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This study presents an evaluation of and improvement upon the hydraulic and sand- 
trapping characteristics of the streamer trap, a sand trap developed for use in the near- 
shore zone. Twenty-three streamer trap nozzles were evaluated in laboratory hydraulic 
efficiency tests; three nozzles with near-optimum hydraulic behavior were further evaluated 
in laboratory sand-trapping efficiency tests. A comparison of measurements made with two 
closely spaced traps in the field was conducted as an indication of consistency. The 
Helley-Smith sampler, a popular riverine sediment trap reported in the literature, was 
also tested in the laboratory for comparison. 

Laboratory testing indicated that the nozzle previously used in the DUCK85 field 
data collection project performed well at an off-bed elevation; however, sand-trapping 
efficiency at the bed was low, with significant scour developing during a 5-min testing 
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period. The SUPERDUCK nozzle, previously used in the SUPERDUCK field data collection 
project, performed near optimally at an off-bed elevaFion in the laboratory. When 
the nozzle was positioned at the bed, scour occurred at the base over approximately 
half the testing period. A new cube-shaped nozzle design performed near optimally 
at both off- and on-bed elevations in the laboratory. Hydraulic efficiencies measured 
in the laboratory for the Helley-Smith sampler were comparable to those reported in 
the literature; however, transport processes with the sampler located on the bed were 
distorted and deviated greatly from the normal patterns of sand movement in the tank 
tests. Field testing of the DUCK85 and SUPERDUCK nozzles indicated that both nozzle 
types were reasonably consistent, assuming that the transport rate was uniform over 
the region occupied by the traps. On the basis of this testing program, portable 
traps are recommended as a reliable and accurate method of measuring sand transport 
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DEVELOPMENT OF A PORTABLE SAND TRAP FOR USE IN THE NEARSHORE 

PART I: INTRODUCTION 

1. Sediment transport by water is a complex phenomenon that is little 

understood despite more than 200 years of intense study by engineers and 

scientists. Riverine sediment transport occurs in predominantly unidirec- 

tional and slowly varying flows, with the transport rate dependent primarily 

on flow speed, water depth, turbulence, sediment grain size, and channel mor- 

phology. Although riverine sediment transport may appear to be a relatively 

simple problem because the flow is unidirectional, a universally valid 

predictive formula for sediment transport in rivers does not exist. Instead, 

specific formulae have been developed for particular rivers. Sediment trans- 

port in the nearshore - -  the narrow zone of the coast in which waves shoal, 
break, and run up on the beach - -  is even more complex because of the presence 
of wave-induced oscillatory flow that acts simultaneously with the unidirec- 

tional and quasi-steady current moving along the shore (the longshore 

current). 

2 .  In general terms, sediment transport occurs as bed load and suspen- 

ded load. Bed load is defined as those particles which are supported by the 

bed and move in continuous or near-continuous contact with the bed by rolling, 

skipping, or sliding along the bottom. Suspended sediment is that part of the 

transported material which is supported by the surrounding fluid during its 

motion (Shen 1971). Many measurements of bed-load and suspended load trans- 

port rates have been made in the unidirectional flow regime of rivers and 

laboratory tank facilities. In contrast, few corresponding measurements have 

been made in the nearshore. 

3 .  This report is concerned with sediment transport along the coast. 

Of particular interest is Pongshore transport in the nearshore zone, since 

permanent beach change on natural and engineered beaches is primarily con- 

trolled by the movement of sediment alongshore under prebreaking and breaking 



waves. However, techniques to measure longshore transport described below and 

further developed herein are equally applicable to riverine transport. A 

review of riverine methods and apparatus for measuring sediment transport is 

presented in Appendix A together with methods for measuring transport in the 

nearshore. 

Methods of estimating transport 

4 .  Sediment transport rates have traditionally been determined using 

one of four methods: measurement of topographic change occurring as a result 

of the transport, such as erosion or deposition at a coastal structure; 

measurement of fluorescent-dyed or radioactive sand tracer movement; use of an 

analytic or empirical relationship with measured or calculated waves and/or 

currents to infer a rate; and measurement of the transport through time using 

some type of apparatus or instrument. Each of these methods has particular 

advantages and disadvantages. 

5. The topographic change method (e.g., Caldwell 1956; Bruno, Dean, and 

Gable 1981) results in an estimate of relatively long-term sediment transport 

(on the order of weeks to months) and has the advantage of being capable of 

encompassing high-energy events. However, the relationship between wave and 

current conditions during the averaging period and the resulting transport 

cannot be sharply defined, as the processes are smoothed through time. In 

addition, it is difficult to distinguish between changes caused by cross-shore 

and longshore components of transport. 

6. The use of a tracer consisting of dyed ambient sand (Komar and Inman 

1970, Inman et al. 1980, Kraus et al. 1982) can provide an estimate of 

transport on the order of hours to days in a relatively low-energy wave 

environment; however, this method is extremely labor-intensive, and consistent 

results are difficult to obtain (Kraus et al. 1982). 

7. Empirical relationships relating sand transport to measured forcing 

quantities (wave characteristics, water velocity, etc.) can be used to 

estimate transport over any time interval, depending on the type of input 

data. However, the correlation between longshore transport rates measured in 

the field and rates predicted using an empirical or analytical relationship is 

relatively-weak and may be questioned (Greer and Madsen 1978). 



8. Various instruments and apparatus have been developed to allow 

measurement of transport rates over intervals on the order of seconds, 

minutes, and hours. It is relatively easy to measure wave and current 

conditions occurring during such an interval, as opposed to long-term, 

spatially integrated deployments. Apparatus that have been developed for use 

in the nearshore zone include those that collect an instantaneous bulk water- 

sediment sample (e.g., Kana 1976, 1977; Zampol and Waldorf in press; Iman 

1978); time-integrating samplers that pump or siphon sediment-laden water 

(e.g., Watts 1953, Thornton 1972, Fairchild 1972, Thornton and Morris 1977); 

pit samplers that collect material moving into an excavated region of the bed 

(e.g., Iman and Bowen 1963, Anderson 1987); and direct-measuring traps that 

retain sediment moving into some collection area (e.g., Inman 1949, James and 

Brenninkmeyer 1971, Lee 1975, Pickrill 1986, Kraus 1987). Indirect-measure- 

ment instruments measure some phenomena occurring over a fixed distance as a 

result of sediment transport, such as the attenuation of light (Hom-ma, 

Horikawa, and Kashima 1965; Thornton and Morris 1977; Brenninkmeyer 1973, 

1974), intensity of backscattered light (Jaffe, Sternberg, and Sallenger 1984, 

Hanes and Huntley 1986, Downing 1984, Beach and Sternberg 1987), absorption of 

nuclear radiation (Basinski and Lewandowski 1974), or absorption or back- 

scatter of sound (Tamura and Hanes 1986, Hanes and Vincent 1987). 

9. An apparatus such as a direct-measurement trap allows a representa- 

tive sample of the moving sediment to be collected and retained for further 

analysis. Traps are also economical to construct and maintain, and the data 

analysis procedure requires no specialized software or electronic expertise. 

On the other hand, such an apparatus does have disadvantages. Sediment traps 

present an obstruction to the wave and current fields; therefore, transport 

may be significantly altered in the vicinity of the device. Traps can cause 

scour near the bed, thereby creating an artificial transport rate. However, 

if these limitations can be overcome, traps are well-suited for obtaining 

short-term measurements of sand transport as a function of the existing 

environmental conditions. Very few apparatus or instruments have been 

developed to measure sand transport both at the bed and throughout the water 

column. Data collected with sand traps can be used to supplement, verify, and 

improve other, perhaps longer-term, measurement methods discussed above. 



10. Trap development and applications for use in the nearshore have not 

been extensively investigated, as opposed to other apparatus and instrumen- 

tation. Therefore, it is worthwhile to investigate this technique because it 

appears to hold promise as a method of obtaining accurate estimates of 

sediment transport under a certain range of environmental conditions. In the 

nearshore, sediment consists primarily of sand-sized quartz particles (grain 

diameters in the range of 0.074 to 1.0 mm); therefore, discussions to follow 

will focus on particles in the sand range. However, the basic principle of 

trapping is applicable, with certain modifications and restrictions, to almost 

any size sediment particles. 

Sand traDs 

11. The use of traps to estimate sand transport rates and collect a 

representative sample of moving material has been limited in coastal engin- 

eering. However, the study and use of traps in the riverine environment has 

been documented since 1808 (see Appendix A). In the United States, the most 

comprehensively studied riverine trap is the Helley-Smith (H-S) sampler 

(Helley and Smith 1971) (Figure 1). The H-S sampler is a direct-measurement 

trap designed to rest on the river bed and sample bed load. The sampler 

consists of an expanding metal nozzle connected to an inflexible mesh cloth 

bag which retains the collected material. Designed to eliminate a possible 

decrease in water speed at the sampler entrance, the expanding nozzle creates 

a pressure difference between the entrance and exit regions of the trap. 

Thus, the intake rate is controlled by the nozzle geometry and is effectively 

constant, independent of the amount of sediment in the collection bag. 

12. The streamer trap is a sand trap recently developed for use in the 

coastal zone (Katori 1982, 1983). Similar to the H-S sampler, the streamer 

trap uses a mesh cloth bag attached to a metal nozzle to collect sand. 

However, the streamers are light and can be mounted vertically on a metal 

frame (Kraus 1987) so that sand moving in suspension can be collected at any 

point in the water column (Figure 2). Streamer traps have recently been used 

in major field data collection projects in the surf zone to estimate longshore 

sand transport rates (Kraus 1987; Kraus and Dean 1987; Kraus, Gingerich, and 

Rosati 1989; Kraus, Gingerich, and Rosati in preparation). Placement of 

several streamer traps across the surf zone results in a measurement of the 



Figure 1. The H-S sampler (after Helley and Smith 1971) 

Figure 2. The streamer trap 
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cross-shore distribution of longshore sand transport which can be integrated 

to obtain the total longshore transport rate. 

Problem Statement 

13. Estimation of longshore sand transport rates is essential for the 

design of coastal and riverine structures and construction and maintenance of 

navigable waterways. Design of structures penetrating the surf zone, such as 

groins and jetties, and the resultant erosional or depositional features they 

are expected to produce requires estimation of the cross-shore distribution of 

longshore transport. Low-crested structures such as reef breakwaters and weir 

jetty sections can be optimally designed with information about relative 

magnitudes of bed load and suspended load or, ideally, a prediction of the 

vertical distribution of transport. 

14. The streamer trap shows much promise for use in the nearshore, yet 

the hydraulic and sand-trapping properties of the streamer trap were not 

investigated by its developer (Katori 1982, 1983). Therefore, in the present 

study, extensive laboratory investigations augmented by limited field inves- 

tigations were conducted to determine these properties. Two unidirectional 

flow experiments were performed in the laboratory to replicate the longshore 

current occurring in the field. The first experiment determined the hydraulic 

characteristics of 23 streamer trap nozzles and identified several nozzles 

with near-optimum hydraulic efficiencies. The second experiment, qualita- 

tively and quantitatively, evaluated the sand-trapping efficiency of those 

nozzles determined to have near-optimum hydraulic efficiencies. Character- 

istics of the H-S sampler were also investigated for comparison with results 

previously reported in the literature. 

Report Organization 

15. Uses of the streamer trap are described in Part II. Part III 

presents results of the hydraulic tests. Part IV discusses hydrodynamic 

elements of the coastal zone and unidirectional flow regime and presents 

results of the sand-trapping efficiency tests. Field experiment results are 



discussed in light of the laboratory experiments in Part V, and recommen- 

dations are made for further use of the streamer trap in Part VI. A review of 

other types of transport rate measurement apparatus is presented in Appendix 

A. Hydraulic data from the laboratory experiments are presented in Appendices 

B and C, and sand-trapping data are given in Appendix D. Notation used in the 

report is listed in Appendix E. 



PART 11: STREAMER TRAP 

16. The basic sand collection element of the streamer trap was develop- 

ed in Japan to measure longshore sand transport rates in the surf zone (Katori 

1982). The name of the apparatus derives from the mesh collection bags which 

stream out with the current during operation. The device has been used in the 

United States to measure cross-shore distributions of the longshore sand 

transport rate (Kraus 1987; Kraus and Dean 1987; Kraus, Gingerich, and Rosati 

1988, 1989), variations in longshore sand transport at a point (Kraus, 

Gingerich, and Rosati 1989; Kraus, Gingerich, and Rosati in preparation), 

sand transport rates in the offshore*; sand transport in a rip current (Kraus 
** and Nakashima 1987); and deposition of sand into a submarine canyon. In 

Japan, modified versions of the streamer trap have been used to measure cross- 

shore sand transport rates (Katori 1983) and the rate of wind-blown sand 

transport in a large wind tunnel (Hotta 1988). In general, the streamer trap 

can be used to measure sand-sized sediment transport in almost any quasi- 

steady and unidirectional flow. 

Description of the Streamer Trap 

17. The streamer trap consists of rectangular sand collection bags 

vertically mounted on a rack (Figure 2). The collection bags (streamers) are 

sewn of technical grade monofilament sieve cloth, and each streamer is 

attached to a nozzle which functions to facilitate the flow of sand-laden 

water into the streamer (Figure 3). Sand of nominal diameter greater than the 

mesh is collected in the streamer while water flows through the bag. 

Streamers are made approximately 1.5 m long to ensure that long-period 

deployment and/or deployment in high-transport regimes will not cause the 

streamer to fill and thereby reduce its sand-trapping efficiency. A long 

streamer also prevents loss of collected material if the flow momentarily 

* Personal Communication, 1986, Jim Clausner, Hydraulic Engineer, 
US Army Engineer Waterways Experiment Station, Vicksburg, Mississippi. 

** Personal Communication, 1987, Craig Everts, Moffatt and Nichol, 
Engineers, Long Beach, California. 



Figure 3. Streamer nozzle 

reverses. The stainless steel rack holds each nozzle and streamer securely at 

a particular elevation in the flow. The 40-cm-long rack legs are embedded in 

the sand bed during use for stabilization of the trap. The streamers have an 

end which can be untied and opened to remove collected sand; during operation, 

the streamer is closed by folding the end of the cloth over on itself then 

looping an attached nylon string around the gathered end and tying it securely 

(Figure 4). 

Figure 4. Method of closing streamer 



Trap Operation 

Longshore sand transport sampling - 

18. The streamer trap has been used in the surf zone under significant 

breaking wave heights exceeding 1 m and average longshore currents up to 

0.60 m/sec. The trap can be used in these conditions because scour around the 

rack legs and bottom nozzle is usually relatively minor for short sampling 

intervals, and the trap and its operator can remain stable and in the same 

location during sampling. 

19. Prior to deployment of the streamer trap, streamers are secured on 

the rack at selected elevations. For operation in average water depths on the 

order of 1 m, typically five streamers have been used per trap. The nylon 

string fastening the end of each streamer is checked to ensure that it is 

tight and secure. Each trap is carried by one or two operators to a specified 

position in the surf zone. Vertical poles previously placed across the surf 

zone assist trap operators in accurate positioning (Figure 5). The traps are 

held out of the water until sampling begins. 

20. At the start of the collection period, the traps are simultaneously 

thrust into the sea bottom, and the operators secure the traps by rocking the 

rack and pushing the rack legs into the bed by standing on the horizontal bars 

located at the bottom. When the bars reach the seabed, preventing further 

penetration, the bottom edge of the lowest nozzle should lie on the bed. Trap 

operators sometimes use dive masks to ensure that the bottom edge of the 

lowest nozzle is flush with the bed and to monitor development of scour. 

During the collection period of typically 5 to 10 min, the trap operator 

stands near the trap on the down-current side, thereby avoiding any collection 

of operator-induced suspended sand. A 5- to 10-min collection interval is 

recommended to avoid excessive filling of the streamer and scour at the bed. 

Trap operators are instructed to note excessive scour and report this condi- 

tion after the collection period as an indication of data quality. High waves 

passing through the surf zone may tip the trap. If tipping occurs, the trap 

operator immediately stands on the rack bars, righting the rack and again 

aligning the bottommost nozzle with the bed. The streamer trap is usually 

more stable in the surf zone environment than a human. In weak longshore 
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Figure 5. Typical arrangement for field experiment 

currents, streamers tend to wrap around the rack, reducing the effective 

length to approximately 38 cm (the width of the rack). The trap operators 

then unwrap and, as necessary, untwist the streamers to allow them to extend 

freely in the flow. 

21. At the end of the sampling period, the operators lift the traps out 

of the water and carry them to shore. Most of the collected sand is located 

at the end of the streamers, although some particles may cling to the sides. 

The streamers are removed from the rack, and sand clinging on the side's of the 

cloth is washed to the end by holding the nozzle upright and dipping the tied 

streamer into a large (for example, 110-liter) barrel filled with seawater. 

The streamer end can then be untied and the collected sand washed into a patch 

of sieve cloth which had previously been weighed when wet. Alternatively, the 

sample can be washed into a collection bag and taken to the laboratory for 

weighing and analysis. 



22. The collected sand can be weighed and its dry weight estimated on 

the beach using a linear relationship between drip-free wet weight and dry 

weight of cohesionless sand found by Kraus and Nakashima (1986): 

where 

DW = dry weight of sand 

WW = wet weight of sand 

C = empirical coefficient, typically ranging from 0.77 to 0.83 

It is recommended that some samples from each test be retained for laboratory 

calibration of C , because its value depends on the weighing procedure (the 

balance operator's judgement of the drip-free condition) and the nature of the 

sand. The clean streamers can then be secured onto the rack and the traps 

prepared for another sampling sequence. Use of a vertical array of streamers 

results in a sand flux and grain size distribution at each elevation. 

23. In field data collection projects conducted at Duck, North Carolina 

(Kraus and Dean 1987; Kraus, Gingerich, and Rosati 1988, 1989), two to four 

complete longshore testing sequences were conducted per day. Kraus (1987) 

also describes the streamer trap and its use in the surf zone. 

Other field data collection 

24. Use of the streamer trap is not limited to longshore sand transport 

collection experiments. Other types of surf zone sand transport experiments 

in which streamer traps have been used include measurement of sand transport 

rates in two longshore current feeders and the throat of a rip current (Kraus 

and Nakashima 1987), comparison of sand collected with two closely spaced 

traps (consistency tests) (Kraus 1987) (detailed in Part V), measurement of 

cross-shore sand transport rates (Katori 1983), and point-measurements of sand 

transport through time (Kraus, Gingerich, and Rosati 1988, 1989). 

25. Figure 6 defines the variables used in the sand transport rate 

calculation. The weight of sand collected in streamer k is S(k). The 
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Figure 6. Variables used in transport calculations 

index k increases from k=l at the bottom to k=N , where N is the total 

number of streamers in a particular trap. Streamer width is Aw , streamer 

height is Ah , and the sampling interval is At. If these quantities are 

used, the flux of sand at streamer k , F(k) (units of weight per unit area 

and unit time), can be calculated using Equation 2: 

26. The flux between neighboring streamers FE(k) can be estimated by 

linear interpolation between adjacent measured fluxes: 

27.  The transport rate density for a trap i (units of sand weight per 

unit width of surf zone per unit time) can be calculated using previously 



defined quantities and the distance between nozzles Aa(k) (units of length) 

as follows: 

28. If traps are positioned across the surf zone, the total longshore 

sand transport rate through the surf zone can be estimated using the distances 

between traps, the transport rate density i at each trap, and the trapezo- 

idal rule applied over the distance between the shoreline and the average wave 

breaker line. 



PART 111: HYDRAULIC EFFICIENCY TESTS 

29. Experiments were conducted in a unidirectional flow tank to 

evaluate the hydraulic and sand-trapping efficiencies of streamer trap sand 

collection elements of various nozzle types, streamer length, and cloth mesh 

size. For comparison, hydraulic and sand-trapping efficiencies were also 

evaluated for the H-S sampler, a popular pressure-difference bed-load trap 

developed for use in the riverine environment (Helley and Smith 1971, Druffel 

et al. 1976, Emmett 1980, Hubbell et al. 1985, 1987) (see Appendix A). A 

unidirectional flow tank was used to simulate the quasi-steady state longshore 

current that drives longshore sand transport in the surf zone. It would be 

most realistic to conduct the tests in a cross-flow facility to simulate wave 

action or oscillatory motion orthogonal to the unidirectional flow. However, 

facilities of the scale required to test a prototype streamer trap do not 

exist. 

30, Twenty-three streamer trap nozzle variations were tested to 

determine nozzle parameters defining optimal hydraulic and sand-trapping 

efficiencies. This chapter describes the facility used for the experiments, 

the streamer elements tested, and results from hydraulic efficiency experi- 

ments. Results of similar sand-trapping tests are given in Part IV. 

31. Both the hydraulic and sand-trapping tests were conducted in an 

18.3-m-long unidirectional flow tank with a cross-sectional area of 0.76 m by 

0.76 m and a maximum water discharge of 0.2 m3/sec. The tank sides are made 

of iron panels bolted together, except for a plexiglass viewing section 

approximately 4 - 6  m in length located in the middle of the tank (Figure 7). 

Prior to the experiment, joints between adjoining panels were filled with 

caulk and smoothed to minimize turbulence and flow separation at these 

indentations in the tank walls. Nevertheless, small-amplitude ripples did 

form at the seams (Figure 8). Water used in the testing was supplied by a 

circulating system, and discharges in the model were measured with venturi 



Figure 7. Tank used for hydraulic and sand-trapping tests 
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meters installed in the inflow lines. Baffles and a fiber mat floating on the 

water surface at the tank entrance were used to smooth and steady the flow. 

32. For the hydraulic efficiency tests, a 10-m length of plastic grass 

mat carpet approximately 1.3 cm in height was glued to the floor of the tank 

to create a uniform roughness. The plastic grass mat carpet was emplaced to 

extend beyond both sides of the center portion of the flume with plexiglass 

walls which served as the testing area. Section A (Figure 9 ) ,  located at the 

upflow side of the plexiglass panel approximately 7.6 m from the water inflow, 

was used as a control area for measuring vertical profiles of flow speed. 

Section B, located near the end of the plexiglass panel and 12.2 m from the 

water inflow, was used as the test section. Section B was chosen such that 

flow at the trap nozzles would not be influenced by the ripples from panel 

seams during testing. 

Figure 9. Locations of testing and control sections for hydraulic test 



33. Water speed was measured with a Nixon velocity meter, a miniature 

propeller flow meter approximately 1 cm in diameter. Data were recorded in 

units of Hertz from a digital readout display; the 1-sec flow meter readings 

were internally averaged over a 10-sec interval. A linear calibration curve 

supplied by the manufacturer was used to convert propeller cycles to flow 

speed. The usable range of the flow meter is from 2.5 to 150 cm/sec with an 

accuracy of +/- 1 percent, according to the manufacturer. Vertical posi- 

tioning of the flow meter was accomplished with a point gage; both the point 

gage and flow meter were mounted on a movable carriage riding on rails above 

the tank which controlled stationing of the device along the width and length 

of the tank (Figure 10). 

Flow characteristics 

34. Two characteristics of the tank flow, its steadiness through time 

and cross-sectional asymmetry in speed at the test section (Section B), were 

examined prior to actual testing. Figure 11 presents the temporal variation 

in flow speed about the respective mean at a Section B midflow elevation for 

four flow conditions (average midflow speeds equal to 32.3, 44.0, 49.5, and 

51.9 cm/sec). Standard deviations in flow speed over a 3.8-min time period 

ranged from approximately 0.6 to 1.5 cm/sec if individual points were weighted 

equally (relative deviation between 1.1 and 4.2 percent of mean flow speed). 

As expected, averaging three consecutive speeds reduced the standard deviation 

to approximately 0.2 to 0.7 cm/sec (relative variation between 0.4 and 1.5 

percent of mean flow speed). Therefore, three consecutive flow speed measure- 

ments were averaged for each data point in all calculations. 

35. Flow speed characteristics were measured along the width of Section 

B for various depths (Figure 12). Flow speeds on the tank side opposite the 

viewing window (left side in Figure 12) were consistently lower than those on 

the near side. Slightly misaligned steel plate baffles (flow straighteners) 

at the inflow end of the tank were found to be the cause of the asymmetry. 

During testing, care was taken to place the nozzles at the center of the tank 

where the flow speed at all depths was most symmetric. Figure 12 also 

illustrates the decrease in flow speed in the upper layer of flow ( z  = 26.4 

cm) caused by resistance from the fiber mat baffle at the tank entrance and 

the air-water interface. 
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Figure 12. Variation of flow speed with depth at test section B 

Streamer nozzles 

36. Streamer trap nozzle parameters investigated in the hydraulic tests 

are illustrated in Figure 13: nozzle height and width (varied between 2.5 by 

15 cm and 25 by 20 cm); presence or absence of a hood (extending from 2.5 to 

5.1 cm forward of the element); presence or absence of a bottom lip (curved or 

straight); and streamer length (varied between 0.36 and 2.0 m). Dimensions of 

the streamer trap nozzles were chosen to be large enough to collect a signi- 

ficant (field measurable) quantity of sand during the testing period, yet 

small enough such that a rack with a vertical array of streamers would be of a 

size and weight that could be deployed during testing by one person. (See Part 

I1 for a general description of the streamer trap.) Bottom lips were tested 

on the lowermost streamers with the intention to streamline flow into the 

streamer and decrease scour (tested during the sand-trapping phase). Other 

components such as streamer mesh size (0.074, O.lO5, and 0.149 mm) and a 

plexiglass door designed to shut during reversals in flow (as occurs in on- 

offshore sediment transport under oscillatory waves) were also evaluated. 
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Figure 13. Nozzle parameters varied in hydraulic test 
(after Rosati and Kraus 1988) 

By means of either the nozzle design or by bending the bars used to mount the 

nozzle to the rack, the entrance to each nozzle was positioned upstream from 

the rack to minimize flow disturbance caused by the mounts and rack. A 

prototype streamer trap rack as used in the field was employed to position 

nozzles at a particular elevation for hydraulic testing; the 0.4-m-long rack 

legs were removed because they served no purpose on the metal floor of the 

tank. Tape was used to attach nozzles to the rack. 

