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Abstract  

Title: Controlled Intake Area Dredging for Fine Sediment Removal to Improve 

Water Quality in the Indian River Lagoon 

Author: Hannah Christine Grisanti 

Advisor: Robert J. Weaver, Ph.D. 

This study is an investigation of hydraulic dredging specifically designed to remove 

muck and other fine sediments from local water systems in Brevard County, 

Florida. The goal of the project is to improve water quality in the Indian River 

Lagoon (IRL) and create positive environmental impacts. Dredging is an 

excavation activity that takes place underwater in shallow seas or freshwater 

environments to remove material from the bottom surface. Typically, dredging 

techniques are implemented to keep waterways such as canals, inlets, and harbors 

navigable for boats and barges. Dredging is also commonly used to move sand 

from offshore sources to beaches where sand has been depleted due to erosion. 

Environmental dredging refers to the removal of contaminated sediments from 

selected locations. It involves precision dredging techniques designed to reduce the 

resuspension of fine sediment particles. Many of the environmental dredging 

techniques currently available are focused on procedural/managerial methods for 

controlling resuspension of sediments and reducing the number of residuals, 

undisturbed and generated, found at post-dredging locations. Whereas, less efforts 
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have been made in the mechanical design of the suction dredge head itself. The 

suction dredge head discussed in this thesis is designed for fine sediment and muck 

removal. It consists of a variable intake area that can be adjusted to increase or 

decrease the intake velocity. By doing so, the dredge head removes the finer 

sediment pollutants while leaving behind coarser material such as sand, shells, and 

pebbles. It is anticipated that removing muck will create a significant reduction of 

toxic algal blooms in the Lagoon’s waters and aid in restoring the natural 

ecosystem. 
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Chapter 1: Introduction 

The Indian River Lagoon (IRL) system is one of the most biologically diverse 

estuaries in North America (Treasure Coast Regional Planning Council, 2016). It 

includes the entire estuarine region of Florida’s east coast spanning from Jupiter 

Inlet in Palm Beach County, north to Ponce de Leon Inlet in New Smyrna Beach 

and is comprised of three interrelated estuaries, the Mosquito Lagoon, the Banana 

River Lagoon, and the Indian River Lagoon (De Freese, 2005). The IRL system is 

approximately 257 kilometers (160 miles) long and covers roughly 30 percent of 

Florida’s east coast. It ranges from 0.8 to 8 km (0.5 to 5 miles) in width and has an 

average depth of 1.2 meters (4 feet) (Woodward-Clyde Consultants, 1994). The 

IRL is separated from the Atlantic Ocean by a barrier island, including six inlets 

and multiple freshwater inflows, thus classifying it as an estuary. However, the 

inlets offer only limited exchange of seawater, which is why the estuary is referred 

to as a lagoon (De Freese, 2005). The long, narrow, and shallow characteristics of 

the IRL accompanied by limited exchange make it especially susceptible to 

activities that occur on the adjacent lands (St. Johns River Water Management 

District, 2007). The IRL is particularly affected in the northern region because of 

the approximately 145 km (90-mile) distance between Ponce de Leon Inlet in New 

Smyrna Beach and Sebastian Inlet, ten miles south of Melbourne Beach. The Port 

Canaveral Inlet lies roughly halfway between the two previously mentioned inlets; 

however, the Canaveral Lock, a navigational lock between the lagoon and Atlantic 

Ocean, only opens to let ships pass. The IRL system south of Palm Bay contains 

inlets that are geographically closer allowing ocean water to enter through the inlets 

and flush out the lagoon, Figure 1. 
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Figure 1: Map of the Indian River Lagoon, including identification of inlet 

locations for Ponce de Leon, Port Canaveral, Sebastian, Ft. Pierce, St. Lucie, 

and Jupiter Inlet. (Source: Google Earth). 

 

 

In addition to having relatively few inlets, tidal circulation in the lagoon is limited. 

According to De Freese (2005), “Wind is the primary force affecting water 

circulation of the shallow lagoon system with tidal influences restricted to a few 

miles north or south of ocean inlets. As a result, water flushing is limited in most 

areas, making the lagoon sensitive to pulses of fresh water from land and ocean 

water at inlets.” A study performed by Weaver, Johnson, and Ridler in 2016 is in 
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agreement with De Freese’s study as it revealed that there is little tidal energy in 

the north-central region of the IRL. Furthermore, they found that there is no means 

for ocean water to make it into the northern IRL by winds. This limited circulation 

combined with excess nutrients are the primary causes of poor water quality in the 

lagoon.  

In recent years, the IRL has experienced brown tide, fish kills, algae blooms, and 

deaths of dolphins, pelicans, manatees, and other wildlife due to the current water 

quality. Muck in the IRL contains silt and clay from soil runoff and is composed of 

biological material (Trefry et al., 1987). Silt and clay make up the majority of the 

muck layer and occurs from poor soil retention during construction and farming 

practices. Organic matter such as algae and decaying plant material is the second 

largest contributor to the muck layer. This organic matter comes from sewage 

treatment plants, as well as residential agricultural and urban runoff, and causes 

eutrophication in the IRL (Trefry et al., 1987). 

In November 2016, voters in Brevard County approved a half cent sales tax that 

will go towards projects aimed at cleaning up the lagoon. As a result, many studies 

and projects of the IRL are currently taking place in an effort to restore the water 

quality and natural ecosystem. Such projects include muck removal, storm water 

treatment and diversion, upgrading wastewater treatment plants, septic system 

removal and replacement, fertilizer management, oyster reefs, living shorelines, 

and public education (Berman, 2017). Brevard County Natural Resources is 

currently leading an effort in removing more than 2 million cubic yards of muck 

within the next ten years.  

The research in this study is aimed at developing a new mechanical design for a 

dredge head that collects more fine sediments and muck than heavy, coarser 

sediments; this will reduce dewatering and slurry treatment costs. The dredge head 

will be used for environmental dredging as the goal is to remove contaminated 
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muck while also aiming to prevent resuspension of fine sediments (Palermo et al., 

2008). 

The implementation of dredging the watershed will reduce levels of nitrogen and 

phosphorous which are the direct contribution to harmful cyanobacterial algae 

blooms and have other equally devastating effects. According to the US 

Environmental Protection Agency (US EPA, 2018), “… the best way to prevent 

algae blooms is to reduce the amount of nutrients that enter the water body in the 

first place…” The treatment method in this case is removal of the muck material 

that is constantly fluxing nutrients into the water (Sigua and Tweedale, 2002). 

