the test results for two-hour duration and a two-hour pre-run at 150 MGPD (0.73 
cfs) intake withdrawal rate.  STD stands for the standard deviation of 10 samples collected by 
the automatic sampler with a multi-port intake. 

Automatic sampler (mg/l) 
Geometry Ave 

(mg/l) 
Ave 

(grams) 
STD 

(mg/l) 

Settling 
Tank 

(grams) 
Date 

Original 13.2 1981 0.93 1351 8/2 
Nose wall and wingwalls 
with the crown 10 1501 2.5 903 8/1 

 

 

Figure 40. Bed contours in the vicinity of the intake and sand barrier after the test conducted on the sixth 
geometry on 7/23. River discharge was 22,000 cfs.  The intake flow rate was set at 300 
MGPD (1.47 cfs). It was a 2-hour duration test with a 2-hour pre-run. Elevations are in cm. 
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Figure 41. Bed contours in the vicinity of the intake and sand barrier after the test conducted on the 
eighth geometry on 7/25. River discharge was 22,000 cfs.  The intake flow rate was set at 300 
MGPD (1.47 cfs). It was a 2-hour duration test with a 2-hour pre-run. Elevations are in cm. 
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Figure 42. Particle size distributions of the materials collected from the settling tank during the two-hour 
tests with 2-hr pre-runs. 
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Figure 43. Particle size distributions of the materials collected from the settling tank during the two-hour 
tests with 2-hr pre-runs under 150 MGPD intake withdrawal rate. 
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6.3. The Results of Two-Hour Tests with a 10-hour Pre-run 
Since the deposition of bed materials downstream of the sand barrier would occur over a long 

period and a two-hour pre-run could not represent a 24-hour period for a flood of about 22,000 at 

the prototype scale4 (refer to Figure 8 for the duration of a 22,000 cfs flood), it was decided to 

repeat the last test series for the original geometry and the sixth geometry under 150 and 300 

MGPD flow rates through the intake with a 10 hour run prior to testing, i.e. opening the intake 

valve after running the model for 10 hours.  The results are given in Table 6.    

Table 6. Summary of the test results for 2-hour duration and a 10-hour pre-run.  STD stands for the 
standard deviation of 10 samples collected by the automatic sampler with a multi-port intake. 

150 MGPD Withdrawal rate 300 MGPD Withdrawal Rate 
Geometry Automatic sampler (mg/l) Automatic sampler (mg/l) 

 Ave 
(mg/l) 

Ave 
(grams) 

STD 
(mg/l) 

Settling 

Tank 

(grams) Ave 
(mg/l) 

Ave 
(grams) 

STD 
(mg/l) 

Settling 

Tank 

(grams) 

Original 16.7 2490 2.3 1730 23.1 6934 2.11 3933 
Nose wall and wingwalls 
with the crown 12.2 1822 2.52 1190 16.9 5075 3.99 2642 

 

The results of the tests with 10-hour pre-runs gave 33% and 31% reduction in the sediment 

withdrawal under 300 and 150 MGPD withdrawal rates, respectively. It appeared that simulating 

the downstream deposition more accurately showed the sixth geometry did not improve the 

intake sediment withdrawal rate as was assessed earlier.  By examining the bed forms in the 

model basin (Figures 39 to 44), it is evident that more deposition occurred at the downstream end 

of the sand barrier under the existing condition (original geometry) and a higher rate of 

withdrawal was recorded in Table 6 (approximately by 30%) as compared to Tables 4 and 5.  

However, after conducting tests on the sixth geometry, an anomaly became evident which had 

not been seen in prior tests (Figures 40 and 45).  Severe scouring of bed materials occurred at the 

end of the nose wall on both sides of the sixth geometry (positions X=130, Y=680 and X=250, 

Y=660).  The hydraulic condition at those two locations does not lend itself to cause the scouring 

evident in the model.  It is possible that the geo-synthetic membrane covering the gravel 

materials, which was under pressure, was torn at those locations and caused an uplift which kept 

                                                 
4 If Froude similarity was fully maintained in this model study, a 24-hour period for the prototype would be 7.6 
hours at the model scale.  By changing only the flow depth from 0.67 ft to 0.44 ft to meet the Shields similarity, a 
24-hour period for the prototype would be between 6.1 and 7.6 hours. 
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the bed materials in resuspension and produced artificial scouring holes. Similar scouring holes 

had already been observed in two other locations near the C-channel walls.  However, those 

locations were far from the intake and had no impact on the testing.   