Test Conditions 

Definition of terms 

37. Hydraulic efficiency Eh is defined as ghe ratio of the average 

flow speed directly in front of the sampler nozzle V, (units of distance per 

time) to the average speed for the same ambient flow condition at the same 



vertical and horizontal location without the sampler present V, (in units of 

distance per time). The hydraulic efficiency is commonly expressed as a 

percentage: 

vt 
& =  -- loo (%) 

vo 

38. Hydraulic efficiencies for all nozzles were first measured for two 

flow conditions (midflow speeds Vmid equal to 43 and 74 cm/sec); nozzles 

found to have hydraulic efficiencies near unity were then tested in an 

additional two flow conditions (Vmid equal to 22 and 59 cm/sec). Water depth 

during all tests was approximately 30 cm (see step c below). The minimum eest 

flow speed was chosen to be on the order of the threshold velocity for 0.25-mm 

sand movement as estimated from the Shield's diagram (Vanoni 1977, p. 9 6 ) .  

The maximum test flow was chosen as representing an upper longshore current 

speed in the field in which traps and their operators could be expected to 

function. 

39. Representative vertical distributions of flow speed for the four 

flow conditions are presented in Figure 14. Because of the size of the flow 

propeller (1 cm in diameter), the first flow speed measurement from the bed 

was located at z = 0.5 cm, where z is the elevation measured from the bed. 

Values for the shear flow speed U* and the representative bed roughness zo 

were calculated using the logarithmic law as follows: 

U* 
u(z) - 7 ln [,I + c 

where 

u(z) = flow speed at elevation z 

k = Von Karman constant, taken to be 0.4 

c - constant, taken to be zero 
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Figure 14. Vertical distributions of flow speed 

If vertical profiles of flow speed are plotted on semilog paper, those 

following the logarithmic law will appear as straight lines, with the slope of 

the line equal to U, and the y-axis intercept equal to z,. Table l 

presents U, (cm/sec), z, (cm), and squared correlation coefficient r2 

calculated for the profile data using the logarithmic law as a function of 

midfkow speed V .  The flow speed profiles followed a logarithmic profile 

well, with squared correlation coefficients ranging from 0.96 to 0 . 9 8 .  

40.  Most nozzles were tested both at middepth, for which the flow speed 

was determined to be fairly uniform over the region occupied by the nozzle, 

and on the tank bottom (resting on the carpet) where the flow increased from 

the bed in a logarithmic manner. Three consecutive readings from the flow 

meter were taken at each point to ensure that flow conditions in the tank were 

stationary and then averaged. 



Table 1 

Values of U, , zo , and r2 for Vertical Flow Speed Data 

vmid Number of u* z 0 
cm/sec Profiles cm/sec cm r2 
2 2 5 1.13 0.0036 0 . 9 8  
43 47 2.26 0.0046 0 .97 
5 9 4 3 .36 0 .0090 0 .97 
7 4  48 3 .68 0 .0036 0 . 9 6  

41. The following procedure was used in the testing of each nozzle 

a. The equilibrium design flow condition was established and - 
defined by achieving consistent vertical profiles of flow speed 
taken along the center line of the test section (Sections A and 
B). If the vertical profiles at Sections A and B differed sig- 
nificantly (more than 5 percent) from the design flow, the 
discharge was either increased or decreased until the desired 
speed profiles were obtained. Typically, the profile was 
measured at eight points. 

b. Vertical profiles of flow speed, consisting of eight points - 
with increasing spacing from the bottom, were measured at the 
control location (Section A). This profile defined the refer- 
ence flow profile without the trap in the tank. 

c. The rack with the nozzle to be tested was placed at the test - 
section (Section B), and the vertical profile of flow speed was 
measured at Section A. If the speed at any location differed 
by more than 5 percent from that of the reference profile 
measured in step 12, the water level was lowered (to increase 
the discharge and compensate for the flow resistance caused by 
the trap) until all measurements fell within this tolerance. 
The water level was never lowered more than 1.3 cm. Because 
flow speeds were measured below the elevation z = 26.4 cm in 
obtaining vertical profiles, lowering of the water level did 
not require modification of the usual measurement point eleva- 
tions. 

d. The flow speed at points distributed uniformly across the area - 
of the streamer nozzle was measured ( 3 ,  4, or 9 points, 
depending on nozzle size and geometry). These point measure- 
ments defined the flow field directly in front of the nozzle. 

e. The rack and nozzle were removed, and the reference profile was - 
reestablished at Section A. 



f. Ambient flow speeds were measured at the same locations as in - 
step h.  These point measurements defined the flow field 
without the nozzle. 

42. Figure 15 presents a comparison of typical profiles measured in 

Step b (without trap) and Step c (with trap) for the highest flow condition 

(Vmid equal to 74 cm/sec). In all cases, the difference between two speed 

measurements at the same elevation was no more than 5 percent, and values of 

the majority of point measurements with the trap in place were slightly 

smaller than those taken without the trap in the tank. 

4 3 .  Hydraulic efficiencies were calculated from the flow speed data 

using the point measurements and the area each measurement represented. An 

example nozzle cross section with measurement locations is presented in Figure 

16. Data corresponding to the point measurements are presented in Appendix B. 

The hydraulic efficiency is calculated from these data as 

where 

Vtjk = flow speed directly in front of trap nozzle 

Ayj = representative horizontal distance 

Azk = representative vertical distance 

Vojk = flow speed at same location without the trap 

Hvdraulic Test Results 

Overview 

44. One hundred and seventeen combinations of nozzle type, elevation of 

nozzle in the water column, and flow condition were tested. Computed 

hydraulic efficiencies for each test and average hydraulic efficiencies for 

each nozzle are presented in Table 2 .  Tests were conducted with nozzles 

positioned on the bed (BOT), at midflow (MID), and at both positions using two 
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Figure 16. Example nozzle cross section 



streamers (2ST). The nozzle description presented in Table 2 includes the 

height and width of the nozzle, indicates whether the nozzle had a curved lip 

(CL), hood (H), straight lip (SL), or door, and describes any special testing 

conditions (type of streamer cloth, orientation of nozzle relative to flow 

direction, etc.). Photographs of the nozzles tested, referenced in Table 2, 

are shown in Appendix C (Figures C1 through C8). 

45. Hydraulic testing was conducted by initially evaluating each nozzle 

for midrange and high-range flow conditions (Vmid = 43 and 74 cm/sec). 

Hydraulic efficiencies for these two flow conditions ranged from 0.75 for the 

2.5- by 15-cm streamer nozzle, to 1.30 for the H-S sampler. The average 

hydraulic efficiency for the "standard" 9- by 15-cm nozzle previously used in 

the DUCK85 field data collection project (hereafter referred to as the DUCK85 

nozzle) was close to optimum for these two flow conditions (Eh = 0.94). Tests 

conducted with the DUCK85 nozzle turned at 10- and 30-deg angles to the flow 

(as might occur in the field), reducing the hydraulic efficiency slightly; but 

values for the two initial flow speeds used in these variations were still 

above 0.90. Comparison of three streamer mesh sizes indicated that the 0.105- 

mm mesh diameter cloth (56.9 mesh/cm) previously used in the DUCK85 experiment 

had a hydraulic efficiency closest to optimum. Because the 0.105-mm diameter 

cloth was the most economical mesh size, all but two streamers used in the 

hydraulic efficiency tests were constructed of this material. Shortening 

streamer lengths to 36 cm resulted in only a 2 percent reduction in hydraulic 

efficiency. 

46. From the initial evaluation using two flow conditions, four nozzles 

were identified for further testing over additional flow speeds (Vmid = 22 and 

74 cm/sec): two streamer trap nozzles with hydraulic efficiencies close to 

optimum (2.5- by 15-cm nozzle with 5.1-cm hood (hereafter referred to as the 

SUPERDUCK nozzle); and the 5.1- by 5.1-cm nozzle with 5.1-cm hood, hereafter 

referred to as the Cube (C) nozzle); the H-S sampler for comparison; and the 

DUCK85 nozzle. 

47. The hydraulic efficiency of the H-S sampler over the range of flow 

conditions (Eh = 1.30) confirms the study by Druffel et al. (1976) who 

calculated an average hydraulic efficiency for the sampler equal to 1.54 for 



Table 2 
Hydraulic Efficiency for Each Nozzle, Testinp Condition, 

and Midflow S~eed 

Vmid, cm/sec 
Test Mean 

Figure Nozzle Cond 22 4 3 5 9 74 Eh Eh -- - - - -- 
Cla 2.5cm x 15cm BOT 0.70 0.87 

0.84 0.78 
MID 0.68 0.80 

0.76 0.73 
2ST 0.66 0.81 

0.74 
0.75 

Clb 2.5cm x 15cm, BOT 0.78 0.84 0.81 
CL 0.81 

Clc 2.5cm x 15cm, MID 0.93 0.97 0.95 
2.5cm H 2ST 0.95 0.98 0.96 

0.96 

C ld 2.5cm x 15cm, BOT 0.50 0.75 0.95 1.03 0.81 
5.1 cm H MID 0.96 1.02 1.06 1.04 1.02 
(SUPERDUCK) 2ST 0.59 0.96 0.90 0.99 0.86 

0.90 

Cle 2.5cm x 15cm, BOT 0.96 1.03 0.99 
5.lcm H, 
CL 0.99 

C2a 5.lcm x 15cm BOT 0.86 0.92 0.89 
MID 0.92 0.97 0.95 
2 ST 0.88 0.97 0.93 

0.92 

C2b 5.lcm x 15cm, BOT 0.78 0.87 0.83 
CL 0.83 

C2c 5.lcm x 15cm, BOT 0.90 0.95 0.93 
2.5cm H, 0.93 
CL 

C2d 5.lcm x 15cm, EOT 0.97 0.89 0.93 
5.lcm H MID 0.94 0.92 0.93 

0.93 

C2e 5.lcm x 15cm, BOT 0.97 1.02 1.00 
5.lcm H, 1.00 
CL 

(continued) (Sheet 1 of 3) 



Table 2 (Continued) 

Vmid , cm/sec 
Test Mean 

Figure Nozzle Cond 22 4 3 5 9 7 4 &I Eh 
-- - P - -- 

C 3 5.lcm x 15cm, BOT 0.90 0.89 1.03 1.00 0.96 
5.lcm H MID 0.77 0.97 0.97 1.00 0.93 
(C > 2ST 0.83 0.96 0.98 1.01 0.95 

0.94 

C4a 9cm x 15cm BOT 0.61 0.93 0.93 0.97 0.86 
0.105-mm diam 0.91 
Cloth V MID 0.80 1.00 0.95 0.91 0.91 
(DUCK85) 0.97 

2ST 0.73 0.92 0.91 0.94 0.88 
0.94 

0.88 

C4b 9cm x 15cm, BOT 0.78 0.88 0.83 
SL 0.83 

C4c 9cm x 15cm, BOT 0.81 0.99 0.91 
CL 0.87 

0.91 

C4a 9cm x 15cm, MID 0.92 0.93 0.92 
36 cm str 0.92 

C4a 9cm x 15cm, MID 0.77 0.91 0.85 
0.149-mm diam 0.80 
Cloth T 0.85 

C4a 9cm x 15cm, MID 0.89 0.96 0.93 
0.074-mm diam 0.92 
Cloth X 0.93 

C4a 9cm x 15cm, MID 0.95 1.00 0.97 
Open str 0.97 

C4d 9cm x 15cm, MID 0.98 0.95 0.96 
Door 0.96 

C4e 9cm x 15cm, BOT 0.99 0.97 0.98 
Door, 0.98 
CL 

C4f 9cm x 15cm, BOT 1.01 1.03 1.02 
Door, 1.02 
S L 

(Continued) 
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Table 2 (Concluded) 

Vmid, cm/sec 
Test Mean 

Figure Nozzle Cond 22 43 59 7 4 Eh Eh 
P P  - - - -- 

C4a 9cm x 15cm, 2ST 0.95 1.02 0.99 
with person 0.99 

C4a 9cm x 15cm, MID 0.95 0.96 0.96 
10 deg angle 0.96 

C4a 9cm x 15cm, MID 0.89 0.93 0.91 
30 deg angle 0.91 

C4g 9cm x 15cm, MID 0.93 0.93 0.93 
5.1 cm H 0.93 

C4h 9cm x 15cm, BOT 0.88 0.95 0.93 
5.lcm H, 0.93 
SL 0.93 

C4 j 9cm x 15cm, BOT 0.92 0.96 0.95 
30 cm H, 0.93 0.98 
CL 0.95 

C5a 7.6cm x 7.6cm MID 0.78 0.91 0.84 
0.84 

C5b 7.6cm x 7.6cm9 BOT 0.89 0.93 
H, 0.96 0.92 
CL MID 0.94 1.02 0.98 

0.95 

C6 7.6cm x 7.6cm BOT 1.32 1.30 1.48 1.44 
(H-S) 1.35 1.37 

MID 1.23 1.24 1.20 1.26 1.23 
1.30 

C7 20cm x 24.4cm, BOT 1.14 11.10 1.19 1.14 
1.14 

C 8 24.4cm x 20~1x1, BOT 1.05 11.15 1.10 
1.10 

(Sheet 3 of 3) 



flow speeds ranging from 94 to 133 cm/sec. The streamer trap nozzle with a 

hydraulic efficiency closest to optimum (Eh - 0.94) was the C nozzle. Both 

the DUCK85 and SUPERDUCK nozzles had hydraulic efficiencies near optimum over 

the full range of flow conditions (Eh = 0.88 and 0.90, respectively). 

Flow visualization tests 

48. String and dye were used as qualitative indicators of flow patterns 

around selected nozzle types. Several pieces of string approximately 30 cm in 

length were tied to two steel reinforcement bars which were placed upright in 

front of nozzles, as indicated in Figures 17a and b. The string became 

aligned with the flow, giving qualitative indications of flow patterns in the 

vicinity of the nozzle. The only nozzle with a noticeable effect on the 

string patterns was the H-S trap, which tended to suck the string into the 

nozzle. Dye released from a plastic tube immersed in the flow gave similar 

qualitative information about flow characteristics in the vicinity of the 

nozzle, with the H-S trap exhibiting a similar suction effect. 

49. From the hydraulic tests, four nozzles were identified for further 

analysis: the SUPERDUCK and C nozzles, because of their near-optimum 

hydraulic efficiencies; the DUCK85 nozzle, because it had been used in the 

DUCK85 field project, is easy to manufacture, and proved to have a 

hydraulic efficiency close to unity; and the H-S nozzle for comparison. 

50. Figures 18 and 19 present the uniform flow (midflow) and bottom 

flow hydraulic efficiencies and standard deviations for the four nozzles at 

the four flow conditions (Vmid equal to 22, 43, 59, and 74 cm/sec). Values of 

hydraulic efficiency at each measurement point (Figure 16) in the nozzle were 

used to calculate the standard deviation. The hydraulic efficiency at each 

point in the nozzle was calculated by dividing the flow speed at a point with 

the trap in place by the ambient flow speed at that same point. Lengths of 

vertical lines at each point represent one standard deviation about the mean. 

Standard deviations therefore give an indication of the spatial variability of 

flow speed at the nozzle. Figure 20 presents the variation in hydraulic 

efficiency with flow speed for the two-streamer (2ST) tests. The SUPERDUCK 



(a) Streamer trap 

(b) Helley-Smith sampler 

Figure 17. Flow visualization around nozzles using string 
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Figure 18. Midflow hydraulic efficiency 
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Figure 19. Bottom flow hydraulic efficiency 
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Figure 20. Hydraulic efficiency with midflow speed 

nozzle had hydraulic efficiencies closest to unity for the uniform flow case; 

however, the C nozzle performed best for the bottom flow condition. Both the 

DUCK85 and SUPERDUCK nozzles had low hydraulic efficiencies for the lower flow 

speeds in Figure 19 (bottom flow condition). 

51. The H-S sampler consistently had hydraulic efficiencies greater 

than unity, with significant variations in flow speed at the nozzle at higher 

flow rates. The C nozzle had the highest average efficiency for the two- 

streamer tests, with the SUPERDUCK and DUCK85 nozzles having similar efficien- 

cies (Figure 20). 

52. Table 3 presents a summary of the average hydraulic efficiency for 

each nozzle for each testing condition (on bed, off bed, and two streamers). 

The maximum standard deviation for a nozzle for a flow speed during a 

particular testing condition was chosen as a conservative representative 

value. These four nozzles, as well as selected other nozzles of special 

interest, were further examined in the sand-trapping test (Part IV). 



Table 3 

Average Hydraulic Efficiency and Standard Deviation for 

Each Nozzle Tested 

Testing 
Condition 
BOT 

DUCK8 5 SUPERDUCK CUBE H- S 
0.86+/-0.031 0.81+/-0.033 0.96+/-0.031 1.38+/-0.029 

( on bed ) 

MID 0.92+/-0.024 1.02+/-0.013 0.93+/-0.015 1.23+/-0.021 
(off bed) 



PART IV: SAND-TRAPPING EFFICIENCY TESTS 

53. The hydraulic efficiency tests described in Part 111 were designed 

to quantitatively determine the degree to which nozzles and streamers dis- 

turbed the fluid flow. However, sand particles moving on or off the bed may 

behave differently than fluid particles, possibly moving at lower speeds and 

having different paths of movement. For example, the velocity of a sand 

particle has a constant vertical component (fall speed). A moveable bed has a 

different roughness than the grass mat used in the hydraulic tests, resulting 

in a different time-varying vertical profile of flow speed as the bed surface 

changes. In addition, an apparatus installed on the bed to collect bed load 

may cause scour, thereby artificially increasing or decreasing the local 

transport rate. Therefore, an experiment was conducted to measure the sand- 

trapping efficiency of nozzles placed on the bed or completely in the flow off 

the bed to provide an indication of how well the nozzles predict ambient sand 

transport. 

54. Sand-trapping characteristics of selected streamer trap nozzles 

were evaluated in the unidirectional flow tank described in Part III. Nozzles 

found to have near-optimal hydraulic efficiencies, as well as nozzles with 

characteristics designed to decrease scour at the bed (straight and curved 

bottom lips), were examined in the sand-trapping efficiency tests. The H-S 

sampler, a riverine sampler discussed in Part 111 and Appendix A, was also 

evaluated for comparison. 

55. The purpose of these tests was to quantify the sand-trapping 

efficiency of nozzles with previously determined near-optimal hydraulic 

efficiencies over a range of flow speeds and bedforms representative of the 

surf zone. Sand-trapping efficiency E, is defined as the ratio of a trap- 

predicted sand transport rate q, (weight per unit width per unit time) to 

the ambient sand transport rate q, (weight- per unit width per unit time) 

that occurs for the same flow condition without the trap: 



Qualitative characteristics of bottom nozzle behavior in the sand environment, 

particularly the potential for scour, were also observed. Part IV describes 

the trapping efficiency tests and presents sand-trapping rates and efficien- 

cies for each nozzle tested. 

Experiment Design 

Measurement of ambient sand transport rates 

56. An evaluation of nozzle sand-trapping efficiency requires either a 

measurement or reliable prediction of the ambient sand transport rate occur- 

ring over the range of flow conditions tested. Methods considered to measure 

this rate include: a streamer large enough to fit at the rear of the tank to 

collect all moving sand; a syphon concentration sampler to sample suspended 

sand at various el.evations; dyed sand to serve as a tracer for sand movement; 

and a pit sampler. Appendix A gives a description of the latter three 

methods . 
57. A streamer of cross section 0.76 by 0.76 m constructed to fit 

tightly inside the rear of the tank and collect moving sand was tested and 

rejected as a method to measure the total ambient sand transport rate. This 

giant streamer presented a large obstruction to the flow and significantly 

altered flow conditions as compared to the situation with only a single 

streamer trap in the tank. It would have been extremely difficult to achieve 

the same with- and without-large streamer flow conditions, and there was 

concern about maintaining structural integrity of the giant streamer through- 

out the tests. The giant streamer concept was therefore abandoned. 

58. Collection of a representative sand concentration with a syphon 

concentration sampler involves positioning the intake tube exactly in the 

direction of the flow and withdrawing the sample at the flow speed. This type 

of sampler was not chosen because it would have been beyond the time and cost 

limitations of this experiment to develop, test, and use, including prepara- 

tion of a sand sample collection facility. Also, concentration methods do not 

provide a direct measurement of the transport rate; rather the rate must be 

calculated as the product of concentration and flow speed. Finally, bed-load 

sand transport rates, expected to be the dominant mode in the unidirectional 

flow tank, could not be measured by using this method. 



59. The use of sand tracer to predict sand transport rates is a labor- 

intensive process. This method of measuring ambient sand transport rates was 

rejected because of tedious data reduction, time constraints, and the expected 

variability in repetitive tests. 

60. A pit sampler consists of an open area at the bed into which moving 

sand falls either as contiguous bed load or descending suspended particles. 

After some experimentation, three basins located adjacent to each other in the 

direction of flow were implemented as a means of measuring the ambient sand 

transport rate. The pit sampler, or catch basin, was constructed as a series 

of three sections aligned in the direction of flow so that suspended load 

would settle in the downflow basins and give an indication of the efficiency 

of the pit sampler itself by the relative amounts of sand trapped in succes- 

sive sections. An efficient sampler would presumably show a small amount of 

material in the farthest downflow basin. The pit sampler method was chosen 

for its simplicity and inherent nonintrusiveness to the flow. 

Test section 

61. The unidirectional flow tank used for the hydraulic tests described 

in Part 111 was modified for the sand-trapping tests. A 15.2-m-long test 

section consisting of a 3.0-m-long ramp, a 6.1-m-long sand transport testing 

area that was 15.2 cm deep, and a 6.1-m-long pit (divided into three catch 

basins) was installed in the tank (Figure 21). The test section was made of 

2- by 6-in. (5.1- by 15.2-cm) wooden boards at the sides and cut plywood for 

the ramps. The entire apparatus was tightly wedged into the tank and caulked 

along the sides. The sand transport testing area served to contain the sand 

used in the experiment and provided a reference volume to be filled with sand 

and leveled prior to each run. Quartz sand with a median grain size of 

0.23 mm was used. 

62. Large sheets of monofilament sieve cloth identical to the streamer 

cloth were secured to the bottom of individual catch basins using tacks. Sand 

transport rates without the trap for a range of flow conditions were deter- 

mined by the quantity of sand collected in the cloths placed as linings in 

these basins over the sampling interval. 



SLUII: 
GATE 

TESTING SECTION 

Figure 21. Test section used in sand trapping tests 

63. During the transport rate tests, the condition of the bed surface 

was recorded. The type of sand motion and the configuration of the bed 

surface were characterized by the Reynolds and Shields numbers, as will be 

discussed in this section with reference to Figure 22. 

64. Figure 22 may be compared to a three-dimensional diagram proposed 

by Southard (1971) to characterize bed configurations in uniform open-channel 

flow. He used the variables of depth, mean flow speed, and sediment grain 

size. Southard's diagram was presented as a series of depth-flow speed 

sections (graphs) for various sediment grain sizes. Therefore, the bed 

configuration and transport rate in uniform flow are functions of water depth, 

indicating that Figure 22 is not universal but pertains to the 20-em depth 

used in the experiment. Simons, Richardson, and Nordin (1965) discuss 

bedforms generated under uniform flow in a large tank. 
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Figure 22. Bed configuration and sand movement as a function of 
midflow speed, Reynolds number, and Shields number 

6 5 .  Water depth and flow speed were controlled by raising and lowering 

a sluice gate at the end of the tank and by opening or closing the flow input 

pipe (Figure 21). Water depth for all sand transport tests was fixed at 

20 em. This water depth allowed two to three nozzles (depending on nozzle 

design) to be fully immersed in the flow and produced a flat-bed (sheet-flow) 

transport condition as normally exists in the surf zone (absence or near 

absence of bedforms) at higher flow speeds. Water temperature over the course 

of the 1.5-month-long experiment was approximately 20° C. 

66. The threshold flow speed for sand movement in the 20-cm-deep water 

was found to be 28 cm/sec in the middle of the water cokmn and l8 cm/see 

approximately 0.5 cm (half probe diameter) from the bed. Significant sand 

movement occurred at f l o w  speeds greater than 42 cm/see, At the 42-cm/sec 



midflow speed, material rolled and saltated along the bed. The use of high 

flow speeds was found to be limited by the depletion of sand in the test 

section because of the resultant high transport rate. The practical upper 

limit on flow speed was found to be 72 cm/sec, and the mode of sand movement 

at this high flow condition was full sheet flow. 

