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(ABSTRACT) 

A novel technique for selectively coagulating and separating coal from dispersed 

mineral matter has been developed at Virginia Tech. The process, which is known as 

Selective Hydrophobic Coagulation (SHC), differs from oil agglomeration, shear or 

polymer flocculation, and electrolytic coagulation processes in that it does not require 

reagents or additives to induce the formation of coagula. In most cases, simple pH control 

is all that is required to (i) induce the coagulation of coal particles and (ii) effectively 

disperse particles of mineral matter. If the coal is oxidized, a small dosage of reagents 

may be used to enhance the coagulation process. 

During the SHC development, it was discovered that the hydrophobic coagula 

were very difficult to separate from dispersed mineral matter due to their very small size 

and their susceptibility to breakage. Using the SHC technique, an evaluation of new 

methods for coagula recovery was conducted. In this effort, several methods for 

improving the separation of the coal coagula from dispersed mineral matter were 

examined. These included lamella thickening, centrifugal sedimentation, vacuum filtration, 

drum screening, and froth flotation. Each separation method was optimized using 

statistically-designed test matrices to determined the best separation method based on 

overall process performance. The thickener was found to be the best method for separating 

hydrophobic coagula from dispersed mineral matter based on overall process performance 

(e.g., recovery and grade), unit capacity, and engineering feasibility. Further testing of the 

thickener separation unit was conducted in an attempt to improve the process performance 

and the unit throughput.
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Chapter 1 Introduction 

1.1 Ultrafine Coal Processing 

The need for suitable ultrafine coal cleaning methods has arisen from the need to 

meet environmental regulations and the feasibility of superclean (< 2% ash) coal as an 

alternative liquid-fuel source. The fine grinding of run-of-mine coal increases the 

liberation of impurities, increasing the potential for ash and sulphur rejection. While the 

liberation size of the impurities is a characteristic of the coal seam, most U.S. coals 

require grinding to an ultrafine (< 10 microns) particle size to achieve pyrite liberation 

(Kneller and Maxwell, 1985; Attia, 1985). If processed effectively, superclean and 

ultraclean (< 0.8% ash) coal could be formulated into high-quality fuels suitable as 

replacements for oil and gas applications. The effective processing of ultrafine coal 

would also reduce the need for scrubbers while improving power plant performance. 

The difficulties in treating ultrafine particles are due mainly to their small mass, 

their increased specific surface area, and their high surface energy (Fuerstenau, 1980). 

Normal coal cleaning methods fail when treating ultrafine particles by producing low 

separation efficiencies and/or low throughput. When processed, the small mass of the 

ultrafine particles causes them to become entrained in the liquid medium of the process. 

For flotation methods, this causes low bubble-particle collision frequency (reduced 

recovery) and high hydraulic entrainment (reduced ash rejection). The increase in 

specific surface area of the ultrafine particles increases the required reagent consumption 

for processing. The high surface energies of the ultrafine particles causes the preferential 

adsorption of the reagents onto them, while the coarser particles may not be adequately 

reagentized. This causes a decrease in the recovery of coarser particles. The high surface 

energies associated with the ultrafine particles also cause difficulty in the selectivity 

between the coal and the mineral matter. As the particle size is reduced the differences 

between the coal and mineral matter surface properties decrease, reducing the selectivity 

of a surface-chemical separation process. 
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The ultrafine particle processing methods developed over the last few decades 

have focused on particle surface-chemical properties and their differences. The processes 

increase the apparent size of the valuable particles through agglomeration, flocculation, or 

coagulation. The processes also attempt to minimize mineral matter entrapment while 

creating sufficient aggregate strength to permit the use of separation techniques such as 

flotation, sedimentation, or screen separation. The surface chemistry of fine coal is 

advantageous for these aggregate-forming type processes, in that the coal macerals are 

typically hydrophobic while the mineral matter is hydrophilic. 

a) Oil Agglomeration 

Oil agglomeration preferentially wets hydrophobic coal particles in an aqueous 

suspension with a collecting liquid (typically an oil or a low molecular weight 

hydrocarbon), forming aggregates of coal particles. The collecting liquid is the bridging 

mechanism between the coal particles while the hydrophilic mineral matter remains 

dispersed in the aqueous suspension. The main factors behind the oil agglomeration 

process are i) the free energy relationships at the liquid-liquid-solid interface, ii) the 

amount of collecting liquid used in relation to the solids content, and iii) the type and 

intensity of mixing employed. 

Higher rank coals are more hydrophobic than lower rank or oxidized coals, which 

have more hydrophilic surfaces. Surface conditioning agents such as long-chain 

surfactants may be used to improve the hydrophobicity of these coals (Venkatadri and 

Wheelock, 1988). The use of heavier oils as collecting liquid has also been shown to 

increase the wettability of these coals, increasing the effectiveness of the oil 

agglomeration process (Robbins et al., 1992). 

The aggregate structures formed using the oil agglomeration process depend on 

the amount of collecting liquid used. The use of coal particles less than 0.5 mm and 

intense agitation produces the following aggregate structures. Low collecting liquid 

dosages of 1/2-5% by weight of the coal (low oil agglomeration) form unconsolidated 
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flocs with pendular bridges between the coal particles. These flocs are two-dimensional, 

loosely packed, less than 1 mm in diameter, and tend to trap hydrophilic mineral matter 

and water. With larger dosages of collecting liquid, 5-15% by weight of the coal, the 

number of collecting liquid junctions increases. Funicular to capillary bridges are 

formed, creating three-dimensional flocs from 1 to several mm in diameter. Finally, in 

the capillary wetting region, 15-20% collecting liquid by weight of the coal, compact 

spherical pellets are formed with the voids being filled with collecting liquid. The 

entrapment of mineral matter and water is minimal at the higher collecting liquid dosages, 

providing the best ash rejection and dewatering characteristics (Capes and Germain, 

1982). 

Intense initial mixing in the oil agglomeration process disperses the emulsified 

collecting liquid and the ultrafine particles. After dispersion, the mixing intensity is 

reduced to allow agglomeration. Slow speed mixing produces larger, weaker 

agglomerates while higher speed mixing allows the formation of smaller, stronger 

agglomerates (Rao, 1988). The agglomerate size depends on the separation method 

employed, be it flotation, sedimentation, or screen separation. 

The oil agglomeration process is able to produce ultraclean coal using staged 

agglomeration. The main drawback of the process is the high collecting liquid 

consumption. To decrease the high cost of the collecting liquid several processes have 

_been developed which recycle the collecting liquid, such as the Otisca T-process. While 

these recovery processes work well, there are still high capital and operational costs. 

Another method to reduce the collecting liquid consumption has been to focus on 

processing techniques in the low oil agglomeration range (< 5% collecting liquid by 

weight of coal), in which pyrite rejection is favored. Unfortunately, the low oil 

agglomeration method does not handle well on screens and additional drying is required 

to decrease the moisture levels of the aggregates (Capes et al., 1988). 
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b) Selective Flocculation 

Selective flocculation bridges the desired particles together in an aqueous solution 

of two or more solid constituents using soluble macromolecules such as starches and 

polyacrylamides (flocculants). In coal slurries, the coal particles flocculate due to 

hydrophobic interactions between the polymeric chains and the coal surface while the 

hydrophilic mineral matter remains dispersed. The success of the selective flocculation 

process depends upon the appropriate application of surface-chemical principles. 

Selective xanthate-containing dispersants for coal have been developed which increase 

the ultrafine pyrite rejection of the flocculation process (Attia, 1985). 

Flocculation produces flocs which are typically larger and contain a more loose 

structure than coagula, allowing hydrophilic mineral matter and water to become 

entrapped within the flocs. This entrapment increases both the ash and moisture contents 

of the flocs. While the flocs are larger than coagula, they are also significantly stronger 

than coagula produced using inorganic coagulants (Ray and Hogg, 1986). As the dosage 

of flocculant is increased, floc breakage decreases, creating stronger, more tightly packed 

flocs. Unfortunately these tightly packed flocs also suffer from the entrapment of mineral 

matter and water. 

Flocculation of ultrafine particles (3-6 microns) requires increased flocculant 

dosages, forming flocs only 10-15 microns in size (Attia et al., 1990). This size 

difference between the flocs and the dispersed mineral matter makes the separation 

process difficult. Floc separation methods include flotation, sedimentation, and screen 

separation. Screening requires strong flocs, able to withstand breakup, which increases 

the entrapped mineral matter and water. Flotation requires an understanding of the 

interactions between the flocculant and the flotation reagent. While these problems must 

be overcome, the main drawbacks to the flocculation process are low selectivity due to 

the entrapment of hydrophilic mineral matter and high flocculant consumption when 

treating ultrafine particles. The incorporation of treating separate size fractions, pre- 

  

Virginia Tech 4



Chapter I Introduction 
  

cleaning steps, and multiple flocculation stages has produced results of less than 3% ash, 

showing that it is a feasible process for ultrafine coal cleaning (Attia et al., 1990). 

c) Selective Coagulation 

Selective coagulation agglomerates dispersed hydrophobic coal particles without 

an agglomerant, while hydrophilic mineral matter remains dispersed. There are no 

bridging mechanisms involved in coagulation, unlike oil agglomeration or flocculation. 

Selective coagulation occurs because of the differences in surface potentials between the 

“coal particles and the mineral matter particles. When the attractive force (hydrophobic 

interaction force) between particles is greater than the repulsive force (electrostatic force), 

coagulation can occur without additional external energy. With the existence of a 

repulsive force larger than the attractive force, external energy (in the form of 

mixing/kinetic energy) may be introduced to overcome the repulsive force and induce 

coagulation. 

For selective coagulation to occur, the chemistry of the suspension must be 

adjusted with appropriate pH modifiers and/or electrolytes so that the component particles 

have the same surface-charge-sign. The selectivity of coagulation is based on the 

differences in the surface potentials of the component particles. In addition to pH 

modifiers and/or electrolytes, control of the surface potentials can be done with 

dispersants and chelating agents. 

Several laboratory studies conducted at Virginia Tech (Honaker, 1988; Honaker 

1992) have shown that selective coagulation of coal produces superclean and ultraclean coal 

products with high recovery values. These studies have also shown the simplicity of the 

selective coagulation of ultrafine coal. They reveal that high rank, unoxidized coals 

usually have sufficient hydrophobic force to naturally induce coagulation while oxidized 

coals and low rank coals may require treatment with a small amount of hydrocarbon oil 

(well below oil agglomeration dosages) to enhance their hydrophobicity. The studies also 
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demonstrate the cost effectiveness of the selective coagulation process due to the reduced 

reagent requirements. 

1.2 Research Objectives 

One of the major advantages of selective coagulation is that it does not require the 

use of agglomerating agents such as hydrocarbon oils or flocculants. However, the coagula 

formed by selective coagulation are relatively weaker than those formed when 

agglomerating agents are used. As a result, attention must be given to the proper selection 

and design of systems to recover these coagula. In Chapter 2, five different continuous 

flow devices were evaluated to determine the most effective methodology for the 

separation of dispersed mineral matter from coagulated coal. These included (1) a lamella 

thickener, (11) a centrifuge, (iii) a vacuum drum filter, (iv) a froth flotation column, and 

(v) a drum screen. Each unit was tested using bench-scale continuous units at throughputs 

up to 0.5-1.0 lb/hr. These separators were tested at the optimum reagent conditions 

established from batch tests carried out on (i) a high ash, low sulphur Elkhorn No. 3 seam 

coal sample and (11) a high sulphur Pittsburgh No. 8 seam coal sample. 

After determining the most effective method of separating the dispersed mineral 

matter from coagulated coal, the best possible separator was selected and tested in greater 

detail using the Elkhorn No. 3 seam coal sample (see Chapter 3). This selection was based 

on overall process performance (e.g., recovery and grade), unit capacity, and engineering 

feasibility. In making this selection, the results of the work conducted in the DOE project 

(DE-AC22-90PC90174) were also considered. 
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Chapter 2 Advanced Separation Methods 

2.1 Introduction 

One of the major advantages of the SHC process is that it does not require the use of 

agglomerating agents such as hydrocarbon oils or flocculants. However, the coagula formed 

by the SHC process are relatively weaker than those formed when agglomerating agents are 

used. As a result, attention must be given to the proper selection and design of systems to 

recover these coagula. In the present work, five different continuous flow devices are being 

evaluated to determine the most effective methodology for the separation of dispersed 

mineral matter from coagulated coal. These include (i) a froth flotation column, (ii) a 

lamella thickener, (iii) a vacuum drum filter, (iv) a centrifuge, and (v) a rotating drum 

screen. Each unit was tested using bench-scale continuous units at throughputs up to 0.5-1.0 

lb/hr. These separators were tested at the optimum reagent conditions established from batch 

tests carried out on each of the two base coals (Elkhorn No. 3 and Pittsburgh No. 8 seam 

coals). 

2.2 Sample Acquisition 

The process development test work was conducted using run-of-mine coal samples 

from the Pittsburgh No. 8 and Elkhorn No. 3 coal seams. The Pittsburgh No. 8 sample was 

obtained from a Consol, Inc. property in northern West Virginia (Consol Sample 

Designation #LL-1022-45-1). The Elkhorn No. 3 sample was obtained from United Coal 

Company's Wellmore No. 8 preparation plant in Buchanan County, Virginia. 