It is fair to assume that the sediment withdrawal rates for the sixth geometry is close to those 

given in Tables 4 and 5 and the sediment withdrawal rates of the existing geometry are close to 

those given in Table 6 under the intake operations of 150 and 300 MGPD. Consequently, the 

model study suggests that the sixth geometry would decrease the bedload withdrawal by more 

than 60%. 
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Figure 44. Results of the topographical scan of the bed after the test was conducted on the original 

geometry on 8/16. The intake flow rate was 300 MGPD (1.47 cfs). It was a 2-hour duration 
test with an 8-hour pre-run. 
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Figure 45. Results of the topographical scan of the bed after the test was conducted on the sixth 
geometry (broken nose wall, wingwalls and a crown) on 8/13. The intake flow rate was 300 
MGPD (1.47 cfs). It was a 2-hour duration test with an 8-hour pre-run. 

 

6.4. Leesburg Intake: 
There is another intake in the Potomac River near Leesburg, upstream of the Fairfax Water 

intake, which has not exhibited any significant sediment withdrawal similar to the Fairfax Water 

intake.  The Leesburg intake was built in the early 1980s and consists of four 24-inch steel pipes 

placed in two rows, rising from the river bed with 90-degree bell mouths orienting downstream 

with a mild angle towards the banks (Figure 46). 
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If we assume that the river hydraulic conditions and the bed materials at both intakes (Leesburg 

and Seneca pool) are similar, then the question is why doesn’t the Leesburg intake withdraw 

sand as the Fairfax Water off-shore does.  

The Leesburg intake pipes behave like typical bridge piers under high flow conditions, i.e. 

scouring occurs upstream of the pipes.  The horseshoe vortices form upstream of the intake 

pipes, bring the particles into suspension and carry the suspended particles downstream.  

Subsequently, wake vortices shed from the sides and move downstream of the pipes and create 

scour holes downstream of the pipes.  The particles are deposited further downstream of the 

intake.  Therefore, the downstream deposition problem at the Fairfax Water off-shore intake is 

nonexistent at the Leesburg intake.  The scouring upstream does not create problems either 

because of the short distance the suspended particles travel before they are subject to suction by 

the intake, i.e. the possibility that the particles would be withdrawn through the bell mouth is low 

because the flow velocity around the perimeter of the 24-inch pipes has enough momentum to 

carry the particles farther downstream before they are sucked into the intake bell mouth. 

The dye study done on the Fairfax Water intake showed that dye injected upstream of the intake 

traveled downstream a distance of about one tenth to one ninth of the sand barrier diameter (5 or 

6 ft for the prototype) and then flowed over the structure. The structure is large enough, that the 

resuspended particles will have the opportunity to be withdrawn into the sand barrier and then 

the intake.  But at Leesburg, particles after traveling a very short distance near the bed are too far 

from the intake bell mouth to be sucked in. 
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Figure 46. Leesburg water intake in the Potomac River. 
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7. Summary and Conclusion 

Fairfax Water constructed an off-shore intake in 2004 to withdraw water with a better quality 

when the flow is less than 20,000 cfs in the river.  The intake started operating in late 2004.  

During the two year period of operation, the intake withdrew a significant amount of sand during 

flow conditions near 20,000 cfs.  To study the causes of sand withdrawal by the intake and then 

to provide design modifications to minimize the sand withdrawal, a physical model study was 

conducted at the St. Anthony Falls Laboratory. The model was built at a scale of 1:10 simulating 

390×180 feet of the river with the intake and its sand barrier near the downstream end of the 

model basin.  

Initially, a series of tests were conducted in a 20-inch flume to develop the bed forms. Then, 

more than 15 tests were conducted in the model basin to develop the bed forms (dunes) observed 

in the field under 22,000 cfs flow conditions. The bed forms could be simulated by lowering the 

flow depth from 0.67 ft to 0.44 ft at the model scale.  The Shields numbers at the prototype and 

model scales were estimated from velocity measurements to be 0.71 and 0.61, respectively.  

A total of 61 tests were conducted to evaluate different geometries for the intake. A total of nine 

geometries, including the existing (original) geometry of the intake and sand barrier, were tested 

and evaluated.  The assessment was done by sampling the water withdrawn by the intake; 

initially every 5 minutes for an hour and then every 10 minutes for two hours.  In addition, a 

settling tank was built to remove larger particles from the intake effluent pipe. Both sampler and 

settling tank were evaluated prior to testing.  The settling tank had an efficiency of near 100% for 

particles larger than 0.0049 inches (0.125 mm), while the automatic sampler had an efficiency of 

about 90% for the SCS250 gradation with a d50 of 0.0022 inches (0.055 mm). 