67. The Reynolds number is the dimensionless ratio of the inertia force 

to friction force; two flows are dynamically similar if the Reynolds number is 

equal for both. Use of the Reynolds number to model flow conditions presumes 

that gravitational force is neglected, implying that the free surface boundary 

is not of significance and that buoyancy balances the force of gravity in the 

interior of the fluid. Reynolds numbers Re were calculated and compared for 

both laboratory and typical field conditions to verify that the field flow 

regimes were replicated in the tank as follows: 

where 

V = midflow speed (laboratory) or longshore current 
speed (field) 

D = characteristic depth, taken as the water depth in the tank 
(laboratory) or average water depth in the surf zone (field) 

Y = kinematic viscosity of water at 20° C, equal to 0.0100 cm2/sec 
(fresh water) or 0.0105 cm2/sec (salt water) 

68. Reynolds numbers determined for the tank tests for the 42 and 

72 cm/sec midflow speeds ranged from approximately 80,000 "transition to 

turbulence," to 140,000 "turbulent," according to Idhite (1979). Mean long- 

shore current speeds measured during trap deployments at the DUCK85 field data 

collection project varied from 11 to 31 cm/sec (Kraus and Dean l987), with a 

representative surf zone depth equal to 1.0 m, resulting in field Reynolds 

numbers ranging from 105,000 to 295,000 "turbulent" (White 1979). Therefore, 

typical nonstorm field conditions can evidently produce turbulent flow even if 

the dissipation of wave energy due to breaking in the surf zone is not taken 

into account. Comparison of the Reynolds numbers indicates that the labora- 

tory conditions were comparable to those in the surf zone. However, it is 



noted that additional turbulence is injected into the water column by wave 

breaking in the surf zone. 

69. The Shields number is used as an indicator of incipient motion and 

type of bedform development both in unidirectional flow (Shen 1971, Vanoni 

1977) and the surf zone (Madsen and Grant 1976, Nielsen 1979, Watanabe 1988). 

Shields numbers were calculated for the range of midflow speeds used in the 

laboratory (Figure 22) and compared with Shields numbers for the surf zone to 

indicate how well the laboratory transport condition replicated field condi- 

tions. The Shields number Q is defined as 

where 

p = density of water, taken as 1 $/cm3 

U, = shear speed, obtained empirically as a function of 
midflow speed from Figure 23 (cm/sec) 

p, = density of sand, taken as 2.6 g/cm3 for quartz 

g = acceleration due to gravity, 980 cm/sec2 

d, = mean diameter of sand, 0.023 cm 

70. The shear speed U, was obtained empirically from a series of 

vertical flow speed profiles measured in the laboratory. By using the 

logarithmic law (see ?art 111), values of U, and the representative rough- 

ness length z, were calculated (Table 4). The profiles of flow speed over 

the movable bottom followed the logarithmic law well, as is evidenced by the 

high squared correlation coefficients r2 , ranging from 0.91 to 0.99. The 

large value of bed roughness z, corresponding to a midflow speed equal to 

45.7 cm/sec occurred with large bedforms that moved as sand was transported 

either as saltating or bed-load material. The empirical relationship of shear 

speed U, as a function of midflow speed is presented in Figure 23. 

71. As shown in Figure 22, the value of the Shields number at the 

observed inception of sheet flow in the laboratory was approximately 0.58. 

Values of Shields numbers for inception of sheet flow in an oscillatory flow 

tank have been found to be in the range of @ = 0.5 to 0.6, and other 
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Figure 23. Relationship between shear flow and midflow 
speed 

Table 4 

Values of U, , z, , and r2 as a Function of Midflow Speed Vmid 

Midf low Shear Representative 
Speed Vmid Speed U, Bed Roughness z, 

cm/sec cm/sec cm r 

31.1 1.21 0.0003 0.97 

P * Assumed outlier. 



researchers have found values of the Shields parameter equal to 1.5 for 

inception of sheet flow in a large wave tank (Watanabe 1988). Therefore, the 

laboratory tests indeed replicated field sheet flow conditions. 

72. The development of a sand transport testing procedure that would 

simulate longshore transport in the surf zone (although with the absence of 

wave motion) and accurately test nozzle designs was more difficult than 

anticipated. The first procedure attempted for both the trap-predicted sand 

transport tests (nozzle tests) and the ambient sand transport tests (basin 

tests) began by establishing an equilibrium flow condition with equilibrated 

bedforms. The flow was then stopped and either the cloths tacked into the 

basins or the trap placed at the test section. The flow was reestablished and 

a test conducted for a specific time period. Finally, either the trap or the 

basin cloths were removed from the tank and the collected sand weighed. 

73. However, a problem was encountered with this procedure. Sand 

transport rates measured with the traps and basins were found to depend on the 

relative location of the measurement device to transverse bedforms that 

migrated along the test section. When a trap nozzle was placed just downflow 

of a large sand ripple, the determined transport rate was much larger than 

when the nozzle was placed at the crest of a ripple. At lower flow speeds, 

ripples 10 cm in length migrated with a speed of approximately 0.6 cm/min; 

therefore, a 17-min-long testing period would be required to measure sand 

moving along a full ripple length. To observe the time variation of scour 

near the bed-load nozzle, it was desirable to have a 5- to 10-min testing 

interval on the order of the field tests. In addition, such bedforms moving 

in the direction of flow are not characteristic of surf zone conditions. The 

initial testing procedure did not result in reproducible measurements of both 

trap-predicted and basin sand transport rates within the 5- to 10-min time 

interval. 

74. A transport regime similar to the surf zone (flat-bed transport) 

was found to occur for short time periods (5 min) if testing was begun from a 

smooth, flat-bed condition. A second testing procedure was therefore 



developed in which the flow was started from a smooth-bed condition with 

either the basin cloths or trap in place, and sand was collected for approx- 

imately 5 minutes. However, significant scour occurred at the bottom nozzle 

over the time interval during which the flow speed increased from zero to the 

final testing flow speed. In contrast, it was found that scour at the bottom 

nozzle did not occur to such a degree when the trap was placed in a previously 

established flow. Two slightly different testing procedures for the basin and 

nozzle tests, outlined below, eliminated both the ripple formation and initial 

nozzle-scour problems described previously. 

a. Basin tests - 

(1) A test flow condition was established and setup parameters 
(aperture diameter of input pipe and height of sluice gate) 
were recorded. 

(2) The surface of the sand test section was smoothed to a 
uniform thickness along the length of the section. 

( 3 )  The tank was filled from a vertical flow pipe (located at 
the far upstream end of the tank) until the sluice gate was 
overflowed. Slow filling of the tank prevented disturbance of 
the smoothed sand bed. 

( 4 )  Large sheets of streamer cloth were secured in the basins with 
tacks at the end of the test section. 

(5) The vertical flow pipe was shut off, and a 2.5-min-long test 
was run to establish a 'startup' sand transport rate for the 
test flow condition. Midflow speeds at point A (Figure 21) 
approximately 6.1 m upstream from the basin were recorded 
during the test. 

(6) After completion of a run, sand collected in the basins was 
weighed in a drip-free wet condition, which has been shown to 
be linearly correlated with the dry weight for sand-sized 
material (Kraus and Nakashima 1986). Selected sand samples 
were retained for laboratory analysis. 

b. Nozzle tests - 

(1) The test flow condition was established and tank setup 
parameters (height of sluice gate, number of seconds input 
pipe opened) were determined with the trap frame and nozzles 
to be tested in place. 



(2) Identical to basin test step (2). 

(3) Identical to basin test step (3). 

(4) The test flow condition was initiated and allowed to 
establish for 2.5 min. 

(5) The trap was placed in the tank after an elapsed time of 
2.5 min, and sand was collected for 5.0 min. Midflow and 
bottom flow speeds at Point A (Figure 21) were recorded during 
the test. The bottom nozzle's streamer bag was "swished" 
slightly back and forth in the flow during the testing period 
to eliminate settling of large slugs of sand which tended to 
settle near the nozzle entrance and reduce the area of the 
nozzle opening. Clogging of the streamer bags was an artifact 
of the laboratory flow environment. In the surf zone wave 
action clears streamer bags during typical field conditions. 

(6) After a test was completed, collected sand was removed from 
the streamers, weighed in a drip-free state, and recorded. 
Selected samples were retained for laboratory analysis and 
comparison with the remaining bed material and the sand 
collected in the basin. 

75. Steps ~ ( l )  through a(6) were then repeated for a 7.5-min test for 

the same flow condition, except that the longer testing period enabled both 

midflow and bottom flow speeds to be recorded in step ~(5). The quantity of 

material collected during the 2.5-min run was subtracted from that collected 

during a 7.5-min run, with the same midflow speed, and divided by the elapsed 

time (5.0 min) and test section width (of the sand-filled area) to obtain an 

"equilibrium flow" basin transport rate for the 5-min run. 

76. One hundred and one nozzle and basin sand-trapping efficiency tests 

were conducted over a period of 40 lab days. Quantities of material collected 

in the basins and by each type of nozzle at each elevation in the flow are 

tabulated in Appendix D .  Qualitative observations of nozzle performance 

during testing were conducted. The DUCK85 bottom nozzle began scouring around 

its outer edges immediately after testing began, and the scour increased 



during the test until sand began passing under the nozzle near the end of the 

test. The SUPERDUCK bottom nozzle occasionally scoured around its outer 

edges, and sand would either pass around or under the outer edges. Sometimes 

scour would occur at the SUPERDUCK nozzle during the entire 5-min test; at 

other times it would be intermittent and disappear after a few seconds. The 

M-S sampler effectively behaved as a vacuum cleaner, creating turbulence and 

large-scale longitudinal eddies such that even sand to the rear of the sampler 

moved upstream and into the nozzle at the higher flow speeds. The H-S sampler 

thus dug into the bed and buried itself. Qualitatively, the C nozzle appeared 

to function optimally ("perfectlyqq). The moving sheet of sand and occasional 

small bedforms were observed to continuously enter unhindered into the nozzle. 

Nozzles with both long and short, straight and curved, bottom lips tended to 

enhance scour rather than reduce it. 

77. The efficiency of the catch basins was qualitatively evaluated 

relative to characteristics of an ideal pit sampler. An ideally functioning 

pit sampler comprised of a large number of independent basins aligned in the 

direction of flow is expected to function as follows: 

a. The quantity of sand collected in each basin would decrease in - 
the downflow direction such that the farthest downflow basin 
would not collect any sand. 

b. The quantity of sand collected in the downflow basins would - 
increase as the midflow speed increased. 

c. The sizes of grains collected in the downflow basins would - 
increase as midflow speed increased, as the flow could entrain 
and transport larger-sized sediment. 

78. In the experiment, the average percentages of sand collected in 

Basins 1 (upflow), 2 (middle), and 3 (donflow) were 97.7, 1.7, and 0.6 per- 

cent, respectively. The quantity of sand in each basin thus decreased signif- 

icantly in the downflow direction. Figure 24 presents the percent of the 

total amount of sand collected in the second and third basins as a function of 

midflow speed. There is much scatter in the data; however, a trend for an 

increase in the quantity of sand collected in Basins 2 and 3 can be observed 



if the data are averaged below and above a midflow speed equal to 60 cm/sec 

(approximate starting flow speed for sheet flow). The quantity of sand 

collected in the second basin increases from 1.3 percent for midflow speeds 

below 60 cm/sec to 2.0 percent for flows greater than 60 cm/sec. Similarly, 

the quantity of sand collected in the third basin also increases from 0.6 to 

0.7 percent as the data are averaged below and above 60 cm/sec, respectively. 

79. The expected tendency for grain size to decrease in the downflow 

basin was observed in the analyzed basin sand samples. For samples taken 

after a test with midflow speed equal to 68.7 cm/sec, median grain size 

decreased from 0.32 mm in Basin 1 to 0.22 and 0.21 mm in Basins 2 and 3, 

respectively. Since the basins used in this experiment program closely repli- 

cate all characteristics of an ideal basin, it is concluded that the basins 

were efficient. 

80. The method for obtaining the sand transport rate for a particular 

trap deployed in the surf zone is to integrate the nozzle predicted fluxes 

(weight per unit area per unit time) through the sampling depth. The flux 

between nozzles is estimated by linearly interpolating from adjacent nozzle 

fluxes (see Part 11). Because of the existence of eddies in the surf zone 

caused by injection of turbulence from the water surface, suspended sediment 

is typically more homogeneous through the water column than was observed in 

the laboratory. Linear interpolation of fluxes between nozzles does not 

appear reasonable for the laboratory measurements, since sand fluxes for 

adjacent streamers varied by more than an order of magnitude. The total sand 

flux at an elevation above approximately 5 cm from the bed in the laboratory 

tests was, at the most, an average of 4.3 percent of the sand flux at the 

bottom nozzle (Table 5). Therefore, linear interpolation for fluxes between 

streamers would introduce significant error into the calculations. 

8%. The 4.3 percent of sand flux occurring above 5 cm is probably lower 

in value, based on qualitative observations of nozzle performance. The per- 

centage was calculated by totaling the upper nozzle sand flux, dividing that 

quantity by the bottom nozzle flux, and multiplying by 180 to obtain a per- 

centage. Because of scour that occurred at the bottom edge of SUPERBUCK 

bottom nozzles during some flow conditions, the bottom nozzle flux may be too 
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Table 5 

Percent Standard 
Nozzle Elevation Number of Sand above Deviation 

cm Data Points Elevation 

DUCK8 5 9 . 0  6 
SUPERDUCK 4 . 5  20* 

4 . 8  2 
6 . 5  4 

CUBE 8 . 3  9 

* Omit outlier (Run 4 ,  4-6-88 ,  25.4 percent collected above 4 . 5  cm with mid- 
flow speed equal to 43.8  crn/sec). 



small, thereby tending to increase the relative percentage of sand flux in the 

upper nozzles. 

82. Either an exponential or a power law fit to the vertical distribu- 

tion of sand flux could be used to mathematically interpolate for fluxes 

between adjacent nozzles. However, because only three vertical point 

measurements were available to fit the curves, this procedure was found to 

either over- or under-predict point measurements of sand flux by as much as 

100 percent. 

8 3 .  Because methods of integrating the vertical distribution of sand 

flux through the water column introduced unacceptable error into the data 

analysis, another approach was used to calculate sand-trapping efficiencies 

for the nozzles. It was assumed that nozzles collecting only suspended 

material (all those except the bottom nozzle) had a sand-trapping efficiency 

equal to their hydraulic efficiency. This procedure is considered reasonable 

for a quasi-steady unidirectional flow condition, implying that suspended sand 

behaves in the same manner as the fluid particles. This assumption should be 

acceptable for the grain sizes and flow conditions found on typical sandy 

beaches. However, bed load and saltating material near the bed were observed 

to move at lower speeds than the fluid flow. This characteristic of sand 

movement near the bed as well as the potential for scour near the lower edge 

of the bottom nozzle prohibited assigning a hydraulic efficiency equal to the 

sand-trapping efficiency to these lowest nozzles. Fluxes for the bottom 

nozzles and basin were calculated and compared using 5 cm as the maximum 

vertical elevation from the bed for significant (at least 96 percent of the 

total) sand transport. Sand fluxes for the bottom nozzles were then compared 

directly to the basin sand-trapping fluxes. It Is noted that the 5-cm 

elevation delineating significant sand transport pertains to the present 

laboratory conditions and is not considered to be a general result. 

Results 

84. All nozzle and basin tests indicated increasing sand flux as 

midflow and bottom flow speeds increased. Four types of equations were fit to 

the transport rate data sets using the midflow and bottom flow speeds as the 

independent variable: linear, exponential, power, and a power fit incorporat- 

ing the threshold midflaw or bottom flow speed. Because of the short time 



period of the 2.5-min basin tests, only the midflow speed could be measured 

and subsequently used as the independent variable. The different types of 

equations are as indicated below: 

Linear : F - a V + b  (11) 

Exponential: F - ae bV (12) 

Power : F - aV b 
(13) 

Power Threshold: F - a(V - V,) b 

where 

F = sand flux, in g/cm2/min 

a = empirically determined coefficient, with dimensions 
consistent with variables in equation 

V = either midflow (Vmid) or bottom flow (Vbot) speed in 
cm/sec 

b = empirically determined coefficient, with dimensions 
consistent with variables in equation 

V* = threshold midflow (28 cm/sec) or bottom (18 cm/sec) flow 
speed for sand movement, determined experimentally, 
in cm/sec 

85. Table 6 presents the empirically determined coefficients and 

squared correlation coefficients resulting from regression analyses for each 

type of fit for each type of nozzle and basin test. Both the power fit and 

threshold power fit with the midflow speed had identical average squared 

correlation coefficients (r2 = 0 .94 ) .  Because most modern sediment transport 

formulae incorporate a threshold flow speed or shear velocity, the threshold 

power fit was chosen to represent the data and for use in further analysis. 

The term "threshold flow speed" V, used in this analysis refers to the 

measured flow speed either in the middle or bottom (approximately 0.5  cm above 

the bed) of the flow corresponding to incipient motion. The threshold flow 

speed is related, but not equal, to the critical shear velocity U,, , the 

shear velocity (discussed previously in the section entitled "Flow condi- 

tions") at incipient motion. Midflow as well as bottom and threshold flow 

speeds were used in this analysis rather than corresponding values of shear 
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velocities because the former quantities were directly measured, whereas the 

shear velocity must be inferred from a flow speed profile. 

86. Figures 25 and 26 present the 2.5- and 7.5-min basin-determined 

fluxes with the power threshold fit equations. A relationship for basin flux 

F with a 5.0-min testing period was obtained by subtracting values obtained 

with the 2.5-min equation from values obtained using the 7.5-min threshold 

power equation: 

87. Figures 27 through 29 present threshold power equations and data 

for the DUCK85, SUPERDUCK, and C nozzles, respectively. An equation was not 

fit to the H-S data; evaluation of this nozzle was terminated after two tests 

because of its unrealistic sand-trapping characteristics. 

88.  Sand flux data and power threshold predictive equations for the 

bottom nozzles and basin are summarized in Figure 30. The DUCK85 nozzle 

collected the least amount of sand over the flow conditions tested. Fluxes 

obtained with the SUPERDUCK nozzle fall quite close to the basin transport 

fluxes for most flow conditions. The SUPERDUCK fluxes with midflow minus 

threshold flow speeds (Vmid - V*) from approximately 28 to 32 cm/sec show 

considerable scatter. Occasionally developed bedforms in this flow range were 

observed to occur as migrating ripples, and the SUPERDUCK nozzle occasionally 

scoured at the bottom lip in this flow range. Results for the H-S sampler lie 

far above values in the plot for the two flow conditions tested; indeed, the 

greater-than-unity hydraulic efficiency of the H-S sampler caused it to become 

buried in the test section almost to the top of the sampler. 

89. A comparison of the form of various transport formulae compiled 

from Sleath (1984) and Horikawa (1988) for both unidirectional and oscillatory 

flow was conducted to evaluate how well the laboratory tests agreed with 

theoretical and empirical relationships. Table 6 indicates that all of the 

threshold power formulae, with the exception of the DUCK85 equation, relate 

sand flux to a form of flow speed raised to a power ranging from 3.5 to 4.6. 
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Figure 25. Basin Elux for 7.5-min test 
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Table 7 presents the relationship between bed-load transport Q, and flow 

speed V for many transport formulae. The variables in Table 7 are defined 

as follows: 

Q, = volumetric bed-load transport 

A, m, n = empirical coefficients 

T~ = shear stress at the bed (7, = p u:) 
T ,  = critical shear stress at the bed (7, = p U,:) 

U,, = critical threshold shear speed 

S = energy grade line 

U, = average shear speed 

D - grain diameter 
f = friction factor 

y, = maximum horizontal orbital speed 

90. There obviously is a wide range in the power to which speed is 

raised in the sand transport relationships. The 3.5 to 4.6 range determined 

in the laboratory is reasonable if compared to the transport formulae present- 

ed in Table 7. Sawamoto and Yamashita (1986) related bed-load transport to 

the cube of the speed for a sheet flow condition, which agrees well with the 

powers of flow speed determined in the present experiment program. Kraus, 

Gingerich, and Rosati (1988) compared results from the SUPERDUCK field data 

collection project to the expression for sand transport given by Katori et al. 

(1984) and found that the field data agree well with Katori et al.'s transport 

formula expressed in terms of the flow speed cubed. Kraus, Gingerich, and 

Rosati (1988) developed an equation relating the total immersed weight 

longshore sand transport rate to a discharge parameter R = HE V , where Hb 

is the breaking wave height if the surf zone bed is approximated as a plane 

sloping surface. The breaking wave height, however, is directly proportional 

to the maximum wave orbital velocity . Therefore, the equation given by 

Kraus, Gingerich, and Rosati (1988) expresses the sand transport rate in the 

surf zone as 4 V presented in Table 7 .  It is concluded that data from the 

present study are consistent with laboratory and field experiments relating 

sediment transport to flow speed raised to the 3rd or 4th power. 



Table 7 
Forms of Various Bed-Load Transport Formulae 

Formula 
Dependence of 

Qs on V 

Waterways Experi- 
ment Station 

(1935) 
Shields (1936) 

Kalinske (1942) 

Meyer-Peter- 
Muller (1948) 

Brown (1950) 

Madsen and 
Grant (1976) 

Hallermeier (1982) 

Sawamoto and 
Yamashita (1986) 

Katori et al. (1984) 

Kraus, Gingerich, 
and Rosati 
(1988) 

Oscillatory flow 

Oscillatory flow 

Sheet flow 

Oscillatory tank with 
unidirectional current 

Field longshore 
sand transport 

Ex~eriment variabilitv 

91. The standard error of estimate (Miller and Freund 1985), an indica- 

tion of the deviation of measured from predicted flux, was calculated for each 

type of nozzle and basin test using N-2 degrees of freedom as follows: 

where 
S, = standard error of estimate (g/cm2/min) 



f, - measured flux (g/cm2/min) 
f, - predicted flux (g/cm2/min), calculated using the threshold 

power fit equations and midflow speeds 

N - number of data points 
92. The results of this analysis are presented in Table 8. Values of 

S, are considered reasonable, with the SUPERDUCK nozzle and 2.5-min basin 

data having the highest error of estimate, followed by the 7.5-min basin data, 

and the DUCK85 and C nozzle results, respectively. If values of predicted 

flux fp are taken to represent the true flux, then the error of estimate 

gives a measure of nozzle reliability. If transport processes in the vicinity 

of a particular nozzle occurred similarly for all flow conditions, then the 

nozzle would be easily modeled with a single equation, and the standard error 

of estimate would be lower in value. Transport processes with the SUPERDUCK 

nozzle were variable, with scour occurring approximately half the testing 

period. Scour consistently occurred at the DUCK85 nozzle; hence the lower 

error of estimate value. The low value of Sy calculated for the C nozzle 

reinforces the observed consistency in transport processes in the vicinity of 

the nozzle. 

Table 8 

Exveriment Variability for Nozzle and Basin Data 

Standard Error 
of Estimate 025 Number of 

Statistic Data Points 
2.5-min Basin 0.35 2.306 10 
7.5-min Basin 0.22 2.262 11 
DUCK8 5 0.20 2.776 6 
SUPERDUCK 0.35 2.064 2 6 
CUBE 0.17 2.365 9 

93. Assuming that the measured fluxes are normally distributed about 

their respective mean values, the appropriate t-statistic can be utilized with 

the standard error of estimate to obtain confidence limits for the linearized 

empirical relationships, as follows: 



1 + -2 lny = [ln(a) + b ln(x) 1 + ta12 Sy 
sxx 

where y = dependent variable equal to sand flux 

a, b = power law coefficients presented in Table 6 

x = independent variable V - V* , where V and Vn are 
as defined previously 

ta,2 = t-statistic for 95 percent confidence interval 

- 
x = average x , where x is as defined above 

s,, = N X x2 - (E  x)~, for x = 1 to N 

94. The 95 percent confidence interval is used in the next section to 

determine whether certain test conditions were significantly affecting rates 

of sand transport in the tank. 

Independent variables influencing - sand transport 

95. Two interesting facets that emerged during the tests were explored 

within time constraints of the project. It was noted that with elapsed time 

sand in the test section became coarser due to sorting by the flow. Sieve 

analysis indicated a median grain size of 0.30 mm after approximately 24 runs, 

compared to 0.23 rnm for the originally placed material (Figure 31). The 

degree to which this sorting decreased quantities collected in the basin was 

evaluated for one 2.5-min basin test and two 7.5-min basin tests. Between two 

and eight shovelfuls of the winnowed (coarser) sand in the test section were 

removed and replaced by the original, finer material. The measured 2.5-min 

"new sand" flux was 3 percent greater than the flux predicted by a threshold 

power equation fit to the data set (Figure 32), and the two 7.5-min "new sand" 

fluxes were 17 and 19 percent less than equation-predicted fluxes (Figure 33). 

However, these deviations from the equation-predicted fluxes were within the 

95 percent confidence limit and, therefore, in the range of experiment 

variability. The C nozzle measured 32 percent higher fluxes than predicted 

after three shovelfuls of original sand replaced the winnowed-out material 

(Figure 34). However, this deviation from the equation-predicted flux was 
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Figure 32. Basin flux for 2.5-min run with "new sand" 
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also within the 95 percent confidence interval and, therefore, is considered 

within the natural range of variability. 

96. The second interesting but complicating aspect of the experiment 

was evaluation of a potential difference between basin-predicted sand trans- 

port rates in the central 24.8-cm-wide portion of the tank as compared to the 

entire width of the tank. A decrease in the sand transport rate might occur 

near the walls of the tank due to side wall friction; an increase in sand 

transport could occur in the far side of the tank due to the slight non- 

uniformity of the flow field established in the hydraulic efficiency experi- 

ment (see Part 111). The differences (Diff.) between center- and full-width 

basin transport rates were evaluated for two 2.5-min and four 7.5-min basin 

tests (Table 9). Individual basin collection cloths extending through the 

first two basins were placed in the center (24.8 cm wide), near, and far 

(both 21.3 cm wide) "subbasin" sections of the tank. "Center" subbasin fluxes 

were consistently higher than those calculated for the entire width of the 

basin, averaging 11.4 percent higher. "Far" subbasin fluxes were also higher 

than those calculated for the entire width of the basin, in agreement with the 

trend of the non-uniform lateral flow speed distribution of the tank (Part 

111). The difference between "center" and total sand fluxes generally 

increased with midflow speed, as would be expected if the side wall boundary 

layer increased with flow speed. 