Approximately 225 kgs (500 Ibs) of each coal was collected at the mine site and shipped to 

Virginia Tech in sealed 55-gallon drums. In an attempt to minimize oxidation, each drum was 

flushed with nitrogen prior to shipment. After delivery, each of the two coal samples were 

pulverized to minus 6.5 mm (1/4 inch) using a pilot-scale roll crusher. The crushed samples 

were split into representative lots of approximately 1 kg each and transferred to air-tight plastic 
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containers. In order to minimize oxidation, each sample container was stored in a freezer 

below 20°C. Head assays for the two coal samples are provided in Table 2.1. 

2.3 Sample Preparation 

All of the coal samples used in the process development test work were prepared 

using the same procedure. In each series of experiments, a laboratory hammer mill was 

used to pulverize 1 kg samples of minus 6.5 mm (1/4 inch) coal to a mean size of 

approximately 75 microns. The sample was then split into lots of approximately 500 gm 

each and wet-ground for 30 minutes at 30% solids using a 13.33 cm (5-1/4 inch) diameter 

stirred ball mill loaded with 1.6 mm (1/16 inch) stainless steel grinding balls. This 

procedure resulted in a mean particle size of approximately 4 microns as measured using 

an Elzone 80-XY particle size analyzer. Typical size distributions of the micronized 

samples of the Elkhorn No. 3 and Pittsburgh No. 8 seam coals are shown in Figure 2.1 

and tabulated in Appendix A. 

After wet-grinding, the pulverized coal samples were diluted using cold tap water 

to the desired solids content. Hydrochloric acid (HCI) and sodium hydroxide (NaOH) 

were used to adjust the pH to the desired value. When used, ethylenediaminetetraacetic 

acid (EDTA) was added to the sample prior to pH adjustment to tie-up free ions in 

solution that may be detrimental to coagulation selectivity. The pH of the suspension was 

allowed to stabilize prior to testing. 
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Table 2.1- | Head sample assays for the Pittsburgh No. 8 and Elkhorn No. 3 

samples used in the process development test work. 

  

  

Sample Type Feed Ash % Feed Sulfur % 

Elkhorn No. 3 ROM 49.8 0.35 

Pittsburgh No. 8 ROM 15.4 3.6 
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Figure 2.1 

Elkhorn No. 3 (50% Ash) 
(30 minute grind time) 
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Typical size distributions of the micronized samples of Elkhorn No. 3 and 
Pittsburgh No. 8 coals. 
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2.4 Batch Testing 

During many of the trial runs with the continuous test units, difficulties were 

experienced in obtaining good separation efficiencies. Therefore, a series of exploratory 

batch coagulation tests were performed to resolve these difficulties and to identify the 

optimal chemical conditions for treating each coal. This data would also provided a 

“yardstick” for evaluating the effectiveness of the continuous separators. 

a) Experimental 

The sedimentation tests utilized a 6-inch diameter 3-liter mixing cell with baffles. 

One liter of the minus 20 micron coal sample at 3% solids was added to the mixing cell. 

The slurry was agitated with a 3-inch diameter impeller. When used, the chelating agent 

(EDTA) was added to the slurry in the first cleaning stage and conditioned for 15 minutes. 

The pH was adjusted to the desired value using hydrochloric acid (HCl) or sodium 

hydroxide (NaOH). After the pH had stabilized for 15 minutes at the desired value, the 

impeller was halted to allow coagulation and sedimentation. After 5 minutes, the 

supernatant of dispersed mineral matter was siphoned from the mixing cell. The remaining 

coagula was considered the product. Figure 2.2 provides a schematic overview of the 

steps used in the batch sedimentation tests. 

To run multiple cleaning stages, the next stage began with the addition of cold tap 

water to the product of the previous stage, diluting the slurry to one liter. The slurry was 

then agitated to break the coagula and remove entrapped mineral matter. There was no 

EDTA addition in preceding cleaning stages, since the intended use of the EDTA was to 

tie-up the free ions acquired from the fine grinding process. The pH was adjusted and 

allowed to stabilize for 15 minutes. After pH stabilization, the impeller was halted and 5 

minutes were given for coagulation and sedimentation. After the 5 minutes, the 

supernatant was siphoned from the mixing cell and the remaining sedimented coagula was 

taken as clean coal product. These steps were repeated for the desired number of cleaning 

stages. 
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1 
Slurry 

Conditioning (15 - 30 minutes) 
Agitation (5 minutes) 

2 
Coagulum Growth and 
Sedimentation (5 minutes) 

Dispersed 1 

Coagulated 5 

3 
Syphon removal of 
Dispersed Matter 

          
Figure 2.2 Schematic representation of the SHC batch testing procedure. 
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b) Results and Discussion 

The test results and specific operating conditions for the batch SHC tests 

conducted using the Elkhorn No. 3 seam coal are provided in Appendix B. The test data 

are summarized in Figure 2.3. As shown, both single- and three-stage tests were 

conducted as a function of pH and EDTA (ethylenediaminetetraacetic acid) addition. In 

all tests, the maximum separation efficiency for this particular coal occurred at pH 8.8. 

The addition of EDTA slightly widened the pH window over which effective separations 

could be achieved. However, it is unlikely that the small improvement would justify the 

additional cost of adding EDTA. An increase in the number of cleaning stages also 

improved the separation efficiency. 

The results of batch SHC tests conducted using the Pittsburgh No. 8 seam coal are 

also provided in Appendix B and are summarized in Figure 2.4. As shown, this coal 

responded less favorably to upgrading by the SHC process as indicated by the very low 

separation efficiencies. Even after adding EDTA and three stages of cleaning, a maximum 

separation efficiency of only 26% was achieved. Recent work has shown that this coal is 

difficult to treat by the SHC process due to the specific adsorption of multivalent cations 

from solution. Thus, the testing of additional chelating agents should be considered to 

improve the cleanability of this particular coal. 

Test results obtained with the Elkhorn No. 3 and Pittsburgh No. 8 coals indicated 

that multiple cleaning stages improved the performance of the batch SHC tests. In order 

to investigate this capability in greater detail, each coal was tested under optimal reagent 

conditions as a function of cleaning stage number. As shown in Figure 2.5, the Elkhorn 

No. 3 coal has a final percent ash of 16.5% after 5 stages of cleaning. The increase in 

separation efficiency with multiple cleaning stages decreased to less than 5% after 3 stages 

of cleaning with only a slight decrease (< 1%) in recovery. Minimal improvements in 

cleaning performance were also noted after three stages of cleaning with the Pittsburgh 

No. 8 coal (Figure 2.5). 
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conducted using the Elkhorn No. 3 coal. 
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2.5 Lamella Thickener 

A series of tests were conducted to determine the effectiveness of a lamella-type 

thickener in separating clean coal coagula from dispersed mineral matter. In principle, this 

technique is similar to the sedimentation/elutriation technique employed in the DOE Contract 

No. DE-AC22-90PC90174 project (Yoon, R.H. and Luttrell, G.H., 1992). However, the 

lamella design should offer significant improvements in throughput compared to conventional 

open-tank settling vessels. 

a) Experimental 

A prototype lamella thickener constructed of Plexiglas was used for this task 

(Figure 2.6). Design information for this unit is given in Appendix C. The unit included 

provisions for introducing countercurrent wash water to the lower section of the separator 

as a means of minimizing the entrainment of fine mineral matter. In each test, the unit was 

filled with de-ionized water and adjusted to pH 7.5 with HCl and NaOH. Cold tap water 

in a Sump was adjusted to pH 7.5 and pumped with a peristaltic pump to the wash water 

tube. The conditioned feed slurry was pumped from a mixing sump with a peristaltic 

pump through ten feet of tubing to a four-way splitter. The feed slurry then entered the 

middle of each plate in the thickener. The mudline was allowed to build to a fixed level, 

then the underflow peristaltic pump was started, removing the product slurry. The 

underflow pump was adjusted as needed to maintain the fixed mudline level. After the 

underflow rate became constant, the test was run for a minimum of one retention time to 

ensure test reliability. Table 2.2 shows the standard operating parameters used for the 

lamella thickener experiments. 

Both coals were evaluated in 8-run factorial designs which examined the effects of 

wash water, feed rate, and feed solids content. The. test levels examined for each 

parameter are given in Table 2.3. The evaluation tests for both the Elkhorn No. 3 and 

Pittsburgh No. 8 seam coals were performed in random order to minimize experimental 

bias. In addition, several replicate tests were conducted throughout the test program 
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�c�o�n�t�i�n�u�o�u�s� �t�e�s�t� �r�u�n�.� �F�o�r� �a�l�l� �p�r�a�c�t�i�c�a�l� �p�u�r�p�o�s�e�s�,� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �h�a�d� �r�e�a�c�h�e�d� �s�t�e�a�d�y�-� 

�s�t�a�t�e� �o�p�e�r�a�t�i�o�n� �p�r�i�o�r� �t�o� �t�a�k�i�n�g� �t�h�e� �f�i�r�s�t� �s�a�m�p�l�e� �p�o�i�n�t� �(�i�.�e�.�,� �a�f�t�e�r� �2�0� �m�i�n�u�t�e�s� �o�f� �o�p�e�r�a�t�i�o�n�)�,� 

�a�l�t�h�o�u�g�h� �a� �s�l�i�g�h�t� �d�o�w�n�w�a�r�d� �d�r�i�f�t� �i�n� �a�s�h� �r�e�j�e�c�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �u�n�t�i�l� �a�f�t�e�r� �9�0� �m�i�n�u�t�e�s� �o�f� 

�c�o�n�t�i�n�u�o�u�s� �o�p�e�r�a�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �a�l�l� �t�e�s�t� �r�u�n�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �p�r�o�c�e�e�d� �f�o�r� �9�0� �m�i�n�u�t�e�s� 

�p�r�i�o�r� �t�o� �t�a�k�i�n�g� �s�a�m�p�l�e�s� �d�u�r�i�n�g� �t�h�e� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t� �p�r�o�g�r�a�m�.� 

�T�h�e� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t� �d�a�t�a� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� �c�o�a�l� �i�s� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.� �T�h�e� �b�e�s�t� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �(�i�.�e�.�,� �5�1�.�0�%�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� �a� 

�c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �o�f� �9�2�.�4�%�.� �A�t� �t�h�i�s� �l�e�v�e�l� �o�f� �r�e�c�o�v�e�r�y�,� �i�t� �w�a�s� �p�o�s�s�i�b�l�e� �t�o� �a�c�h�i�e�v�e� �a�s�h� 

�a�n�d� �s�u�l�f�u�r� �r�e�j�e�c�t�i�o�n�s� �o�f� �5�8�.�6�%� �a�n�d� �1�5�.�3�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�a�x�i�m�u�m� 
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�©� �1�0�  ��o�6 �� �A�s�h� �R�e�j�e�c�t�i�o�n� �4�1�0� 

�0� �1� �J�,� �t�f� �l�,�l� �a� �|� �a� �|� �,� �j�f� �,� �|� �i� �|� �1�  �� �]� �O� 

�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� �1�2�0� �1�4�0� �1�6�0� �1�8�0� �2�0�0� 

�T�i�m�e� �(�m�i�n�)� 
�s�t�a�r�t� �u�/�f� 
�p�u�m�p� 

�F�i�g�u�r�e� �2�.�7� �C�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �a�n�d� �a�s�h� �r�e�j�e�c�t�i�o�n� �v�e�r�s�u�s� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �i�n� �t�h�e� �l�a�m�e�l�l�a� 
�t�h�i�c�k�e�n�e�r� �u�n�i�t� �u�s�i�n�g� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l�.� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�t�h�r�o�u�g�h�p�u�t� �o�f� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �w�a�s� �o�n�l�y� �0�.�1�1� �l�b�/�h�r� �f�o�r� �t�h�i�s� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s�.� �A� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�h�r�o�u�g�h�p�u�t� �o�f� �0�.�3�3� �l�b�/�h�r� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� �a� �s�l�i�g�h�t�l�y� �l�o�w�e�r� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �4�7�.�5�%�.� �T�h�e� �p�e�n�a�l�t�y� �f�o�r� �o�p�e�r�a�t�i�n�g� �u�n�d�e�r� �t�h�i�s� �s�e�t� �o�f� �c�o�n�d�i�t�i�o�n�s� �w�a�s� 

�a� �l�o�s�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �p�e�r�c�e�n�t�a�g�e� �p�o�i�n�t�s� �i�n� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �c�o�m�p�u�t�a�t�i�o�n�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� 

�c�o�a�l� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t� �d�a�t�a� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.� �I�n� �g�e�n�e�r�a�l�,� �v�e�r�y� �g�o�o�d� �c�o�r�r�e�l�a�t�i�o�n�s� 

�w�e�r�e� �o�b�t�a�i�n�e�d� �b�e�t�w�e�e�n� �t�h�e� �m�o�d�e�l� �p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �T�h�e� �r�e�s�u�l�t�a�n�t� 

�r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �2�.�8�,� �w�h�i�l�e� �T�a�b�l�e� �2�.�4� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �o�f� 

�i�n�c�r�e�a�s�i�n�g� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�n� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �r�e�s�p�o�n�s�e�s�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� 

�r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� 

�c�o�n�t�e�n�t�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �p�e�r�f�o�r�m�a�n�c�e� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�d� �e�n�t�r�a�p�m�e�n�t� �o�f� 