The results of the tests showed that bedload enter the Fairfax Water intake from the downstream 

end of the sand barrier, after a period of deposition where flow velocity around the sand barrier 

decreases, and from the upstream end where scouring occurs. In this physical model study, eight 

modifications were made to the intake and the sand barrier to minimize these two processes of 

the bedload withdrawal. The physical model study showed that the sixth geometry, which was 

comprised of a broken nose wall at the upstream end, two wingwalls at the downstream end and 

a crown over the entire perimeter of the structure, had the best impact among all the geometries 
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tested.  The model test results suggest that the sixth geometry can reduce the bedload withdrawal 

by more than 60% at the prototype scale.  The deposition problem was solved very effectively, 

but scouring around the upstream of the structure did not disappear completely.  

The bedload withdrawal might be reduced further if the crown in the sixth geometry is extended 

farther outward with a gentle slope towards the river (Figure 47). 

 

 

Figure 47. Proposed modification to the crown of the sixth geometry. 
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Appendix A: Potomac River Cross-Section at the Fairfax Water intake 
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Figure A.1. The Potomac River cross-section in the vicinity of the off-shore intake.  This cross-section 
was input to the HEC-RAS model. The information was obtained from the cross-section data 
provided by MWH.  
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Appendix B: The Potomac River Bed Forms 

 

Figure B.1. A coarse representation of the bed elevations across an area of approximately 150×150 feet 
upstream of the off-shore intake structure.  The elevation data depicted have been 
interpolated using a triangular mesh.  The dark blue spots are recordings on top of the intake 
structure, which are not complete.  The arrow in the figure shows the general direction of the 
flow. 
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Appendix C: Estimating Total Sediment Discharge  

C.1. Sediment Discharge of the Potomac River at the Prototype Scale 
To study the sediment withdrawal by the intake under 22,000 cfs flow conditions, it is important 

to have an assessment of the sediment transport in the river reach.  Total sediment discharge is 

divided into bedload discharge and suspended load discharge.  The bedload discharge can be 

approximated using the d50 of the bed materials and the hydraulic characteristics of the river. The 

method described below has been proposed by van Rijn (1984a and b). 

The bedload discharge can be estimated from equation C-1. 
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In equation C-1, qb is the volumetric bedload transport per unit width (ft2/s), SG is the specific 

gravity of the bed materials, g is gravity, d*50 is a dimensionless parameter for the median size of 

the bed materials and can be computed from equation C-2. Assuming a specific gravity (SG) of 

2.65, and the particle size distribution given in Figure 5, the dimensionless median size (d*50) 

becomes 
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The parameter ν in equation C-2 is the kinematic viscosity of water and is equal to 1×10-5 ft2/s. 

The parameter T in equation C-1 is the shear stress parameter and is given in equation C-3.  
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where u*c is the critical shear velocity and can be obtained from the Shields diagram (Julien, 

1995) using the dimensionless particle size given in equation C-2. The critical shear velocity, 

u*c,varies from 0.075 to 0.086 fps with an average 0.082 in that reach of the Potomac River. In 

equation C-3, *u′ is the grain shear velocity obtained from the Keulegan equation (equation C-4). 
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In equation C-4, V is the average flow velocity of the cross-section, which is 1.84 fps under 

22,000 cfs, R is the cross-section hydraulic radius, which is equal to the average flow depth for 

the Potomac River (6.73 ft), and d90 is the size where 90% of the materials are finer (0.2 inches 

or 5 mm). The shear stress parameter T varies from 0.35 to 0.78 depending on the value of the 

critical shear velocity. For a T of 0.78, the bedload discharge (equation C-1) of the Potomac 

River in the vicinity of the off-shore intake is estimated to be 1.61×10-5 ft2/s, or 8.5 tons/hr. Thus 

the bedload concentration becomes 3.4 mg/l.  This is a small concentration and is in general 

agreement with the riverine systems like the Potomac River. 

The suspended load can be estimated from equation C-5.  

a0fs CyVIq =       (C-5) 

In equation C-5, qs is the suspended load discharge, y0 is the average flow depth and Ca is a 

reference concentration at a depth of about half of the dune heights.  The dune height is then 

estimated from equation C-6. 
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where ∆ is the average dune height and by using a T-value of 0.78 it becomes 0.6 feet which is 

approximately similar to the data obtained from the bathymetry data collected in the field. 