97. The basin threshold power equation was modified to account for the 

increasing sand flux in the center portion of the tank using Equation 15, with 

the following additional empirical equation: 

where 

F, = basin flux, Vmid < 58 cm/sec ($/cm2/min) 
Vmid = midf low speed, cm/sec 

F, - basin flux, Vmi, 2 58 cm/sec (g/cm2/min) 



Table 9 

Sand Fluxes in Center, Near. and Far Subbasin Sections of Tank 

Testing 
Time 

Total 
7.5 1.49 

59.8 7.5 1.93 
60.0 2.5 1.36 
66.1 7.5 4.19 
68.7 2.5 4.42 
69.2 7.5 4.98 
*vg 

Near - 
1.56 
1.60 
1.04 
3.68 
3.38 
3.83 

Sand Flux 

Dif f . Center 
0.07 1.52 
-0.33 1.99 
-0.32 1-39 
-0.51 4.54 
-1.04 5.28 
-1.15 5.75 
-0.55 

Dif f . 
0.03 
0.06 
0.03 
0.35 
0.86 

0.35 

Far Diff. 
P - 
1.39 -0.10 
2.19 0.26 
1.63 0.27 
4.28 0.09 
4.44 0.02 
5.23 0.25 

0.13 

98. The modified basin flux for a 5-min test and equation-predicted 

nozzle fluxes with the 95 percent confidence limits are presented in 

Figure 35. 

99. The curve labeled "5-min Basin" in Figure 35 represents the basin 

transport fluxes to which the nozzle transport fluxes should, in principle, be 

calibrated. However, although the C nozzle-predicted sand transport fluxes 

are comparable to the basin transport fluxes at lower midflow speeds, as much 

as 45 percent higher values of flux were obtained with the C nozzle at higher 

speeds. There are at least five possible explanations for this discrepancy. 

a. The C nozzle produced an increased flow speed in its vicinity, - 
thereby collecting more sand than was actually being transported 
(similar to the H-S sampler). 

b. The cloths used to collect sand in the basins were not sufficiently - 
secured and allowed material to be lost from adjacent sections of 
cloth. 

e .  Sand transport at the basins was less than transport in the - 
vicinity of the trap testing area, 

Greater flow speeds caused increased suspended sand transport, 
which was not collected in the basins. 
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Figure 35. Modified basin flux for 5-min test and power 
threshold fit nozzle fluxes 

e. Sand transport during all trap testing was greater than during - 
basin tests due to an unknown systematic experimental error. 

Each of the above-listed possibilities is discussed below. 

a. The C nozzle increased flow speed in its vicinity. Because - 
the hydraulic tests indicated an average hydraulic efficiency 
for the C nozzle of 0.95, this theory does not appear 
tenable. In addition, characteristics observed for the H-S 
pressure-difference nozzle (i.e., material moving from sides of the 
nozzle into the mouth; nozzle burying itself in test section) were 
not observed during testing of the C nozzle. 

b. Loss of sand through basin cloths was significant. Loss of sand - 
through adjacent basin cloths could have occurred, although a 45 
percent loss of sand (approximately 1,100 g for 2.5-min and 4,300 g 
for 7.5-min basin tests) would have resulted in an obvious residue 
at the bottom of the basins after the cloths were removed (which 
was not found). Loss of sand through adjacent basin cloths could 
have occurred to some degree; however, this factor cannot account 
for the entire discrepancy. 



c. Sand transport at the basin was less than at the trap testing area. - 
To evaluate this effect, two runs were made with the C nozzle 
placed at the first basin for midflow speeds equal to 51.6 and 66.1 
cm/sec. The sand flux for the bottom C nozzle at the basin for the 
two tests was less (48 and 19 percent, respectively) than equation- 
predicted fluxes for the same flow rate (Figure 34). The test at 
the higher flow condition was approximately equal to the lower 95 
percent confidence limit, indicating that sand flux at the basin 
did vary significantly (with 95 percent confidence) than sand flux 
at the trap testing area, at least at the higher flow condition. 
The differences between C nozzle fluxes measured at the basin and 
predicted fluxes using the modified 5.0-min basin threshold power 
equations (Equations 15 and 18) indicate that the C measurements at 
the basin were within the 95 percent confidence interval for the 
basin data. 

d. Suspended material passed over the basins at the higher flow - 
speeds. A qualitative evaluation of basin efficiency presented in 
a previous section (see "Evaluation of basin efficiency") concluded 
that the basins were highly efficient. The quantities of sand 
collected above the bottom C nozzle for the 51.6-cm/sec midflow 
speed test described in c were greater (4.1 percent) than observed 
for the C nozzle data set (Table 5), However, the 66.1-cm/sec 
midflow speed test percentage of suspended sand was not signifi- 
cantly greater (1.7 percent), contrary to an expected increase in 
suspended sand at higher flow speeds. Apparently, the 4.1 percent 
of suspended sand collected above the bottom nozzle during the 
lower flow speed test is an anomaly. Sand samples from both nozzle 
and basin tests were sieved to provide some indication of whether 
the C nozzle did collect finer material (hence suspended sand) that 
was not collected in the basins. The median grain size for the 
bottom C nozzle for five samples analyzed was 0.29 mm, equal to the 
median grain size for the SUPERDUCK nozzle and larger than the 
median grain size for the DUCK85 nozzle (0.27 mm) and basin (0.26 
mm). A larger median grain size for the C nozzle would indicate 
that the nozzle did create a pressure difference, collecting more 
material than was actually being transported. The H-S sampler 
created local flow speeds greater than the ambient flow speed and 
therefore was able to entrain and collect larger-sized material 
(median grain size for H-S = 0.33 mm). However, sand collected in 
midflow C nozzles was also coarser than that collected in the 
SUPERDUCK midflow nozzles (C = 0.26 mm; SUPERDUCK = 0.19 m m ) ,  
indicating that the sand in the test section was generally coarser 
during the C nozzle tests which were conducted near the end of the 
experiment program. 

e. Sand transport during all trap tests was higher than during basin - 
tests due to a systematic error. As discussed in item c above, one 
test conducted with the C nozzle located at the basin gave sand 
transport rates less than that of the C nozzle tests at the trap 
testing area. Therefore, a systematic error did not occur 



exclusively for the trap tests, as a large difference was measured 
with the same trap nozzle at two different locations. 

100. One theory that may explain the discrepancies in sand flux measur- 

ed at the trap testing area compared to fluxes at the basin (see item CI) is 

that the trap testing area was located in the test section such that flow 

conditions had not equilibrated with the sand bed. Large eddies potentially 

caused by the transition from the test section ramp to the sand bed at the up- 

flow end of the tank may have entrained more material, thereby creating an 

artificially high transport rate at the trap testing area (Figure 36). At the 

far end of the test section, the basin could have been outside the "equilib- 

rium length" sf the test section where sand transport had reached an equilib- 

r i m  state as the eddies were reduced. If this were the case, the 2.4- by 

0.67-m area between the trap testing area and basin area would have increased 

in elevation by sand deposition. The wet-weight density of sand used in the 

experiment program was calculated as 3.42 g (wet)/cm3 using the density of 

quartz sand (2.65 g (dry)/cm3) and the relationship between wet and dry weight 

determined empirically (0.78 g (dry)/l.O g (wet)). Using fluxes obtained with 

the C nozzle at the basin and predicted fluxes for the same flow rate, and 

assuming that the accreting sand would settle out evenly over the 2.4- by 

0.67-m area, the increase in bed elevation calculated using the wet weight 

density would have been too slight to observe (0.02 and 0.04 cm). Even the 45 

percent discrepancy between the C nozzle and basin fluxes at the highest flow 

speed would have created only a small increase in elevation (0.06 cm). 

101. It is concluded that the basin sampler, possibly partially due to 

the nonequilibrium length of the test section, did not provide an adequate 

measure sf the ambient sand transport rate. Therefore, fluxes measured with 

the bottom C nozzle were used as a standard measure of the ambient sand 

transport rate. It is recognized that by using sand fluxes obtained with the 

C nozzle as the measure of ambient transport that the original standard of 



Figure 3 6 .  Sketch for discussing the hypothetical disequilibrium of sand 
flux due to length of test section 

measurement has been rejected. In considering all possible reasons for the 

discrepancy between sand fluxes obtained with the basin sampler and C nozzle, 

it has been decided that the likeliest source of the incongruity is the pit 

sampler. In the following, sand-trapping efficiencies for the SUPERDUCK and 

DUCK85 nozzles have been calculated using the C nozzle flux equal to the 

ambient sand transport flux. 

102. Tests conducted with midflow speeds greater than 6 0  cm/sec 

resulted in a flat-bed sand transport condition, which is most like the mode 

of transport occurring in the surf zone. Lower midflow speeds resulted in 

well-developed migrating ripples, which are not characteristic of the surf 

zone. All nozzles were fully tested in the 60 to 6 6  cm/sec range of midflow 

speeds. Therefore, for the purpose of determining nozzle sand-trapping 

efficiency, equations were developed to describe nozzle flux for the 60 to 

6 6  cm/sec range of midflow speeds as follows: 



Cube : F = 0.00424 e0.lfZ4 ; r2 = 0.74 ( 1 9 )  

SUPERDUCK: F = 0.4540 V - 25.026 ; r2 = 0.76 ( 2 0 )  

103. Sand-trapping efficiencies for the DUCK85 and SUPERDUCK nozzles 

were calculated by integrating each equation from 60 to 66 cm/sec, giving the 

area beneath each equation (Figure 3 7 ) .  

Cube : - r6 (0.004353 evmid 0.n23 > dv 
60 

SUPERDUCK: 66 

 as^ = (0.4540 V,,, - 25.03)  dV 
60 
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Figure 37. Area beneath each nozzle rate prediction used to 
calculate sand-trapping efficiency 

104. The areas below the upper and lower 95 percent confidence limits 

were calculated, and the sand-trapping efficiency E, and corresponding 

maximum error E were computed as follows: 

where 

AT, = area below SUPERDUCK or DUCK85 equation 

= area below Cube equation 

AuTW = area below upper confidence limit equation (either SUPER- 
DUCK or DUCK85 equation) 

ArTR = area below lower confidence limit equation (either 
SUPERDUCK or DUCK85 equation) 



kcU = area below upper confidence limit equation (Cube equa- 
tion) 

A = area below lower confidence limit equation (Cube equa- 
tion) 

105. The measure of error represents the area between the con- 

fidence limits of a particular curve normalized by the area below the curve. 

This analysis is, perhaps, oversophisticated since the number of points on 

which to base the calculations is very limited. The confidence bands are 

wide, most likely resulting in overestimates in the measure of error. 

106. Average sand-trapping efficiencies and standard deviations for on- 

bed and off-bed nozzles are presented in Table 10. On-bed sand-trapping 

efficiencies and corresponding standard deviations were calculated for the 

DUCK85, SUPERDUCK, and C nozzles as 0.13 + 0.50, 0.68 + 0.51, and 1.00 (by 
definition), respectively. Off-bed sand-trapping efficiencies and standard 

deviations for each nozzle were assumed to be equivalent to values for mid- 

flow hydraulic efficiencies in this flow range. On-bed sand-trapping effi- 

ciencies for the H-S nozzle were estimated from Figure 30 at 1,000 percent. 

Sand fluxes obtained with a particular nozzle type should be divided by either 

the near-bottom or midflow sand-trapping efficiency (depending on the nozzle 

elevation) to obtain an estimate of the true sand flux. 

Table 10 

Nozzle Type Near -Bottom E, Midflow E, 

DUCK8 5 
SUPERDUCK 
CUBE 
H-S 

0.%3+/-0.50 0.92+/-0.024 
0.68+/-0.51 l.O2+/-0.013 
1.00 (by definition) l.OO+/-0.015 
10.00 - - - 

107. If the basin sampler had been used as the measure of ambient s a d  

transport, the on-bed sand-trapping efficiencies and corresponding standard 

deviations for the DUCK85, SUPERDUCK, and C nozzles would be 0.19 t 0.77, 1.02 

L 0.83, and 1.50 & 1.03, respectively. 



108, Both the hydraulic and sand-trapping efficiency tests indicate 

that the C nozzle has hydraulic and sand-trapping efficiencies closest to 

unity among the 23 streamer trap nozzles examined in this experiment program. 

109. Hydraulic efficiencies determined for the H-S sampler confirm 

earlier results appearing in the literature (Druffel et a%. 1976). However, 

sand-trapping efficiencies for the M-S sampler were higher than the 150 to 175 

percent that has been stated in the literature for sand-sized material (Helley 

and Smith 1971, Emmett 1980). Results from the present experiment program 

reinforce previous studies recommending that the M-S sampler not be used for 

material finer than 0.25 mm and at sites where material can also be transport- 

ed in suspension (Emmett 1980). Because of its self-burying characteristic, 

sediment-flow conditions in which the H-S sampler can be used may be very 

limited . 



PART V: FIELD EFFICIENCY TESTS 

110. The streamer trap has performed successfully in two major field 

data collection projects as well as in smaller scale field experiments. In 

particular, longshore sand transport rate measurements were made at DUCK85 

(Mason, Birkemeier, and Howd 1987) and SUPERDUCK projects. These projects 

were named for the village of Duck, North Carolina, located near the Field 

Research Facility (FRF) of the Coastal Engineering Research Center. Use of 

the streamer trap in data collection to be conducted on Lake Michigan during 

September 1988 (Great Lakes '88 (GL88)) is also planned. 

111. Two types of longshore sand transport data have been collected 

with the streamer trap: the distribution of longshore transport across the 

surf zone using a spatial sampling method (SSM) (Kraus and Dean 1987), and the 

variation of longshore transport through time at a point using a temporal 

sampling method (TSM) (Kraus, Gingerich, and Rosati 1988). SSM runs involved 

simultaneous deployment of traps on a line through the surf zone, resulting in 

the measurement of vertical and cross-shore distributions of longshore sand 

transport. During the data collection projects performed at the FRF, 

typically 7 to 10 traps were placed on a line crossing the surf zone for a 5-  

to lo-min data collection period. TSM runs resulted in vertical distributions 

of sand transport at a point over an extended period (typically 30 min to 

1 hr). A single streamer trap typically collected transport data for a 5- to 

10-min period at a particular point in the surf zone, then it was replaced 

with another trap positioned at the same general location for a similar time 

interval. 

112. During the DUCK85 and SUPERDUCK data collection projects, tests 

were conducted to evaluate the behavior of the streamer trap in the prototype. 

An indication of trap reliability was assessed by comparing sand transport 

rates collected with two closely-spaced traps. These so-called "consistency" 

tests involved measuring sand transport with two traps positioned approximate- 

ly l m apart both in the cross-shore and longshore directions. In addition, 

qualitative characteristics of nozzle behavior in the surf zone were noted 

during the consistency tests and the TSM and SSM runs. 



113. Part V gives an overview of the type of data collected during the 

DUCK85 and SUPERDUCK field data collection projects and discusses both 

qualitative observations and quantitative comparisons between closely spaced 

traps. Tests of various streamer trap nozzles planned for the GL88 data 

collection project are also presented. 

Overview 

114. During the DUCK85 and SUPERDUCK data collection projects, a total 

of 45 transport rate data collection runs/tests was made. These runs con- 

sisted of 15 SSM, 11 TSM, one rip current rum, and 17 consistency tests. An 

example of data collected during an SSM run is presented in Figure 38. Figure 

39 presents data collected during a TSM run, in which sand transport was 

sampled at one location through time over approximately a 1-hour period. The 

data in Figures 38 and 39 have been adjusted using values of sand-trapping 

efficiencies presented in Part IV, differing from results previously presented 

(Kraus 1987, Kraus and Dean 1987). 

115. During field use of the trap, qualitative observations of trap and 

nozzle behavior in the surf zone were made. Scour was observed to appear 

intermittently at the mouths of the DUCK85 and SUPERDUCK bottom nozzles. No 

measurements were made of the scour pattern, however. The trap proved to be 

fairly stable in the surf zone and could be "righted" quickly if tipped during 

the passage of a wave. The streamers moved with the current and oscillatory 

motion sf the waves and occasionally would wrap around the trap legs if the 

longshore current speed was not sufficiently great. However, the trap 

operator could easily keep the streamers untangled and aligned with the 

direction of the longshore current. Additional discussion of field use of the 

streamer trap has been presented in Part 1%. 

116. Tests were conducted with two closely spaced traps placed in the 

surf zone, collecting sand moving either longshore or offshore in the throat 



TOTAL TRAP TRANSPORT RATE (KG/MIN/M) \ 

3.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 
DISTANCE FROM MSL SHORELINE ( M I  

Figure 3 8 .  Example SSM da ta  s e t  

Figure 39 .  Example TSM d a t a  s e t  

Transport Rate Density (g/cm/rnin) 
250 

200 

150 

108 

- 

- 

I I I 

0 10 2 0 30 4 0 

Time (min) 



of a rip current. The purpose of the tests was to quantify the reliability 

and reproducibility of results from the streamer trap. Both DUCK85 and 

SUPERDUCK nozzles were used in the consistency tests. Traps were positioned 

with one located approximately 1 m offshore and 1 m downflow (seaward trap) of 

the other (shoreward trap), such that collection of trap-induced transport 

would be minimal (Figure 40). 

rL TIm ORE CURRENT 
SAND TRAPS c1 

. .. . -  , . . .  . I :  , , , , . .  ., . . , . .  . BEACH . . . . .  . . . -  
. . . . . . _' , I  - . , , .  

Figure 40. Consistency test arrangement 

117. Kraus (1987) presented two example consistency tests of ten tests 

conducted during the DUCK85 field data collection program, one showing nearly 

equal vertical distributions of transport and the other showing greatly 

differing distributions. Based on the ten consistency tests conducted during 

DUCK85, Kraus tentatively concluded that the different transport rates 

measured by closely spaced traps is most likely an accurate representation of 

the transport rate and that the transport rates actually differed by the 

margins measured with the traps. 

118. Figures 41 through 50 and Figures 51 through 57 present vertical 

flux profiles measured with the DUCK85 and SUPERDUCK nozzles, respectively. 

Agreement between the DUCK85 shoreward and seaward traps is generally good, 

with the greatest difference occurring at the bottom nozzle. The discrepancy 

between the two bottom nozzle fluxes may be due to a difference in scour at 

the bed between the two traps. However, the bottom nozzle flux for the 

shoreward trap is less than that of the seaward trap for 7 out of 10 cases, 

indicating that the difference observed at the bottom nozzle may also have 
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Figure 41. Run 2-1, DUCK85 consistency test (9-4-85) 
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Figure 42. Run 2-2, DUCK85 consistency test (9-4-85) 
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Figure 43. Run 1, DUCK85 consistency (9-7-85) 
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Figure 44. Run 4, DUCK85 consistency test (9-7-85) 
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Figure 45. Run 5, DUCK85 consistency test (9-9-85) 
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Figure 4 6 .  Run 6, DUCK85 consistency test (9-9-85) 
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Figure 47. Run 7, DUCK85 consistency test (9-9-85) 
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Figure 48. Run 8, DUCK85 consistency test (9-9-85) 
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Figure 49. Run 9, DUCK85 consistency test (9-9-85) 
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Figure 50. Run 10, DUCK85 consistency test (9-9-85) 
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Figure 51. Run 23, SUPERDUCK consistency test (9-16-85) 
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Figure 52. Run 24, SUPERDUCK consistency test (9-16-86) 
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Figure 53. Run 34-1, SUPERDUCK consistency test ( 9 - 2 0 - 8 6 )  
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Figure 54. Run 3 4 - 2 ,  SUPERDUCK consistency test ( 9 - 2 0 - 8 6 )  
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Figure 55. Run 35, SUPERDUCK consistency test (9-21-86) 
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Figure 56. Run 37-1, SUPERDUCK consistency test (9-21-86) 
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Figure 57. Run 37-2, SUPERDUCK consistency test (9-21-86) 

depended on trap location. The majority of the DUCK85 consistency runs were 

conducted in the feeder of a rip current where the flow was steady and strong. 

119. The vertical distributions of sand flux measured with the 

SUPERDUCK nozzle varied more between the shoreward and seaward traps than was 

observed with the DUCK85 nozzle. However, wave conditions were different, 

with clean swell occurring during DUCK85 and more choppy wind waves during 

SUPERDUCK. Figure 55 shows the run with poorest agreement between seaward and 

shoreward traps measured during a very low transport condition. 

120. Integration of the measured fluxes through the water column gives 

the total transport rate density for that trap. Table 11 summarizes the total 

transport rate density data for the 17 consistency tests conducted both at 

DUCK85 and SUPERDUCK field data collection programs. Fluxes were adjusted 

using the values of sand-trapping efficiency determined in Chapter 4. The 

consistency ratio gives a measure of consistency between the shoreward and 

seaward traps. If it is assumed that the transport rate is uniform over a 

distance of approximately 2 to 3 m in a plane normal to the flow, then results 



Table 11 

Comparison of Transport Rate Density Measured with 

Two Closely Spaced Traps 

Run No. 
2 - 1 

Date 
9-4-85 

Nozzle 
DUCK8 5 

Transport Rate Density, g/(cm/min) - 
Shoreward Trav Seaward Trap 

21.8 32.1 
94.1 166.7 
112.5 215.9 
16.4 9.5 
35.4 37.5 
69.6 85.5 
72.8 78.7 
58.3 35.3 
26.5 16.0 
26.4 46.7 

2 3 9-16-86 SUPERDUCK 14.2 
24 9-16-86 11 7.8 
34-1 9-20-86 11 19.2 
34-2 9-20-86 91 18.9 
3 5 9-21-86 II 1.4 
37-1 9-21-86 11 4.1 
37-2 9-21-86 I 1  5.5 

Consistency 
~atio* % 

6 8 
5 7 
5 2 
5 8 
9 4 
8 1 
9 3 
6 1 
6 0 
5 7 

* I 1  Consistency Ratio % , "  a measure of consistency, is calculated by dividing 
the lower value of the transport rate density for a particular run (seaward or 
shoreward trap) by the higher value for a particular run (seaward or shoreward 
trap) and then multiplying by 100. 

presented in Table 11 indicate a consistency for the DUCK85 nozzle from 50 to 

90 percent and a consistency for the SUPERDUCK nozzle from 50 to 100 percent 

(values rounded off to first significant number). 

121. Trap reproducibility can also be quantified by mathematically 

describing the vertical flux. Values of sand flux corresponding to a particu- 

lar elevation were represented with linear, exponential, and power law least 

square fits. The equations were developed using the distance from the seabed 

to midstreamer Z as the independent variable and sand flux F as the 

dependent variable as follows: 

Linear: F = a% + b 
Exponential: F = ae Zb 

Power: F = a% b 



where a and b are empirically determined coefficients with dimensions 

consistent. with variables in the equation. The coefficients and resulting 

squared correlation coefficient for each data set are presented in Table 12. 

122. As presented in Table 12, the vertical distribution of sand flux 

has the highest squared correlation coefficient for either an exponential or 

power-law relationship. Out of the 20 DUCK85 vertical distributions examined, 

11 are best described with an exponential fit, and 9 are best described with a 

power-law fit. Of the 14 SUPERDUCK vertical distributions of sand flux, 10 

have the highest squared correlation coefficient with a power-law fit, 3 best 

fit an exponential relationship, and 1 is best described linearly. The 

majority (14 out of 17) of the shoreward and seaward consistency test data 

sets have similar coefficients and are described by the same type of equation. 

This favorable comparison between the form of the vertical flux data measured 

with closely spaced traps indicates that the streamer trap and nozzles are 

indeed consistent and provide reproducible measurements of the transport rate. 

123. Consistency tests between streamer traps with C, SUPERDUCK, and 

DUCK85 nozzles (and the H-S sampler) will be conducted at the GL88 field data 

collection project. A C trap and another nozzle trap will be deployed in 

either the longshore current, if it is sufficiently strong, or next to a 

shore-perpendicular structure where the longshore current is expected to be 

concentrated and deflected offshore. Many tests will be conducted to give an 

indication of the test variability and ultimately a measure of relafive nozzle 

efficiency for a field condition. In addition, the development of scour 

through time at each bottom nozzle will be quantified. 

124. Tests with a streamer trap (C, SUPERDUCK, and DUCK85 nozzles) near 

an Optical Backscatter Sensor (OBS) (see Appendix A )  in the surf zone are also 

planned for GL88. Comparisons between trap-measured and OBS sediment trans- 

port fluxes will give a quantitative indication of consistency between the 

streamer trap (for nozzles collecting suspended material) and electronic 

instrmentatfon. 



Table 12 

Mathematical Eauations Describing the Vertical Distribution of 

Run 
No. 
P 

2 - 1 

Coef f i -  ine ear** Exponential** power*" 
Date cients* Shore Sea Shore Sea Shore Sea 
9-4-85 a -0.01 -0.02 1.01 1.51 15.30 49.20 
(DUCK85) b 0.74 1.22 -0.05 -0.06 -1.50 -1.80 

r 0.49 0.45 - 0.85 - 0.95 0.77 0.91 

(continued) 

* Dimensions of coefficients a and b are consistent with variables in 
equation. ** Underlined values indicate the highest squared correlation coefficient for 
each data set. 