 

 

1.1 Study Site 

In January 1986, Trefry et al. (1987) initiated ‘Project MUCK’ to determine “the 

distribution and composition of muck in the Indian River Lagoon, Florida.” In this 

study, it was found that the distribution of muck in the IRL is dependent on its 

proximity to a tributary creek, the water depth, and its location relative to an inlet 

or developed communities. The largest layers of muck were found in tributary 

creeks and channels of the lagoon with the primary sites of muck deposition being 

the channels and basins of the lagoon (Trefry et al., 1987). Therefore, dredging 

channels/canals of the IRL has been identified as one of many solutions for 

improving water quality in the lagoon. 

Site 3 along the C-1 canal, maintained by the Melbourne-Tillman Water Control 

District, was selected as the field site dredging location due to its thick muck 

accumulation and proximity to Turkey Creek. The canal runs parallel to Pace Drive 

in Palm Bay, Figure 2, and feeds Turkey Creek which flows into the Indian River.  
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Figure 2: Study site in Palm Bay, FL with site 3, the MTWCD, Turkey Creek, 

and the IRL indicated with yellow push pins. The C-1 canal is indicated by the 

red line. (Source: Google Earth). 

 

 

1.2 Combined Dredging Treatment System 

The suction dredge head of focus in this study was part of a combined dredging 

treatment system in a study performed by Weaver et al., 2018. The combined 

system involves dredging of fine sediments and pumping the dredged slurry 

through a mobile treatment trailer where it is subjected to ferrate treatment to 

remove solids and nutrients from the spoil residuals. The combined dredging-

treatment system was deployed at the field site. Slurry was pumped from the 

suction head on the pontoon boat, through 3-inch diameter pipe where it passes 

through a tee. At the tee, flow can be diverted to a discharge pipe into a lower 
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retention pond or into 1.5-inch pipe that leads to the top of the hill into the trailer, 

Figure 3. In the treatment trailer, the slurry mixture can be treated directly as it is 

being pumped (Weaver et al., 2018).  

 

 

 

Figure 3: Model diagram of the combined dredging-treatment system at the 

field site (Weaver et al., 2018). 

 

 

The slurry mix is first pumped through a series of hydrocyclones to rapidly filter 

out the heavy particles, Figure 4. The remaining slurry is then pumped through a 

sequence of chemical treatment containers. In the first container, the slurry is dosed 

with ferrate and mixed with a motorized mixer. As the first tank is filled, the slurry 

then flows into the secondary container where the pH is lowered, and the 

coagulation reactions occur. In the last treatment container, the clarifier, the 

flocculated material and treated water separate, Figure 5. 
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Figure 4: Dredged slurry mixture being pumped through hydrocyclones in 

treatment trailer (Weaver et al., 2018). 

 

 

 

Figure 5: Treatment containers on mobile treatment trailer. Flow as indicated 

on figure, from right to left with the first tank (far right) containing the 

oxidation process of ferrate, the second tank (middle) for the coagulation 

reaction, and third tank (far left) for flocculation and separation (Weaver et 

al., 2018). 
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Ferrate treatment of the slurry mixture used in the study provides a recycling 

method for muck and effectively reduces excess nitrogen and phosphorus to levels 

below the detection limit of modern instrumentation (Weaver et al., 2018). Excess 

nitrogen and phosphorus provide fuel for harmful algae blooms that block sunlight 

from reaching sea grass growing on the seafloor, subsequently killing beneficial sea 

grass and the marine animals that rely on it (Sigua and Tweedale, 2003). Although 

relevant to the combined system, the chemistry of the treatment trailer is not 

discussed in detail in this thesis as it was not the focus of this study. 
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Chapter 2: Background 

The design of the suction dredge head involved using principles of fluid dynamics 

and hydraulic engineering. The background section includes discussions of the 

Wentworth Scale for classifying sediments, the definition of the Shields parameter 

and its importance for determining sediment velocity, and the involvement of the 

volumetric flow rate equation with the design of the suction dredge head. 

 

 

2.1 Classification of Sediment Size 

This study investigated the parameters of a suction dredge head that influence the 

ability of the dredge head to remove fine sediment termed ‘muck.’ Success of the 

system is measured by the ability of the dredge head design to efficiently suspend 

and remove muck from canals while precluding larger sand particles (greater than 

0.2mm in diameter) from being removed by the suction head under constant flow 

conditions. Sediment size is defined by its diameter according to the Wentworth 

Scale, Figure 6 (Wentworth, 1922). Sediments with a diameter of 0.2 mm (8x10-3 

inches) are considered fine sand. Sediments smaller than 0.2 mm are considered 

very fine sand, silt, or clay; whereas, sediments larger than 0.2 mm are considered 

medium to very coarse sand, pebbles, or boulders.  
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Figure 6: Wentworth scale for classifying the diameters of sediment 

(Wentworth, 1922). 

 

 

For initial testing, success was achieved if 40% of larger sand particles are 

precluded. The team desired to achieve 80% preclusion in subsequent testing.  
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2.2 Determining Sediment Velocity Based on Sediment Size 

When performing hydraulic dredging operations, the size of the sediment entrained 

by the suction head is a function of the intake flow area, flow rate, and velocity. 

The design was focused on the preclusion of sediment grain sizes 0.2 mm (8x10-3 

inches) and larger. To accomplish this, it was crucial to determine the Shields 

parameter (Ψ), a dimensionless number used to calculate the incipient motion of 

sediment. According to Dean and Dalrymple (2004), “The dimensionless Shields 

parameter can be viewed as the ratio of the shear forces on the sediment particle 

acting to mobilize it to the submerged weight of the particle, which acts to keep it 

stable.” The Shields parameter is calculated as follows: 

 

Ψ =
𝜏𝑐

(𝜌𝑠−𝜌)𝑔𝑑
    (1) 

 

Where 𝜏𝑐 is the critical bed shear stress, or Shields criterion, which indicates force 

needed to move sediment of a given size. Studies have shown that sediment motion 

is likely to occur at Shield’s parameters of 0.03 or greater (Dean and Dalrymple 

2004). The density of quartz sand (𝜌𝑠) is 2650 kg/m3 (165 lb/ft3) while the density 

of seawater (𝜌) is 1029 kg/m3 (64 lb/ft3). Specific gravity is defined as the ratio of 

the mass of one substance to the mass of a known reference substance at a given 

volume, 𝑆𝐺 = 𝜌𝑠/𝜌. Using this definition, we find the specific gravity of quartz 

sand in seawater is 2.58. Additionally, the term 𝑔 in Eq. 1 is acceleration due to 

gravity and 𝑑 is grain size diameter.  