Subsequently, the reference concentration is estimated from equation C-7 and is equal to 

0.0000437. 
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In equation C-7, the parameter “a” is half of the dune height.  The parameter If in equation C-5 is 

a function of the Rouse number and is determined from equation C-8. 
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In equation C-8, the parameter 0R ′ is the modified Rouse number proposed by van Rijn to take 

the effect of turbulence damping on reduction in mixing near the bed and is defined in an 

equation as follows: 

000 RRR ∆+=′       (C-9) 

R0 is the Rouse number and is given in equation C-10. 
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In equation C-10, κ is the von Karman constant and is equal to 0.4, wf is the settling velocity of 

particles and is estimated in equation C-11 (Julien, 1995) to be 0.37 fps for a d50 of 0.0033 inches 

(1 mm). 
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The parameter β in equation C-10 is a coefficient of proportionality for turbulent eddy viscosity 

and is calculated in equation C-12 to be 0.83. 
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The correction for the Rouse number, ∆R0, is estimated in equation C-13. 
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By plugging the value of ∆R0 in equation C-9, 0R ′  becomes 0.885 and subsequently If is 

estimated to be 0.128.  The suspended load discharge then is calculated to be 0.0000695 ft2/s or 

37 tons/hr. Thus, the suspended load concentration becomes 14.9 mg/l.  Total sediment discharge 

for the Potomac River in the vicinity of the off-shore then becomes 42 tons/hr with a 

concentration of about 18 mg/l. The ratio of suspended load to bedload is about 4. 

C.2. Sediment Discharge at the Model Scale 
The input parameters to estimate the sediment discharge at the model scale are as follows: 

d50 = 0.0055 inches (0.14 mm) 

d90 = 0.016 inches (0.4 mm) 

y0 = 0.44 ft 

Q = 7 cfs 

V = 0.88 fps 

τ0 = 0.029 lbs/ft2, and u* = 0.123 fps. 

From equations C-1 to C-13, the following parameters are estimated and summarized as follows: 

d*50  = 3.7 

Wf 50 = 0.054 fps 

u*C = 0.04 fps 

T = 0.51 

*u′  = 0.049 fps 

qb = 0.00000062 ft2/s, Qb = 6.64 lbs/hr, cb = 4.2 mg/l 

∆ = 0.03 ft (0.41 inches) 

Ca = 0.0000996 

0R ′  = 0.829 

If = 0.132 

qs = 0.0000051 ft2/s, Qs = 54.4 lbs/hr, cc = 34.6 mg/l 

Total discharge becomes 61 lbs/hr with a concentration of 38.8 mg/l.  The ratio of suspended 

load to bedload in the model is estimated to be about 8. 

 

If d50 = 0.0079 inches (0.2 mm), then 
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qb = 0.00000050 ft2/s, Qb = 5.3 lbs/hr, cb = 3.4 mg/l 

qs = 0.000004 ft2/s, Qs = 43 lbs/hr, cc = 27.3 mg/l 

 

In other words, as d50 of the bed material increases and becomes 0.0079 inches (0.2 mm), as was 

shown in Figure 20, the total sediment discharge becomes 30.7 mg/l which is very close to the 

concentration fed into the model (28 mg/l). Therefore, the model over time reached some sort of 

equilibrium as smaller particles were discharged out of the model basin and the d50 of the bed 

materials increased from 0.0055 inches (0.14 mm) to 0.0079 inches (0.2 mm).  
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Appendix D: Details of Tests Conducted on the Physical Model of the 
Intake 

This section presents the results of the initial tests which were not covered in Section 6. The 

results are presented in chronological order to show how the modifications were evolved during 

this physical model study.  

D.1. Original Geometry 
The first tests were conducted on the original geometry under three flow conditions in the river: 

8,000 cfs, 15,000 and 22,000 cfs.  The flow depth under 22,000 cfs (7 cfs at the model scale) was 

set at 4.4 ft (0.44 ft at the model scale) to increase average velocity and thus the bed shear stress 

to maintain the conditions necessary for developing the bed forms. Under 8,000 (2.6 cfs at the 

model scale) and 15,000 cfs (4.8 cfs at the model scale), the flow depths were at 0.62, and 0.57 

ft, respectively, which satisfied Froude similarity in the model.  Under the 22,000 cfs flow 

condition, 28 mg/l of sediment was fed into the basin, uniformly distributed across the width.  

Under lower flow conditions, only plastic beads with a SG of 1.47 and a d50 of 0.0049 inches 

(0.125 mm) were fed into the basin.  The Shields number of plastic beads was equal to the 

Shields number of 0.0138 inches (0.35 mm) sand particles under 22,000 cfs. The intake flow rate 

was set at 300 MGPD (1.47 cfs at the model scale). The plastic beads were fed at a concentration 

of 20 mg/l.   

During this test series, a total of 7 tests were conducted. The test results are given in Table D-1. 

The first three columns of each test series are the results obtained from the automatic sampler 

and the fourth column are the results obtained from the settling tank.  The materials removed by 

the settling tank were only measured during the test on 3/13.   

Table D.1. Evaluating the original geometry (from 3/13 until 3/27) 
Preliminary Test 3/13 1st Test Series 3/21 2nd Test Series 3/27 

Discharge 
(cfs) Conc. 