�a�s�h�-�f�o�r�m�i�n�g� �m�i�n�e�r�a�l�s� �w�i�t�h�i�n� �t�h�e� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a� �a�t� �h�i�g�h�e�r� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e� 

�p�l�o�t�s� �a�l�s�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� �w�a�s�h� �w�a�t�e�r� �r�a�t�e� �i�m�p�r�o�v�e�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� 

�H�i�g�h�e�r� �w�a�s�h� �w�a�t�e�r� �f�l�o�w�s� �t�e�n�d�e�d� �t�o� �e�x�p�a�n�d� �t�h�e� �s�e�t�t�l�e�d� �c�o�a�g�u�l�a� �b�e�d� �a�n�d� �i�m�p�r�o�v�e� �t�h�e� 

�r�e�m�o�v�a�l� �o�f� �f�i�n�e� �m�i�n�e�r�a�l� �m�a�t�t�e�r�.� �F�i�n�a�l�l�y�,� �h�i�g�h�e�r� �f�e�e�d� �r�a�t�e�s� �r�e�s�u�l�t�e�d� �i�n� �a� �l�o�s�s� �o�f� �c�l�e�a�n� �c�o�a�l� 

�c�o�a�g�u�l�a� �t�o� �t�h�e� �t�h�i�c�k�e�n�e�r� �o�v�e�r�f�l�o�w�,� �w�h�i�l�e� �l�o�w� �f�e�e�d� �r�a�t�e�s� �a�l�l�o�w�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �t�o� �s�e�t�t�l�e� 

�a�n�d� �b�e� �r�e�c�o�v�e�r�e�d� �w�i�t�h� �t�h�e� �c�l�e�a�n� �c�o�a�l� �p�r�o�d�u�c�t�.� �I�n� �s�u�m�m�a�r�y�,� �t�h�e�s�e� �a�n�a�l�y�s�e�s� �s�h�o�w� �t�h�a�t� �t�h�e� 

�h�i�g�h�e�s�t� �o�v�e�r�a�l�l� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�t� �a� �l�o�w� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�,� �m�o�d�e�r�a�t�e� 

�f�e�e�d� �r�a�t�e� �a�n�d� �h�i�g�h� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�.� 

�T�h�e� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t� �d�a�t�a� �f�o�r� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� 

�A�p�p�e�n�d�i�x� �C�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t� �n�a�t�u�r�e� �o�f� �t�h�i�s� �c�o�a�l�,� �t�h�e� �b�e�s�t� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �w�a�s� 

�o�n�l�y� �3�0�.�3�%�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �a�s�h� �r�e�j�e�c�t�i�o�n� �a�n�d� �t�o�t�a�l� �s�u�l�f�u�r� 

�r�e�j�e�c�t�i�o�n� �o�f� �9�3�.�3�%�,� �3�6�.�9�%� �a�n�d� �2�3�.�0�7�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �m�a�x�i�m�u�m� �t�h�r�o�u�g�h�p�u�t� �o�f� �t�h�e� 

�l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �f�o�r� �t�h�i�s� �s�e�t� �o�f� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�2�3� �l�b�/�h�r�.� 

�T�h�e� �s�t�a�t�i�s�t�i�c�a�l� �c�o�m�p�u�t�a�t�i�o�n�s� �o�f� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t� �d�a�t�a� �a�r�e� 

�p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.� �T�h�e� �m�o�d�e�l� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �T�h�e� �r�e�s�u�l�t�a�n�t� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �2�.�9�.� 

�T�a�b�l�e� �2�.�5� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �o�f� �i�n�c�r�e�a�s�i�n�g� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�n� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� 
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�i�n�c�r�e�a�s�i�n�g� �t�h�e� �f�e�e�d� �r�a�t�e� �i�n�c�r�e�a�s�e�d� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �c�l�e�a�n� �c�o�a�l� �c�o�a�g�u�l�a� �a�n�d� �d�e�c�r�e�a�s�e�d� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� 

�2�.�6� �C�e�n�t�r�i�f�u�g�a�l� �S�e�d�i�m�e�n�t�a�t�i�o�n� 

�T�h�e� �S�H�C� �p�r�o�c�e�s�s� �s�u�f�f�e�r�s� �f�r�o�m� �l�o�w� �t�h�r�o�u�g�h�p�u�t� �b�e�c�a�u�s�e� �o�f� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �s�e�t�t�l�i�n�g� 

�r�a�t�e� �o�f� �t�h�e� �s�m�a�l�l� �c�o�a�g�u�l�a�.� �O�n�e� �t�e�c�h�n�i�q�u�e� �f�o�r� �a�l�l�e�v�i�a�t�i�n�g� �t�h�i�s� �p�r�o�b�l�e�m� �w�o�u�l�d� �b�e� �t�o� �u�s�e� �a� 

�c�e�n�t�r�i�f�u�g�e� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �g�r�a�v�i�t�a�t�i�o�n�a�l� �f�o�r�c�e�.� �T�h�i�s� �w�o�u�l�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e� �t�h�e� 

�s�e�d�i�m�e�n�t�a�t�i�o�n� �r�a�t�e� �a�n�d� �e�n�h�a�n�c�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �c�o�a�g�u�l�a� �f�r�o�m� �d�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r�.� 

�a�)� �E�x�p�e�r�i�m�e�n�t�a�l� 

�A� �b�e�n�c�h�-�s�c�a�l�e� �S�h�a�r�p�l�e�s� �s�e�m�i�-�c�o�n�t�i�n�u�o�u�s� �c�e�n�t�r�i�f�u�g�e� �w�a�s� �i�n�i�t�i�a�l�l�y� �s�e�t� �u�p� �f�o�r� �t�h�e� 

�c�e�n�t�r�i�f�u�g�a�l� �s�e�d�i�m�e�n�t�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� �H�o�w�e�v�e�r�,� �i�t� �w�a�s� �n�o�t�i�c�e�d� �t�h�a�t� �t�h�e� �b�o�w�l� �w�a�s� �e�q�u�i�p�p�e�d� 

�w�i�t�h� �a� �m�e�t�a�l� �c�r�o�s�s� �b�e�a�m� �w�h�i�c�h� �a�c�t�e�d� �a�s� �a�n� �i�m�p�e�l�l�e�r� �a�t� �t�h�e� �f�e�e�d� �e�n�t�r�y� �p�o�i�n�t�.� �T�h�e�r�e�f�o�r�e�,� �a�n�y� 

�c�o�a�g�u�l�a� �w�h�i�c�h� �w�a�s� �f�e�d� �t�o� �t�h�e� �c�e�n�t�r�i�f�u�g�e� �w�a�s� �b�r�o�k�e�n� �j�u�s�t� �b�e�f�o�r�e� �e�n�t�e�r�i�n�g� �t�h�e� �b�o�w�.� �T�h�e�r�e�f�o�r�e�,� 

�a� �b�a�t�c�h� �r�o�t�o�r� �c�e�n�t�r�i�f�u�g�e� �(�F�i�g�u�r�e� �2�.�1�0�)� �w�a�s� �u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �s�e�m�i�-�c�o�n�t�i�n�u�o�u�s� �c�e�n�t�r�i�f�u�g�e�.� 

�P�r�e�l�i�m�i�n�a�r�y� �t�e�s�t�s� �w�e�r�e� �r�u�n� �o�n� �e�a�c�h� �c�o�a�l� �s�e�a�m� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �k�e�y� �p�a�r�a�m�e�t�e�r�s� �a�n�d� �a�p�p�r�o�p�r�i�a�t�e� 

�o�p�e�r�a�t�i�n�g� �r�a�n�g�e�s� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n�s�.� �T�h�e� �t�e�s�t� �d�a�t�a� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�i�s� �w�o�r�k� �a�r�e� 

�p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �D�.� �T�a�b�l�e�s� �2�.�6� �a�n�d� �2�.�7� �s�u�m�m�a�r�i�z�e� �t�h�e� �s�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 

�t�h�e� �p�a�r�a�m�e�t�e�r� �r�a�n�g�e�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t�s�.� 

� � 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�L�i�q�u�i�d� �l�e�v�e�l� 
�d�u�r�i�n�g� �s�p�i�n�n�i�n�g� 

�D�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r� 
�C�e�n�t�r�i�f�u�g�e� �t�u�b�e� � � � 

� � 

� � � � 

�S�e�d�i�m�e�n�t�e�d� 
�c�o�a�g�u�l�a� 

� � 

�o�r� 

�E�l�e�c�t�r�i�c� �M�o�t�o�r� 

� � 

� � 

�F�i�g�u�r�e� �2�.�1�0� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �r�o�t�o�r� �c�e�n�t�r�i�f�u�g�e� �u�s�e�d� �i�n� �c�o�a�g�u�l�a� �r�e�c�o�v�e�r�y� �t�e�s�t� 
�w�o�r�k�.� 

� � 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�T�a�b�l�e� �2�.�6� �-� �S�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �r�o�t�o�r� �c�e�n�t�r�i�f�u�g�e� �t�e�s�t�s�.� 

� � 

� � 

�P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 

�p�H� �C�o�n�d�i�t�i�o�n� �T�i�m�e� �1�5� �m�i�n�u�t�e�s� 

�C�h�e�l�a�t�i�n�g� �A�g�e�n�t� �E�D�T�A� 

�C�h�e�l�a�t�e� �D�o�s�a�g�e� �0�.�4� �g�m�/�l�i�t�e�r� 

�C�h�e�l�a�t�e� �C�o�n�d�i�t�i�o�n� �T�i�m�e� �1�5� �m�i�n�u�t�e�s� 

�F�e�e�d� �P�a�r�t�i�c�l�e� �S�i�z�e� �-�2�0� �m�i�c�r�o�n�s� 

�C�e�n�t�r�i�f�u�g�e� �S�p�i�n� �T�i�m�e� �5� �m�i�n�u�t�e�s� 

�C�e�n�t�r�i�f�u�g�e� �T�e�m�p�e�r�a�t�u�r�e� �2�0�°�C� 

� � 

� � 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�T�a�b�l�e� �2�.�7� �-� �E�x�p�e�r�i�m�e�n�t�a�l� �l�e�v�e�l�s� �f�o�r� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �r�o�t�o�r� �c�e�n�t�r�i�f�u�g�e� �t�e�s�t�s�.� 

� � 

� � 

� � 

� � 

�C�o�a�l� �S�e�a�m� �P�a�r�a�m�e�t�e�r� �U�n�i�t�s� �R�a�n�g�e� 

�E�l�k�h�o�r�n� �N�o�.� �3� �F�e�e�d� �S�o�l�i�d�s� �(�%�)� �3�,�5�,� �1�0�,� �1�4� 

�p�H� �-�-�-� �7�.�5�,� �1�0� 

�S�p�e�e�d� �(�r�p�m�)� �5�0�0� �-� �1�5�0�0� 

�P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �F�e�e�d� �S�o�l�i�d�s� �(�%�)� �4�.�5� 

�p�H� �-�-�-� �7�.�5�,� �1�0� 

�S�p�e�e�d� �(�r�p�m�s�)� �5�0�0� �-� �2�0�0�0� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�T�h�e� �f�e�e�d� �f�o�r� �e�a�c�h� �r�o�t�o�r� �c�e�n�t�r�i�f�u�g�e� �e�x�p�e�r�i�m�e�n�t�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�6�5� �m�l�,� �w�a�s� �s�p�l�i�t� �f�r�o�m� �a� 

�c�o�n�t�i�n�u�a�l�l�y� �m�i�x�e�d� �s�u�m�p� �c�o�n�t�a�i�n�i�n�g� �c�o�n�d�i�t�i�o�n�e�d� �s�l�u�r�r�y�.� �A�l�l� �e�i�g�h�t� �c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s�,� �5�0� �m�l� �e�a�c�h�,� 

�w�e�r�e� �e�q�u�a�l�l�y� �f�i�l�l�e�d� �f�r�o�m� �t�h�e� �s�u�m�p� �p�l�u�s� �a� �f�e�e�d� �s�a�m�p�l�e� �w�a�s� �c�o�l�l�e�c�t�e�d� �t�o� �b�e� �a�s�s�a�y�e�d� �a�s� �t�h�e� �f�e�e�d� �f�o�r� 

�t�h�e� �t�e�s�t�.� �T�h�e� �c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �w�e�r�e� �c�e�n�t�r�i�f�u�g�e�d� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �f�i�l�l�i�n�g�,� �s�o� �a�s� �n�o�t� �t�o� �a�l�l�o�w� �a�n�y� 

�s�e�d�i�m�e�n�t�a�t�i�o�n� �b�y� �g�r�a�v�i�t�y�.� �A�f�t�e�r� �c�e�n�t�r�i�f�u�g�i�n�g�,� �t�h�e� �d�i�s�p�e�r�s�e�d� �m�a�t�t�e�r� �w�a�s� �p�o�u�r�e�d� �o�f�f� �e�a�c�h� �t�u�b�e� 

�a�n�d� �c�o�m�b�i�n�e�d�,� �m�a�k�i�n�g� �a� �t�a�i�l�i�n�g�s� �s�a�m�p�l�e�.� �T�h�e� �s�e�d�i�m�e�n�t�e�d� �m�a�t�t�e�r� �f�r�o�m� �e�a�c�h� �t�u�b�e� �w�a�s� �t�h�e�n� 