The critical bed shear stress can be calculated using Equation 2: 

 

𝜏 =
1

8
𝜌𝑓𝑢2    (2) 

 

Where 𝑓 is the Darcy-Weisbach friction coefficient, 𝜌 is density of seawater, and 𝑢 
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is the current velocity. A common term in fluid dynamics, the drag coefficient, is a 

dimensionless number that is used to measure the resistance or drag of an object in 

a fluid environment (Elgar et al., 2013). It is associated with the surface area of the 

object in study. For an imperfect sphere (sand particle) a drag coefficient of 0.44 is 

used. The Darcy-Weisbach friction coefficient is related to the drag coefficient by 

𝑓 = 4 ∗ 𝐶𝐷 (Dean and Dalrymple, 2004). Substituting this into Eq. 2 yields: 

 

𝜏 =
1

2
𝜌𝐶𝐷𝑢

2    (3) 

 

Substituting Eq. 3 into Eq. 1 and using 𝑆𝐺 = 𝜌𝑠/𝜌, we solve for sediment velocity: 

 

𝑢 = √
2Ψ𝑔𝑑𝑆𝐺

𝐶𝐷
    (4) 

 

With a drag coefficient of 0.44, a Shields parameter of 0.03, and substituting values 

for gravitational acceleration (9.81 m/s2), diameter of sand particles (0.2 mm), and 

specific gravity (2.58), we solve analytically for the velocity required for incipient 

sediment motion to be 0.02 m/s or 2 cm/s (0.8 in/s).  

 

 

2.3 Dredge Head Design 

The approach for the dredging component was to design a variable intake area 

suction head, where the intake area can be controlled by the operator. Based on a 

known sediment velocity required for incipient sediment motion, a purpose-

designed and built suction head was developed. A circular dredge head, with a 

diameter of 0.46 meters (18 inches), was constructed to be adjustable with a system 

of spur gears that raise and lower the dredge head, thereby changing the intake area. 

The suction head consists of a circular stainless-steel bottom plate with four shafts 

welded to the plate, Figure 7. Two of the shafts are threaded and two are not 
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threaded to provide better ease of motion. These four shafts contain the four larger 

spur gears. Three bolts and one drive shaft are located between the four larger 

shafts on the same bottom plate, none of which are welded in place. A square 

aluminum plate (used for attaching a shroud) is placed on top of the bottom plate 

followed by a circular stainless steel top plate. All eight spur gears are then placed 

accordingly on the top plate. The gears are protected by a stainless-steel cover 

containing a 7.6 cm (3-inch) female cam lock for connecting the intake hose. The 

cap is secured with three eye bolts and rotated by the drive shaft with a drill.  

 

 

 

Figure 7: Side view of dredge head showing spur gears and suction head 

opening. 

 

 

The dredge head was designed with the goal of achieving sediment flow velocities 

of 2 cm/s (0.8 in/s) by fine-tuning the intake area of the suction head. With a 



 14 

desired flow velocity and known pump flow rate, the optimal intake area can be 

calculated using the volume flow rate equation: 

 

    𝑄 = 𝑉𝐴   (5) 

 

where Q is the volume flow rate, V is the mean current velocity, and A is the 

dredge head intake area. Suction head openings were calculated for four different 

flow rates of 380, 450, 570, and 760 liters per minute (LPM) or 100, 120, 150, and 

200 GPM each with a sediment velocity of 2 cm/s (0.8 in/s), Table 1. Using the 

equation for surface area of a right cylinder: 

 

    𝐴 = 2𝜋𝑟ℎ + 2𝜋𝑟2   (6) 

 

and disregarding the term for the top and bottom circles of the cylinder (2𝜋𝑟2), the 

suction head opening was determined by substituting 𝐴 = 2𝜋𝑟ℎ into Eq. 5 and 

solving for h. 

 

 

Table 1: Ideal suction head opening for a given pump flow rate and desired 

sediment velocity. 

Flow Rate 

LPM (GPM) 

Velocity 

cm/s (in/s) 

Suction Head 

Opening cm (in) 

380 (100) 2 (0.8) 21.3 (8.4) 

450 (120) 2 (0.8) 25.7 (10.1) 

570 (150) 2 (0.8) 32 (12.6) 

760 (200) 2 (0.8) 42.7 (16.8) 
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All tests were performed at flow rates between 380-490 LPM (100-130 GPM); 

therefore, from theory, the ideal suction head opening is approximately 21 to 26 cm 

(8 to 11 in) to maintain a sediment velocity of 2 cm/s (0.8 in/s). 
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Chapter 3: Methodology 

The majority of testing took place in the Surf Mechanics Laboratory at the Florida 

Institute of Technology. Through a time period of nearly 10 months, testing of the 

dredge head in both the lab and field took place. Both testing apparatus and 

sediment analysis procedures were altered and improved from initial testing to final 

testing. The following section is a discussion of the methods and setups (apparatus) 

developed in the lab setting. 

 

 

3.1 Laboratory Setups & Methods 

The first test was performed in February 2017 in the lab by deploying the suction 

dredge head in the wave tank, Figure 8. The purpose of this preliminary test was to 

prove overall functionality of the suction head and to ensure operability before 

proceeding with field testing and further lab testing.  
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Figure 8: Initial suction head deployment in wave tank (Weaver et al., 2018). 

 

 

The dredge head was connected to a 7.6 cm (3-inch) diameter intake hose and 

lowered to the bottom of the wave tank. Members of the team gently mobilized 

bottom sediment with shovels to suspend sediment in the water column. Initially 

the dredge head was adjusted to an opening of 20 cm (8 in) for the first test run; 

however, it was quickly realized that the suction head was not effective at removing 

material at this setting. After some trial and error, more appropriate suction head 

heights were determined.  

For initial testing, the dredge head was adjusted to three different settings which the 

team termed ‘closed’ (h = 1.6 cm or 5/8 inch), ‘halfway’ (h = 6.4 cm or 2.5 inches), 

and ‘open’ (h = 12.7 cm or 5 inches), Figure 9. For the first test, only one sample 

was collected at the open and closed setting and later analyzed in the Coastal Lab.  
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Figure 9: Suction dredge head settings ‘closed,’ ‘halfway,’ and ‘open’ heights 

indicated in inches (Weaver et al., 2018). 