(mg/l) 
STD 

(mg/l) 
Weight 

(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

8,000     2.4 1.32 360  4.3 3.52 646  
15,000     15.7 1.25 2357  1.8 4.44 270  
22,000 29.5 5.82 4429 3652 34.9 3.02 5240  28.6 5.32 4294  
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The concentrations under low and medium flow conditions varied significantly from one test to 

another, and it was mainly due to a comparable background concentration of organic materials in 

Mississippi River water and the low transport rate of bed materials under those flow conditions.  

After the completion of the tests, bed forms were closely examined and plastic beads were seen 

at the crest of the dunes (Figure D.1), i.e. the plastic beads behaved as bedload under low and 

medium flow conditions. Under high flow conditions, an average of 4654 grams of bed materials 

were withdrawn by the intake. 

An area of about 13×13 ft of the bed was scanned using a laser profiler after the test under the 

22,000 cfs flow condition.  The results are shown in Figure D.2.  It is evident that scouring 

occurred at the upstream end of the sand barrier with the most severe scouring occurring at about 

X=120 and Y=690, and X=260 and Y=660.  In addition, deposition is evident along the 

downstream sides of the nonagon with the largest one around X=270 and Y=800. 

 

 

Figure D.1. Plastic beads (white materials in the figure) were deposited on the crest of the dunes. 
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Figure D.2. Bed contours in the vicinity of the intake and sand barrier after the test on the original 
geometry under the 22,000 cfs flow condition.  Elevations are given in cm. The arrow shows 
the flow direction.  

D.2. 1st Geometry: Blocking the Intake Inlets 
After observing the deposition at the downstream end, two downstream ports of the intake were 

blocked and the same tests were repeated.  A total of 6 tests were conducted. The results are 

summarized in Table D.2.  

The results obtained under low and medium flow conditions were inconclusive.  The negative 

concentrations are due to higher back ground concentrations in Mississippi River water than the 

intake effluent pipe. The average amount of sediment withdrawn under the 22,000 cfs flow 

condition increased from 4654 (original geometry) to 5142 grams. However, during the third 

series under a 22,000 cfs flow, the amount of sediment withdrawn was 7% less than the 
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minimum amount of the sediment withdrawn with the original geometry in place.  The scanned 

map is given in Figure D.3.  It is evident that the deposition at the downstream end expanded 

during the third and fourth series. 

Table D.2. Evaluating the original geometry with two downstream ports blocked (from 3/29 until 4/3) 
3rd Test Series 3/29 and 4/2 4th Test Series 4/3 

Discharge 
(cfs) Conc. 

(mg/l) 
STD 

(mg/l) 
Weight 

(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

8,000 -4.3 1.49 N.G.  7.1 7.38 1886  
15,000 0 3.25 0  2.5 6.23 1226  
22,000 27.5 6.8 4129  41 6.45 6156  

 

 
Figure D.3. Bed contours in the vicinity of the intake and sand barrier after the test on the original 

geometry with two downstream ports blocked. River discharge was 22,000 cfs.  Elevations 
are in cm. The arrow shows the flow direction.  
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D.3. 2nd and 3rd Geometry: Using Downstream Wingwalls 
To prevent the sediment withdrawal from the excessive deposition at the downstream end of the 

sand barrier, two wingwalls were added to the structure to deflect the dunes away from the 

downstream end of the sand barrier.  A total of 6 tests were conducted and the results are given 

in Table D.3. The tests under medium flow conditions were consistent and had small standard 

deviations but the results under low flow conditions were inconclusive. The average amount of 

sediment withdrawn under 22,000 cfs flow conditions was 5188 grams; about 11% more than for 

the original geometry. Deposition at the downstream end (X=270 and Y=800) decreased but 

severe scouring occurred between the wingwalls and the sand barrier (Figure D.4). 

Table D.3. Evaluating the original geometry with two downstream wingwalls (from 4/11 until 4/12) 
5th Test Series 4/11 6th Test Series 4/12 

Discharge 
(cfs) Conc. 

(mg/l) 
STD 

(mg/l) 
Weight 

(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

8,000 0.1 0.48 27  -2.9 2.54 NG  
15,000 3.2 1.38 1569  3.4 1.19 1667  
22,000 37 5.13 5555  32.1 5.1 4820  

 

Therefore it was decided to cover the area between the wingwalls and the sand barrier with 

sloped (tapered) sheet metals.  Only two tests were conducted under 22,000 cfs flow conditions 

and the results are given in Table D.4. The average amount of sediment withdrawn under 22,000 

cfs flow conditions became 4782 grams, i.e. slightly worse than the original geometry. However, 

in these two tests, the sediments removed by the settling tank were also measured and a 

significant reduction (35%) was observed. It was concluded that the deposition at the 

downstream end was important but probably scouring at the upstream end was the main cause of 

the sediment withdrawal.   