�c�o�m�b�i�n�e�d� �a�s� �a� �p�r�o�d�u�c�t� �s�a�m�p�l�e�.� �T�h�e� �f�e�e�d� �s�a�m�p�l�e�s� �t�a�k�e�n� �d�u�r�i�n�g� �e�a�c�h� �t�e�s�t� �w�e�r�e� �t�h�e�n� �u�s�e�d� �t�o� 

�b�a�l�a�n�c�e� �t�h�e� �t�a�i�l�i�n�g� �a�s�s�a�y�s�,� �s�i�n�c�e� �s�o�m�e� �t�a�i�l�i�n�g� �s�a�m�p�l�e�s� �w�e�r�e� �l�e�s�s� �t�h�a�n� �o�n�e� �g�r�a�m� �i�n� �m�a�s�s�.� 

�A�f�t�e�r� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t� �w�o�r�k� �w�a�s� �c�o�m�p�l�e�t�e�d� �f�o�r� �e�a�c�h� �c�o�a�l�,� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �u�s�e�d� 

�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �o�p�e�r�a�t�i�n�g� �r�a�n�g�e�s� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n�s�.� �S�i�n�c�e� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� 

�s�e�a�m� �c�o�a�l� �d�i�d� �n�o�t� �h�a�v�e� �f�a�v�o�r�a�b�l�e� �r�e�s�u�l�t�s� �i�n� �t�h�e� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t� �w�o�r�k�,� �f�u�r�t�h�e�r� �c�e�n�t�r�i�f�u�g�a�l� 

�s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �n�o�t� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �t�h�i�s� �c�o�a�l� �U�s�i�n�g� �t�h�e� �v�a�l�u�e�s� �f�r�o�m� �T�a�b�l�e� �2�.�8�,� �a� 

�3�-�l�e�v�e�l� �a�n�d� �4�-�v�a�r�i�a�b�l�e� �B�o�x�-�B�e�h�n�k�e�n� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �w�a�s� �g�e�n�e�r�a�t�e�d� �f�o�r� �t�h�e� �E�l�k�h�o�r�n� 

�N�o�.� �3� �s�e�a�m� �c�o�a�l� �u�s�i�n�g� �t�h�e� �D�e�s�i�g�n�-�E�x�p�e�r�t� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� 

�r�e�q�u�i�r�e�d� �2�7� �i�n�d�i�v�i�d�u�a�l� �c�e�n�t�r�i�f�u�g�a�l� �t�e�s�t�s�.� �N�o�n�e� �o�f� �t�h�e� �B�o�x�-�B�e�h�n�k�e�n� �t�e�s�t�s� �u�s�e�d� �a� �c�h�e�l�a�t�i�n�g� 

�a�g�e�n�t� �s�i�n�c�e� �p�r�e�v�i�o�u�s� �e�x�p�e�r�i�m�e�n�t�s� �s�h�o�w�e�d� �l�i�t�t�l�e� �a�d�v�a�n�t�a�g�e� �i�n� �u�s�i�n�g� �t�h�e� �E�D�T�A�.� �A�s�s�a�y� 

�r�e�s�u�l�t�s� �w�e�r�e� �b�a�l�a�n�c�e�d� �t�o� �p�r�o�v�i�d�e� �a� �c�o�n�s�i�s�t�e�n�t� �s�e�t� �o�f� �d�a�t�a� �w�h�i�c�h� �t�h�e� �s�o�f�t�w�a�r�e� �u�s�e�d� �t�o� 

�p�e�r�f�o�r�m� �t�h�e� �r�e�q�u�i�r�e�d� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�e�s�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �t�e�s�t� �r�e�s�u�l�t�s� �i�s� �g�i�v�e�n� �i�n� 

�A�p�p�e�n�d�i�x� �D�.� 

�T�h�e� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�e�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �e�m�p�i�r�i�c�a�l� �e�x�p�r�e�s�s�i�o�n�s� �r�e�l�a�t�i�n�g� �t�h�e� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �t�o� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e�.� �I�n�i�t�i�a�l� �d�a�t�a� �f�i�t�t�i�n�g� �w�a�s� �p�e�r�f�o�r�m�e�d� 

�u�s�i�n�g� �s�t�a�n�d�a�r�d� �l�i�n�e�a�r�,� �q�u�a�d�r�a�t�i�c�,� �a�n�d� �c�u�b�i�c� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l�s�.� �T�h�e� �c�u�b�i�c� �m�o�d�e�l� �t�y�p�i�c�a�l�l�y� 

�p�r�o�v�i�d�e�d� �t�h�e� �b�e�s�t� �f�i�t� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�,� �w�h�i�l�e� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l� �p�r�o�v�i�d�e�d� �t�h�e� �w�o�r�s�t�.� 

�H�o�w�e�v�e�r�,� �m�a�n�y� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �i�n� �t�h�e� �c�u�b�i�c� �m�o�d�e�l� �w�e�r�e� �a�l�i�a�s�e�d� �(�i�.�e�.�,� �t�h�e�s�e� �t�e�r�m�s� �c�o�u�l�d� 

�n�o�t� �b�e� �u�n�i�q�u�e�l�y� �d�e�t�e�r�m�i�n�e�d� �g�i�v�e�n� �t�h�e� �a�v�a�i�l�a�b�l�e� �d�a�t�a� �s�e�t�)�.� �T�h�u�s�,� �q�u�a�d�r�a�t�i�c� �m�o�d�e�l�s� �w�e�r�e� 

�s�e�l�e�c�t�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �s�i�n�c�e� �t�h�e�y� �m�i�n�i�m�i�z�e�d� �m�o�d�e�l� �c�o�m�p�l�e�x�i�t�y�,� �p�r�o�v�i�d�e�d� 

�g�o�o�d� �p�r�e�d�i�c�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n�s� �a�n�d� �r�e�d�u�c�e�d� �a�l�i�a�s�i�n�g� �o�f� �t�h�e� �m�o�d�e�l� �c�o�e�f�f�i�c�i�e�n�t�s�.� �F�o�r� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�T�a�b�l�e� �2�.�8� �-� �E�x�p�e�r�i�m�e�n�t�a�l� �l�e�v�e�l�s� �f�o�r� �t�h�e� �r�o�t�o�r� �c�e�n�t�r�i�f�u�g�e� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t�s�.� 
� � 

�P�a�r�a�m�e�t�e�r� �R�a�n�g�e� 
� � 

� � 

�C�o�a�l� �S�e�a�m� �P�a�r�a�m�e�t�e�r� �U�n�i�t�s� �L�o�w� �(�-�1�)� �N�o�r�m�a�l� �(�0�)�  ��_� �H�i�g�h� �(�1�)� 

�E�l�k�h�o�r�n� �N�o�.� �3� �F�e�e�d� �S�o�l�i�d�s� �(�%�)� �1� �3� �5� 
�(�5�0�%� �A�s�h�)� 

�p�H� �-�-�-� �7�.�5� �8�.�5� �9�.�5� 

�S�p�e�e�d� �(�r�p�m�s�)� �7�5�0� �1�0�0�0� �1�2�5�0� 

�S�p�i�n� �T�i�m�e� �(�m�i�n�u�t�e�s�)� �3� �6� �9� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�e�a�c�h� �m�o�d�e�l�,� �t�h�e� �v�a�l�u�e�s� �o�f� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s�,� �s�t�a�n�d�a�r�d� �e�r�r�o�r�s�,� �v�a�r�i�a�n�c�e�s�,� �t�-�t�e�s�t�s�,� �e�t�c�.�,� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �a�s� �a� �m�e�a�n�s� �o�f� �q�u�a�n�t�i�f�y�i�n�g� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �e�a�c�h� �o�f� �t�h�e� 

�c�o�e�f�f�i�c�i�e�n�t�s� �i�n� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l�.� 

�A�f�t�e�r� �c�o�m�p�l�e�t�i�n�g� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�e�s�,� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� 

�f�o�r� �p�r�e�d�i�c�t�i�n�g� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�,� �a�n�d� �a�s�h� �r�e�j�e�c�t�i�o�n� �f�o�r� �t�h�e� 

�E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� �c�o�a�l�.� �E�a�c�h� �s�e�t� �o�f� �d�a�t�a� �w�a�s� �p�l�o�t�t�e�d� �a�s� �f�u�n�c�t�i�o�n�s� �o�f� �p�H� �a�n�d� �r�o�t�o�r� �s�p�e�e�d� 

�i�n� �t�h�e� �f�o�r�m� �o�f� �a� �c�o�n�t�o�u�r� �d�i�a�g�r�a�m�.� �S�e�p�a�r�a�t�e� �d�i�a�g�r�a�m�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �f�o�r� �e�a�c�h� �r�e�s�p�o�n�s�e� 

�t�o� �r�e�p�r�e�s�e�n�t� �a�l�l� �p�o�s�s�i�b�l�e� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �h�i�g�h�,� �n�o�r�m�a�l�,� �a�n�d� �l�o�w� �s�e�t�t�i�n�g�s� �f�o�r� �t�h�e� �f�e�e�d� �s�o�l�i�d�s� 

�c�o�n�t�e�n�t� �a�n�d� �s�p�i�n� �t�i�m�e�.� �T�h�u�s�,� �n�i�n�e� �s�e�p�a�r�a�t�e� �p�l�o�t�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �f�o�r� �e�a�c�h� �r�e�s�p�o�n�s�e�.� 

�b�)� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�e�s� �f�o�r� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� �c�o�a�l� �a�r�e� �p�r�o�v�i�d�e�d� 

�i�n� �A�p�p�e�n�d�i�x� �D�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �2�.�1�1�-�2�.�1�3� 

�f�o�r� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�,� �a�n�d� �a�s�h� �r�e�j�e�c�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

�p�a�r�a�m�e�t�e�r� �c�o�r�r�e�l�a�t�i�o�n� �c�h�a�r�t� �f�o�r� �t�h�e�s�e� �t�e�s�t�s� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �2�.�9�.� �T�h�e� �m�o�s�t� 

�s�i�g�n�i�f�i�c�a�n�t� �p�a�r�a�m�e�t�e�r�s� �a�f�f�e�c�t�i�n�g� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �c�o�a�g�u�l�a� �w�e�r�e� �r�o�t�o�r� �s�p�e�e�d� �(�o�r� �e�f�f�e�c�t�i�v�e� �G�-� 

�f�o�r�c�e�)� �a�n�d� �s�p�i�n� �t�i�m�e�.� �I�n�c�r�e�a�s�i�n�g� �s�p�e�e�d� �a�n�d� �s�p�i�n� �t�i�m�e� �g�a�v�e� �t�h�e� �s�m�a�l�l�e�r� �p�a�r�t�i�c�l�e�s� �t�i�m�e� �t�o� 

�s�e�t�t�l�e�,� �w�h�i�c�h� �i�n�c�r�e�a�s�e�d� �r�e�c�o�v�e�r�y�.� �T�h�e� �p�H� �a�l�s�o� �a�f�f�e�c�t�e�d� �r�e�c�o�v�e�r�y�,� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� �p�H� 

�v�a�l�u�e�s� �p�r�o�v�i�d�i�n�g� �h�i�g�h�e�r� �r�e�c�o�v�e�r�i�e�s� �f�o�r� �s�p�i�n� �t�i�m�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�r�e�e� �m�i�n�u�t�e�s�.� �A�t� �t�h�e� �h�i�g�h�e�r� 

�p�H� �v�a�l�u�e�s�,� �t�h�e� �c�o�a�g�u�l�a� �a�r�e� �s�m�a�l�l�e�r� �a�n�d� �l�o�n�g�e�r� �s�p�i�n� �t�i�m�e�s� �a�r�e� �r�e�q�u�i�r�e�d� �t�o� �o�b�t�a�i�n� �a� �g�o�o�d� 

�r�e�c�o�v�e�r�y�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a� �h�i�g�h�e�r� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �t�h�e� 

�s�l�u�r�r�y�.� �T�h�i�s� �l�o�w�e�r�e�d� �t�h�e� �p�a�r�t�i�c�l�e� �s�e�t�t�l�i�n�g� �r�a�t�e� �a�n�d� �r�e�d�u�c�e�d� �t�h�e� �c�o�a�g�u�l�a� �r�e�c�o�v�e�r�y� �a�t� �t�h�e� 

�l�o�w�e�r� �s�p�e�e�d�s� �a�n�d� �s�p�i�n� �t�i�m�e�s�.� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e� �w�a�s� �m�o�s�t� 

�a�f�f�e�c�t�e�d� �b�y� �t�h�e� �p�H�,� �w�i�t�h� �h�i�g�h�e�r� �p�H� �v�a�l�u�e�s� �g�i�v�i�n�g� �h�i�g�h�e�r� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s�.� �A�s� �t�h�e� �p�H� 

�d�e�c�r�e�a�s�e�d�,� �t�h�e�r�e� �w�a�s� �m�o�r�e� �e�n�t�r�a�p�m�e�n�t� �o�f� �g�a�n�g�u�e� �p�a�r�t�i�c�l�e�s� �i�n� �t�h�e� �c�o�a�g�u�l�a�.� �T�h�i�s� �r�e�d�u�c�e�d� 