 

 

Subsequent testing was performed for the ‘no shroud,’ ‘shroud,’ and ‘active jet, 

half flow’ tests with the suction head fully open to 25 cm (10 inches), Figure 10.  

 

 

 

Figure 10: Suction dredge head settings 'closed,’ ‘quarter,’ ‘halfway,’ and 

‘open’ with heights given in inches (Grisanti et al., in review). 

 

 

Sediment analysis was performed following ASTM standard test methods, 

Appendix C, using various sieves for separating sediments in size categories. 

Sediment diameter/size corelates with sieve size according to the Wentworth Scale, 

Figure 6. For example, a sieve size of 10 corelates with a grain size of 2 mm (0.08 

inches).  
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A set of six sieves, 10, 40, 60, 100, 140, and 230, was selected because it was of 

interest to analyze the sediment sizes related to these sieve sizes (very coarse sand 

to very fine sand). Anything larger than sand, such as pebbles and cobbles, were 

not of interest. Additionally, everything smaller than very fine sand (silt and clay) 

is considered muck/fines and cannot be further separated with sieves. A pan was 

placed underneath the 230 sieve to collect these very fine sediments (pan contents) 

and represents the amount of muck removed. Individual samples were then poured 

into a bucket after the empty bucket had been weighed to determine the total weight 

of the sample. Sieves were stacked together accordingly and samples in the bucket 

were slowly poured over the sieves, which were weighed before and after pouring 

samples to determine the wet weight of sediment on each sieve. The wet weight of 

each sieve was then compared to the total weight of the sample and represented as a 

percentage. Data from these initial samples were input into Microsoft Excel, and 

calculated results were formatted into tables. 

After analyzing the results obtained from the first lab test, it was determined that 

testing in the wave tank was not a proper representation of field conditions. 

Sediments in the wave tank consisted of mostly sandy material instead of muck and 

fine materials like the watershed canals of the IRL. Therefore, sediment cores were 

collected from the study site and used to determine the composition of the bottom 

sediment to be duplicated in a laboratory setting. A 1.5-meter (5-ft) tall by 1.5-

meter (5-ft) diameter cylindrical tank was used for all further lab tests, Figure 11. It 

was filled with a bottom layer of sand and a top layer of muck that was collected 

from the study site. To avoid rapidly draining the tank, the discharge hose was 

positioned to return to the testing tank which also provided continuous mixing 

during test runs. 
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Figure 11: Cylindrical tank used for subsequent lab testing in the Surf 

Mechanics laboratory at FIT (Weaver et al., 2018). 

 

 

In addition, the sediment analysis procedure was adjusted to include a dry sieve 

analysis that involved placing wet sieves in the oven to evaporate the remaining 

water content. Doing so allowed for the ‘pan content’ weights to be a measurement 

of only dry muck. The sediment analysis procedure was further revised before the 

third lab test to include a better method for weighing the total sample and ensuring 

the samples were properly filtered through the sieves.  

The second lab test, using the revised sediment analysis procedure, took place at 

the end of April 2017. The second test involved deploying the suction head in the 

cylindrical tank without any other attachments (subsequent testing with shrouds 

and jet rings for sediment mobilization were later performed). Three different 

samples were collected at the closed, halfway, and open settings of the dredge head 
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and averaged together to produce one set of results for each setting. In addition, one 

control sample was taken at each setting for comparison. Only one test was 

performed with only the suction head. Data was collected in Excel and input into 

Matlab for further analysis. 

All subsequent analysis of samples involved the use of Matlab to create cumulative 

grain size distribution charts to graphically represent data collected. Information 

can be collected quickly from these graphs; the most pertinent being d50. D50 

values are common measurements when analyzing grain size distributions and are 

essentially the grain diameter size that divides the sample mass into a specified 

percentage when the particles/sediments are arranged in ascending order. For 

example, the d50 value is the value for which 50% of the sample is coarser by 

weight and 50% of the sample is finer by weight. Percent reductions in d50 show 

how much the median sediment size was reduced in each sample set compared to 

the control; it can be found using the following example:  

 

    
𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑜𝑝𝑒𝑛

𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗ 100%    (7) 

 

Calculating the percent reduction for each test allows for deductions to be made 

about the overall effectiveness of that particular test setup.  

Further tests employed the use of a designed and built 81 cm x 81 cm x 36 cm (32” 

x 32” x 14”) shroud attached to the variable intake suction head, Figure 12. The 

purpose of the shroud was to reduce the entrainment of ambient water and reduce 

sediment resuspension, or the dislodgement and dispersion of contaminated 

sediments (Bridges et al., 2010). The square shroud increases the vertical distance 

from the bottom of the suction head to the seafloor. 
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Figure 12: Side view of dredge shroud with dimensions in inches (Weaver et 

al., 2018). 

 

 

 

Figure 13: Top view of dredge shroud with dimensions in inches (Weaver et 

al., 2018). 
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Figure 14: Shroud attached to suction dredge head in Surf Mechanics 

laboratory at FIT (Weaver et al., 2018). 

 

 

Tests were also performed using two different types of active jet systems with the 

purpose of mobilizing and suspending sediment inside the shroud. The first active 

jet test involved the use of a pressure washer to mobilize sediments. A 5 cm (2-

inch) diameter hole was cut into the side of the shroud for the pressure washer to be 

inserted and pointed towards the bottom sediment.  

For the second set of active jet testing, a 2.5 cm (1 inch) diameter flexible irrigation 

hose with 0.3 cm (1/8 inch) holes drilled approximately an inch apart was 

connected to the bottom of the rectangular shroud with pipe straps, Figure 15. The 

irrigation hose was then connected to a PVC tee with hose shanks and hose clamps. 

A one-inch diameter hole was cut out of the shroud for the intake of the PVC tee to 

connect to the pumping source, a pool pump rated at 151 LPM (40 GPM). 
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Figure 15: Active jet testing with pool pump and irrigation hose (Weaver et 

al., 2018). 