Table D.4. Evaluating the original geometry with two downstream wingwalls and a sheet metal cover 
between the wingwalls and the sand barrier (from 4/16 until 4/17) 

7th Test Series 4/16 8th Test Series 4/17 
Discharge 

(cfs) Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

22,000 29.9 2.62 4489 2092 33.8 4.02 5075 2551 
 

Therefore, the hypothesis of scouring at the upstream end of the sand barrier was tested by 
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painting some sand materials and placing them at the upstream end of the sand barrier, next to 

the wall of the sand barrier and about one ft (10 ft for the prototype) away from the wall. After 

running the flow in the model for a period of one hour, most of the colored sands disappeared 

(Figure D.5). More sand disappeared from the right side of the sand barrier (X=190 to X=240) 

where a more severe scouring condition had already been observed (Figures D.3 and D.4). A 

significant amount of colored sand was found inside the sand barrier.   

    

 
Figure D.4. Bed contours in the vicinity of the intake and sand barrier after the test on the original 

geometry with two downstream wingwalls. River discharge was 22,000 cfs.  Elevations are in 
cm. The arrow shows the flow direction. 
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Figure D.5. The washout of colored sand from the upstream end of the sand barrier. 

 

D.4. 4th Geometry: Installing Crowns around the Sand Barrier 
To suppress the scouring effects, a crown was built around the sand barrier (Figure 33).  A total 

of six tests were conducted.  The results are shown in Table D.5.  The Mississippi River 

suspended load had increased significantly due to snowmelt runoff, therefore, the low and 

medium flow condition tests were inconclusive.  Under the 22,000 cfs flow condition, the 

average withdrawal rate decreased to 3747 grams, i.e. about 20% (Figure D.6).   

Table D.5. Evaluating the original geometry with a crown over the entire crest of the sand barrier 
(from 4/23 until 4/25) 

9th Test Series 4/23 10th Test Series 4/24 and 4/25 
Discharge 

(cfs) Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

8,000 1 1.41 266  -0.6 2.69 NG  
15,000 0.6 1.32 294  -2 1.86 NG  
22,000 25.2 3.61 3784  24.7 1.8 3709  

 

Due to the removal of the wingwalls prior to this test series, bed conditions downstream of the 

intake were disturbed and not well developed prior to the beginning of the test, and so no 

deposition was observed at the downstream end of the sand barrier.  Therefore a decision was 

made to repeat the tests on the original geometry and the first proposed geometry, i.e. with two 

ports blocked, to compare all geometries under similar conditions.  The results of these two new 

tests are shown in Table D.6.  The results show that the original geometry was performing better 

than the geometry with two ports blocked and as well as the fourth geometry with a crown over 
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the entire structure.  After such controversial results, the movement of the dunes was 

documented using a digital video camera.  The video showed that two dunes arrive at the sand 

barrier every hour. To eliminate inconsistencies from the tests, the test duration was increased to 

two hours to capture more dunes arriving at the sand barrier. In addition the sediments removed 

from the settling tank were collected. 

 
Figure D.6. Bed contours in the vicinity of the intake and sand barrier after the test on the original 

geometry with a crown on the sand barrier. River discharge was 22,000 cfs.  Elevations are in 
cm. The arrow shows the flow direction. 

A total of five tests were repeated on all geometries including the original geometry.  The results 

are given in Tables D.7a and D.7b. The 13th test series was conducted on the original geometry 

and the 16th and 17th test series were repeated tests on the second geometry with the wingwalls 

and sheet metals covering the area between the wingwalls and the sand barrier wall.  The 
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standard deviation of all samples collected by the automatic sampler was relatively smaller than 

previous tests, i.e. the samples were more repeatable.  The test results showed that blocking two 

down stream ports had a significant impact, i.e. a 13% reduction in the sediments sampled by the 

sampler and a 39% reduction in larger particles collected by the settling tank, which contradicted 

the results of the previous tests. The 4th geometry with a crown on the entire structure showed the 

best results: a 45% reduction in sediments sampled by the sampler and a 65% reduction in larger 

particles collected by the settling tank.  Since the results were very promising, it was concluded 

that the change in testing methodology was in the right direction and scouring at the upstream 

end was an important factor in sediment withdrawal. Therefore, streamlining the flow at the 

upstream end could probably decrease the sediment withdrawal even further. 