�t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �a�n�d� �t�h�e� �r�e�j�e�c�t�i�o�n� �o�f� �a�s�h�.� �A�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �b�a�t�c�h� 
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�d�e�c�r�e�a�s�e�d� �a�s� �s�p�i�n� �t�i�m�e� �a�n�d� �r�o�t�o�r� �s�p�e�e�d� �i�n�c�r�e�a�s�e�d�.� �F�i�n�a�l�l�y�,� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� �d�e�c�r�e�a�s�e�d� 

�t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� �e�n�t�r�a�p�m�e�n�t� �a�t� �h�i�g�h�e�r� �f�e�e�d� �s�o�l�i�d� �l�e�v�e�l�s�.� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �s�h�o�w� �t�h�a�t�,� �l�i�k�e� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �a�s�h� �r�e�j�e�c�t�i�o�n� �w�a�s� 

�m�o�s�t� �a�f�f�e�c�t�e�d� �b�y� �r�o�t�o�r� �s�p�e�e�d� �a�n�d� �s�p�i�n� �t�i�m�e�.� �L�o�n�g�e�r� �s�p�i�n� �t�i�m�e�s� �a�n�d� �h�i�g�h�e�r� �s�p�e�e�d�s� �i�n�c�r�e�a�s�e� 

�t�h�e� �r�e�c�o�v�e�r�y� �o�f� �f�i�n�e�r� �p�a�r�t�i�c�l�e�s�.� �I�n� �t�h�e� �S�H�C� �p�r�o�c�e�s�s� �t�h�e� �f�i�n�e�r� �p�a�r�t�i�c�l�e�s� �a�r�e� �c�o�m�p�r�i�s�e�d� �o�f� 

�d�i�s�p�e�r�s�e�d� �g�a�n�g�u�e� �p�a�r�t�i�c�l�e�s�.� �S�o� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �t�h�e� �f�i�n�e�r� �g�a�n�g�u�e� �p�a�r�t�i�c�l�e�s� �d�e�c�r�e�a�s�e�d� �t�h�e� 

�a�s�h� �r�e�j�e�c�t�i�o�n�.� �T�h�e� �p�H� �l�e�v�e�l� �a�l�s�o� �a�f�f�e�c�t�e�d� �t�h�e� �a�s�h� �r�e�j�e�c�t�i�o�n�.� �W�h�e�r�e� �h�i�g�h�e�r� �p�H� �v�a�l�u�e�s� �h�a�v�e� 

�h�i�g�h�e�r� �a�s�h� �r�e�j�e�c�t�i�o�n�.� �T�h�e� �l�o�w�e�r� �t�h�e� �p�H� �v�a�l�u�e�,� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �e�n�t�r�a�p�m�e�n�t� �o�f� �g�a�n�g�u�e� 

�m�i�n�e�r�a�l�s� �i�n� �t�h�e� �r�e�c�o�v�e�r�e�d� �c�o�a�g�u�l�a�.� �T�h�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �h�a�d� �l�i�t�t�l�e� �a�f�f�e�c�t� �o�n� �t�h�e� �a�s�h� 

�r�e�j�e�c�t�i�o�n�.� 

�C�e�n�t�r�i�f�u�g�a�l� �s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �a�l�s�o� �a�t�t�e�m�p�t�e�d� �u�s�i�n�g� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� 

�s�e�a�m� �c�o�a�l�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �p�r�e�l�i�m�i�n�a�r�y� �t�e�s�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�4�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �c�e�n�t�r�i�f�u�g�e� �d�i�d� �n�o�t� �p�r�o�d�u�c�e� �f�a�v�o�r�a�b�l�e� �r�e�s�u�l�t�s� �w�i�t�h� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �c�o�a�l�.� 

�T�h�u�s�,� �n�o� �f�u�r�t�h�e�r� �c�e�n�t�r�i�f�u�g�e� �w�o�r�k� �w�a�s� �u�n�d�e�r�t�a�k�e�n� �u�s�i�n�g� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�.� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�2�.�7� �V�a�c�u�u�m� �F�i�l�t�r�a�t�i�o�n� 

�I�t� �w�a�s� �t�h�o�u�g�h�t� �t�h�a�t� �v�a�c�u�u�m� �f�i�l�t�r�a�t�i�o�n� �m�a�y� �h�a�v�e� �a�n� �a�d�v�a�n�t�a�g�e� �o�v�e�r� �t�h�e� 

�s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �i�n� �t�h�a�t� �i�t� �i�s� �r�e�l�a�t�i�v�e�l�y� �u�n�a�f�f�e�c�t�e�d� �b�y� �t�h�e� �s�l�o�w� �s�e�d�i�m�e�n�t�a�t�i�o�n� �r�a�t�e� 

�o�f� �t�h�e� �c�o�a�g�u�l�a�.� �T�h�e�r�e�f�o�r�e�,� �a� �b�e�n�c�h�-�s�c�a�l�e� �t�e�s�t� �p�r�o�g�r�a�m� �w�a�s� �u�n�d�e�r�t�a�k�e�n� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k� 

�t�o� �e�v�a�l�u�a�t�e� �t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �v�a�c�u�u�m� �f�i�l�t�r�a�t�i�o�n� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �c�o�a�l� �c�o�a�g�u�l�a� �f�r�o�m� 

�d�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r�.� 

�a�)� �E�x�p�e�r�i�m�e�n�t�a�l� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �f�i�l�t�e�r� �m�e�d�i�u�m�,� �a�p�p�l�i�e�d� �v�a�c�u�u�m�,� �a�n�d� �f�e�e�d� �p�e�r�c�e�n�t� �s�o�l�i�d�s� �w�e�r�e� �s�t�u�d�i�e�d� 

�u�s�i�n�g� �b�o�t�h� �a� �f�i�l�t�e�r� �l�e�a�f� �t�e�s�t� �k�i�t� �a�n�d� �a� �b�e�n�c�h�-�s�c�a�l�e� �c�o�n�t�i�n�u�o�u�s� �f�i�l�t�r�a�t�i�o�n� �u�n�i�t�.� �T�h�e� �p�r�e�l�i�m�i�n�a�r�y� 

�f�i�l�t�e�r� �l�e�a�f� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �p�r�i�o�r� �t�o� �c�o�n�t�i�n�u�o�u�s� �f�i�l�t�r�a�t�i�o�n� �t�e�s�t�s� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� 

�a�p�p�r�o�p�r�i�a�t�e� �o�p�e�r�a�t�i�n�g� �r�a�n�g�e�s� �f�o�r� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �u�n�i�t� �(�i�.�e�.� �c�y�c�l�e� �t�i�m�e�,� �c�a�k�e� �f�o�r�m� �t�i�m�e�,� �f�o�r�m� 

�v�a�c�u�u�m�,� �w�a�s�h� �t�i�m�e�,� �d�r�y� �t�i�m�e�,� �e�t�c�.�)�.� �T�h�e� �f�i�l�t�e�r� �l�e�a�f� �b�a�t�c�h� �t�e�s�t�s� �a�l�s�o� �e�x�a�m�i�n�e�d� �n�i�n�e� �d�i�f�f�e�r�e�n�t� 

�t�y�p�e�s� �o�f� �f�i�l�t�e�r� �m�e�d�i�a�.� �F�i�v�e� �o�f� �t�h�e�s�e� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �u�s�e� �i�n� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �f�i�l�t�r�a�t�i�o�n� �u�n�i�t� 

�t�e�s�t� �w�o�r�k�.� �T�h�e� �c�o�n�t�i�n�u�o�u�s� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �a� �1�0�0� �m�m� �x� �2�0�0� �m�m� �d�i�a�m�e�t�e�r� 

�d�r�u�m� �f�i�l�t�e�r� �(�F�i�g�u�r�e� �2�.�1�5�)�.� �T�h�e� �t�e�s�t� �u�n�i�t� �w�a�s� �m�o�d�i�f�i�e�d� �t�o� �p�e�r�m�i�t� �t�h�e� �u�s�e� �o�f� �w�a�s�h� �w�a�t�e�r� �t�o� 

�r�e�m�o�v�e� �e�n�t�r�a�i�n�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �f�r�o�m� �t�h�e� �f�i�l�t�e�r� �c�a�k�e�.� �A�t� �l�e�a�s�t� �3� �d�i�f�f�e�r�e�n�t� �s�e�t�t�i�n�g�s� �w�e�r�e� 

�e�x�a�m�i�n�e�d� �f�o�r� �e�a�c�h� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�.� 

�F�i�g�u�r�e� �2�.�1�6� �s�h�o�w�s� �a� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �f�i�l�t�e�r� �l�e�a�f� �v�a�c�u�u�m� �f�i�l�t�r�a�t�i�o�n� �t�e�s�t�s�.� �I�n� �t�h�e�s�e� 

�t�e�s�t�s�,� �f�e�e�d� �s�l�u�r�r�y� �w�a�s� �p�r�e�p�a�r�e�d� �i�n� �a� �b�a�f�f�l�e�d� �6�-�i�n�c�h� �d�i�a�m�e�t�e�r� �(�3�-�l�i�t�e�r�)� �m�i�x�i�n�g� �c�e�l�l� �m�o�u�n�t�e�d� 

�o�n� �a� �m�a�g�n�e�t�i�c� �s�t�i�r�r�e�r�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �1� �l�i�t�e�r� �o�f� �m�i�n�u�s� �2�0� �m�i�c�r�o�n� �s�l�u�r�r�y� �(�E�l�k�h�o�m� �N�o�.� �3� 

�s�e�a�m� �c�o�a�l�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �m�i�x�i�n�g� �c�e�l�l� �a�n�d� �c�o�n�d�i�t�i�o�n�e�d� �f�o�r� �1�5� �m�i�n�u�t�e�s� �w�i�t�h� �E�D�T�A�.� 

�A�f�t�e�r� �c�o�n�d�i�t�i�o�n�i�n�g�,� �t�h�e� �p�H� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �7�.�5� �u�s�i�n�g� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�H�C�l�)� �o�r� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e� �(�N�a�O�H�)�.� �T�h�e� �s�l�u�r�r�y� �w�a�s� �a�g�i�t�a�t�e�d� �f�o�r� �1�5� �m�i�n�u�t�e�s� �a�f�t�e�r� �r�e�a�c�h�i�n�g� �t�h�e� �7�.�5� �p�H� 

�l�e�v�e�l�.� �A�f�t�e�r� �t�h�e� �p�H� �s�t�a�b�i�l�i�z�e�d�,� �t�h�e� �a�g�i�t�a�t�i�o�n� �r�a�t�e� �o�f� �t�h�e� �m�a�g�n�e�t�i�c� �s�t�i�r�r�e�r� �w�a�s� �d�e�c�r�e�a�s�e�d� �t�o� 

�p�e�r�m�i�t� �t�h�e� �c�o�a�g�u�l�a� �t�o� �g�r�o�w� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5� �m�i�n�u�t�e�s�.� �W�h�i�l�e� �h�o�l�d�i�n�g� �t�h�e� 

�c�o�a�g�u�l�a� �i�n� �s�u�s�p�e�n�s�i�o�n� �b�y� �g�e�n�t�l�e� �m�i�x�i�n�g�,� �a� �4�-�i�n�c�h� �d�i�a�m�e�t�e�r� �f�i�l�t�e�r� �l�e�a�f� �w�a�s� �s�u�b�m�e�r�g�e�d� �i�n�t�o� 

�t�h�e� �s�l�u�r�r�y�.� �T�e�s�t�s� �w�e�r�e� �r�u�n� �w�i�t�h� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s� �f�r�o�m� �5�%� �t�o� �1�5�%�,� �s�u�b�m�e�r�g�e�n�c�e� �t�i�m�e�s� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�a�s� �l�o�n�g� �a�s� �3� �m�i�n�u�t�e�s�,� �a�n�d� �a�p�p�l�i�e�d� �v�a�c�u�u�m�s� �r�a�n�g�i�n�g� �f�r�o�m� �f�u�l�l� �t�o� �m�i�n�i�m�u�m�.� �T�h�e� �f�i�r�s�t� �r�o�u�n�d� 

�o�f� �f�i�l�t�e�r� �l�e�a�f� �t�e�s�t�s� �w�a�s� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �a� �l�a�b�o�r�a�t�o�r�y� �v�a�c�u�u�m� �p�u�m�p�.� 

�T�h�e� �s�e�c�o�n�d� �r�o�u�n�d� �o�f� �f�i�l�t�e�r� �l�e�a�f� �b�a�t�c�h� �t�e�s�t�s� �w�a�s� �r�u�n� �b�y� �f�e�e�d�i�n�g� �t�h�e� �c�o�n�d�i�t�i�o�n�e�d� 

�s�l�u�r�r�y� �d�i�r�e�c�t�l�y� �o�n�t�o� �t�h�e� �f�i�l�t�e�r� �m�e�d�i�u�m�.� �I�n� �t�h�e�s�e� �t�e�s�t�s�,� �t�h�e� �c�o�a�g�u�l�a�t�e�d� �s�l�u�r�r�y� �w�a�s� �p�u�m�p�e�d� 

�i�n�t�o� �a�n� �i�n�v�e�r�t�e�d� �f�i�l�t�e�r� �l�e�a�f� �(�F�i�g�u�r�e� �2�.�1�7�)� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �3�-�l�i�t�e�r� �m�i�x�i�n�g� �c�e�l�l�.� �T�h�e� �s�l�u�r�r�y� �w�a�s� 