 

 

Passive jets were designed and tested with the purpose of eliminating the need for 

an additional power source to supply power to an active jet pump. Four passive jets 

were 3D printed with acrylonitrile butadiene styrene (ABS), an oil-based 

thermoplastic that has high strength, flexibility, and durability. The design consists 

of a 10 cm (4-inch) diameter cone that tapers to a 2.5 cm (1 inch) diameter by 10 

cm (4 inch) long cylinder which further tapers to an approximately 0.6 cm (¼ inch) 

diameter hole. A 3D printed nut holds the cone in place from underneath the 

shroud, Figure 16. 
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Figure 16: 3D printed passive jets for sediment suspension (Weaver et al., 

2018). 

 

 

A test was also completed using only the shroud with an extension attached, Figure 

17. An additional foot long piece of stainless steel was attached to the end of the 

shroud which can be easily removed as needed. The purpose of the extension was 

to justify the need for a variable intake area to control the amount of sand greater 

than 0.2 mm in diameter that was precluded. When testing with the extension, the 

gear system that controls the intake area was removed and only the suction hose 

was attached to the top of the shroud.  
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Figure 17: Shroud with extension attached (Weaver et al., 2018). 

 

 

Further testing was performed with the suction head open to 26.7 cm (10.5 inches) 

to test the initial theoretical calculations discussed in Table 1. Additional control 

samples were collected, and tests were performed with the suction head open to 

26.7 cm (10.5 inches) with three different setups: suction head without the shroud, 

with the shroud, and with the shroud and active jets. These results were compared 

to previous data collected at the closed, halfway, and open settings for the three 

aforementioned setups. 

 

 

3.2 Field Site Setups & Methods 

For all field testing at Site 3 along the C-1 canal, the variable intake area suction 

head was deployed with a winch connected to an A-frame on a pontoon boat, 
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Figure 18. The first field test was completed in March 2017. This test involved 

deploying the dredge head from a pontoon boat at the study site, collecting 

samples, and performing a sediment analysis in the lab. When the first field test 

was performed, the sediment analysis procedure was not yet accurate enough to 

obtain meaningful results. 

 

 

 

Figure 18: Suction dredge head deployment from A-frame on the pontoon 

boat. Field testing location, site 3 on the C-1 canal (Weaver et al., 2018) 

 

 

Testing at the field site also included a separate component of the project, treatment 

of the dredged slurry. The components of the treatment system are not discussed in 

detail in this report but are introduced for the reader to understand the complete 

field testing setup. The dredging and treatment components operated as a combined 

system at the field site through the use of the treatment trailer. After dredged slurry 

was pumped from the suction head on the pontoon boat, large sediments were 

separated out of the mix by either letting it settle in an upper settling pond or 
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filtering with in-line hydrocylones in the treatment trailer. The dredged slurry was 

pumped from the pontoon boat through 7.6 cm (3 inch) diameter pipe where it was 

either directed to the lower discharge pond, or upper settling pond/treatment trailer, 

Figure 19. 

 

 

 

Figure 19: Diagram of field site combined dredging-treatment system (Weaver 

et al. 2018). 

 

 

The end goal of field testing was to complete a combined system operation to test 

the use of hydrocyclones, devices used to separate suspended particles in a liquid 

solution, in the treatment trailer. The first full system test was performed at the end 

of June 2017. Results from the full system field test are not discussed in this report 

as they are primarily focused on performance of the hydrocyclones. However, for 

the dredging component, field testing proved feasible and the dredge head was fully 

operational.  
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Chapter 4: Results & Discussion 

The following section includes discussion of results obtained for various sets of lab 

tests. Field test results are not discussed because samples collected in the field were 

primarily used for analyzing performance of the hydrocyclones. A total of eight 

different setups of the suction head were tested in the lab setting and the results of 

these tests are discussed in the following sections in chronological order. 

 

 

4.1 Wave Tank Deployment 

The suction dredge head was deployed in the wave tank in February 2017 to test 

the initial prototype and ensure proper functioning of the suction head while it was 

submerged. It was also of interest to visually assess the movement of sediment into 

and around the suction head to determine any necessary adjusments that should be 

made. One sample was collected at the closed and at the open setting, and a wet 

sieve analysis was performed. It was later determined that a dry sieve analysis 

should be performed in conjunction with a wet sieve ananlysis to account for 

weight of water remaining on the sieves. Preliminary deployment of the suction 

head and initial sediment analysis allowed for the identification and correction of 

any mechanical and procedural flaws to be made before proceeding with 

subsequent testing.  
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4.2 No Shroud Test 

Data and results from the second lab test were collected for a control sample and 

the open, halfway, and closed settings on the dredge head. This information was 

analyzed in Matlab to produce a cumulative distribution curve, Figure 20, where 

d50 is indicated by the dashed line. 

 

 

 

Figure 20: Sediment distribution for the ‘no shroud’ tests, April 2017. 

 

 

Additionally, the percent reductions in d50 between each setting and the control 

sample were calculated from the cumulative distribution chart and organized in 

Table 2. 
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Table 2: Percent reduction in d50 for the ‘no shroud’ tests. 

 Open (5”) Halfway (2.5”) Closed (5/8”) 

mm 34 28 12 

Phi 35 27 10 

 

 

There was a 34% reduction in d50 at the open setting, a 28% reduction at the 

halfway setting, and 12% reduction at the closed setting. These values confirmed 

the initial hypothesis that the amount of large sediments entrained by the suction 

head can be managed by altering the intake area. That is, results indicate that fewer 

large sediments and greater fine sediments are entrained with a larger intake area 

(open setting). In addition, from the cumulative distribution graph, Figure 20, 

nearly 56% of sediments larger than 0.2 mm were precluded at the open setting, 

which exceeded the original goal of 40% preclusion. 

 

 

4.3 Shroud Test 

After attaching the square shroud to the suction head, a set of three tests were 

performed with the suction head. The results were averaged together to produce a 

cumulative distribution chart, Figure 21. 
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Figure 21: Sediment distribution for the ‘shroud’ tests, May 2017. 

 

 

Table 3: Percent reduction in d50 for the ‘shroud’ tests. 

 Open (5”) Halfway (2.5”) Closed (5/8”) 

mm 39 19 17 

Phi 34 15 14 

 

 

The sediment distribution of the shroud test indicated a 36% preclusion of larger 

sediments at open setting. There was approximately 39% reduction in d50 at the 

open setting, 19% reduction at the halfway setting, and 17% reduction at the closed 

setting, Table 3. As predicted, the greatest percent reduction in d50 occurred with 

the dredge head fully open.  
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4.4 Pressure Washer Test 

Once shroud tests were complete, a series of active jet setups were tested as a 

method of suspending sediments within the water column inside the shroud. The 

first of these tests used a pressure washer as the active jet system. The samples 

were analyzed and produced the following results, Figure 22. 