Table D.6. Evaluating the original geometry and the 1st geometry (from 5/7 until 5/8) 
11th Test Series on Original 

Geometry, 5/7 
12th Test Series on 1st Geometry 
with Blocked Ports, 5/7 and 5/8  Discharge 

(cfs) Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

8,000   0  0.4 1.36 106  
15,000 2.5 1.15 375  -1.6 0.9 NG  
22,000 24.6 4.3 3694  26.7 3.18 4009  

 

When the bed data were scanned and mapped after the 15th test series on the 4th geometry with a 

crown, it was noticed that the deposition downstream of the original geometry was significantly 

more than in all previous tests (Figure D.7). However, the bed had not been disturbed from the 

13th test series to the 14th and 15th test series (only when the wingwalls were placed was the 

downstream bed disturbed). In fact the bed condition at the downstream end of the sand barrier 

was either similar or probably worse for the 1st and 4th geometries, nevertheless, they both 

showed a significant improvement over the original geometry. The crown over the entire sand 

barrier (4th geometry) could partially prevent the intrusion of sand from the downstream end, but 

the question to answer was why the first geometry with two ports blocked at the downstream end 

had exhibited such a decrease in sand withdrawal.   

To answer this question, the flow velocities over the sand barrier were measured when the first 

geometry and the original geometry were being tested.  The velocity vectors of the flow entering 

the ports are shown in Figure D.8. The green arrows represent the direction and the relative 
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magnitude of velocities when the two downstream ports were blocked and the blue arrows 

represent the same values when the original geometry was being tested under the 22,000 cfs flow 

condition.  The measurements were taken about 2.5 ft (3 inches at the model scale) above the 

hexagonal intake.  They were taken at thirds of the length of each port.  It is evident that when 

the two ports were blocked, the circulation inside the downstream section of the sand barrier was 

weak and thus a smaller amount of sediment could enter the sand barrier. 

The results of the 13th test series on the original geometry showed that less sediment was 

withdrawn in comparison to tests conducted on March 13, 20 and 27 on the original geometry. 

Table D.7a. Two hour tests on three geometries (from 3/13 until 3/27) 
13th Test Series on the Original 

Geometry 5/31 
14th Test Series on 1st Geometry 

with Blocked Ports 5/25 
15th Test Series on 4th Geometry 

with a Crown 5/30 Discharge 
(cfs) Conc. 

(mg/l) 
STD 

(mg/l) 
Weight 

(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

22,000 25 2.54 7507 6610 21.9 1.69 6576 4047 13.7 0.89 4114 2287 
 

 

Table D.7b. Two hour tests on the 2nd geometry with wing walls (from 5/31 until 6/1) 
16th Test Series 5/31 17th Test Series 6/1 

Discharge 
(cfs) Conc. 

(mg/l) 
STD 

(mg/l) 
Weight 

(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

22,000 17.7 1.16 5315 2540 19.5 2.75 5856 2628 
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Figure D.7. Bed contours in the vicinity of the intake and sand barrier after the test on the original 
geometry with a crown on the sand barrier with a two-hour test duration. River discharge was 
22,000 cfs.  Elevations are in cm. The arrow shows the flow direction. 
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Figure D.8. Velocity vectors inside the sand barrier for two geometries: (1) Blue vectors were measured 
when the original geometry was being tested and (2) green vectors were measured when the 
1st geometry with two downstream ports closed was being tested. The lengths of the vectors 
represent the relative magnitude of the vectors. 

 

D.5. 5th and 7th Geometry: Adding Broken Nose Walls to the Sand Barrier 
After a series of dye studies on five different nose walls to streamline the approach flow and 

minimize scouring at the upstream end of the sand barrier, one nose wall was selected and two 

test series were conducted.  A crown was also installed around the entire structure.  Since 

discharge in the Mississippi River had dropped below 10,000 cfs and the snowmelt season had 

ended, it was decided to also evaluate the new geometry under low and medium flow conditions 

(Table D.8). The results of the tests under low and medium flow conditions were as inconclusive 

as previous tests.  It was concluded that under those two flow conditions transport was too small 

to provide any meaningful withdrawal. Therefore, it was decided not to pursue any tests under 

low and medium flow conditions. 

Under a 22,000 cfs flow condition, the sediment withdrawal decreased by 38% and 58% from 

the sampler and the settling tank, respectively. The results were surprising because the 

streamlined structure was not as good as the fourth geometry with only a crown or even as good 
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as the second geometry with the wingwalls.  With the nose walls, scouring occurred along the 

nose walls (Figure D.9) but they did not seem to be as severe as those observed after testing the 

fourth geometry (Figure D.7).  Therefore, it was decided to repeat the tests on the fifth geometry 

and only under high flow conditions. 