Table 12 (concluded) 

Run Coef f i -  ine ear** ~x~onential** power** 
No. Date cients* Shore Sea Shore Sea Shore Sea 
10 9-9-85 a -0.01 -0.03 0.72 1.13 8.33 12.80 

(DUCK85) b 0.90 1.60 -0.04 -0.03 -1.19 1.14 
r2 0.46 0.44 0.81 0.75 0.96 0.97 

2 3 9-16-86 a -0.004 -0.003 0.36 0.26 0.60 0.38 
(SUPERDUCK) b 0.36 0.25 -0.02 -0.02 -0.41 -0.30 

r 0.49 0.64 - 0.66 - 0.78 0.64 0.73 

2 4 9-16-86 a -0.004 -0.006 0.24 0.33 0.37 0.53 
(SUPERDUCK) b 0.25 0.35 -0.02 -0.02 -0.37 -0.41 

r2 0.62 0.59 0.76 0.75 0.98 0.98 

34-1 9-20-86 a -0.011 -0.003 0.47 0.29 2.24 0.73 
(SUPERDUCK) b 0.85 0.24 -0.03 -0.03 -0.95 -0.72 

r2 0.26 0.63 0.70 0.92 0.83 0.77 

34-2 9-20-86 a -0.008 -0.009 0.56 0.42 1.84 1.56 
(SUPERDUCK) b 0.65 0.65 -0.03 -0.03 -0.77 -0.75 

r2 0.43 0.43 0.83 0.62 0.97 0.95 

3 5 9-21-86 a -0.0001 -0.0002 0.02 0.03 0.03 0.04 
(SUPERDUCK) b O,O2 0.03 -0.01 -0.01 -0.23 -0.19 

r2 0.49 0.26 0.49 0.14 0.69 0.22 

37-1 9-21-86 a -0.001 -0.001 0.08 0.10 0.24 0.18 
(SUPERDUCK) b 0.12 0.10 -0.02 -0.02 -0.57 -0.42 

r2 0.33 0.73 0.52 0.75 0.91 0.77 

37-2 9-21-86 a -0.001 -0.004 0.11 0.14 0.17 0.62 
(SUPERDUCK) b 0.11 0.31 -0.01 -0.02 -0.31 -0.68 

r 0.55 0.25 0.72 0.36 0.88 0.85 



PART VI: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

125. The objectives of this study were to evaluate and improve upon the 

hydraulic and sand-trapping characteristics of the streamer trap nozzle for 

use in the nearshore zone. Twenty-three variations of the streamer trap 

nozzle were initially evaluated to determine their hydraulic characteristics, 

and three streamer trap nozzles with near-optimum hydraulic efficiencies were 

subsequently tested to qualitatively and quantitatively determine their sand- 

trapping characteristics. The H-S sampler, a pressure-difference riverine 

sediment trap extensively reported on in the literature, was also tested in 

both the hydraulic and sand-trapping phases of the experimental program for 

comparison with both streamer trap nozzle results and reported efficiencies. 

126. One hundred and seventeen hydraulic and 101 sand-trapping effic- 

iency tests were performed. Both the hydraulic and sand-trapping tests were 

conducted in a unidirectional flow tank with the objective of simulating the 

longshore current in the surf zone. Hydraulic testing of the nozzles involved 

measuring flow speed at the nozzle and then repeating the measurements for the 

same flow condition at the same location in the tank without the nozzle in 

place. By dividing the flow speed in the nozzle by the ambient (without 

nozzle) flow speed, a measure of hydraulic efficiency was obtained for the 

particular flow condition. For nozzles with near-optimal hydraulic efficien- 

cies, measurements were made for four flow conditions (midflow speeds equal to 

22, 43, 59, and 74 cm/sec) with one nozzle located at the bed or at the mid- 

flow elevation, and with two nozzles in place (one at the bed and the other at 

a midflow elevation). 

127. The sand-trapping tests primarily consisted of measuring ambient 

sand flux (with a pit sampler) for a range of midflow speeds (ranging from 46 

to 74 cm/sec) and comparing values of ambient flux to nozzle-predicted sand 

flux. Sand with a median grain size of 0.23 mm was placed in a test section 

built into the testing tank. Because of a presumed disequilibrium of sand 

transport between the trap testing section and the pit sampler, measurements 

of ambient transport were not comparable to the nozzle-predicted sand flux. 



As a result, sand fluxes measured with one nozzle (the C nozzle), observed to 

have no effect on the movement of sand near the mouth and with a near-unity 

on-bed hydraulic efficiency (0.96), were assumed to represent the ambient sand 

flux. Values of sand-trapping efficiency for the near-bed position were 

calculated for the 60 to 66 cm/sec range of flow speeds which produced the 

flat-bed sand transport condition most like the surf zone. At lower flow 

speeds, large sand ripples formed and moved in the direction of flow. This 

type of bedform is unique to the surf zone. Because sand transport occurred 

for the most part in a 5-cm-high layer above the bed, nozzles located off the 

bed collected small amounts of sand. Values of sand-trapping efficiency for 

the off-bed nozzle position were taken to be equal to the hydraulic efficien- 

cies for a similar midflow speed. 

128. Main conclusions from this study are as follows: 

a. The streamer trap nozzle previously used in the DUCK85 field - 
data collection project performed well in an off-bed position, 
with an off-bed sand-trapping efficiency equal to 0.92 
(standard deviation 0.02). Significant scour occurred at the 
bottom of the nozzle when it was located near the bed, and the 
on-bed sand-trapping efficiency was calculated as 0.13 
(maximum error equal to 0.50). 

b. The SUPERDUCK nozzle, used in a field data collection project - 
conducted at Duck, North Carolina, in 1986, had an off-bed sand- 
trapping efficiency equal to 1.02 (standard deviation 0.01). 
Behavior of the nozzle near the bed was judged to be fair, with 
scour occurring approximately half the testing period. The on- 
bed sand-trapping efficiency was calculated as 0.68 (maximum 
error equal to 0.51). 

c. The C-type nozzle was observed to have no effect on sand move- - 
ment in the region upflow of the nozzle. Small bedforms moving 
in the direction of flow were observed to enter unobstructed 
into the nozzle mouth. The off-bed sand-trapping efficiency was 
calculated as 0.93 (standard deviation 0.02), and the on-bed 
sand-trapping efficiency was, by definition, 1.00. 

d. The pressure-difference H-S sampler had values of hydraulic - 
efficiency ranging from 1-20 at a midflow position to 1.48 
when located at the bed. These values are slightly smaller 
than values quoted in the literature (1.54 (Druffel et al. 
1976)); however, testing flow speeds were lower in the 
present experiment program, and efficiency was observed to 
increase with flow speed. The sampler in the sand-trapping 
phase of the experiment distorted the normal patterns of 
sand movement in the tank. The M-S sampler increased the 



flow speed at the nozzle mouth to such a degree that it 
buried itself during a 5-min testing period. Sand was 
observed to move upflow from the rear of the sampler to be 
collected in the sampler bag. A sand-trapping efficiency of 
10.0 was calculated from two measurements. The H-S sampler 
is not recommended for use in the nearshore zone where sand- 
sized particles are present. 

e. Tests employing two closely spaced streamer traps in the surf - 
zone gave comparable results, both in the magnitude of sand 
transport and in the shape of the sand flux vertical distribu- 
tion. If it is assumed that the transport rate was uniform over 
a distance of approximately 2-3 m in a plane normal to the flow, 
then the DUCK85 nozzle was from 50 to 90 percent consistent, and 
the SUPERDUCK nozzle was from 50 to 100 percent consistent. 

Recommendations 

129. Based on the results of this study, it is concluded that the 

streamer trap is an accurate and reliable apparatus for measuring rates and 

vertical distributions of sand transport in the nearshore zone. The SUPERDUCK 

and C streamer trap nozzles were judged to have fair to excellent sand-trap- 

ping efficiencies. Qualitative observations of nozzle behavior on the bed 

indicated that scour may occur at the lower lip of the SUPERDUCK nozzle for 

approximately half of the testing period. It is recommended that the testing 

period not extend past the 5- to 10-min interval presently employed. Behavior 

of the C nozzle at the sand bed was observed to be ideal in the laboratory 

tests. The sand-trapping efficiencies developed in this study can correct for 

the effects of scour, although it is cautioned that the sand-trapping effi- 

ciencies pertain strictly to unidirectional flow. 

130. A more extensive laboratory calibration program could be conducted 

to better simulate wave-induced turbulence in the surf zone and more fully 

explore the relationship between nozzle size and efficiency. A wider unidi- 

rectional flow tank could be slightly modified to house a wave paddle that 

could introduce an oscillatory motion perpendicular to the direction of flow, 

similar to that'which exists in the surf zone. If funding allowed, different 

types of apparatus and instruments used to measure flow speed and ambient sand 

transport could be employed to obtain more accurate measurements. The rela- 

tionship between the length of the test section and the rate of sand transport 



at a section should be fully investigated and a test section planned such that 

trap testing location and ambient measurement location have similar sand 

transport characteristics. An extensive set of various nozzles could be 

evaluated to optimize nozzle size and shape, for which the present study 

provides much guidance. 

131. Similarly, a field experiment could be conducted with various 

types of sediment transport instruments (optical backscatter sensors, pit 

samplers, Kana sampler, etc. (see Appendix A)) to evaluate the performance of 

the streamer trap relative to other measurement devices. The streamer trap 

provides an easy, inexpensive, and reliable method of making measurements in 

the nearshore zone within certain limitations, primarily wave height. How- 

ever, more developmental work both in the laboratory and field would refine 

and lend understanding to trap characteristics for more complicated flow 

conditions. Optimization and use of the streamer trap would greatly benefit 

the furtherance of quantitative sand transport studies in the nearshore and in 

rivers. 
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APPENDIX A: LITERATURE REVIEW OF SEDIMENT TRAPS 
AND SAMPLING DEVICES 

Introduction 

1. This appendix presents a review of riverine and coastal apparatus 

for measuring sediment transport. The chapter is organized with an introduc- 

tion and general discussion, description of various types of riverine suspend- 

ed and bed-load traps, and description of coastal suspended, bed-load, and 

total load measuring techniques. Riverine devices are discussed first because 

their development preceded the development of coastal apparatus, and the flow 

environment is simpler than that of the coastal zone. 

2. The first field measurements of entrained sediment were conducted in 

rivers a d  streams (Subcommittee on Sedimentation 1963). Sedimentation and 

erosion in the riverine environment created navigational and structural 

problems for the ancient civilizations of China, Mesopotamia, and Egypt. 

However, the earliest documented study was performed in 1808-1809 and concern- 

ed measurements of suspended sediment on the Rhone River, France. Suspended 

sediment is defined as sediment which is supported by the surrounding fluid 

during its entire motion. Sediment is kept in suspension by a turbulent- 

velocity component of the flow, and its concentration varies through time both 

vertically and horizontally. Unfortunately, measurement techniques and 

apparatus employed in the earliest studies were not recorded. The first docu- 

mented technique for measuring suspended sediment, dating from the 18001s, 

made use of ordinary pails to sample the concentration of sediment near the 

surface. The sample was assumed to represent the mean of the vertical sus- 

pended sediment at that point (Inter-Agency Committee on Water Resources 

l940b).* 

3. A bed-load sampler was first developed in 1898 and used in the 

Nicaragua Canal (Inter-Agency Committee on Water Resources 1940a). Bed load 

is defined as that part of the solids load of the stream which is supported by 

the bed, rolling, skipping, or sliding along the bottom, and moving in con- 

* References cited in the Appendix can be found in the list of references 
at the end of the main text. 



tinuous or near-continuous contact with the bed. The sum of the suspended and 

bed-load quantities is termed the "total load." Bed-load transport is even 

more sporadic than that of suspended load, varying cyclically with the move- 

ment of bedforms (Ehrenberger 1931, Einstein 1937, Hubbell et al. 1987). 

Therefore, short-term measurements of bed load are not likely to be represen- 

tative of an average transport at a particular point. Development of bed-load 

samplers lagged behind that of suspended load samplers for three reasons. 

First, bed load is more difficult to sample than suspended load; the sampler 

must rest on or near the bed and collect sediment without disturbing material 

on the bed. Bed material is defined as that material which composes the river 

bed and may have arrived there as the result of previous suspended and/or bed- 

load movement. Second, samplers were usually developed to collect data on 

specific rivers, and many highly utilized rivers have beds composed of finer 

grained material, the majority of which is usually transported as suspended 

load. Finally, designing a bed-load trap that collects only bed load (exclud- 

ing suspended load) is difficult. 

4. Sediment samplers have traditionally been classified as either bed- 

load or suspended load measuring devices; however, the boundary between 

material moving as bed load and suspended load is not well defined and varies 

with time, location, and nature of the material. Therefore, bed-load traps 

may collect some suspended material, and suspended load samplers, if close to 

the bed, may collect material moving along the bed. 

5. An ideal sediment sampler collects the quantity and size distribu- 

tion of sediment flowing through a particular area during a time period 

equivalent to the quantity and size distribution of sediment that would have 

passed through that area in that time period had the sampler not been there. 

An ideal sampler has the following characteristics: 

a. Shape and size that minimize flow disturbance. - 

b. Flow speed at the intake equal to the ambient (undisturbed) - 
speed at that point. 

c. Proper vertical and horizontal orientation during the - 
sampling period. 

6 .  Two quantities commonly used in evaluation and calibration of 

sediment samplers are the hydraulic efficiency Eh and the sediment-trapping 



efficiency E,. The hydraulic efficiency, defined by Equation Al, is the 

ratio of the average velocity in the sampler nozzle V, (in units of distance 

per time) to the average velocity for the same flow condition at the same 

vertical and horizontal location without the sampler Vo (in units of dis- 

tance per time) : 

The trapping efficiency, defined by Equation A 2 ,  is the ratio of the trap- 

measured sediment transport rate q, (weight per width and time or equivalent 

units) to the actual sediment transport rate for the same flow condition at 

the same vertical and horizontal location without the sampler qo (weight per 

width and time or equivalent units): 

An ideal sampler has hydraulic and sediment-trapping efficiencies equal to 

1.0, or 100 percent. Both field and laboratory tests are necessary to fully 

evaluate the hydraulic and sediment-trapping efficiencies of a sampler for 

various flow conditions and sediment characteristics. 

7. Most suspended load samplers yield the suspended load transport rate 

q,, (weight of sediment per unit time and width) from the product of the 

concentration of sediment C (parts of sediment per parts of water) in a 

water-sediment sample and the water discharge q (volume per unit time and 

width) : 

For this relationship to accurately predict the suspended load transport rate, 

sediment must be moving at the same velocity (speed and direction) as the 

flow, and both C and q must be steady in time. A time-averaging procedure 

could also be used as these quantities vary with time. Because material near 

the bed travels more slowly than the flow speed, Equation A3 is not valid near 



the bed. Suspended sediment transport rates can also be calculated from the 

weight of sediment collected w, , the width of the active collection element 

Aw , and the measurement time At: 

8. The bed-load transport rate qb (units of weight per unit time and 

width) can be calculated from the weight of bed load collected gb (units of 

weight), width of the sampler nozzle Aw (units of length), and sampling time 

interval At (units of time): 

Riverine Measurement Apparatus 

Suspended load samplers 

9. Riverine suspended sediment samplers can be classified generally as 

instantaneous, integrating, or indirect measuring (continually recording). 

Each category of sampler is defined and discussed below. 

a. Instantaneous capture samplers. After being lowered to a - 
specified depth in a horizontal or vertical position, these 
samplers collect a water-sediment mixture when triggered. Four 
types of instantaneous samplers, as described by the Inter- 
Agency Committee on Water Resources (1963), are listed below. 
All of these samplers measure the concentration of sediment in 
the fluid and yield a suspended sediment transport rate using 
the flow velocity. Because of the variation in suspended 
sediment transport through time and location, many samples must 
be collected to assure that the calculated transport rates and 
suspended sediment distributions will be representative. 

(1) Ordinary Vertical Pipe Sampler 
Ordinary vertical pipe samplers consist of a cylinder 
with valves on the ends of the pipe that close when trig- 
gered. As the open sampler is lowered to a specified 
depth, the water-sediment mixture flows upward into the 
cylinder. The valves then close when the sampler stops at 



the desired position. The simplicity of the sampler made 
it popular from the mid-1800's to the 19401s, but several 
inherent problems have discouraged its use. Disadvantages 
of such a sampler include excessive disturbance to the flow 
caused by the cylinder and excessive intermixing of the 
sample with water and sediment above the sampling point. 
In addition, the samples are not sufficiently time-inte- 
grated to give a representative mean of the sediment 
concentration. An example of this type of sampler is the 
Riesbol pipe sampler shown in Figure Al. It consists of a 
2-in-diameter (5.1-cm) pipe with variable length (suggested 
length is approximately equal to the river depth). For use 
of the sampler, the base plate is placed on the stream bed, 
and the pipe is dropped from the surface, enclosing the 
sample as it hits the base plate. The sampler was used 
from 1874-79 on the Ganges Canal in India and was consi- 
dered to give an average suspended sediment sample for the 
depth of stream (Inter-Agency Committee on Water Resources 
1940a). 
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vertical pipe suspended sampler 
(from Inter-Agency Committee on 
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Water Resources 1940a) 

SPONGE RUBBE 

APPROXIMATELY TO SCALE 1 :10 

(2) Instantaneous Capture Vertical Sampler 
An instantaneous capture vertical sampler is similar to an 
ordinary vertical pipe sampler in that it consists of a 
vertical cylinder that collects a sample when triggered. 
However, the instantaneous capture vertical sampler 
cylinder is shorter and operates by sealing the cylinder 



against a flat plate. In this way, an instantaneous point 
sample of suspended sediment can be collected. The objec- 
tive in designing such a sampler is to minimize flow 
disturbance prior to sampling. However, the degree to 
which such a sampler disturbs the flow does not appear to 
have been investigated, and the sampler is not recommended 
for use near the river bed. An example of an instantaneous 
capture vertical sampler is the Eakin sampler shown in 
Figure A2. The sampler consists of a cylinder that is held 
above a lower disk prior to sampling by a catch mechanism. 
A messenger weight, released from above, triggers the 
cylinder which falls onto the base plate, thereby collect- 
ing the sample. A more streamlined version of this sampler 
with multiple sampling capability is shown in Figure A3. A 
similar multiple instantaneous vertical sampler that has 
recently been used to measure suspended sediment transport 
in the nearshore coastal zone is the Kana sampler (Kana 
1976). This sampler is discussed in detail in the section 
entitled "Coastal Suspended Sediment Samplers." 

Instantaneous Capture Horizontal Sampler 
Instantaneous capture horizontal samplers consist of 
horizontal cylinders with flaps on each end that can be 
closed when the sampler reaches the desired sampling point. 
Water and sediment flow through the cylinder as it is being 
lowered to a particular depth. Advantages of this type of 
sampler include its simple design and mechanism, the 
capability to sample close to the river bed, and the 
capability to use the sampler in varying depth streams. 
Multiple samples through the depth must be collected to 
measure a representative average suspended sediment con- 
centration. The degree to which the sampler disturbs the 
flow has not been investigated, but is believed to be 
minimal. An example of an instantaneous horizontal sampler 
is the Leitz sampler, shown in Figure A4, consisting of a 
brass cylinder 1 ft (30.5 cm) in length and 3 in. (7.6 cm) 
in diameter with disk doors that swing shut when released. 

(4) Bottle Sampler 
Bottle samplers are the simplest of suspended sediment 
samplers and consist of a standard container such as a milk 
bottle or fruit jar. This type of sampler is lowered to a 
sampling point, and the water-sediment mixture fills the 
container displacing the air. Advantages of these samplers 
are that they are simple in design and easily facilitate 
the transport of individual ~amples to the laboratory. 
Disadvantages of bottle samplers outweigh the advantages 
and include: excessive disturbance to the flow, inter- 



Figure A2. Eakin instantaneous 
capture vertical suspended 
sediment sampler; open(left)and 
shut (right) (from Inter-Agency 
Committee on Water Resources 

1940a) 

Figure A 3 .  Eakin multiple instantaneous 
capture vertical suspended sediment 
sampler; open (left) and shut (right) 
(from Inter-Agency Committee on Water 

Resources l940a) 



Figure A4. Leitz instantaneous capture horizontal suspended 
sediment sampler end elevation (left) and side elevation (right) 

(from Inter-Agency Committee on Water Resources 1940a) 

mixing of the collected sample with sediment from other 
depths during descent and ascent of the sampler (unless 
immediately closed), non-uniform filling rate of the 
sampler, and unsuitability for sampling in shallow streams 
and near the river bed. Bottle samplers were used to 
obtain sediment concentrations in the nearshord zone of the 
north New Jersey coast in the early 1930's (Morrough P. 
O'Brien, personal communication 1986). 

b. - Integrating samplers collect a sample 
over a period of time or through a depth. The quantity of 
sediment is then averaged by the time period or distance to 
obtain a representative sample. 

(1) Time- and depth-integrating samplers 
Time- and depth-integrating samplers consist of a container 
such as a milk bottle with a valve so that air can escape 
as the sample is being collected. The container is held in 
a streamlined shell to weight the sampler and control its 
horizontal attitude. Both laboratory and field tests have 
been conducted for certain versions of these samplers to 
ensure that the flow velocity at the sampling point is 



equal to the intake velocity. Reduction of the bias of the 
flow either into or away from the sampler assures that a 
representative sample can be collected. Point-integrating 
samplers are held at a specified depth for a period of 
time, thereby collecting a time-integrated sample. These 
samplers can be lowered to the design depth and then 
activated to begin sampling. Depth-integrating samplers 
are lowered from the surface to the bed and returned at a 
constant rate. The collected sample represents an average 
concentration for the river depth. An example of a point- 
integrating sampler is the Anderson-Einstein sampler shown 
in Figure A5. The Anderson-Einstein sampler consists of a 
pint milk bottle with water intake and air-exhaust tubes to 
facilitate sampling. A point-integrating sampler that 
measures the quantity of sediment entering the apparatus 
rather than the sediment concentration is the Delft bottle 
(Jarocki 1963, as referenced in Graf 1984). This sampler 
consists of an entrance pipe, 0.022 m in diameter, that 
expands to 0.31 mm in diameter; in the rear is a cover 
plate with holes. As the water-sediment mixture enters the 
sampler, the expanding pipe causes the mixture velocity to 
decrease, and the sediment is expected to settle out in the 
inner chamber while the fluid exits through the rear holes. 
This sampler is illustrated in Figure A6. 

(2) Pumping Sampler 
Pumping samplers pump a water-sediment mixture at a par- 
ticular point through a pipe or hose. In principle, the 
intake velocity can be adjusted to be equal to the fluid 
velocity, and a representative sample of any volume can be 
obtained. However, adjustment of the pump velocity to 
equal the fluid velocity is very difficult. An average 
concentration for a particular depth can be measured by 
collecting a sample over a period of time. Several coastal 
studies that have used pumping samplers are discussed in 
the "Coastal Suspended Sediment Apparatus" section. 
Disadvantages of pumping samplers include: the pumping 
rate must be continually regulated as the flow velocity 
varies; large suspended sediment particles tend to settle 
in the pipe, necessitating higher pumping velocities; the 
depths at which the sampler can be used are limited by 
resistance of the hose/pipe to fluid currents and by vacuum 
capability of the pump; and the bulkiness of the sampler 
limits portability. 

c. Indirect-measuring (or continuallv recording) samolers. - 
These samplers measure some phenomena occurring as a result of 
sediment transport. Three types of such devices have been 
identified by Graf (1984) and are described below. 



Figure A5. Anderson-Einstein point-integrating 
suspended sediment sampler (from Inter-Agency 

Committee on Water Resources 1940a) 
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Figure A6. Delft bottle point-integrating 
suspended sediment sampler (from Graf 1984) 



(1) Transparency indicator 
As volume of suspended sediment increases, the transparency 
of the water decreases. This type of instrument measures 
the decrease in fluid transparency through which suspended 
sediment concentration may be inferred. A disadvantage of 
such a device is that it must be calibrated for every 
situation because of the variability of fluid, sediment, 
and lighting. However, such a device could be designed to 
minimize flow disturbance, thereby accurately measuring the 
quantity of suspended material. Coastal instrumentation 
using this principle are discussed in detail in the 
"Coastal Suspended Sediment Apparatus" section. 

(2) Resistance indicator 
This type of instrument measures the variation in resis- 
tance as sediment passes through an aperture. 

(3) Ultrasonic indicator 
The attenuation of sound waves passing through a fluid- 
sediment mixture varies as the qdantity of sediment in- 
creases and decreases. With calibration, this type of 
instrument can indirectly measure the concentration of 
suspended sediment. 

10. Methods available for measuring bed-load transport can be classified 

as either direct or indirect. These methods and the types of riverine 

samplers associated with each are discussed below 

a. Direct-measuring bed-load samplers. These samplers consist of - - 

a container or excavated region into which sediment moving along 
the bed is deposited. Because of the cyclic nature of bed-load 
transport as bedforms pass a fixed point, the quantity of 
sediment collected with a bed-load trap depends on the location 
of the sampler at the start of sampling relative to the bedform. 
Four types of direct-measuring samplers for riverine use were 
identified by Hubbell (1964) and Graf (1984), and are described 
below. 