 

 

 
Figure 22: Sediment distribution for the ‘pressure washer’ tests, June 2017. 

 

 

Table 4: Percent reduction in d50 for the ‘pressure washer’ tests. 

 Open (5”) Halfway (2.5”) Closed (5/8”) 

mm 12 67 4 

Phi 7 65 2 
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The largest percent reduction in d50 occurred at the halfway setting, followed by 

the open and closed settings respectively, Table 4. The greatest percent preclusion 

of sediments larger than 0.2 mm was 76% and occurred at the halfway setting, 

Figure 22. That is, 24% of the sample collected at the halfway setting was larger 

than 0.2 mm and 76% was smaller. Results obtained from the pressure washer test 

show little distinction between the open and closed settings with the best results at 

the halfway setting. It was determined that the pressure washer jet system was too 

forceful, causing high levels of turbidity inside the shroud making it difficult for 

sediments to be mobilized in the water column.  

 

 

4.5 Active Jet Full Flow Test 

Following pressure washer testing, a more effective active jet system was 

developed. A jet ring system was utilized and installed inside the shroud attached to 

the dredge head. Initially, tests were run with the jet ring pump at full flow and an 

analysis of the samples collected produced the following results,  

Figure 23. 
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Figure 23: Sediment distribution for the ‘active jet, full flow’ tests, June 2017. 

 

 

Table 5: Percent reduction in d50 for the ‘active jet, full flow’ tests. 

 Open (5”) Halfway (2.5”) Closed (5/8”) 

mm 36 44 35 

Phi 37 47 36 

 

 

There was not a significant distinction between each of the suction head settings 

with percent reductions of approximately 36%, 44%, and 35% for the open, 

halfway, and closed settings respectively, Table 5. Additionally, there was a 50-

60% preclusion of sediments larger than 0.2 mm for all settings. These results 

indicated that the jet ring system at full flow also suspended sediments too rapidly 

instead of gently mobilizing them.  
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4.6 Active Jets Half Flow Test 

A third set of active jet tests was performed with the jet ring at a reduced flow. A 

ball valve was connected to the jet ring pump so that flow from the pump could be 

controlled. The jet ring was reduced to half its initial flow and the following results 

were obtained, Figure 24. 

 

 

 
Figure 24: Sediment distribution for the ‘active jet, half flow’ tests, June 2017. 

 

 

Table 6: Percent reduction in d50 for the ‘active jet, half flow’ tests. 

 Open (5”) Halfway (2.5”) Closed (5/8”) 

mm 71 24 75 

Phi 88 20 96 

 

 

By reducing the flow rate for the jet ring, there was greater distinction between 

each of the settings. The largest percent reduction in d50 occurred at the closed 
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setting with 75% reduction, Table 6. However, we would expect the largest percent 

reduction at the open setting, followed by halfway, then closed. Additionally, the 

smallest percent preclusion of sediments occurred at the closed setting. Although 

these results are more promising than the active jet full flow results, the active jet 

could be further fine-tuned to produce better results. 

 

 

4.7 Passive Jets Test 

The last form of sediment mobilization was through the use of passive jets. Passive 

jets were designed and created for use in field testing to eliminate the need for an 

additional power supply for the jet ring pump. After performing sediment analysis 

on the samples collected, the following results were obtained, Figure 25. 

 

 

 
Figure 25: Sediment distribution for the ‘passive jets’ tests, June 2017. 
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Table 7: Percent reduction in d50 for the ‘passive jets’ tests. 

 Open (5”) Halfway (2.5”) Closed (5/8”) 

mm -12 -11 -10 

Phi 6 6 5 

 

 

Sediment distribution for the passive jet again show very little distinction between 

each of the suction head settings. There was approximately 48% preclusion of 

larger sediments for all settings. It was determined that the passive jets were 

entraining sand from outside of the shroud and that sand was being directed into the 

intake area, which explains why there was a percent increase in d50 instead of a 

percent reduction. There was a higher percent weight of sand with the passive jet 

samples than the control samples.  

 

 

4.8 Shroud Extension Test 

The final set of testing was completed with an extension attached to the bottom of 

the shroud. The purpose was to determine whether or not preclusion of larger 

sediments could be achieved by only extending the shroud. Therefore, the suction 

head was removed for this set of tests eliminating the need to collect samples at 

three different suction head settings. Control samples were graphed with the 

extension samples and compared, Figure 26. 

 

 



 39 

 
Figure 26: Sediment distribution for the ‘shroud extension’ tests, July 2017. 

 

 

Table 8: Percent reduction in d50 for the ‘shroud extension’ tests. 

 Extension Only 

mm 73 

Phi 122 

 

 

Although there was a 73% reduction in d50 from the control sample, Table 8, there 

was also a reduction in the total amount sediment collected in the samples. There 

was greater water content in samples of the extension test than other tests 

performed. Adding an extension raised the intake hose higher from the seafloor, 

making the distance sediments had to travel to be entrained by the intake hose 

greater. In addition, a mobilization source (i.e. jet system) was not tested with the 

extension. Although the slurry mixture remained well-mixed, suspension of 
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sediments underneath the shroud may have been affected by not providing a source 

of mobilization.  

 

 

4.9 Larger Opening, No Shroud Test 

Follow up testing was performed with the dredge head open further to 26.7 cm 

(10.5 inches) to verify initial theoretical calculations. Samples were collected for 

the larger opening and compared to the closed, halfway, and open samples 

previously collected. The results were combined graphically, Figure 27, with the 

new ‘open’ setting designated 26.7 cm (10.5 inches) open, followed by a ‘halfway’ 

setting of 12.7 cm (5 inches), a ‘quarter’ setting at 6.4 cm (2.5 inches), and the 

‘closed’ setting remaining the same at 1.6 cm (5/8 inch). 

 

 

 
Figure 27: Sediment distribution for the ‘no shroud’ tests with larger 26.7 cm 

(10.5-inch) opening, April 2017 and February 2018. 
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Table 9: Percent reduction in d50 for the ‘no shroud’ tests with larger 26.7 cm 

(10.5-inch) opening. 