�t�h�e�n� �f�i�l�t�e�r�e�d� �u�s�i�n�g� �a� �p�o�s�i�t�i�v�e�-�d�i�s�p�l�a�c�e�m�e�n�t� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �o�p�e�r�a�t�i�n�g� �a�t� �a� �v�o�l�u�m�e� �f�l�o�w� �o�f� 

�5�0� �m�l�/�m�i�n�.� �T�h�e� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �w�a�s� �u�s�e�d� �t�o� �d�e�c�r�e�a�s�e� �t�h�e� �a�p�p�l�i�e�d� �v�a�c�u�u�m� �t�o� �t�h�e� �f�i�l�t�e�r� 

�l�e�a�f�.� �T�h�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �w�a�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �a�t� �5�%� �s�o�l�i�d�s� �w�h�i�l�e� �t�e�s�t�i�n�g� �b�o�t�h� �t�h�e� 

�E�l�k�h�o�r�n� �N�o�.� �3� �a�n�d� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l�s�.� 

�T�h�e� �c�o�n�t�i�n�u�o�u�s� �d�r�u�m� �f�i�l�t�e�r� �t�e�s�t�s� �w�e�r�e� �a�t�t�e�m�p�t�e�d� �u�s�i�n�g� �o�n�l�y� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �p�o�o�r� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e� �f�i�l�t�e�r� �l�e�a�f� �t�e�s�t�i�n�g� �o�f� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� 

�c�o�a�l�.� �I�n� �t�h�e�s�e� �t�e�s�t�s�,� �t�h�e� �p�H� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �8�.�5� �u�s�i�n�g� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�H�C�I�)� �o�r� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e� �(�N�a�O�H�)� �a�n�d� �n�o� �E�D�T�A� �w�a�s� �a�d�d�e�d�.� �F�i�v�e� �d�i�f�f�e�r�e�n�t� �f�i�l�t�e�r� �m�e�d�i�a� �w�e�r�e� �e�x�a�m�i�n�e�d�.� 

�T�h�e� �a�p�p�l�i�e�d� �v�a�c�u�u�m� �a�n�d� �d�r�u�m� �c�y�c�l�e� �t�i�m�e� �w�e�r�e� �i�n�d�e�p�e�n�d�e�n�t�l�y� �v�a�r�i�e�d� �f�r�o�m� �t�h�e�i�r� �m�a�x�i�m�u�m� 

�t�o� �m�i�n�i�m�u�m� �s�e�t�t�i�n�g�s� �d�u�r�i�n�g� �e�a�c�h� �o�f� �t�h�e� �f�i�v�e� �f�i�l�t�e�r� �m�e�d�i�a� �t�e�s�t�s�.� �A�l�t�h�o�u�g�h� �h�i�g�h�e�r� �f�e�e�d� �s�o�l�i�d� 

�c�o�n�t�e�n�t�s� �w�o�u�l�d� �n�o�r�m�a�l�l�y� �b�e� �p�r�e�f�e�r�r�e�d� �t�o� �p�r�o�m�o�t�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �f�i�l�t�e�r�-�c�a�k�e�,� �t�h�e� 

�s�o�l�i�d�s� �c�o�n�t�e�n�t� �w�a�s� �k�e�p�t� �a�t� �5�%� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �e�n�t�r�a�p�m�e�n�t� �o�f� �g�a�n�g�u�e� �i�n� �t�h�e� �c�o�a�g�u�l�a�.� 

�b�)� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�T�h�e� �f�i�r�s�t� �r�o�u�n�d� �o�f� �f�i�l�t�e�r� �l�e�a�f� �b�a�t�c�h� �t�e�s�t�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� 

�c�o�a�l�.� �T�h�e� �t�e�s�t� �d�a�t�a� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� �E�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e�s�e� �t�e�s�t�s� �d�i�d� �n�o�t� 

�p�r�o�d�u�c�e� �f�a�v�o�r�a�b�l�e� �r�e�s�u�l�t�s�.� �B�o�t�h� �t�h�e� �d�i�s�p�e�r�s�e�d� �a�n�d� �c�o�a�g�u�l�a�t�e�d� �p�a�r�t�i�c�l�e�s� �w�e�r�e� �c�o�n�s�i�s�t�e�n�t�l�y� 

�p�u�l�l�e�d� �t�h�r�o�u�g�h� �t�h�e� �f�i�l�t�e�r� �m�e�d�i�u�m� �a�n�d� �n�o� �f�i�l�t�e�r� �c�a�k�e� �w�a�s� �f�o�r�m�e�d�.� �I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �c�o�r�r�e�c�t� 

�t�h�e�s�e� �p�r�o�b�l�e�m�s�,� �a� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �w�a�s� �u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �v�a�c�u�u�m� �p�u�m�p� �t�o� �r�e�d�u�c�e� �t�h�e� 

�i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �a�p�p�l�i�e�d� �v�a�c�u�u�m�.� �T�h�e� �s�e�c�o�n�d� �r�o�u�n�d� �o�f� �f�i�l�t�e�r� �l�e�a�f� �b�a�t�c�h� �t�e�s�t�s� �a�l�s�o� �p�e�r�f�o�r�m�e�d� 

�p�o�o�r�l�y� �d�e�s�p�i�t�e� �u�s�i�n�g� �t�h�e� �l�o�w�e�r� �v�a�c�u�u�m�.� �S�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� �l�e�s�s� �t�h�a�n� �4�%� �w�i�t�h� 

�o�n�e� �f�i�l�t�r�a�t�i�o�n� �p�a�s�s�.� �T�h�e� �f�e�e�d� �s�l�u�r�r�y� �e�i�t�h�e�r� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �f�i�l�t�e�r� �m�e�d�i�a� �o�r� �t�h�e� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�m�e�d�i�a� �b�l�i�n�d�e�d� �a�n�d� �t�r�a�p�p�e�d� �t�h�e� �s�o�l�i�d�s� �w�i�t�h�i�n� �t�h�e� �f�i�l�t�e�r� �c�a�k�e�.� �I�n� �o�n�e� �t�e�s�t�,� �t�h�e� �s�l�u�r�r�y� �w�h�i�c�h� 

�p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �m�e�d�i�a� �w�a�s� �f�i�l�t�e�r�e�d� �t�w�i�c�e� �w�i�t�h�o�u�t� �r�e�m�o�v�i�n�g� �t�h�e� �f�i�l�t�e�r� �c�a�k�e�.� �T�h�i�s� 

�p�r�o�d�u�c�e�d� �t�h�e� �b�e�s�t� �f�i�l�t�r�a�t�i�o�n� �r�e�s�u�l�t� �w�i�t�h� �a�n� �o�v�e�r�a�l�l� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �1�2�%� �a�t� �a� �7�7�%� 

�r�e�c�o�v�e�r�y� �o�f� �c�o�m�b�u�s�t�i�b�l�e�s�.� �T�h�e� �s�e�c�o�n�d� �r�o�u�n�d� �f�i�l�t�e�r� �l�e�a�f� �t�e�s�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� 

�E�.� 

�T�h�e� �s�e�c�o�n�d� �r�o�u�n�d� �o�f� �f�i�l�t�e�r� �l�e�a�f� �b�a�t�c�h� �t�e�s�t�s� �w�a�s� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� 

�8� �c�o�a�l�.� �A�s� �w�i�t�h� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l�,� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� �v�e�r�y� �p�o�o�r� �a�n�d� �d�i�d� 

�n�o�t� �e�x�c�e�e�d� �1�%�.� �T�h�e� �f�i�l�t�e�r� �m�e�d�i�a� �e�i�t�h�e�r� �f�o�r�m�e�d� �a� �v�e�r�y� �t�h�i�n� �c�a�k�e� �(�t�h�r�o�u�g�h� �w�h�i�c�h� �m�o�s�t� �o�f� 

�t�h�e� �s�o�l�i�d�s� �p�a�s�s�e�d�)� �o�r� �t�h�e� �m�e�d�i�a� �b�e�c�a�m�e� �b�l�i�n�d�e�d� �(�w�h�i�c�h� �r�e�t�a�i�n�e�d� �a�l�l� �s�o�l�i�d�s�)�.� �T�h�e� �d�a�t�a� �f�o�r� 

�t�h�e� �f�i�l�t�e�r� �l�e�a�f� �t�e�s�t�s� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l� �a�r�e� �a�l�s�o� �g�i�v�e�n� �i�n� �A�p�p�e�n�d�i�x� �E�.� 

�T�h�e� �c�o�n�t�i�n�u�o�u�s� �d�r�u�m� �f�i�l�t�e�r� �t�e�s�t�s� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l� �a�l�s�o� �d�i�d� 

�n�o�t� �p�r�o�d�u�c�e� �e�n�c�o�u�r�a�g�i�n�g� �r�e�s�u�l�t�s�.� �T�h�e�r�e� �w�a�s� �n�o� �f�i�l�t�e�r� �c�a�k�e� �f�o�r�m�a�t�i�o�n� �e�v�e�n� �a�t� �t�h�e� �l�o�w�e�s�t� 

�v�a�c�u�u�m� �p�u�m�p� �s�e�t�t�i�n�g� �(�<� �1 �� �o�f� �H�g�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e�r�e� �w�a�s� �n�o� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �s�e�p�a�r�a�t�i�o�n� 

�p�e�r�f�o�r�m�a�n�c�e� �w�h�e�n� �t�h�e� �p�u�l�p� �a�g�i�t�a�t�o�r� �w�a�s� �r�e�d�u�c�e�d� �t�o� �i�t�s� �l�o�w�e�s�t� �s�p�e�e�d� �a�n�d� �t�h�e� �d�r�u�m� �c�y�c�l�e� 

�t�i�m�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �3�.�5� �m�i�n�u�t�e�s�.� �I�n� �a�l�l� �c�a�s�e�s�,� �t�h�e� �c�o�a�g�u�l�a�t�e�d� �f�e�e�d� �s�l�u�r�r�y� �w�a�s� �p�u�l�l�e�d� 

�t�h�r�o�u�g�h� �t�h�e� �f�i�l�t�e�r� �m�e�d�i�a� �w�i�t�h�o�u�t� �a�n�y� �s�e�p�a�r�a�t�i�o�n� �o�c�c�u�r�r�i�n�g�.� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�2�.�8� �F�r�o�t�h� �F�l�o�t�a�t�i�o�n� 

�A� �u�n�i�q�u�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �S�H�C� �p�r�o�c�e�s�s� �i�s� �t�h�a�t� �t�h�e� �c�o�a�g�u�l�a� �f�o�r�m�e�d� �d�u�r�i�n�g� �t�h�e� 

�p�r�o�c�e�s�s� �a�r�e� �h�y�d�r�o�p�h�o�b�i�c�.� �A�s� �a� �r�e�s�u�l�t�,� �i�t� �i�s� �t�h�e�o�r�e�t�i�c�a�l�l�y� �p�o�s�s�i�b�l�e� �t�o� �r�e�c�o�v�e�r� �t�h�e� �c�o�a�g�u�l�a� �b�y� 

�f�r�o�t�h� �f�l�o�t�a�t�i�o�n�.� �T�h�i�s� �w�o�u�l�d� �o�f�f�e�r� �a�n� �a�t�t�r�a�c�t�i�v�e� �t�e�c�h�n�i�q�u�e� �f�o�r� �o�v�e�r�c�o�m�i�n�g� �t�h�e� �l�i�m�i�t�a�t�i�o�n�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �l�o�w� �s�e�t�t�l�i�n�g� �r�a�t�e�s� �o�f� �t�h�e� �c�o�a�l� �c�o�a�g�u�l�a�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �u�s�e� �o�f� 

�h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a�t�i�o�n� �s�h�o�u�l�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n� 

�p�r�o�c�e�s�s� �s�i�n�c�e� �f�l�o�t�a�t�i�o�n� �r�a�t�e�s� �i�n�c�r�e�a�s�e� �s�h�a�r�p�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �p�a�r�t�i�c�l�e� �s�i�z�e�.� �T�h�e�r�e�f�o�r�e�,� �a� 

�s�e�r�i�e�s� �o�f� �t�e�s�t�s� �w�a�s� �c�o�n�d�u�c�t�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �a�d�v�a�n�t�a�g�e�s� �o�f� �u�s�i�n�g� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n� 

�t�o� �s�e�p�a�r�a�t�e� �t�h�e� �c�o�a�l� �c�o�a�g�u�l�a� �f�r�o�m� �d�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r�.� 

�a�)� �E�x�p�e�r�i�m�e�n�t�a�l� 

�A� �5�.�c�m� �d�i�a�m�e�t�e�r� �a�n�d� �1�5�0� �c�m� �t�a�l�l� �h�i�g�h� �M�i�c�r�o�c�e�l!"� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �w�a�s� �u�s�e�d� �i�n� �t�h�e� 

�f�r�o�t�h� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �(�F�i�g�u�r�e� �2�.�1�8�)�.� �A� �c�o�l�u�m�n� �w�a�s� �e�m�p�l�o�y�e�d� �b�e�c�a�u�s�e� �i�t� �p�r�o�v�i�d�e�s� �a� 