(1) Box or basket sampler 
Box or basket samplers consist of a rectangular frame with 
screen material on all sides except the front and, possib- 
ly, the top. These samplers rest on the bed and collect 
sediment during a sampling period; then they can be retri- 
eved and the sample retained for later analysis. An 
example of a basket trap designed to collect large-grained 
sediment is the Nesper sampler (Figure A7). This sampler 
has a bottom of loosely woven iron rings that conforms to 
the shape of the bed. Einstein (1937) measured sediment- 
trapping efficiencies of this sampler ranging from 0.9 to 



Figure A7. Nesper basket bed-load sampler 
(from Hubbell 1964) 

0.2, depending on particle size and bed-load transport 
rate. In general, a basket sampler has a sediment-trapping 
efficiency of about 0.45 (Hubbell 1964). Box and basket- 
type samplers were popular prior to 1940 and were used to 
check the validity of various predictive relationships for 
bed-load transport rates (Hubbell 1964). 

(2) Pan or tray samplers 
Pan or tray samplers consist of an entrance ramp leading to 
a slot or slots. Sediment that has rolled, slid, or 
skipped up the ramp is retained in the sampler. An example 
of the pan or tray sampler is the Polyakov sampler, shown 
in Figure A8. Shamov (1935) found that the Polyakov 
sampler sediment-trapping efficiency for flow speeds from 
1.3 to 1.75 ft/sec (39.6 to 53.3 cm/sec) was about 0.46; 
the sediment-trapping efficiency of the sampler decreased 
at flow velocities greater than 2.1 ft/sec (64 cm/sec). 
Several versions of these samplers were developed, with 
varying ramp designs and numbers of slots. Shamov reports 



SECTION 

Figure A8. Polyakov pan bed-load sampler 
(from Hubbell 1964) 

efficiencies ranging from 0.38 to 0.75. Certain versions of 
the sampler were observed to mound bed-load material in 
front of the ramps, thereby decreasing the sediment- 
trapping efficiency. 

(3) Pressure-difference samplers 
Pressure-difference samplers are usually composed of a 
rigid expanding nozzle attached to a removable mesh bag in 
which sediment collects. The concept of these samplers is 
to compensate for changes in flow resistance as might 
result from the collected sediment and sampler by con- 
structing the sampler walls such that they diverge towards 
the rear. The larger exit area creates a pressure decrease 
which increases the fluid/sediment speed at the entrance of 
the sampler. A removable mesh bag is attached to the 
nozzle to allow collection and removal of the sample. The 
pressure-difference sampler is the only direct-measuring 
bed-load device that is extensively used in the U.S. One 
of the earliest pressure-difference samplers and the 
precursory device to the Helley-Smith sampler (a popular 
present-day pressure-difference sampler) was the Arnhem or 
Dutch sampler (Figure A9) (Hubbell 1964). This sampler is 
held next to the bed and directly into the flow with a 
large frame. The sampler itself is composed of a rigid 
rectangular expanding entrance nozzle and a 0.2- to 0.3-mm 
removable mesh bag. The sediment-trapping efficiency for 
the Arnhem sampler is approximately 0.70 (Meyer-Peter 
1937). Pressure difference samplers recently developed for 
riverine bed-load measurements include the "WV" sampler 
(Novak 1957, Lee 1975, Pickrill 1986) and the Helley-Smith 



Figure A9. Arnhem (Dutch) pressure-difference 
bed-load sampler (Hubbell 1964) 

Sampler (Helley and Smith 1971; Druffel et al. 1976; Emmett 
1976; Johnson et al. 1977; Emmett and Thomas 1978; Emmett 
1980; Emmett 1981; Emmett, Leopold, and Myrick 1983). The 
WV bed-load sampler was developed in 1957 based on the 
Goncarov and Karolyi types of samplers. The sampler 
consists of a full metal streamlined exterior with a wire 
mesh on the rear top part of the apparatus to facilitate 
flow exiting the sampler. The shape of the sampler was 
designed to compensate for the resistance of the apparatus. 
Novak (1957) measured the hydraulic and sediment-trapping 
efficiencies of several types of samplers, including the 
WV, S (mesh), Karolyi, Nesper (Figure A7), and Ehren- 
berger. Hydraulic efficiencies of the WV and Karolyi 
samplers were calculated at 1.0 and 0.8, respectively. 
Ambient sediment trapping efficiencies were measured in a 
flume using a pit sampler. Conclusions from the experiment 
were as follows: (a) sediment trapping efficiency of the 
WV sampler may increase slightly with grain size; (b) all 
samplers retain representative samples; (c) efficiency may 
increase slightly as flow increases; and (d) the hydraulic 
efficiency only gives a qualitative measure of sediment- 
trapping efficiency. Sediment-trapping efficiencies for 
the samplers were as follows: VW sampler, 0.70; §(mesh) 
sampler, 0.65; Karolyi, 0.45; Nesper, 0.40; and Ehren- 
berger, 0.60. Lee (1975) and Pickrill (1986) used the WV 
sampler in the coastal environment, and their studies are 
discussed in the coastal section. The Helley-Smith 
sampler, perhaps the most extensively studied sediment 



trapping apparatus, is a pressure-difference device 
developed in 1971 for use in measuring bed-load transport 
on natural streams carrying coarse sediments (Helley and 
Smith 1971). The sampler is similar in design to the 
Arnhem or Dutch sampler (Figure A9), and consists of a 
removable mesh bag attached to an expanding nozzle (Figure 
A10). Helley and Smith (1971) hydraulically calibrated the 
sampler in a 60-ft (18.3-m) recirculating flume and noted 
that speeds in the sampler at 4 inches (10.2 cm) in front 
of the sampler were consistently higher than ambient 
speeds, and that they tended to increase as the ambient 
flow speed increased. Ambient bed-load transport rates 
were calculated by subtracting measured suspended transport 
rates from total load transport rates. A concentration 
sampler was used to measure the suspended material, and a 
splitter 1/2 in. (1.3 cm) in width was used to measure the 
total load. The splitter is a device at the end of a flume 
that retains the water-sediment mixture as it traverses the 
width of the flume. The quantities of sediment collected by 
the sampler, determined in a recirculating flume, were 
found to vary considerably, with the variation in samples 
equal in most cases to the mean value of collected sedi- 
ment. However, the bed-load transport rates inferred from 
collected quantities of sediment were in reasonable 
agreement predictions from the Meyer-Peter and Muller bed- 
load equation for coarse sediments (0.4 to 30 mm). For 
sand-sized material, the studies suggested that over- 
registration as high as 50 percent might occur. The 
sampler was very stable in high flows, but it tended to 
scoop up bed-load material as it was lowered to sampling 
position. An extensive hydraulic calibration of the 
sampler was conducted by Druffel et al. (1976) for various 
entrance-to-exit ratio versions of the device. Druffel et 
al. (1976) calculated hydraulic efficiencies from 1.06 to 
1.54 as the exit-entrance area ratios increased from 1.00 
to 2.62. They recommended and continued testing the 
version with the hydraulic efficiency equal to 1.54. 
Filling of the sampler bag up to 40 percent did not 
decrease efficiency; however, particles close to the 
diameter of the mesh collection bag (0.2 mm) did decrease 
efficiency, presumably because of mesh clogging. The 
sediment-trapping efficiency of the sampler was evaluated 
in the field using the East Fork River, Wyoming, conveyor 
belt sampler to measure the ambient bed-load transport rate 
(Figure All)(Emmett 1980). A large data set with a 1,000- 
fold range in measured transport rates was obtained. 
Emmett (1980) concluded that the Helley-Smith sediment- 
trapping efficiency for material 0.5 to 16 mm in diameter 
is 100 percent. For material sized from 0.25 to 0.5 mm, 
the sampler was 175 percent efficient; the comparably 



Figure A10. Helley-Smith bed-load sampler 
(from Druffel et al. 1976) 
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Figure All. Cross-sectional view of East Fork River, 
Wyoming slot bed-load sampler (after Emmett 1980) 



higher efficiency was attributed to collection of suspended 
material in the sampler. For material with a diameter 
greater than 16 mm, the sampler was 70 percent efficient. 
Emmett (1980) recommends that the sampler not be used for 
material finer than 0.25 mm and at sites where bed-load 
material can also be transported as suspended sediment. 

(4) Slot or pit samplers 
Slot or pit samplers consist of an excavated region in the 
stream bed from which sediment collected during a time 
period can be retrieved and the bed-load transport rate 
estimated. A recent use of this sampling method was made 
by Emmett (1980) to calibrate the Helley-Smith sampler in 
the field. Emmett used a series of eight gates above a 
conveyor belt built into the river bed (Figure All) and 
therefore was able to continuously measure the quantity and 
size distribution of the bed-load material. This sampling 
method has been shown to have a sediment-trapping 
efficiency of 100 percent if the slot widths are from 100 
to 200 times the grain diameter (Einstein 1944). Other pit 
samplers developed for riverine use include the Birkbeck 
Bed-load Sampler (Reid, Layman, and Frostick 1980), the 
Waslenchuk portable pit sampler (Waslenchuk 1976), the 
vortex tube system permanently installed at Oak Creek, 
Oregon, and the conveyor belt system permanently installed 
at East Fork, Wyoming (Klingeman and Emmett 1982), Pit 
samplers that use an excavated region to collect sediment 
are considered the ideal type of sampler because they do 
not introduce apparatus that may disturb the flow regime. 
However, this type of sampler is usually costly to install, 
site permanent, and requires periodic emptying. The 
Birkbeck Bed-load Sampler (Reid, Layman, and Frostick 1980) 
consists of a sediment-collection box inside a precast 
concrete liner. The inner box is free to move up and down 
inside the liner, and rests on a rubber pressure cushion 
that responds to the continually varying masses of water 
and collected sediment (Figure Al2). River stage data can 
be collected simultaneously with the variation of fluid 
pressure in the cushion; therefore, instantaneous differ- 
ences in cushion pressure head can be related proportion- 
ally to the mass of sediment in the trap. The sampler is 
recommended for coarse-grained alluvial channels because of 
the tendency for finer grained materials to settle on the 
pressure pillow and inhibit function of the device. Six of 
the samplers were installed at Turkey Brook in England. 
Bed-load sediment transport values corresponded well with 
predictions from the Meyer-Peter and Huller bed-load 
transport equation. The primary advantage of the Birkbeck 
Bed-load sampler is that sediment transport can be contin- 
ually recorded. The Waslenchuk portable pit sampler 



Figure A12. Birkbeck bed-load sampler (from Reid, Layman, 
and Frostick 1980) 

consists of a wedge-shaped pan that can be inserted into 
the bed by divers during low to moderate flows. The 
sampler induces flow separation at the leading edge of the 
pan; a sieve-mesh screen contains sediment as flow exits 
the trap. The trap was installed in a section of the 
Ottawa River, Ottawa, Canada. Sediment transport rates 
inferred from use of the sampler were compared with the 
dune-tracking method of calculating sediment transport. 
Values compared well at two of three stations. The author 
contributes discrepancies at the other station to (a) the 
cyclic nature of sediment transport and the short sampling 
times inherent in this type of sampler, and (b) the non- 
angularity of dunes at that station, an assumption in the 
dune-tracking method. Laboratory experiments were con- 
ducted in two flumes. The first flume was exactly the 
width of the sampler and indicated that the trap had a 
sediment-trapping efficiency equal to or greater than 0.85. 
The ambient rate of sediment transport was calculated using 
the weight of sediment in the tail water without the 
sampler in use. The width of the second flume was twice 
that of the sampler; therefore, for a sediment-trapping 
efficiency of 1.0, the weight of material caught by the 
sampler would equal the weight of material in the tail 



water. The experiments in the wider flume indicated a 
sediment-trapping efficiency for the sampler equal to 1.0. 
Velocity profiles taken upstream from the sampler and 
directly above the sampler were nearly identical, indicat- 
ing that the sampler did not adversely affect the flow 
regime. The vortex tube system operating since 1969 at Oak 
Creek, Qregon develops vortex flow to move fluid and 
sediment through a flume. The bed load is removed to an 
off-channel pit where it is measured and returned to the 
creek. The vortex flume is continually operated; sampling 
can be continual or intermittent. The authors state that 
the trapping efficiency for coarse sand and large particles 
is 1.0 for all flow regimes. For lower flows, trapping 
efficiencies are also 1.0 for finer sediments; at higher 
flow regimes, finer sediments are transported as suspended 
material. Sampling intervals range from a few minutes to 
several hours, depending on the magnitude and rate-of- 
change of discharge. The East Fork, Wyoming, conveyor-belt 
bed-load sampler began operation in 1973 (Figure All). The 
bed-load sampler basically consists of'a concrete trough 
permanently embedded into the river bed. Eight gates in 
the trough allow all or part of the sampler to be closed. 
Beneath the gates is a continuous rubber belt adjacent to a 
series of belts that eventually carries sediment entering 
the trough to a weighing scale. Sediment, after being 
weighed, is returned to the river downstream. 

. Similar to suspended sediment in 
direct-measuring devices, indirect-measuring samplers measure 
some associated characteristic of sediment movement. Three 
types of indirect-measuring samplers have been developed for 
riverine bed-load transport, and they are discussed below. 

(1) Acoustic sampler 
Acoustic samplers measure the sound created by particle 
collisions with the bed material and consist of an under- 
water microphone, located some distance above the bed, and 
an amplifier and recorder. One type of acoustic sampler is 
the Beauvert Laboratory hydrophonic detector, consisting of 
a microphone mounted on a triangular base plate which rests 
on the bed (Graf 1984). The sound of interparticle 
collisions and of the particle impact on the base plate are 
amplified and recorded. Disadvantages associated with this 
type of sampler include: (a) the apparatus can only be 
used with larger sized material because of the weak sound 
level produced by finer sediments; (b) large instruments, 
while resting on the bed, may significantly alter the flow; 
and (c) the results provide only qualitative bed-load 
transport information (Graf 1984). 



(2) Ultrasonic sampler 
These samplers measure sediment concentration using high- 
frequency ultrasonic sound waves. A transmitter and 
receiver of sound waves are located some distance above the 
bed such that the material moving as bed load passes 
between them. Different amounts of ultrasonic wave energy 
are absorbed, depending on the concentration of sediment. 
Graf (1984) reports that reliable results have been 
produced with these types of samplers. However, several 
assumptions are inherent when using the method: (a) the 
size distribution of the bed load is identical to the bed 
material; (b) the bed load is traveling at the velocity of 
flow (this assumption does not hold for regions near che 
bed); (c) the bed-load transport rate is directly propor- 
tional to the concentration of sediment and the fluid 
velocity; (d) suspended sediment entering the sampling 
region has the same ultrasonic absorption properties as the 
bed load; and (e) the hydraulic and sediment-trapping 
efficiencies of the sampler are close to 1.0. 

(3) Tiltmeter 
Tiltmeter samplers measure the ground tilt resulting from 
the passage of water and sediment, thereby estimating the 
total sediment load when the water-stage data are removed. 
Hubbell (1964) describes limited use of a tiltmeter 
sampler. He also discusses several questionable assump- 
tions inherent for operation of the tiltmeter method. 

11. Other methods used in estimating the rate of riverine bed-load 

transport include: using flow velocity, bed-load grain size, and other 

parameters in analytical formulae; tracking the size and movement of bedforms 

through time; and documenting grain movement with high-speed photography. 

Nearshore Zone Measurement Apparatus 

12. Instruments designed to measure nearshore and surf zone sediment 

transport have only recently been developed and used in the field. Probably 

the earliest documented use of a sediment-measurement apparatus in the surf 

zone was by the U.S. Army Corps of Engineers Beach Erosion Board (1933); brass 

cylinders of known volume were opened at varying depths along a pier to 

collect a water-sediment mixture. More recently, a multitude of coastal 

apparatus have been developed, from simple devices very similar to early 

riverine samplers, to indirect devices that measure the transmission of light, 

absorption or backscatter of radiation, and absorption of sound. This section 



will discuss types of coastal measurement apparatus and studies associated 

with each. 

Suspended load apparatus 

13. Devices developed to measure suspended load in the nearshore zone, 

similar to riverine suspended sediment samplers, can be classified as either 

instantaneous, integrating, or indirect-measuring. 

a. Instantaneous. Instantaneous bulk (in situ) samplers are - 
similar to the riverine Eakin multiple samplers (Figure A3) 
consisting of a vertical array of cylinders that collect a bulk 
water-sediment sample when triggered. An in situ sampler 
developed by Kana (1976, 1977; Kana, Ward, and Johnson 1980) 
for use in the surf zone consists of five 2-liter acrylic tubes 
with hinged doors mounted vertically on a 2-m-long pole (Figure 
A13). When the sampler is thrust into the bed, a foot-pad 
assembly triggers hinged doors that close the acrylic tubes, and 
samples are collected in approximately 0.5 sec. Surf zone 
studies have been conducted at Price Inlet, South Carolina, and 
Duck, North Carolina, with a line of samplers spaced across the 
width of the surf zone. Trap operators hold the device above 
the water level until the passage of the wave crest, at which 
time the sampler is thrust into the bed. The bulk samples can 
then be carried in the sampler back to the beach. Tests are 
conducted to determine the degree to which sampler operation 
suspends additional sediment. Samples are taken by gently 
placing the sampler on the bed and compared with violently "pole 
vaulting" the device to collect samples. The size distributions 
and quantities of suspended sediment were not significantly 
different, indicating that operation of the sampler does not 
place sediment in suspension. Tests with two samplers in close 
proximity also gave results in close agreement, indicating that 
the samplers are consistent (Kana 1976). Suspended sediment 
transport measured with the samplers at Price Inlet, South 
Carolina, was 95 percent of that predicted by the Coastal 
Engineering Research Center (CERC) formula (Shore Protection 
Manual 1984) (Kana 1977); storm measurements at Duck, North 
Carolina, agreed with the CERC formula, whereas post-storm 
transport rates were 30 percent of the predicted quantities 
(Kana et al. 1980). The use of a similar sampler called the 
"water coring" device is slightly different: the sampler is held 
in the surf zone prior to triggering, allowing water and 
sediment to flow freely through the chambers until samples are 
collected. Motion pictures of the sampler with confetti to 
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trace water motion indicated that the sampler caused the least 
disturbance to the water column when compared to instantaneous 
samplers that suck water into chambers (Zampol and Waldorf in 
press). This device has been used at Torrey Pines Beach near 
San Diego, California, to measure the concentration of tracer in 
the water column (Inman 1978, I m a n  et al. 1980). Disadvantages 
of the in situ bulk sampler are: (a) a large volume of a water- 
sediment mixture must be collected to obtain a significant 
quantity of sediment; (b) because the device samples instan- 
taneously, many samples must be collected to give a repre- 
sentative distribution of suspended sediment; and (c) fluid 
velocity measurements must be known at the location and instant 
of sampling to determine a sediment transport rate. 



b . Time - integrating. - 

(1) Sample bags 
Many types of vertically mounted sample bag traps have been 
developed for use in the surf zone (Pnman 1949; Hom-ma, 
Horikawa, and Sonu 1960; Nagata 1941, 1964; James and 
Brenninkmeyer 1971; Katori 1982; Kraus 1987). The streamer 
trap investigated in the present study is a type of 
vertically mounted sample bag apparatus; however, because 
both bed and suspended load are collected to yield the 
vertical distribution of the total load, this device is 
discussed in the "Total Load" section. One type of 
suspended sample bag trap, developed by James and 
Brenninkmeyer (1971), consists of a 1-cm-diameter nozzle 
connected to a 3.25-cm tube collection area with stainless 
steel mesh screen at the rear (Figure Al4). Sediment 
entering the nozzle is deposited in the tube while water 
passes through the mesh. Five of the tubes are vertically 
arranged at 7-cm intervals, mounted on a galvanized steel 
pipe. The steel pipe has 1-cm-diameter holes drilled at 
the same elevations as the tubes such that the trap can 
begin sampling when the steel pipe is rotated. Various 
geometric designs of the sampler were tested in a circulat- 
ing flume; the chosen design was shown to create little 
turbulence. This device was used to measure the distribu- 
tion of suspended sediment in bores and backwash at Nauset 
Light Beach on Cape Cod, Massachusetts. Disadvantages of 
this type of apparatus include: (a) the sampler nozzle may 
disturb the flow; (b) the apparatus may induce scour at the 
bed, thereby increasing the quantity of sediment in 
suspension; and (c) sediment with nominal grain size 
smaller than the mesh diameter passes through the sampler. 

(2) Bamboo samplers 
Inexpensive bamboo samplers consisting of a bamboo pole 
with small holes at intervals and concrete blocks at the 
base to weight the apparatus have been used in the surf 
zone to measure the vertical distribution of suspended 
sediment (Fukushima and Mizoguchi 1958, Fukushima and 
Kashiwamura 1959, Hom-ma and Horikawa 1962, Noda 1962, 
Basinski and Lewandowski 1974). Bamboo samplers, because 
they are light and buoyant, tend to move with both the wind 
and waves. Sediment is deposited in the hollows between 
joints. Fukushima and Mizoguchi (1958) deployed 5-m-high 
bamboo samplers along the coast of Hokkaido in Japan. The 
samplers were removed from the surf zone after a week or 
so, and the bamboo poles cut into lengths of about 1 m for 
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Figure A14. James and Brenninkmeyer suspended sample bag trap 
(from James and Brenninkmeyer 1971) 

analysis of the sediment. These types of samplers have 
several disadvantages which include: (a) the movement of 
the bamboo pole varies the elevation at which samples are 
collected, and erratically affect the hydraulic and 
sediment-trapping efficiencies; (b) the concrete base will 
induce scour; and (c) the effects of orifice opening and 
collection area on the hydraulic and sediment-trapping 
efficiencies are unknown. 

(3) Pumping/siphon samplers 
Nearshore pumping samplers are very similar to riverine 
pumping samplers, consisting of a nozzle and hose through 
which a water-sediment mixture is pumped. Uatts (1953) 
developed and tested in the laboratory and field a sampler 
that pumps a sediment-laden mixture at a point, sieves the 
sediment, and discharges the water back into the ocean 
(Figure Al5). Efficiency curves for the sampler with a 
vertically-oriented l/2 in. (1.3 cm) nozzle were developed 
based on maximum orbital velocity of the waves; the sampler 
had an average efficiency of 94 percent if the orbital 
velocity of the wave varied from 0 to 5 ft/sec (1.5 m/sec). 



Figure A15. Pumping suspended sediment sampler 
(from Watts 1953) 

Samples were collected across the surf zone from a pier at 
Crystal Pier near San Diego, California; organic material 
tended to clog the nozzle and resulted in only 71 percent 
of the samples being used in data analysis. In addition, 
the sampler could only be deployed from a pier. Thornton 
(1972) combined a pump with bed-load sediment traps in the 
nearshore and surf zone at Fernandina Beach, Florida. The 
traps sampled for 15 min, then doors on the bed-load traps 
were shut and the collected sediment pumped out for 
approximately 5 min. The bed-load traps tended to clog, 
however, and get buried in heavy wave conditions. Thornton 
estimated the efficiency of the system from 40 to 100 
percent. Fairchild (1972) collected suspended sediment 
samples for approximately 3 minutes in the New Jersey surf 
zone and North Carolina nearshore zone using a tractor- 
mounted pump sampler. Crickmore and Aked (1975) made a 
series of point measurements above the bed in an estuary 
with fine sediment using a vertical array of nozzles 
feeding to a pump mounted on a boat; the sediment was 
filtered out of the mixture, while the cumulative water 
volume was recorded on a volumetric meter. Coakley et al. 
(1979) measured samples on-offshore and longshore using a 



pump mounted on a sled. Visual inspection indicated that 
the sled did not increase the sediment in suspension; 
however, if nozzle orientation was reversed, more than 
double the concentration of sediment was collected. 
Thornton and Morris (1977) used a series of intake nozzles 
in the surf zone to calibrate a transmissometer, a light 
transmission indicator (see below). Bosman, Van Der 
Velden, and Hulsberger (1987) pumped samples at a speed 
three times greater than ambient flow speeds, with the 
nozzle orientation perpendicular to vertical plane of 
orbital motion. The pumping method of collecting suspended 
sediment works well when the nozzle is oriented vertically. 
Disadvantages, however, include: (a) large volumes must be 
collected to obtain significant quantities of sediment; and 
(b) the apparatus needs a mounting system such as a pier, 
boat, or sled. Suction and self-syphoning samplers are 
types of pumping devices that collect a water-sediment 
mixture using either suction or the pressure difference 
between the water surface and nozzle location. Nielsen 
(1983) and Nielsen et al. (1982) used a self-siphoning 
sampler in the Eastern Beach, Gippsland, Australia, surf 
zone that sampled at seven elevations simultaneously 
(Figure A16). The sampler collected for 3.5 min with an 
intake velocity of 1.5 m/sec in a 1.2-m water depth; the 
intake velocity was limited by the pressure difference 
between the water surface and nozzle locations. Hom-ma and 
Horikawa (1962) used siphon samplers in the laboratory to 
measure the vertical distribution of suspended sediment due 
to wave action. Staub, Svendsen, and Jonsson (1983) 
describe a rotating-wheel apparatus designed to collect 
water-sediment mixtures in the turbulent oscillatory flow 
over a laboratory sand bed. A siphon probe located at a 
particular elevation above the bed feeds into a rotating 
wheel outside of the flume with 18 cups in the circum- 
ference. The rotation of the wheel is synchronized with 
the oscillating flow in the flume; in this manner, the 
concentration of sediment collected in each cup represents 
one-eighteenth of the wave period. Kilner (1977) used 2- 
liter preserving jars with a total internal vacuum as 
handheld samplers for use in wading depths (surf zone). 
For deeper water, two compressed air samplers were 
developed using 7-liter compressed air cylinders with a 
trigger valve connected to an air motor. Disadvantages of 
the suction/siphon type of sampler are: (a) the intake 
flow speed with self-siphoning samplers depends on the 
distance between the probe and water surface; (b) large 
samples must be obtained to result in significant quan- 
tities of sediment; and (c) the flow speed must be known at 
the probe to calculate sediment transport rates. 
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Figure A16. Nielsen self-siphoning suspended sediment sampler 
(from Nielsen 1983) 

c. Instantaneous. - 

(1) Optical 
(a) Transmissometers 

Transmissometers, nephelometers, and almometers 
measure the concentration of suspended sediment by 
means of transmitted light over a fixed path length. 
The instruments usually consist of a light source and 
sensor on separate mounts; as sediment passes between 
the mounts, an attenuation in light is detected and 
can be calibrated to indicate the concentration of 
material in suspension. The amount of light trans- 
mitted through sediment-laden water depends on the 
distance between the source and sensor, sediment grain 
size and shape, fluid opacity, amount of organic 
material in suspension, amount of natural light, and 
quantity of air entrained in the fluid. The instru- 
ments can be calibrated for the source-to-sensor 
distance and grain size expected in the field; 
however, the degree to which the other variables will 
enter cannot be predicted. Hom-ma, Horikawa, and 



Kashima (1965) developed a calibration curve for a 
photoelectric concentration meter used in the labora- 
tory; the instrument did not appear to disturb the 
flow or suspended sediment concentration, but accuracy 
of the meter was found to decrease at higher con- 
centrations of sediment. Thornton and Morris (1977) 
installed a series of instruments at Torrey Pines, 
California, including a nephelometer designed to 
measure the suspended sediment concentration at any 
one of three elevations in the surf zone. As men- 
tioned previously, three intake nozzles were also in 
place to sample sediment-laden water and in situ 
calibrate the nephelometer. The nephelometer was 
designed with scattered and reference light detectors; 
therefore, any fluctuations in the light source could 
be accounted for by a ratio of the two values. 
Unfortunately, unanticipated line loss in the power 
cable meant that the excitation line voltage for the 
nephelometer had to be varied to match the output 
level of the telemetry /recording system. Absolute 
calibration of the nephelometer was not possible. In 
addition, Thornton and Morris (1977) note that the 
nephelometer may have sensed entrained air in the 
water column. Brenninkmeyer (1974, 1976) describes 
the use of almometers in the surf zone. The instru- 
ments consist of 64 photo-electric cells opposite a 
high intensity fluorescent lamp; both parts are 
encased in a plastic cylinder and mounted on poles 
that can be placed up to 1 m apart. Leonard and 
Brenninkmeyer (1979) installed two almometers at 
Nauset Light Beach, Cape Cod, Massachusetts; data were 
collected from 2400 and 0600 hours so that sunlight 
could not affect the incident light sensed by the 
photocells. Nakato et al. (1977) calibrated and used 
the Iowa Sediment Concentration Measuring System 
(ISCMS) (Locher, Glover, and Nakato 1976) in an oscil- 
latory-flow flume. These types of optical instruments 
have several disadvantages: (a) calibration is 
dependent on grain size and may vary vertically; (b) 
almometers using photocells are sensitive to sunlight; 
(c) bubbles may be interpreted by the instrument as 
suspended sediment; (d) water opacity and organic 
material may influence the calibration of the instru- 
ment; and (e) scour may be induced by the rods that 
mount the source and sensor. 