 Open 

(10.5”) 

Halfway 

(5”) 

Quarter 

(2.5”) 

Closed 

(5/8”) 

mm 77 20 13 -6 

Phi 110 18 11 4 

 

 

Results indicate that theoretical calculations were valid and that samples collected 

with the dredge head open to 26.7 cm (10.5-inch) contained more fine sediments 

than the smaller settings. A 77% reduction in d50 was obtained with the dredge 

head fully open, Table 9. The percent increase of 6% at the closed setting was due 

to the addition of three more control samples averaged with previous collected 

control samples for the ‘no shroud’ setup.  

 

 

4.10 Larger Opening, Shroud Test 

In addition to testing the dredge head without any attachments, more tests were 

performed with the dredge head connected to the shroud and set to a larger opening 

of 26.7 cm as well. Data from these tests were combined with previous ‘shroud’ 

test results and combined in a CDF plot, Figure 28. 
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Figure 28: Sediment distribution for the ‘shroud’ tests with larger 26.7 cm 

(10.5-inch) opening, May 2017 and February 2018. 

 

 

Table 10: Percent reduction in d50 for the ‘shroud’ tests with larger 26.7 cm 

(10.5-inch) opening. 

 Open 

(10.5”) 

Halfway 

(5”) 

Quarter 

(2.5”) 

Closed 

(5/8”) 

mm 18 42 22 21 

Phi 15 39 19 18 

 

 

Only an 18% reduction in d50 was achieved with the additional shroud testing at 

the 26.7 cm (10.5 inch) opening, Table 10. Comparing the Open results from the 

‘no shroud’ and ‘shroud’ tests, we see a much greater percent reduction in d50 

without the shroud attachment. That is, the d50 values for the ‘no shroud’ and 

‘shroud’ setups at the largest dredge height was approximately 0.06 mm and 0.2 
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mm respectively, and percent reduction in d50 was 77% and 18% respectively, 

Table 9 and Table 10.  However, we see the opposite results for the Halfway, 

Quarter, and Closed settings. Attaching the shroud does in fact seem to have an 

effect on the size of sediment entrained within the dredge head. Comparing the 

CDF plots for only the ‘no shroud’ test (Figure 27) and the ‘shroud’ test (Figure 

28), we see that the d50 values are slightly lower with the shroud attached to the 

dredge head. Based on these results, we can conclude that the shroud attachment 

reduces the entrainment of larger diameter particles.  

 

 

4.11 Larger Opening, Active Jet Test 

Testing of the dredge head at the larger height setting was also performed with the 

‘active jet’ setup at half flow. Results were compared to prior test results of the 

other dredge head height settings and combined in a CDF plot, Figure 29.  
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Figure 29: Sediment distribution for the ‘active jet, half open’ tests with larger 

26.7 cm (10.5-inch) opening, June 2017 and February 2018. 

 

 

Table 11: Percent reduction in d50 for the ‘active jet’ tests with larger 26.7 cm 

(10.5-inch) opening. 

 Open 

(10.5”) 

Halfway 

(5”) 

Quarter 

(2.5”) 

Closed 

(5/8”) 

mm 43 56 -15 62 

Phi 31 45 7 52 

 

 

Comparing the Open and Halfway settings, we see that increasing the dredge head 

height with the active jets running at half flow does not necessarily decrease the 

amount of larger sediments entrained by the suction head. In other words, the 

percent reduction in d50 was greater for the Halfway setting than the Open setting, 

Table 11. However, the largest percent reduction in d50 occurred at the Closed 

setting when we would typically expect to see the smallest percent reduction at the 
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Closed setting. There was also a percent increase in d50 for the Quarter setting, 

meaning a greater amount of large sediment was collected at this setting, Table 11. 
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Chapter 5: Summary and Conclusions 

Overall functionality of the suction dredge head design was proven successful and 

results indicated the ability to preclude larger sediments by adjusting the intake 

area of the suction head. Testing the dredge head without any other attachments or 

source of fluid mobilization, (i.e. ‘no shroud’ test), we see a greater preclusion of 

larger sediments as the suction dredge head opening increases, Table 12. However, 

introducing the shroud attachment and sediment mobilization sources produced 

questionable results. The shroud appears to do its job well for the Halfway, 

Quarter, and Closed settings. Comparing these three settings with the same three 

settings of the ‘no shroud’ test, we see a greater percent reduction in d50 with the 

shroud. For the Open setting of the ‘shroud’ test, however, the percent reduction in 

d50 is much lower than would be expected indicating that the shroud attachment 

actually encourages large sediment entrainment in the suction head.  

Active jet test results include the ‘pressure washer,’ ‘active jet, full flow,’ and 

‘active jet, half flow’ tests. Using the pressure washer as an active jet proved to be 

too forceful in the lab setting and it was determined that a more refined method 

should be developed. Creating an active jet ring underneath the shroud enabled the 

operator to control the flow rate of the fluid mobilization source by adjusting a ball 

valve connected to the active jet’s pump. However, test results for the active jets 

remain inconclusive. The greatest percent reduction in d50 for the active jet tests 

occurred at the closed setting when it was expected to see a greater percent 

reduction at the 26.7 cm (10.5 inch) open setting, Table 12. Although overall there 

was a general percent reduction in d50 for all settings with the active jets, the 

percent reductions do not necessarily increase with dredge head height increase, 
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Table 12.One possible cause is that the active jets may be located too close to the 

bottom of the shroud and suspending sediments too high for much of anything to be 

entrained at the largest opening. Either an adjustment of the placement of the active 

jets or an adjustment of the active jet flow rate may resolve the discrepancy.  

The design and build of the passive jets arose from a need to have a mobilization 

source that does not require a power source for testing in the field. Because of the 

increased turbidity that occurs outside of the shroud during testing, the passive jets 

were forcing very sandy water into the shroud causing the percent increase in d50 

for all test settings, Table 12. 

 

 

Table 12: Summarization of percent reduction in d50 for all tests. Best results 

for each test type are highlighted in yellow. Note the shroud extension was 

used with the intake hose only and the dredge head was removed. 