�r�e�l�a�t�i�v�e�l�y� �q�u�i�e�s�c�e�n�t� �e�n�v�i�r�o�n�m�e�n�t� �w�h�i�c�h� �s�h�o�u�l�d� �m�i�n�i�m�i�z�e� �t�h�e� �b�r�e�a�k�-�u�p� �o�f� �c�o�a�g�u�l�a�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �t�h�e� �c�o�l�u�m�n� �w�a�s�h� �w�a�t�e�r� �c�a�n� �b�e� �u�s�e�d� �t�o� �m�i�n�i�m�i�z�e� �f�i�n�e� �p�a�r�t�i�c�l�e� �e�n�t�r�a�i�n�m�e�n�t� �i�n� �t�h�e� 

�f�r�o�t�h� �p�r�o�d�u�c�t�.� �T�h�e� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �v�o�l�u�m�e�t�r�i�c� �f�e�e�d� �r�a�t�e�,� �f�e�e�d� 

�p�e�r�c�e�n�t� �s�o�l�i�d�s�,� �a�e�r�a�t�i�o�n� �r�a�t�e�,� �a�n�d� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�.� �T�h�r�e�e� �d�i�f�f�e�r�e�n�t� �s�e�t�t�i�n�g�s� �w�e�r�e� �e�x�a�m�i�n�e�d� 

�f�o�r� �e�a�c�h� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�.� �S�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �2�.�1�0�.� �T�h�e� �t�e�s�t� �r�a�n�g�e�s� �f�o�r� �e�a�c�h� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r� �a�r�e� �g�i�v�e�n� �i�n� 

�T�a�b�l�e� �2�.�1�1�.� �T�h�e� �f�e�e�d� �s�l�u�r�r�y� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �1�1�4� �c�m� �a�b�o�v�e� �t�h�e� �b�u�b�b�l�e� �g�e�n�e�r�a�t�o�r�.� �T�h�e� �p�H� 

�o�f� �t�h�e� �f�e�e�d� �s�l�u�r�r�y� �a�n�d� �w�a�s�h� �w�a�t�e�r� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �p�H� �7�.�5� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�e�s�t� �p�r�o�g�r�a�m�.� 

�B�o�t�h� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �a�n�d� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�s� �w�e�r�e� �t�e�s�t�e�d� �u�s�i�n�g� �t�h�i�s� �a�p�p�r�o�a�c�h�.� 

�S�e�p�a�r�a�t�e� �3�-�l�e�v�e�l� �a�n�d� �4�-�v�a�r�i�a�b�l�e� �f�a�c�t�o�r�i�a�l� �d�e�s�i�g�n�s� �(�w�i�t�h� �r�e�p�e�a�t� �t�e�s�t�s� �a�t� �t�h�e� �c�e�n�t�r�a�l� 

�p�o�i�n�t�)� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �f�o�r� �e�a�c�h� �c�o�a�l� �u�s�i�n�g� �t�h�e� �D�e�s�i�g�n�-�E�x�p�e�r�t� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e�.� �E�a�c�h� 

�e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �r�e�q�u�i�r�e�d� �2�0� �i�n�d�i�v�i�d�u�a�l� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s�.� �A�s�s�a�y� �v�a�l�u�e�s� �w�e�r�e� �m�a�t�e�r�i�a�l�-� 

�b�a�l�a�n�c�e�d� �t�o� �p�r�o�v�i�d�e� �a� �c�o�n�s�i�s�t�e�n�t� �s�e�t� �o�f� �d�a�t�a� �p�r�i�o�r� �t�o� �u�s�i�n�g� �t�h�e� �s�o�f�t�w�a�r�e� �t�o� �p�e�r�f�o�r�m� �t�h�e� 

�r�e�q�u�i�r�e�d� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�e�s�.� �A� �s�u�m�m�a�r�y� �o�f� �t�h�e� �t�e�s�t� �r�e�s�u�l�t�s� �i�s� �g�i�v�e�n� �i�n� �A�p�p�e�n�d�i�x� �F�.� �T�h�e� 

�r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�e�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �e�m�p�i�r�i�c�a�l� �e�x�p�r�e�s�s�i�o�n�s� �r�e�l�a�t�i�n�g� �t�h�e� �o�p�e�r�a�t�i�n�g� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�F�e�e�d� 

� � � � 

� � � � � 
� � � � � � � 

�a�a� �W�a�s�h� �W�a�t�e�r� 

�F�r�o�t�h� 

�O�v�e�r�f�l�o�w�/�P�r�o�d�u�c�t� 

�F�e�e�d� �P�o�i�n�t� 

�U�n�d�e�r�f�l�o�w�/�T�a�i�l�i�n�g�s� �R�e�c�y�c�l�e� �L�i�n�e� 

�\�|�<�+ �� �A�i�r� �&� �F�r�o�t�h�e�r� �A�d�d�i�t�i�o�n�  � � ��>� 

�B�u�b�b�l�e� �G�e�n�e�r�a�t�i�o�n� �P�u�m�p� 
 � � ��_�}�>� 

�F�i�g�u�r�e� �2�.�1�8� �|� �S�c�h�e�m�a�t�i�c� �o�f� �l�a�b�o�r�a�t�o�r�y� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �u�s�e�d� �i�n� �c�o�a�g�u�l�a� �r�e�c�o�v�e�r�y� �t�e�s�t� 
�w�o�r�k�.� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�T�a�b�l�e� �2�.�1�0� �-� �S�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �t�e�s�t�s�.� 

� � 

� � 
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�p�H� �7�.�5� 

�p�H� �C�o�n�d�i�t�i�o�n� �T�i�m�e� �1�5� �m�i�n�u�t�e�s� 

�C�h�e�l�a�t�i�n�g� �A�g�e�n�t� �E�D�T�A� 

�C�h�e�l�a�t�e� �D�o�s�a�g�e� �0�.�4� �g�m�/�l�i�t�e�r� 

�C�h�e�l�a�t�e� �C�o�n�d�i�t�i�o�n� �T�i�m�e� �1�5� �m�i�n�u�t�e�s� 

�F�r�o�t�h�e�r� �D�o�s�a�g�e� �4�-�5� �l�b�/�t�o�n� 

�F�e�e�d� �P�a�r�t�i�c�l�e� �S�i�z�e� �-�2�0� �m�i�c�r�o�n�s� 

� � 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�T�a�b�l�e� �2�.�1�1� �-� �E�x�p�e�r�i�m�e�n�t�a�l� �l�e�v�e�l�s� �f�o�r� �t�h�e� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �p�a�r�a�m�e�t�r�i�c� �t�e�s�t�s�.� 

� � 

� � 

� � 

�P�a�r�a�m�e�t�e�r� �R�a�n�g�e� 

�C�o�a�l� �S�e�a�m� �P�a�r�a�m�e�t�e�r� �U�n�i�t�s� �L�o�w� �(�-�1�)� �N�o�r�m�a�l� �(�0�)� �_� �H�i�g�h� �(�1�)� 

�E�l�k�h�o�r�n� �N�o�.� �3� �F�e�e�d� �S�o�l�i�d�s� �(�%�)� �4� �7� �1�0� 
�(�5�0�%� �A�s�h�)� 

�W�a�s�h� �W�a�t�e�r� �(�m�l�/�m�i�n�)� �2�0�0� �4�0�0� �6�0�0� 

�F�e�e�d� �R�a�t�e� �(�m�l�/�m�i�n�)� �1�5�0� �2�0�0� �2�5�0� 

�A�i�r�R�a�t�e� � �(�c�c�/�m�i�n�)�  ��-�:�1�0�0�0� �1�5�0�0� �  ��«�-� �2�0�0�0� 

�P�i�t�t�s�b�u�r�g�h� �N�o�.�8�  �� �F�e�e�d� �S�o�l�i�d�s� �(�%�)� �4� �7� �1�0� 

�W�a�s�h� �W�a�t�e�r� �(�m�l�/�m�i�n�)� �2�0�0� �4�0�0� �6�0�0� 

�F�e�e�d� �R�a�t�e� �(�m�l�/�m�i�n�)� �1�5�0� �2�0�0� �2�5�0� 

�A�i�r� �R�a�t�e� �(�c�c�/�m�i�n�)� �1�0�0�0� �1�5�0�0� �2�0�0�0� 

� � 

� � 

�V�i�r�g�i�n�i�a� �T�e�c�h� �5�0



�C�h�a�p�t�e�r� �2�.� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�c�o�n�d�i�t�i�o�n�s� �t�o� �s�e�p�a�r�a�t�o�r� �p�e�r�f�o�r�m�a�n�c�e�.� �D�a�t�a� �f�i�t�t�i�n�g� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �s�t�a�n�d�a�r�d� �l�i�n�e�a�r�,� 

�q�u�a�d�r�a�t�i�c�,� �a�n�d� �c�u�b�i�c� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l�s�.� �W�h�i�l�e� �t�h�e� �c�u�b�i�c� �m�o�d�e�l� �t�y�p�i�c�a�l�l�y� �p�r�o�v�i�d�e�d� �t�h�e� �b�e�s�t� 

�f�i�t�s�,� �m�a�n�y� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �a�l�i�a�s�e�d� �(�i�.�e�.�,� �t�h�e�s�e� �t�e�r�m�s� �c�o�u�l�d� �n�o�t� �b�e� �u�n�i�q�u�e�l�y� 

�d�e�t�e�r�m�i�n�e�d� �g�i�v�e�n� �t�h�e� �a�v�a�i�l�a�b�l�e� �d�a�t�a� �s�e�t�)�.� �T�h�u�s�,� �q�u�a�d�r�a�t�i�c� �m�o�d�e�l�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �s�i�n�c�e� �t�h�e�y� 

�m�i�n�i�m�i�z�e�d� �m�o�d�e�l� �c�o�m�p�l�e�x�i�t�y�,� �p�r�o�v�i�d�e�d� �g�o�o�d� �p�r�e�d�i�c�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n�s� �a�n�d� �r�e�d�u�c�e�d� �a�l�i�a�s�i�n�g� 

�o�f� �t�h�e� �m�o�d�e�l� �c�o�e�f�f�i�c�i�e�n�t�s�.� �F�o�r� �e�a�c�h� �m�o�d�e�l�,� �t�h�e� �v�a�l�u�e�s� �o�f� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s�,� �s�t�a�n�d�a�r�d� 

�e�r�r�o�r�s�,� �v�a�r�i�a�n�c�e�s�,� �t�-�t�e�s�t�s�,� �e�t�c�.�,� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �a�s� �a� �m�e�a�n�s� �o�f� �q�u�a�n�t�i�f�y�i�n�g� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� 

�s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �e�a�c�h� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �i�n� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l�.� 

�A�f�t�e�r� �c�o�m�p�l�e�t�i�n�g� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�e�s�,� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� 

�f�o�r� �p�r�e�d�i�c�t�i�n�g� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �c�o�n�c�e�n�t�r�a�t�e� �a�s�h�,� �a�n�d� �c�o�n�c�e�n�t�r�a�t�e� �s�u�l�f�u�r� �f�o�r� �e�a�c�h� �o�f� 

�t�h�e� �t�w�o� �b�a�s�e� �c�o�a�l�s�.� �E�a�c�h� �s�e�t� �o�f� �d�a�t�a� �w�e�r�e� �p�l�o�t�t�e�d� �a�s� �f�u�n�c�t�i�o�n�s� �o�f� �f�e�e�d� �f�l�o�w� �r�a�t�e� �a�n�d� �s�o�l�i�d�s� 

�c�o�n�t�e�n�t� �i�n� �t�h�e� �f�o�r�m� �o�f� �a� �c�o�n�t�o�u�r� �d�i�a�g�r�a�m�.� �T�h�u�s�,� �n�i�n�e� �s�e�p�a�r�a�t�e� �p�l�o�t�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �f�o�r� 

�e�a�c�h� �r�e�s�p�o�n�s�e� �t�o� �r�e�p�r�e�s�e�n�t� �a�l�l� �p�o�s�s�i�b�l�e� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �h�i�g�h�,� �n�o�r�m�a�l�,� �a�n�d� �l�o�w� �s�e�t�t�i�n�g�s� �f�o�r� 

�t�h�e� �a�e�r�a�t�i�o�n� �r�a�t�e� �a�n�d� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�.� 

�b�)� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�e�s� �f�o�r� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� �c�o�a�l� �a�r�e� �p�r�o�v�i�d�e�d� 

�i�n� �A�p�p�e�n�d�i�x� �F�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �2�.�1�9�-�2�.�2�1� 

�f�o�r� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �c�o�n�c�e�n�t�r�a�t�e� �a�s�h�,� �a�n�d� �c�o�n�c�e�n�t�r�a�t�e� �s�u�l�f�u�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

�p�a�r�a�m�e�t�e�r� �c�o�r�r�e�l�a�t�i�o�n� �c�h�a�r�t� �f�o�r� �t�h�e�s�e� �t�e�s�t�s� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �2�.�1�2�.� �T�h�e� �t�e�s�t� �d�a�t�a� 

�i�n�d�i�c�a�t�e� �t�h�a�t� �w�a�s�h� �w�a�t�e�r� �r�a�t�e� �w�a�s� �b�y� �f�a�r� �t�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �p�a�r�a�m�e�t�e�r� �a�f�f�e�c�t�i�n�g� �t�h�e� 