(b) Optical Backscattering Sensors (OBS) 
An Optical Backscattering Sensor (OBS) radiates a cone 
of light and detects the intensity of backscattered 
light. The intensity of backscattered light is a 
function of sediment concentration and grain size; 
therefore, the instrument can be calibrated in the 



laboratory using sediment at the field site. Jaffe, 
Sternberg, and Sallenger (1984) used a vertical array 
of OBS sensors originally described by Downing et a1 
(1981) mounted on a sled that moved through the surf 
zone at Duck, North Carolina. Downing (1984), Stern- 
berg, Shi, and Downing (1985), Hanes and Huntley 
(l986), Sternberg et al. (1986b), Huntley and Hanes 
(1987), and Beach and Sternberg (1987) all used either 
OBS or Miniature Optical Backscatter Sensors (MOBS) in 
the nearshore or surf zone to measure concentrations 
of suspended sediment. Sternberg, Shi, and Downing 
(1985) calibrated the instrument before and after the 
field experiment in a calibration tank using sand from 
the site; the instrument response was linear from 0.1 
to 150 parts per thousand (ppt) concentration. The 
introduction of air bubbles in the calibration tank 
varied the calibration very little. However, suspen- 
sion of fine sand in the field due to storm drain 
flooding during a storm increased the background 
signal levels and obscured the suspension of nearshore 
sand. Sternberg et al. (1986a) used OBS sensors to 
measure silty suspended sediment in the bottom boun- 
dary layer of a tidal channel within San Francisco 
Bay, California. The OBS and MOBS sensors can provide 
an instantaneous and continuous measurement of the 
suspended sediment concentration in the nearshore and 
surf zone. The instruments are less sensitive to air 
entrained in the water column than transmissometers. 
However, disadvantages associated with the OBS sensor 
include: (a) the instrument must be calibrated with 
the grain size of the suspended sediment; (b) if left 
in the field for an extended period of time, organic 
growth on the sensors must be removed; (c) fluid 
velocities must be known at the sensor elevation to 
calculate sediment transport; and (d) scour may be 
induced around the sensor mounts. 

(c) Radiation Absorption Meter 
Basinski and Lewandowski (1974) describe a radiation 
absorption meter that determines the concentration of 
suspended sediment in the water column by the absorp- 
tion of gamma radiation. The apparatus consists of a 
radioactive source, counter, photomultiplier, input 
amplifier, discriminator, and output amplifier. The 
calibration of the instrument depends on the suspended 
sand concentration, natural gamma radiation, the 
seawater chemical composition, and the chemical compo- 
sition of sediment. During use of the instrument in 
the Baltic Sea, electrochemical corrosion occurred on 
the internal surface. This instrument has not been 
widely used. Disadvantages of the device include: 
(a) fluid velocity must be known at the point of 



measurement to calculate a sediment transport rate; 
(b) calibration varies with grain size, and grain size 
may vary vertically in the water column; and (c) scour 
around the mounts may increase suspended sediment 
concentrations. 

(2) Acoustic instruments 
Acoustic instruments measure the absorption or backscatter 
of sound due to sediment entrained in the water column. 
The acoustic concentration meter (ACM) (Young et al. 1982, 
Tamura and Hanes 1986, Hanes and Vincent 1987, Hanes et al. 
in press) senses the intensity of backscattered acoustic 
energy and can measure the suspended sediment profile up to 
200 cm away from the instrument with 1-cm spatial resolu- 
tion and 0.5-sec temporal resolution. In addition, the 
instrument measures the location of the bed within 0.5 cm. 
The instrument works well if air is not entrained in the 
water column; bubbles are obvious by spikes in the signals 
(Hanes et al. in press). An ultrasound doppler meter (Jan- 
sen 1978) measures the sediment concentration and fluid 
velocity in the water column. Acoustic instruments are 
useful for continuous measurement of vertical suspended 
sediment concentrations. Disadvantages of the instrument 
include: (a) bubbles, non-sand particles, and organisms in 
the water column cause scattering of sound, thereby alter- 
ing the instrument's calibration; (b) calibration of the 
instrument is dependent on grain size; and (c) a low sig- 
nal-to-noise ratio exists near the bottom, creating a 1-m 
"dead zone" between the instrument and bed. 

(3) Electrical resistance meters 
Hattori (1969, 1971) describes the use of electrodes on the 
heads of two mounts to detect the number of suspended 
sediment particles passing through a slit. Electrical 
resistance between the mounts varies as the concentration 
of material increases or decreases. Horikawa, Watanabe, 
and Katori (1983) used an electro-resistance detector close 
to and within the bed in a laboratory study with sheet-flow 
to measure the near-bed suspended sediment concentration 
and bed-load transport. The instrument was calibrated in a 
cylindrical tank, and instrument response with concentra- 
tion was linear. These types of instruments have several 
disadvantages: (a) because of their fragility, they can 
only be used in the laboratory; and (b) materlal other than 
sediment will obscure results. 



(4) Photography 
Some researchers (e.g., Bijker 1971; Horikawa, Watanabe, 
and Katori 1983) have used high-speed photography to docu- 
ment and measure the movement of suspended and near-bed 
sediment. Horikawa, Watanabe, and Katori used a motor- 
driven 35-mm camera and stroboscopic lamp to record the 
suspended sediment concentration and particle advection 
speed in the upper layer of flow in the laboratory. A 
painted black copper plate located 1 cm into the flume was 
used as a backdrop; grains passing between the flume wall 
and the black copper plate were photographed. Disadvan- 
tages with this type of measurement tool include: (a) 
analysis of the photographic data is extremely time-consum- 
ing; and (b) the method appears to be applicable only to 
the laboratory environment. 

14. The number of suspended-sediment instruments available far outnumber 

the number of bed-load measuring apparatus. Direct measuring bed-load devices 

include variations of the pit, pressure-difference, and box riverine samplers; 

the only indirect measuring device is an acoustical instrument. 

a. - 
Pit samplers in the nearshore coastal zone are nearly identical 
to those described for riverine use: some sort of collection 
device rests in an excavated region in the bed. Inman and Bowen 
(1963) used two pits at either end of a flume to measure the net 
quantity of sediment transported due to oscillatory flow. The 
pits consisted of perforated steel sheets placed over an exca- 
vated region; sediment fell through the perforations and was 
retained in the excavated region. 

b. Pressure-difference. - 
The only pressure-difference traps used in the coastal zone have 
been the WV sampler, developed for riverine use and discussed 
in the riverine pressure-difference section. Lee (1975) used an 
array of WV samplers through the surf zone to measure the bed- 
load transport on the west shore of Lake Michigan in Kewaunee 
County, Wisconsin. Pickrill (1986) used VW traps across a 
cross-section of Rangaunu Harbor, New Zealand. Results were 
corrected for the sediment-trapping efficiency of 0.70, reported 
by Novak (1957). Measured transport rates were lower than those 
predicted with relationships presented by Palin (1963); Pickrill 
attributes the discrepancy to: (a) migrating bedforms and their 
location relative to the initial placement of the traps; (b) the 
use of only one trap; and/or (c) spillage of the samples upon 
removal because the trap had no doors. Thornton (1969) used 
bed-load traps at Fernandina Beach, FL. 



c. Acoustic. - 
Downing (1981) describes an acoustic bed-load device that 
detects the impact of bed-load particles. Bubbles and fine 
materials such as clay and silt do not have sufficient inertia 
to be counted as they hit the device; therefore only sand-sized 
material is detected. The device consists of a "needle" par- 
tially embedded in the bed. The Helley-Smith bed-load sampler 
described in the riverine pressure-difference section was used 
to calibrate the acoustic bed-load device in a riverine environ- 
ment; the correlation coefficient between measured and Helley- 
Smith sampler predicted rates was 0.898. Use of the device is 
limited to regions with well-sorted material, grain speeds 
exceeding 0.6 m/sec, and high sediment transport rates. The 
present study indicates that the Helley-Smith sampler may give 
unrepresentative high transport rates of sand. 

Total load apparatus 

15. Instruments developed to measure the total load, both the suspended 

and bed-load transport in the coastal nearshore or surf zone include a pit 

sampler developed for use in the nearshore zone and the streamer trap 

a. Pit sampler. - 
Anderson (1987) placed a marine sampler approximately 6 ft2 
( .56 m2) in the nearshore zone (50-ft depth) off Carmel Point, 
California. The trap was made of 1-in. (2.5-cm) marine grade 
plywood and divided into sections so that transport from each 
direction could be distinguished (Figure A17). Suspended load 
was not expected to travel more than 3 ft, and could, in prin- 
ciple, be differentiated from bed-load material by the section 
in which it settled. Divers measured the quantities of col- 
lected sediment. In use of the trap, eddies on the leading edge 
of the interior of the box tended to resuspend sediment that had 
already settled. Significant flow disturbance was not observed 
except around the corners of the trap, where scour occurred. 
The pit trap became the abode for many animals and began growing 
seaweed by the third week of installation. In practice,'deposi- 
tion of suspended material could not be distinguished from 
deposition of bed load. 

b. Streamer trap. - 
The streamer trap consists of vertically mounted mesh collection 
bags (streamers) attached to nozzles mounted in a metal frame 
(see Figure 2 in Part I) and is the subject of the main portion 
of this report. The bottommost streamer rests on the bed and 
collects both bed and suspended load, whereas, the higher-eleva- 
tion streamers collect suspended material. Integration of the 
vertical distribution of sediment transport yields the total 
longshore sediment transport in the water column. The streamer 
trap is discussed in detail in Part 11. 
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APPENDIX B: HYDRAULIC TEST DATA 

1. This appendix presents tabulated data measured in the hydraulic 

efficiency tests. Flow speeds were measured at 3 to 9 points in each nozzle 

(measurement locations referenced in the tabulation are numbered in 

Figure 16). Tests were conducted with the nozzle at a near-bed elevation 

(BOT), at a midflow elevation (MID), or with two nozzles (2ST), one at each 

the near-bed and midflow elevation. For the two-streamer tests (2ST), data 

were collected first from the upper (midflow) nozzle, followed by measurements 

at the near-bed nozzle. Measurements were made both with the trap in place 

(TR) or without the trap (ambient, AM). Tests that were repeated are distin- 

guished by a "-1" and "-2" ( e . g . ,  BOT-1, BOT-2) in the table. 

2. Values of hydraulic efficiency Eh represent the ratio of trap (TR) 

to ambient (AM) flow speed (see Equation 7, Part 111). The nozzle character- 

istics examined are defined and discussed in detail in Part I11 of the main 

text. 



Table B1 

Hvdraulic Test Data 

Mid - 
flow Test- TR 

Noz- Speed ing or 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh 

-- ---------- 
2.5cm 43 BOT (TR) 24.9 25.9 28.5 
xl5cm (AM) 36.4 38.2 38.4 

MID (TR) 37.6 30.7 29.7 
(AM) 48.3 48.6 48.5 

2ST (TR) 24.6 27.4 28.1 
29.6 33.2 33.1 

(AM) 44.0 44.5 45.5 
44.7 43.5 44.5 

74 BOT-1(TR) 48.9 56.9 56.0 
(AM) 60.8 63.1 61.3 

BOT-2(TR) 49.2 52.0 53.3 
(AM) 61.5 61.9 61.6 

MID-1(TR) 58.1 66.6 63.4 
(AM) 77.9 77.7 78.4 

MID-2(TR) 56.8 57.1 63.9 
(AM) 78.0 78.5 78.9 

2ST (TR) 62.4 58.2 64.1 
61.1 64.5 64.3 

(AM) 77.8 77.7 78.4 
76.9 77.4 77.3 

2.5cm 43 BOT (TR) 25.3 28.8 28.1 
xl5cm, (AM) 34.9 35.3 35.0 
CL 

74 BOT (TR) 46.9 52.8 55.7 
(AM) 58.7 61.5 63.7 

2.5cm 43 MID (TR) 41.4 43.5 43.9 
xl5cm, (AM) 45.8 46.3 46.6 
2.5cmH 2ST (TR) 42.5 43.8 44.6 

40.9 40.8 39.9 
(AM) 45.7 45.8 46.6 

41.6 41.1 43.3 

(Continued) 
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Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh 

___ - ___ I____ _I m__ _ - - - 
74 MID (TR) 74.7 77.0 79.6 

(AM) 79.5 79.7 79.9 0.97 
2ST (TR) 75.8 79.0 75.8 

70.9 70.4 70.0 
(AM) 77.2 78.3 78.1 

71.4 73.2 73.0 0.98 
2.5cm 22 BOT (TR) 6.1 6.1 8.4 
xl5cm, (AM) 12.1 15.1 13.8 0.50 
5. lcmH MID (TR) 23.0 23.3 23.0 
( SUPER- (AM) 24.0 24.4 24.1 0.96 
DUCK) 2ST (TR) 13.3 13.6 12.6 

8.5 9.4 10.7 
(AM) 21.2 22.3 23.4 

16.3 16.2 16.1 0.59 

43 BOT (TR) 22.1 22.9 24.1 
(AM) 30.0 31.8 30.5 

MID (TR) 45.7 46.0 47.0 
(AM) 44.7 45.5 45.5 

2ST (TR) 45.6 46.4 47.3 
40.8 41.3 41.2 

(AM) 45.6 46.1 46.2 
42.2 43.4 42.4 

59 BOT (TR) 36.3 40.0 40.3 
(AM) 37.9 41.6 43.1 

MID (TR) 66.9 67.7 65.1 
(AM) 62.3 62.7 63.0 

2ST (TR) 50.2 53.1 48.7 
33.5 36.5 40.3 

(AM) 53.2 54.7 57.7 
40.4 39.1 45.0 

74 BOT (TR) 48.0 51.1 51.9 
(AM) 47.1 47.8 51.9 

MID (TR) 78.9 79.9 80.2 
(AM) 77.1 77.1 76.5 

2ST (TR) 79.4 79.8 80.5 
67.8 66.0 72.6 

(AM) 77.0 77.6 77.0 
72.5 73.2 73.2 

(Continued) (Sheet 2 of 10) 



Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or Flow Speed at Point Number, cm/sec 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh -- ---------- 
2.5cm 43 BOT (TR) 30.132.4 33.0 
xl5cm, (AM) 32.7 33.6 32.9 
5.1H, 
CL 74 BOT (TR) 54.9 56.6 56.8 

(AM) 55.0 53.5 54.3 

5.lcm 43 BOT (TR) 32.0 33.0 35.5 28.2 30.6 30.4 
xl5cm (AM) 37.9 37.2 38.5 33.5 33.3 34.8 

MID (TR) 42.3 43.3 41.2 40.6 42.2 40.6 
(AM) 44.2 45.2 45.9 44.9 44.9 45.6 

2ST (TR) 40.8 43.1 41.8 40.1 42.9 41.9 
35.7 38.1 36.2 33.7 35.1 34.3 

(AM) 45.1 45.2 45.3 45.1 44.8 45.4 
42.3 43.0 44.5 42.0 42.8 41.8 

74 BOT (TR) 61.0 63.5 61.5 56.3 58.0 58.8 
(AM) 68.0 67.4 67.6 63.3 61.3 61.4 

MID (TR) 72.9 74.2 74.1 73.9 76.2 74.8 
(AM) 75.9 77.2 77.6 76.2 76.8 77.0 

2ST (TR) 75.9 79.1 76.6 76.5 79.8 76.2 
70.7 73.3 67.4 67.6 71.2 65.5 

(AM) 77.0 78.3 78.6 77.3 77.5 77.7 
74.3 76.2 75.8 72.2 72.3 73.7 

5.lcm 43 BOT (TR) 27.1 30.7 32.7 27.3 31.7 30.4 
xl5cm, (AM) 39.4 39.0 40.0 32.8 35.5 36.1 
CL 

74 BOT (TR) 50.9 56.9 60.6 52.4 55.1 57.1 
(AM) 65.4 66.7 67.8 60.1 60.8 61.5 

5.lcm 43 BOT (TR) 36.9 35.4 36.3 33.1 33.8 34.4 
xl5cm, (AM) 40.9 40.8 39.8 36.3 37.1 36.0 
2.5cmH, 
CL 74 BOT (TR) 63.8 64.7 63.3 59.7 61.0 59.0 

(AM) 66.8 68.4 68.0 61.4 63.3 63.6 
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Table B1 (Continued) 

- - 

Mid - 
flow Test- TR 

Noz- Speed ing or Flow Sveed at Point Number, cm/sec 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh -------- -- 
5.lcm 43 BOT (TR) 38.5 38.3 38.1 34.1 34.4 35.9 
xl5cm, (AM) 39.3 39.0 40.8 35.2 33.7 37.5 0.97 
5. lcmH MID (TR) 42.8 43.6 44.1 42.6 43.4 43.5 

(AM) 45.8 45.8 46.4 45.6 46.1 45.6 0.94 
74 BOT (TR) 61.2 57.1 59.8 56.3 52.8 53.2 

(AM) 64.7 68.2 67.4 60.2 62.2 60.8 0.89 
MID (TR) 67.7 73.8 73.9 66.4 73.5 73.8 

(AM) 76.8 77.1 78.9 76.3 77.8 78.7 0.92 

5.lcm 43 BOT (TR) 38.0 38.8 40.8 35.1 34.3 36.1 
xl5cm, (AM) 40.0 40.4 39.2 35.9 35.8 36.9 
5. lcmH, 
CL 74 BOT (TR) 68.5 69.2 72.6 63.8 63.1 61.9 

(AM) 67.9 66.7 68.5 62.6 62.9 62.1 

5.lcm 22 BOT (TR) 16.3 17.7 15.9 15.2 
x5. lcm, (AM) 18.8 17.8 18.1 17.5 
5.lcm H MID (TR)17.419.018.417.9 
( CUBE) (AM) 22.9 24.6 23.2 23.4 

2ST (TR) 16.7 16.6 17.8 16.7 
15.5 16.4 15.3 15.1 

(AM) 22.3 23.3 22.1 22.6 
15.7 19.2 15.6 15.4 

43 BOT (TR) 32.2 31.3 29.9 30.0 
(AM) 34.6 37.3 33.2 33.9 

MID (TR) 42.1 43.4 41.4 42.0 
(AM) 44.9 43.1 43.5 43.0 

2ST (TR) 43.9 44.0 43.1 44.4 
34.8 34.7 31.1 29.4 

(AM) 44.3 44.6 44.3 43.8 
37.0 36.6 33.1 33.1 

59 BOT (TR) 47.6 51.3 43.2 46.1 
(AM) 45.4 51.5 41.1 44.1 

MID (TR) 56.8 59.6 57.8 57.4 
(AM) 59.0 60.2 60.0 59.1 

2ST (TR) 59.0 56.5 57.5 58.0 
47.4 46.5 43.9 45.8 

(AM) 59.1 59.8 59.1 58.8 
48.6 48.8 42.0 46.2 

(Continued) 
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Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or 
zle cm/sec Elev AM 1 2 3 4 5  6 7 8 9 Eh 

_ _ L _ _ _ I -  - - - -  
74 BOT (TR) 59.2 59.2 56.3 56.7 

(AM) 60.7 60.6 54.7 55.1 1.00 
MID (TR) 71.0 73.4 74.7 71.6 

(AM) 72.8 74.8 72.1 72.1 1.00 
2ST (TR) 74.8 75.8 73.9 73.4 

60.8 60.3 58.8 55.7 
(AM) 73.5 74.1 73.3 74.2 

59.7 61.9 56.5 53.0 1.01 

9 cm 22 BOT (TR) 10.9 12.7 11.6 12.1 13.3 13.9 9.5 9.9 8.6 
x15 cm (AM) 19.4 21.0 21.6 19.7 18.8 19.4 15.4 16.4 15.5 0.61 
(DUCK8 5 ) MID (TR) 18.9 20.7 18.8 19.0 21.0 18.9 19.0 19.9 18.0 
0. 105mm (AM) 24.2 24.2 24.3 23.9 24.3 24.6 24.1 23.6 24.2 0.80 
(Cloth 2ST (TR) 17.2 21.2 18.0 17.8 19.4 17.9 15.8 17.9 16.2 
V) 11.6 14.9 13.2 13.6 14.1 13.3 9.6 9.8 11.4 

(AM) 23.6 23.4 24.6 23.1 23.7 23.9 22.9 23.5 20.6 
20.6 19.8 21.0 17.2 19.7 18,3 15.9 16.6 16.6 0.73 

43 BOT-1(TR) 39.9 41.1 39.6 38.3 39.4 38.2 25.9 26.1 24.6 
(AM) 42.2 43.0 43.3 37.7 38.3 41.2 29.2 27.7 30.1 0.93 

BOT-2(TR) 38.8 40.8 39.4 36.5 39.3 37.8 32.2 34.1 32.1 
(AM) 43.8 44.2 44.2 39.9 42.0 41.4 32.6 36.7 37.1 0.91 

MID-1(TR) 43.9 45.8 44.2 45.4 46.4 45.0 44.2 45.3 43.9 
(AM) 44.9 44.5 45.1 45.1 44.6 44.6 45.1 44.2 45.2 1.00 

MID-2(TR) 42.5 44.5 41.4 43.9 45.6 43.3 43.0 44.6 42.2 
(AM) 44.9 43.4 45.5 44.8 43.4 45.6 44.7 43.8 46.2 0.97 

2ST-1(TR) 43.7 45.3 42.6 45.3 46.2 43.2 44.5 45.1 41.7 
38.1 39.5 37.7 37.7 36.9 35.9 24.1 24.6 22.2 

(AM) 45.2 46.2 46.4 45.4 46.6 46.6 45.2 46.0 46.6 
43.4 42.6 44.7 38.4 39.6 41.3 29.4 27.9 32.0 0.92 

2ST-2(TR) 44.5 45.1 45.3 45.6 46.3 46.9 44.2 45.1 45.4 
38.8 39.6 39.4 38.1 38.7 39.3 33.0 33.4 31.6 

(AM) 47.0 46.5 45.8 47.1 46.8 46.8 46.8 46.1 46.4 
45.1 46.1 44.7 41.4 41.0 39.4 34.5 36.8 36.7 0.94 

59 BOT (TR)45.8 51.0 
(AM) 46.6 51.3 

MID (TR) 59.4 61.9 
(AM) 62.8 63.6 

2ST (TR) 51.5 55.3 
43.7 46.9 

(AM) 58.4 59.9 
48.6 53.1 

44.8 44.3 44.8 45.3 33.8 36.7 
54.2 45.4 46.3 49.1 36.3 39.5 
61.4 60.9 63.4 61.9 60.0 59.8 
63.9 63.8 63.8 64.3 63.8 63.7 
49.1 53.1 57.7 55.2 51.9 52.8 
49.0 43.1 48.3 47.1 33.6 36.3 
62.4 57.8 58.5 61.5 56.0 59,2 
51.6 45.3 48.1 50.0 39.2 36.9 
(Continued) 