Test Type Units 

of d50 

No dredge 

head 

Open 

(10.5”) 

Halfway 

(5”) 

Quarter 

(2.5”) 

Closed 

(5/8”) 

Percent reduction in d50 (%) 

No shroud mm  77 20 13 -6 

Phi  110 18 11 4 

Shroud mm  18 42 22 21 

Phi  15 39 19 18 

Pressure 

washer 

mm   12 67 4 

Phi   7 65 2 

Passive 

jets 

mm   -11 -10 -10 

Phi   6 6 5 

Active jet, 

full flow 

mm   36 44 35 

Phi   37 47 36 

Active jet, 

half flow 

mm  43 56 -15 62 

Phi  31 45 7 52 

Shroud 

Extension 

mm 77     

Phi 121     

 

 



 48 

The greatest percent reduction in d50 of all the tests occurred at the Open setting 

for the ‘no shroud’ and ‘shroud extension’ tests. Although both had a 77% 

reduction in d50, there was greater water content in the ‘shroud extension’ test 

samples. To remove the same amount of fine sediments with the shroud extension, 

more water would be removed as well. Thus, it was concluded that the shroud 

extension is less efficient at removing fine sediments than other methods providing 

justification for the suction dredge head. 

Although many of the dredge head attachments and modifications proved 

inefficient, the basic suction dredge head design performed better than anticipated. 

Initially, a goal was set to achieve 40% preclusion of sediment sizes 0.2 mm in 

diameter and larger. Using only the suction dredge head without any attachments or 

mobilization sources, i.e. ‘no shroud’ test, 80% preclusion of sediments 0.2mm in 

diameter or larger was achieved at the biggest dredge head opening, well exceeding 

expectations. In addition to such large preclusion, a 77% reduction in d50 was also 

achieved with the variable intake suction dredge head. Through testing the primary 

concept and design of the suction dredge head discussed in this thesis, results 

demonstrate the ability to remove fine sediment while also precluding large 

sediment by adjusting the dredge head intake area. Thus, establishing that the 

suction dredge head is a practical and feasible option for removing muck in the 

Indian River Lagoon.  
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Appendix A: Environmental Dredging Literature Review 

Many of the environmental dredging techniques currently available are focused on 

procedural/managerial methods for controlling resuspension of sediments and 

reducing the number of residuals, undisturbed and generated, found at post-

dredging locations (Patmont and Palermo, 2007). Whereas, less efforts have been 

made in the mechanical design of the suction dredge head itself. In addition, if 

information does exist about purpose designed hydraulic dredges for fine sediment 

removal, the information is difficult to find. Even within the US Army Corps of 

Engineers, “there has not been a programmatic or systematic approach to the 

demonstration, evaluation, and reporting of new or innovative applications of 

dredging technology” (McLellan et al., 2000).  McLellan et al. therefore set out to 

fill that void by performing a study in 2000 for the US Army Corps of Engineers 

aimed at identifying and documenting domestic and foreign commercial dredging 

technology. After extensive research and site visits, McLellan et al. prepared 91 

technology fact sheets about innovative dredging technology they found and 

included these fact sheets in their report. From these 91 innovations, some were 

found to be related to fine sediment removal, contaminated sediment removal, 

and/or methods for reducing turbidity and excess suspension. 

Horizontal hydraulic auger dredges are the most common type of dredge selected 

for environmental contamination dredging. Hydraulic auger dredges are well-

known for causing much less turbidity than other dredging methods, especially 

when a shroud is attached. They typically contain a horizontal cutterhead on a 

rotating auger encased with a long, rectangular shroud to direct flow to the intake 

hose. The auger rotates perpendicular to the suction intake and acts as a mixer to 

suspend slurry uniformly to the intake pump (Zappi and Hayes, 1991). The 

horizontal auger cutterhead is raised and lowered from a ladder secured to the floor 

of a pontoon boat. The boat moves forward and backwards through the water on 
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taut cables connected to winches on either side of the shoreline. Advantages of the 

horizontal auger dredge include its small size, low cost, and easy operability. 

Although the auger dredge is effective at removing sediments with minimal 

resuspension, its long, rectangular design and limited forward/backward motion 

make it difficult to operate in small canals and around docks.  

Another common dredge head for dredging contaminated sediment, the matchbox 

dredge, was initially created by Volker Stevin Dredging Company from The 

Netherlands (Zappi and Hayes, 1991). This dredge head is designed with a large 

cover plate on top of the dredge head to avoid excess water intake. In addition, 

there are openings on either side of the dredge head that open or close as the dredge 

head swings back and forth accordingly to prevent water inflow (Demars et al., 

1995). The matchbox dredge is a simple suction head that is designed to improve 

dredging efficiency by avoiding excess water intake; however, it contains no 

additional mechanical designs for digging or suspending sediments nor does it have 

the ability to avoid removal of coarser sediments.  

The differentiating factor of the suction dredge head presented in this thesis is the 

variable intake area suction head that can be adjusted to increase or decrease the 

intake velocity. This action allows the dredge head to remove the finer sediment 

pollutants while leaving the coarser material on the seafloor. Removing 

contaminated muck without disrupting the seafloor will not only aid in restoring the 

IRL’s natural environment, but also improve dredging production rates and slurry 

treatment time. 
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Appendix B: Sediment Collection and Analysis  

Sediment Analysis Procedure: 

1. Weigh the sample with its container (baggie) 3 times and record the averaged 

weight. 

2. Weigh all the dry and empty sieves 3 times each and record the averaged 

weight of each. 

3. Stack sieves from smallest to largest size (smallest at bottom) ensuring to 

have a pan at the bottom 

4. Hold the baggie such that sediment settles in corner of baggie 

5. Cut the corner of the baggie and pour sample over the sieves using the water 

in the sample to wash it 

6. Weigh empty sample container (baggie) and record weight 

7. Gently shake/tap sides of sieves one at a time to allow all the water to move 

through  

8. Add a known weight of water as needed to wash additional sediment through 

sieves and record added water 

9. Empty pan contents into additional beakers/pans as needed (pan may get too 

full to add more water). **Be sure to weigh dry beakers/pans first and record 

the dry container weight; again, weighing each 3 times and recording the 

averaged weight of each 

10. Weigh the sieves with the sediment/water still on them 3 times each and 

record the averaged weight of each 

11. Weigh the total contents from the pan(s) 3 times and record the averaged 

weight 

12. Use oven to dry all sieves containing sediment/water mix. Allow 

approximately 15-30 minutes oven drying time for sieves 

13. Remove sieves from oven and allow them to cool before weighing 
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14. Weigh all dried sieves with sediment 3 times each and record average weight 

of each 

15. Use oven to dry pan contents 

16. Remove pan(s) from oven and allow them to cool 

17. Weigh total dried pan contents 3 times and record averaged weight 

18. Clean and dry all sieves/pans after weights have been taken before repeating 

steps 1-18 for the next sample set 
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