Table D.8. Evaluating the fifth geometry with a nose wall and a crown on the entire structure (from 6/6 
until 6/10) 

18th Test Series, 6/6 to 6/10 19th Test Series, 6/7 to 6/10  
Discharge 

(cfs) Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

8,000 -4 2.6 -1201  -0.4 1.37 -120  
15,000 0.2 1.82 60  0.6 0.8 180  
22,000 15.7 0.91 4715 2563 15.5 4.28 4655 2938 

 

The results of the 20th and 21st test series on the fifth geometry are given in Table D.9.  

Comparing the results to those summarized in Table D.8, it is evident that the sediment 

withdrawal for the same geometry and under the same flow condition increased significantly 

over time.  The bed topography after the 21st test series is shown in Figure D.10.  It is evident 

from Figure D.10 that the deposition downstream of the sand barrier increased (Figure D.9) and 

caused an increase in the intake sediment withdrawal.   

Table D.9. Evaluating the fifth geometry with a nose wall and a crown on the entire structure (from 
6/12 until 6/13) 

20th Test Series, 6/12 21st Test Series, 6/13  
Discharge 

(cfs) Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

22,000 16.8 3.05 5045 3392 19 1.48 5706 3769 
 

To find a common ground and equal conditions for testing, it was decided to repeat another test 

on the original geometry, two tests on the fourth geometry with a crown, and again another test 

on the fifth geometry.  In addition, a flat nose wall was also tested once to assess the effect of a 

flat nose versus a broken nose. An error occurred during the 23rd test series on the fourth 

geometry, therefore, another test was repeated (test series 24).  The results are given in Tables 

D.10a and D.10b. 
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Figure D.9. Bed contours in the vicinity of the intake and sand barrier after the test on the fifth geometry 
with nose walls and a crown on the entire structure with a two-hour test duration. River 
discharge was 22,000 cfs.  Elevations are in cm. The arrow shows the flow direction. The bed 
geometry was mapped after removing the crown to map the geometry under the crown. 
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Figure D.10. Bed contours in the vicinity of the intake and sand barrier after the test on the fifth 
geometry with nose walls and a crown on the entire structure with a two-hour test duration. 
River discharge was 22,000 cfs.  Elevations are in cm. The arrow shows the flow direction.  
The bed geometry was mapped after removing the crown to map the geometry under the 
crown. 

 

The test results on the fourth geometry (24th test series) show that the sediment withdrawal 

decreased by 21% and 33% from the sampler and the settling tank, respectively, i.e. the fourth 

geometry was not as good as what was recorded during the 14th test series. The results of the 25th 

and 26th test series showed that the broken nose walls with a crown and the flat nose walls with a 

crown withdrew more large particles into the settling tank than the original geometry.  This could 

be explained as follows: By referring to Figures D.7 and D.10 which represent the bed conditions 

at the downstream end of the sand barrier, right after test series 15 and right before test series 22 
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on the original geometry, the amount of sand withdrawal from the downstream end of the sand 

barrier should be similar, i.e. similar deposition patterns are shown in those two figures.  

However, the bed upstream of the sand barrier was disturbed prior to test series 22 by removing 

the broken nose walls and most likely the dunes were not fully developed and thus scouring was 

not intensified because dunes were not replenishing the scouring hole.  As test series 23 was 

conducted, the bed forms upstream of the sand barriers formed and thus scouring impacted the 

results of the 24th test series and all those conducted afterwards.   

Nevertheless, the results of the 24th to 26th test series showed a higher rate of sediment 

withdrawal than the 15th and 21st test series and it can be attributed to the dynamic condition of 

the bed resulting from the nose walls.  Bed forms 30 ft upstream of the sand barrier shown in 

Figure D.1 are very different than those shown in Figure 43 and 44 and it is clear that more 

erosion occurred to the left side of the sand barrier than to the right side (looking downstream) 

and it was due to the non-symmetrical characteristics of the nonagon.  

 
Table D.10a. Evaluating the original geometry and the fourth geometry with a crown over the entire 

structure (from 6/14 until 6/26) 
22nd Test Series on the Original 

Geometry, 6/14 
24th Test Series on the Fourth 

Geometry, 6/26  Discharge 
(cfs) Conc. 

(mg/l) 
STD 

(mg/l) 
Weight 

(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

22,000 26.7 4.02 8018 4309 18 1.43 5405 3402 
 

Table D.10b. Evaluating the fifth geometry with a broken nose wall and a crown on the entire structure 
and the seventh geometry with a flat nose wall and a crown over the entire structure (from 
6/27 until 6/29) 

25th Test Series on the Fifth 
Geometry, 6/27 

26th Test Series on the Seventh 
Geometry, 6/29  Discharge 

(cfs) Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

Conc. 
(mg/l) 

STD 
(mg/l) 

Weight 
(gr.) 

Settling 
Tank 
(gr.) 

22,000 25.6 4.46 7688 4720 25.9 2.67 7778 4232 
 

 