36.3 
43.3 0.93 
57.2 
64.3 0.95 
49.0 
39.6 
59.4 
45.1 0.91 
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Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or 
zle cm/sec Elev AM 1 2 3 4 5 6  7 8 9 Eh -- ---------- 

74 BOT (TR) 66.6 68.8 67.6 64.0 67.7 67.0 61.3 59.6 59.6 
(AM) 70.1 72.6 71.2 66.4 66.2 67.9 58.5 61.8 61.7 0.97 

MID (TR) 70.3 71.1 67.8 69.7 72.2 65.0 67.0 71.7 62.0 
(AM) 74.4 75.1 74.9 74.7 74.9 75.4 73.6 74.2 75.4 0.91 

2ST (TR) 64.5 72.5 71.8 65.5 73.3 72.4 62.4 73.5 72.3 
63.9 67.8 67.7 62.5 68.4 68.3 56.5 61.1 58.8 

(AM) 75.0 75.8 76.3 74.9 75.7 76.7 74.5 75.8 76.2 
70.7 72.2 72.9 66.4 66.6 68.1 57.9 59.1 60.6 0.94 

9 cm 43 
xl5cm, 
0.149mrn 
(Cloth 
T) 

7 4 

9 cm 43 
xl5cm, 
0.074mm 
(Cloth 
X) 

7 4 

BOT (TR) 31.8 32.6 31.8 32.0 31.8 31.3 25.5 29.2 27.8 
(AM) 43.3 43.2 42.4 39.7 40.1 41.2 33.2 33.2 35.8 0.78 

BOT (TR) 62.6 59.8 61.6 62.9 64.2 61.3 54.8 58.0 53.9 
(AM) 72.9 73.0 73.1 69.5 69.7 69.3 61.2 59.6 61.6 0.88 

BOT-1(TR) 36.0 34.3 29.8 33.5 35.4 32.2 22.6 25.0 25.4 
(AM) 42.5 42.7 43.0 39.0 38.7 40.1 31.0 28.4 30.5 0.81 

BOT-2(TR) 38.1 35.7 33.0 36.6 36.3 34.8 31.8 35.6 32.9 
43.2 43.5 43.8 39.4 40.0 41.3 35.6 35.8 37.2 0.87 

BOT (TR) 72.5 68.8 64.2 67.0 66.3 64.8 59.4 63.5 63.1 
(AM) 72.6 73.0 73.5 67.1 68.3 69.0 57.4 59.1 58.9 0.99 

MID-1(TR) 34.1 36.7 35.7 34.8 37.9 37.0 33.0 36.6 34.2 
(AM) 45.9 45.6 46.1 46.4 46.5 46.0 45.9 46.5 46.8 0.77 

HID-2(TR) 34.4 36.6 35.6 34.9 38.3 36.9 33.6 37.1 35.6 
(AM) 44.0 45.1 45.4 44.0 45.3 45.3 44.3 44.9 45.0 0.80 

MID (TR) 70.7 73.5 70.3 70.0 73.8 71.2 65.5 70.9 67.8 
(AM) 76.6 77.0 77.4 76.2 77.4 77.6 75.8 76.9 77.2 0.91 

MID-l(TR) 40.0 43.5 42.9 40.7 43.6 41.3 37.4 41.4 38.8 
(AM) 44.6 45.5 47.1 44.8 44.7 47.0 45.5 45.0 46.9 0.89 

MID-2(TR) 42.5 43.3 43.0 42.3 44.0 43.1 38.8 40.8 40.1 
(AM) 45.4 45.3 46.2 44.5 45.2 45.9 44.8 45.1 45.3 0.92 

MID (TR) 74.4 77.0 76.5 76.4 78.5 78.3 75.6 78.1 76.3 
(AM) 77.0 77.1 77.4 76.3 76.9 77.4 75.2 77.0 77.1 1.00 
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Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or Flow S~eed at Point Number, cm/sec 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh -- ~ ~ ~ ~ ~ - - ~ ~ ~  
9 cm 43 MID (TR) 42.1 44.8 42.7 43.3 46.0 43.8 43.2 44.5 42,6 
xl5cm, (AM) 44.6 45.5 47.1 44.8 44.7 47.0 45.5 45.0 46.9 0.95 
Open 

74 MID (TR) 74.4 77.0 76.5 76.4 78.5 78.3 75.6 78.1 76.3 
(AM) 77.0 77.1 77.4 76.3 76.9 77.4 75.2 77.0 77.1 1.00 

9 cm 43 2ST (TR) 42.0 44.0 40.7 43.7 45.0 41.9 42.9 44.0 41.0 
xl5cm, 37.5 38.1 36.4 36.4 37.0 36.0 31.2 33.0 30.8 
36cm (AM) 45.4 45.4 45.7 45.7 45.7 45.2 44.9 44.8 45.4 
length 42.2 41.7 43.3 38.5 37.8 40.8 32.8 35.9 36.1 0.92 

74 2ST (TR) 73.7 74.2 73.3 74.9 75.8 74.9 72.7 69.2 69.2 
63.2 67.0 66.4 64.2 66.3 64.7 54.6 57.6 55.5 

(AM) 78.2 78.4 78.2 77.8 78.5 79.4 78.3 78.3 78.5 
71.3 70.0 72.3 67.6 65.9 69.4 59.7 59.9 58.1 0.93 

9 cm 43 MID (TR) 46.4 46.1 46.6 47.7 47.2 45.9 45.7 44.5 43.6 
xl5cm, (AM) 46.3 46.7 47.0 46.4 46.8 46.8 46.3 46.6 46.4 0.98 
Door 

74 MID (TR) 73.2 72.2 73.5 75.1 75.5 76.5 75.4 76.3 76,2 
(AM) 78.3 79.0 79.5 78.2 79.1 79.4 78.2 78.9 78.7 0.95 

9 cm 43 BOT (TR) 39.5 40.1 38.0 37.8 38.8 37.8 33.3 33.7 32.6 
xlScm, (AM) 39.6 41.4 40.2 37.7 37.0 38.4 32.5 33.8 34.4 0.99 
DOOX, 
CL 74 BOT (TR) 69.1 70.3 67.1 70.3 70.0 69.7 63.4 62.1 61.6 

(AM) 74.5 74.1 74.3 69.8 70.4 70.0 61.3 62.6 64.9 0.97 

9 cm 43 BOT (TR) 42.3 39.9 38.6 39.1 37.4 38.3 34.8 34.1 33.5 
xlScm, (AM) 39.6 41.4 40.2 37.7 37.0 38.4 32.5 33.8 34.0 1.01 
Door, 
SL 74 BOT (TR) 76.4 73.7 77.5 70.3 70.9 72.3 58.7 58.1 59.0 

(AM) 72.6 70.9 74.5 66.5 67.1 68.3 58.5 60.7 60.4 1.03 

9 cm 43 2ST (TR) 44.6 44.8 42.3 44.7 44.8 43.4 42.7 42.8 42.3 
x15cm, 35.9 38.3 37.1 35.4 36.5 38.5 30.9 33.0 31.8 
with (AM) 43.8 43.8 45.3 44.0 43.9 44.7 44.1 44.1 44.8 
person 40.8 40.7 42.9 39.1 38.4 39.7 35.0 34.8 34.8 0.95 
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Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or Flow S~eed at Point Number, cm/sec 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh -- ~ - - ~ ~ ~ - - ~ ~  

74 2ST (TR) 82.4 82.8 79.0 82.9 83.1 78.4 77.9 73.7 71.2 
70.6 74.1 73.0 70.6 70.6 70.6 60.4 61.3 58.9 

(AM) 78.2 75.6 79.3 77.1 76.6 78.3 78.0 75.4 79.0 
71.3 70.0 72.3 68.1 65.8 68.7 59.0 57.6 60.8 1.02 

9 cm 43 MID (TR) 40.0 42.0 42.6 39.6 42.4 42.8 39.7 41.5 41.7 
x15cm9 (AM) 43.4 43.2 43.9 43.2 43.6 43.8 43.4 42.9 43.8 0.95 
10 deg 
ang 74 MID (TR) 76.5 76.5 77.0 77.2 77.5 75.8 73.0 72.3 70.4 

78.5 77.0 79.3 78.1 77.3 79.6 77.7 77.6 79.5 0.96 

9 cm 43 MID (TR) 34.6 38.8 40.6 36.2 39.4 42.1 36.2 39.2 41.5 
xl5cm, (AM) 43.4 43.2 43.9 43.2 43.6 43.8 43.4 42.9 43.8 0.89 
30 deg 
ang 74 MID (TR) 70.7 78.0 77.2 69.4 77.6 77.8 64.6 71.5 73.9 

(AM) 78.5 77.0 79.3 78.1 77.3 79.6 77.7 77.6 79.5 0.93 

9 cm 43 MID (TR) 40.7 42.7 42.8 40.4 41.3 42.2 39.0 40.4 40.3 
xl5cm, (AM) 43.5 44.4 45.0 43.9 44.3 44.6 43.9 44.6 44.5 0.93 
5.lcm H 

74 MID (TR) 70.9 74.2 75.4 70.4 73.1 74.2 67.7 70.3 71.0 
(AM) 77.1 77.5 77.6 77.7 77.6 78.0 77.0 77.1 77.5 0.93 

9 cm 43 BOT-l(TR) 35.4 37.3 38.8 35.4 35.6 35.9 28.9 31.9 30.4 
xl5cm, (AM) 40.5 41.9 41.7 39.3 39.9 39.4 35.5 35.5 36.4 0.88 
5.lcm H, BOT-2(TR) 38.5 39.8 40.8 36.4 38.1 37.8 32.9 32.3 33.6 
SL (AM) 42.3 43.9 42.8 39.7 40.9 40.2 34.7 35.9 34.6 0.93 

74 BOT (TR) 67.0 69.0 70.6 65.5 68.1 69.3 56.8 56.8 60.0 
(AM) 72.2 74.1 73.8 69.9 69.7 70.0 60.8 60.4 61.7 0.95 

9 cm 43 BOT (TR) 38.8 40.1 39.9 36.7 38.3 39.6 32.4 34.2 33.8 
x15cm9 (AM) 43.8 44.1 44.8 41.3 40.2 42.7 38.7 38.0 38.4 0.89 
5.lcm H, 
5.1 cm 74 BOT (TR) 67.2 69.8 69.2 66.1 67.9 66.4 61.1 60.4 60.1 
LIP (AM) 73.8 74.2 74.3 70.6 71.5 70.4 65.3 65.6 66.1 0.93 
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Table B1 (Continued) 

Mid - 
flow Test- TR 

Noz- Speed ing or Flow Sveed at Point Number, cm/sec 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh 
P -- ---------- 
9 cm 43 BOT-1(TR) 40.3 40.5 40.5 36.8 37.5 36.3 31.1 30.4 32.3 
xl5cm, (AM) 41.6 43.5 46.9 38.9 39.8 40.1 34.2 34.4 34.6 0.92 
H, CL BOT-2(TR) 39.6 39.1 41.4 36.8 36.6 39.2 30.1 29.9 30.6 

(AM) 42.5 41.9 42.3 38.5 40.2 39.1 33.8 34.2 34.1 0.93 

74 BOT-l(TR) 71.1 73.8 75.9 65.2 70.5 70.9 60.1 62.2 62.7 
(AM) 74.6 78.1 78.1 71.7 72.5 74.8 62.1 64.2 63.9 0.96 

BOT-2(TR) 73.3 73.1 73.3 68.7 67.7 68.1 60.3 60.0 59.5 
(AM) 7.26 74.6 75.1 70.8 70.3 71.3 58.3 62.0 61.9 0.98 

7.6cm 43 BOT (TR) 34.1 34.2 34.4 34.1 
x7.6cm (AM) 44.1 44.2 43.8 44.1 

74 BOT (TR) 69.1 69.1 73.2 72.7 
(AM) 78.0 77.2 77.2 78.2 

7.6cm 43 BOT (TR) 35.5 37.3 31.7 32.1 
x7.6cm, (AM) 41.8 38.3 35.9 36.9 
H, CL 

74 BOT-1(TR) 70.0 71.9 58.8 61.2 
(AM) 73.2 73.6 67.6 67.3 

BOT-2(TR) 70.9 71.1 61.2 61.3 
(AM) 72.2 72.5 66.4 64.7 

MID (TR) 80.4 79.7 79.9 78.2 
(AM) 78.5 78.0 78.4 78.3 

7.6cm 22 BOT (TR) 27.9 28.1 22.9 24.6 
x7.6cm (AM) 21.2 21.6 17.5 18.1 
H- S MID (TR) 27.7 27.7 27.0 26.7 

(AM) 22.2 22.3 22.1 22.1 

43 BOT (TR) 51.6 52.0 46.8 48.1 
(AM) 40.2 40.3 36.2 36.2 

MID (TR) 51.9 53.5 52.5 53.2 
(AM) 42.7 42.4 42.6 42.3 

59 BOT (TR)73.678.467.866.3 
(AM) 52.1 53.0 43.7 44.0 

MID (TR) 75.5 78.7 75.1 71.8 
(AM) 62.5 62.9 62.3 62.6 
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Table B1 (Concluded) 

Mid - 
flow Test- TR 

Noz- Speed ing or Flow Speed at Point Number, cm/sec 
zle cm/sec Elev AM 1 2 3 4 5 6 7 8 9 Eh 

p- ppp------- 

74 BOT-1(TR) 98.9100.2 93.2 96.4 
(AM) 69.3 72.2 63.3 64.8 

BOT-2(TR) 95.7 99.6 91.7 92.0 
(AM) 73.2 73.6 67.6 67.3 

MID (TR) 99.5 98.8 99.6 98.3 
(AM) 78.3 79.0 78.1 78.2 

20cm 22 BOT (TR) 23.8 21.8 23.4 24.8 23.9 24.1 23.3 22.6 23.7 
x24.4cm (AM) 22.2 22.5 22.7 20.6 19.9 20.6 18.7 19.5 19.0 1.14 

43 BOT (TR) 44.2 42.5 43.2 46.2 44.7 45.3 44.8 43.9 44.3 
(AM) 42.7 44.1 43.8 42.0 40.1 41.0 35.4 36.7 35.6 1.10 

74 BOT (TR) 80.8 78.7 81.9 84.0 81.6 84.5 78.7 78.9 78.7 
(AM) 74.0 74.0 75.4 67.4 69.4 68.1 61.0 58.9 61.0 1.19 

24.4cm 43 BOT (TR) 40.9 41.0 41.0 43.3 44.7 44.8 43.3 44.5 44.5 
x2 0 cm (AM) 44.5 44.5 38.1 42.8 40.8 41.7 38.5 38.4 38.8 1.05 

74 BOT (TR) 77.5 76.6 80.1 81.8 80.8 83.8 81.9 81.3 82.6 
(AM) 73.5 75.3 75.7 71.1 70.5 71.3 65.6 63.1 65.0 1-15 
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APPENDIX C: NOZZLE PHOTOGRAPHS 

1. Streamer trap nozzle configurations investigated in the hydraulic 

and sand-trapping tests described in the main text are illustrated in Figures 

C1 through C8. Nozzle height and width varied between 2.5 x 15 cm and 25 x 20 

cm. Nozzle hoods, when present, ranged in length from 2.5 to 5.1 cm. Other 

components such as streamer mesh size and a plexiglass door designed to shut 

during flow reversals were also evaluated. 



(a) Nozzle 

(b)  Nozzle with curved l i p  

Figure C P .  Photographs of 2.5-cm x 15-cm nozzle 
(Sheet I of 3) 



(c )  Nozzle with 2.5-cm hood 

(d) Nozzle with 5.1-cm hood 

Figure C1. (Continued) 
(Sheet 2 of 3) 



( e )  Nozz le  w i t h  5,l-cm hood and cu rved  l i p  

F i g u r e  C 1 .  (Concluded)  

( S h e e t  3 of  3) 



(a) Nozzle 

(b) Nozzle with curved lip 

Figure C2. Photographs of 5.1- x 15-cm nozzle 
(Sheet 1 of 3) 



(c) Nozzle with 2.5-cm hood and curved lip 

(d) Nozzle with 5.1-cm hood 

Figure C2. (Continued) 
(Sheet 2 of 3) 



( e )  Nozzle w i t h  5.1-cm hood and curved l i p  

F i g u r e  C2. (Concluded) 

(Shee t  3 of 3)  



F i g u r e  C 3 .  Photograph of 5.1- x 5.1-cm n o z z l e  
w i t h  5,l-cm hood 



( a )  Nozzle 

(b )  Nozzle wi th  s t r a i g h t  l i p  

F igure  C4. Photographs of 9 -  x 15-cm nozz le  
(Shee t  1 of 5 )  



(c) Nozzle with curved lip 

(d) Nozzle with door 

Figure C4. (Continued) 
(Sheet 2 of  5 )  



(e) Nozzle with door and curved lip 

(f) Nozzle with door and straight lip 

Figure C4. (Continued) 
(Sheet 3 of 5) 



(g)  Nozzle with 5.1-cm hood 

(h) Nozzle with 5.1-cm hood and straight lip 

Figure C4. (Continued) 
(Sheet 4 of 5) 



(i) Nozzle with 5.1-cm hood and 5.1-cm lip 

(j) Nozzle with long hood and curved lip 

Figure C4. (Concluded) 
(Sheet 5 of 5) 



(a) Nozzle 

(b)  Nozzle with hood and curved lip 

Figure C5. Photographs of 7.6- x 7.6-cm nozzle 

C14 



Figure C6. Photograph of 7.6- x 7.6-cm H-S sampler 

Figure C7. Photograph of 20- x 24.4-cm pressure 
differential nozzle 

C 1 5  



F i g u r e  C 8 .  Photograph of 2 4 , 4 -  x 20-cm p r e s s u r e  
d i f f e r e n t i a l  n o z z l e  



APPENDIX D: SAND-TRAPPING EFFICIENCY TEST DATA 

1. Data presented in Tables Dl through D6 were collected during the 

sand-trapping efficiency tests. The data are organized by nozzle or type of 

basin test (2.5-min or 7.5-min), and each test is uniquely designated by its 

run number and date. Tables presenting data collected during the nozzle tests 

(Tables Dl through D4) are organized with the testing midflow Vmid and near- 

bed Vbot flow speed, the weight of material collected in the near-bed 

streamer S1, in the next higher elevation streamer S2, and so on. The 

distances between streamers 1 and 2 (Aal) and between streamers 2 and 3 (Aa2) 

are given in the last two columns of the tables. The notation 'tr' indicates 

that only a trace of sand was collected for that particular entry. 

2. Tables presenting the basin data (Tables D5 and D6) are organized 

with the width of the basin w, the midflow and bottom flow speeds, and 

quantities collected in Basin 1 (upflow) B1, Basin 2 (middle) B2, and Basin 

3 (downflow) B3. The total weight collected in all basins is presented in 

the last column. 



Table D 1  

Run No. 
4 
6 
9 
3 
4 
4 
5 
6 
7 
8 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 
7 
8 
3 
4 

Vmid 
Date cm/sec 



Table D2 

CUBE Nozzle Sand-Trapping - Experiment Data 

Run No. 
2 
3 
4 
1 
2 
3 
5 
6 
4 
5 
6 
7 

'mid Vbot  
Date cm/sec cm/sec 
4-10-88 49.4 38.7 
4-10-88 63.2 49.5 
4-10-88 56.6 43.5 
4-11-88 56.7 44.0 
4-11-88 59.4 46.3 
4-11-88 42.7 33.0 
4-11-88 62.7 48.7 
4-11-88 63.2 49.2 
4-16-88 65.4 51.2 
4-16-88 54.1 41.3 
4-16-88 51.6 38.9 
4-16-88 66.1 51.6 

Aal 
cm 

3.18 
3.18 
3.18 
3.18 
3.18 
3.18 
3.18 
3.18 
3.18 
3.18 
3.18 
3.18 

Table D3 

DUCK85 Sand-Traminn Experiment Data 

vmid V b ~  t S 1 S 2 S 3 Aal 
Run No. Date cm/sec cm/sec g F g cm 

5 4-8-88 57.8 45.2 61.4 0.5 - - -  0 
6 4-8-88 70.8 57.0 1028.7 1.8 - - -  0 
1 4-9-88 63.7 50.1 232.1 16.5 - - -  0 
8 4-16-88 64.3 51.6 355.7 2.6 - - -  0 
9 4-16-88 61.1 49.1 151.1 2.4 - - -  0 
10 4-16-88 69.4 55.3 1266.4 4.0 - - -  0 

Table D4 

H-S Sand-Trapping Experiment Data 

vmid V b ~ t  S 1 S 2 S 3 Aal Aa2 
RunNo. Date cm/sec cm/sec g g g cm cm 

7 4-9-88 59.2 45.4 3595.8 - - -  - - - - - - - - - 
8 4-9-88 52.1 39.9 4091.4 - - -  - - - - - - - - -  



Table D5 

2.5-Min Basin Sand-trap pin^ Experiment Data 

Run No. 
1 

W 

Date cm - - 
4-2-88 67.31 
4-2-88 67.31 
4-3-88 67.31 
4-4-88 67.31 
4-5-88 67.31 
4-6-88 67.31 
4-7-88 67.31 
4-8-88 67.31 
4-9-88 67.31 
4-9-88 67.31 
4-12-88 24.8 
4-13-88 24.8 
4-15-88 24.8 

Table D6 

7.5-Min Basin Sand-Travping Experiment Data 

Run No. 
W 

Date cm - P 

Vbot B1 B2 B3 Total 
cm/sec n P L L 



APPENDIX E: NOTATION 

Empirically determined coefficient 

Empirical coefficient 

Area beneath Cube predictive equation 

Area beneath DUCK85 predictive equation 

Area below lower confidence limit for Cube predictive equation 

Area below lower confidence limit for trap-predictive equation 

Area beneath SUPERDUCK predictive equation 

Area beneath a trap-predictive equation 

Area below upper confidence limit for Cube predictive equation 

Area below upper confidence limit for trap-predictive equation 

Empirically determined constant 

Constant in logarithmic law taken equal to zero 

Empirical coefficient in wet weight to dry weight conversion; 
also concentration of sediment 

Characteristic depth for use in Reynolds number calculation 

Grain diameter 

Dry weight of sand 

Mean diameter of sand 

Hydraulic efficiency 

Sand-trapping efficiency 

Sand flux 

Friction factor 

Measured flux (g/cm2/sec) 

Predicted flux (g/cm2/sec) 

Flux of sand at streamer k (weight per unit area and unit 
time, g/cm2/sec) 

Flux of sand at streamer k+l (weight per unit area and unit 
time, g/cm2/sec) 

Basin sand flux, flow speed less than 58 cm/sec (g/cm2/sec) 

Basin sand flux, flow speed greater or equal to 58 cm/sec 
( g/cm2/sec) 

Estimated flux between streamers k and k+l (weight per 
unit area and unit time, g/cm2/sec) 

Acceleration of gravity 



Weight of bed load collected 

Breaking wave height 

Transport rate density (weight per unit width of surf 
zone per unit time) 

Von Karman constant, taken to be 0.4 

Empirical constant 

Empirical constant 

Total number of streamers in trap 

Number of data points 

Volumetric bed-load transport 

Water discharge 

Bed-load transport rate 

Ambient sand transport rate (weight per unit width 
per unit time) 

Suspended sediment transport rate 

Trap-predicted transport rate (weight per unit width 
per unit time) 

Squared correlation coefficient 

Discharge parameter 

Reynolds number 

Energy grade line 

Weight of sand collected in streamer k (g) 

Variable defined in terms of N and x 

Standard error of estimate 

t-statistic 

Maximum horizontal orbital speed 

Flow speed at elevation z 

Shear flow speed (cm/sec) 

Critical shear speed (cm/sec) 

Characteristic velocity for use in Reynolds number calculation 

Bottom flow speed (cm/sec) 

Midflow speed (cm/sec) 

Average flow speed without trap (cm/sec) 

Flow speed without trap (cm/sec) 

Average flow speed directly in front of trap nozzle (cm/sec) 



z 0 
Z 

Aa(k) 

Aal 

Aa2 

Ah 

Flow speed directly in front of trap nozzle (cm/sec) 

Threshold midflow or bottom flow speed for sand movement 
( cm/sec ) 

Wet weight of sand 

Weight of sediment collected 

Independent variable 

Average x 

Dependent variable 

Elevation from bed (cm) 

Representative bed roughness (cm) 

Distance from seabed to mid-streamer (em) 

Distance between nozzles k and k+l (em) 

Distance between streamers 1 and 2 (em) 

Distance between streamers 2 and 3 (em) 

Height of nozzle (cm) 

Sampling interval (min, sec) 

Width of nozzle (cm) 

Representative horizontal distance (em) 

Representative vertical distance (em) 

Maximum error corresponding to Es 

Shields number 

Kinematic viscosity of water (cm2/sec) 

Density of water (kg/m3) 

Density of sand (kg/m3) 

Critical shear stress at the bed 

Shear stress at the bed 
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