�r�e�c�o�v�e�r�y� �o�f� �t�h�e� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a� �(�F�i�g�u�r�e� �2�.�1�9�)�.� �R�e�c�o�v�e�r�y� �t�y�p�i�c�a�l�l�y� �d�e�c�r�e�a�s�e�d� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �c�o�a�g�u�l�a� �f�o�r�m�e�d� �b�y� �t�h�e� �S�H�C� �p�r�o�c�e�s�s� �a�r�e� 

�t�o�o� �w�e�a�k� �t�o� �w�i�t�h�s�t�a�n�d� �t�h�e� �s�h�e�a�r� �f�o�r�c�e�s� �c�r�e�a�t�e�d� �i�n� �t�h�e� �f�r�o�t�h� �b�y� �t�h�e� �w�a�s�h� �w�a�t�e�r�.� �T�h�e� �f�a�c�t� 

�t�h�a�t� �f�l�o�t�a�t�i�o�n� �w�a�s� �u�n�a�b�l�e� �t�o� �a�c�h�i�e�v�e� �r�e�c�o�v�e�r�i�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�5�-�3�5�%� �a�t� �h�i�g�h� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�T�a�b�l�e� �2�.�1�2� �-� �C�o�r�r�e�l�a�t�i�o�n� �m�a�t�r�i�x� �f�o�r� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �(�E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l�)�.� 
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�E�f�f�e�c�t� �o�f� �I�n�c�r�e�a�s�i�n�g�:� 
�P�r�o�c�e�s�s� �R�e�s�p�o�n�s�e� �F�e�e�d� �S�o�l�i�d�s� �A�i�r� �R�a�t�e� �F�e�e�d� �R�a�t�e� �W�a�t�e�r� �R�a�t�e� 

�C�l�e�a�n� �C�o�a�l� �Y�i�e�l�d� �M�L� �S�L� �S�t� �L�T� 

�C�o�m�b�u�s�t�i�b�l�e� �R�e�c�o�v�e�r�y� �M�L� �S�L� �S�L� �L�L� 

�A�s�h� �R�e�j�e�c�t�i�o�n� �S�T� �S�T� �s�t� �M�T� 

�_� �S�u�l�f�u�r� �R�e�j�e�c�t�i�o�n� �M�T� �S�T� �s�t� �L�T� 

�S�e�p�a�r�a�t�i�o�n� �E�f�f�i�c�i�e�n�c�y� �M�L� �S�L� �S�L� �L�L� 

�L� �=� �L�a�r�g�e�,� �M� �=� �M�e�d�i�u�m�,� �S� �=� �S�m�a�l�l� 
�T� �=� �I�n�c�r�e�a�s�i�n�g� �R�e�s�p�o�n�s�e�,� �|� �=� �D�e�c�r�e�a�s�i�n�g� �R�e�s�p�o�n�s�e� 

�V�i�r�g�i�n�i�a� �T�e�c�h� �5�5



�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�q�u�i�e�s�c�e�n�t� �a�n�d� �c�a�n� �t�a�k�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �p�a�r�t�i�c�l�e� �s�i�z�e� �e�n�l�a�r�g�e�m�e�n�t� �c�r�e�a�t�e�d� �b�y� �t�h�e� �S�H�C� 

�p�r�o�c�e�s�s� �m�y� �p�r�o�v�e� �v�e�r�y� �b�e�n�e�f�i�c�i�a�l�.� 

�W�a�s�h� �w�a�t�e�r� �r�a�t�e� �w�a�s� �a�l�s�o� �f�o�u�n�d� �t�o� �p�r�o�d�u�c�e� �t�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �i�n� �t�h�e� 

�q�u�a�l�i�t�y� �o�f� �t�h�e� �f�r�o�t�h� �c�o�n�c�e�n�t�r�a�t�e�.� �H�i�g�h� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�s� �p�r�o�v�i�d�e�d� �t�h�e� �l�o�w�e�s�t� �a�s�h� �c�o�n�t�e�n�t�s� 

�(�F�i�g�u�r�e� �2�.�2�0�)� �b�e�c�a�u�s�e� �o�f� �r�e�d�u�c�t�i�o�n� �i�n� �f�i�n�e� �p�a�r�t�i�c�l�e� �e�n�t�r�a�i�n�m�e�n�t� �a�n�d� �a� �d�e�c�r�e�a�s�e� �i�n� 

�e�n�t�r�a�p�m�e�n�t� �a�s� �a� �r�e�s�u�l�t� �o�f� �c�o�a�g�u�l�a� �b�r�e�a�k�u�p�.� �T�h�i�s� �d�a�t�a� �s�u�g�g�e�s�t�s� �t�h�a�t�,� �i�n� �a�d�d�i�t�i�o�n� �t�o� 

�q�u�i�e�s�c�e�n�t� �c�o�n�d�i�t�i�o�n�s�,� �m�u�l�t�i�p�l�e� �s�t�a�g�e�s� �o�f� �c�l�e�a�n�e�r� �f�l�o�t�a�t�i�o�n� �m�a�y� �b�e� �r�e�q�u�i�r�e�d� �t�o� �e�f�f�e�c�t�i�v�e�l�y� 

�p�r�o�c�e�s�s� �t�h�e� �c�o�a�g�u�l�a� �f�o�r�m�e�d� �b�y� �t�h�e� �S�H�C� �p�r�o�c�e�s�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �l�i�t�t�l�e� �v�a�r�i�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� 

�i�n� �t�h�e� �s�u�l�f�u�r� �c�o�n�t�o�u�r� �p�l�o�t�s� �(�F�i�g�u�r�e� �2�.�2�1�)� �d�u�e� �t�o� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �s�u�l�f�u�r� �c�o�n�t�e�n�t� �o�f� �t�h�e� 

�E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� �c�o�a�l�.� 

�C�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �w�a�s� �g�e�n�e�r�a�l�l�y� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� 

�c�o�n�t�e�n�t� �(�F�i�g�u�r�e� �2�.�1�9�)�.� �T�h�i�s� �f�i�n�d�i�n�g� �w�a�s� �e�x�p�e�c�t�e�d� �s�i�n�c�e� �h�i�g�h�e�r� �s�o�l�i�d�s� �l�o�a�d�i�n�g� �o�f�t�e�n� �r�e�s�u�l�t� �i�n� 

�e�x�c�e�s�s�i�v�e� �c�r�o�w�d�i�n�g� �o�f� �t�h�e� �b�u�b�b�l�e� �s�u�r�f�a�c�e�s� �a�n�d� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �l�o�s�s� �o�f� �f�l�o�a�t�a�b�l�e� �p�a�r�t�i�c�l�e�s�.� 

�T�h�e� �s�a�m�e� �m�e�c�h�a�n�i�s�m� �w�a�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �i�m�p�r�o�v�e�d� �c�o�n�c�e�n�t�r�a�t�e� �a�s�h� �a�n�d� �s�u�l�f�u�r� �v�a�l�u�e�s� 

�o�b�t�a�i�n�e�d� �a�t� �t�h�e� �h�i�g�h�e�r� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s� �(�F�i�g�u�r�e�s� �2�.�2�0� �a�n�d� �2�.�2�1�)�.� �N�e�x�t� �t�o� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�,� 

�f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �t�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �p�a�r�a�m�e�t�e�r� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� 

�r�e�c�o�v�e�r�y� �a�n�d� �q�u�a�l�i�t�y� �o�f� �t�h�e� �f�r�o�t�h� �c�o�n�c�e�n�t�r�a�t�e�.� 

�A�e�r�a�t�i�o�n� �r�a�t�e� �w�a�s� �f�o�u�n�d� �t�o� �h�a�v�e� �a� �s�m�a�l�l� �n�e�g�a�t�i�v�e� �i�m�p�a�c�t� �o�n� �c�o�a�g�u�l�a� �r�e�c�o�v�e�r�y� 

�(�F�i�g�u�r�e� �2�.�1�9�)�.� �T�h�i�s� �t�r�e�n�d� �i�s� �o�p�p�o�s�i�t�e� �t�o� �t�h�a�t� �t�y�p�i�c�a�l�l�y� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�h�e� �f�l�o�t�a�t�i�o�n� �o�f� 

�w�e�l�l�-�d�i�s�p�e�r�s�e�d� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�,� �t�h�e� �h�i�g�h�e�r� �g�a�s� �r�a�t�e�s� �a�r�e� 

�b�e�l�i�e�v�e�d� �t�o� �c�r�e�a�t�e� �i�n�c�r�e�a�s�e�d� �l�e�v�e�l�s� �o�f� �t�u�r�b�u�l�e�n�c�e� �t�h�a�t� �a�r�e� �d�e�t�r�i�m�e�n�t�a�l� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�l�a�r�g�e�,� �s�t�a�b�l�e� �c�o�a�g�u�l�a�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �m�i�x�i�n�g� �t�u�r�b�u�l�e�n�c�e� �w�i�t�h� �g�a�s� �r�a�t�e� �h�a�s� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� 

�r�e�p�o�r�t�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h�.� �T�h�u�s�,� �h�i�g�h� �a�e�r�a�t�i�o�n� �r�a�t�e�s� �a�n�d� �a�s�s�o�c�i�a�t�e�d� 

�t�u�r�b�u�l�e�n�c�e� �s�h�o�u�l�d� �b�e� �a�v�o�i�d�e�d� �w�h�e�n� �f�l�o�a�t�i�n�g� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a�.� �A�e�r�a�t�i�o�n� �r�a�t�e� �h�a�d� �l�i�t�t�l�e� 

�i�m�p�a�c�t� �o�n� �e�i�t�h�e�r� �t�h�e� �a�s�h� �o�r� �s�u�l�f�u�r� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� �f�r�o�t�h� �p�r�o�d�u�c�t�s� �(�F�i�g�u�r�e�s� �2�.�2�0� �a�n�d� �2�.�2�1�)�.� 

�R�e�c�o�v�e�r�y� �t�e�n�d�e�d� �t�o� �d�e�c�r�e�a�s�e� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�e�e�d� �f�l�o�w� �r�a�t�e� �f�o�r� �m�o�s�t� �o�f� �t�h�e� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k� �(�F�i�g�u�r�e� �2�.�1�9�)�.� �S�i�m�i�l�a�r� �r�e�s�p�o�n�s�e�s� �w�e�r�e� 

�n�o�t�e�d� �f�o�r� �t�h�e� �a�s�h� �a�n�d� �s�u�l�f�u�r� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� �f�r�o�t�h� �c�o�n�c�e�n�t�r�a�t�e� �(�F�i�g�u�r�e�s� �2�.�2�0� �a�n�d� �2�.�2�1�)�.� 

� � 
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�C�h�a�p�t�e�r� �2�.� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�T�h�e� �r�e�d�u�c�e�d� �r�e�c�o�v�e�r�y� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� �d�e�c�r�e�a�s�e� �i�n� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �a�n�d� �i�n�c�r�e�a�s�e� �i�n� 

�c�o�a�g�u�l�a� �b�r�e�a�k�a�g�e� �a�t� �t�h�e� �h�i�g�h�e�r� �f�e�e�d� �f�l�o�w� �r�a�t�e�s�.� �T�h�e� �o�n�l�y� �e�x�c�e�p�t�i�o�n� �t�o� �t�h�i�s� �t�r�e�n�d� �w�a�s� 

�o�b�s�e�r�v�e�d� �w�h�e�n� �l�o�w� �a�e�r�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �u�s�e�d� �t�o�g�e�t�h�e�r� �w�i�t�h� �l�o�w� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s� �o�r� �h�i�g�h� 

�w�a�s�h� �w�a�t�e�r� �f�l�o�w� �r�a�t�e�s�.� �S�i�n�c�e� �t�h�e� �l�b�/�t�o�n� �f�r�o�t�h�e�r� �w�a�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�e�s�t� 

�p�r�o�g�r�a�m�,� �t�h�e� �h�i�g�h�e�r� �f�e�e�d� �f�l�o�w� �r�a�t�e�s� �t�y�p�i�c�a�l�l�y� �r�e�s�u�l�t�e�d� �i�n� �a�n� �i�n�c�r�e�a�s�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�f�r�o�t�h�e�r� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �p�u�l�p�.� �T�h�e� �a�d�d�i�t�i�o�n�a�l� �f�r�o�t�h�e�r� �r�e�d�u�c�e�d� �t�h�e� �b�u�b�b�l�e� �s�i�z�e� �a�n�d� �r�e�s�u�l�t�e�d� �i�n� 

�h�i�g�h�e�r� �p�a�r�t�i�c�l�e� �r�e�c�o�v�e�r�i�e�s�.� �T�h�i�s� �t�r�e�n�d� �w�a�s� �n�o�t� �o�b�s�e�r�v�e�d� �a�t� �l�o�w� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�s� �s�i�n�c�e� �l�e�s�s� 

�d�i�l�u�t�i�o�n� �o�f� �t�h�e� �f�r�o�t�h�e�r� �o�c�c�u�r�r�e�d� �u�n�d�e�r� �t�h�i�s� �c�o�n�d�i�t�i�o�n�.� �T�h�e� �i�n�c�r�e�m�e�n�t�a�l� �i�n�c�r�e�a�s�e� �i�n� �f�r�o�t�h�e�r� 
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�a�n�d� �2�.�2�4�)�.� �T�h�e�s�e� �t�r�e�n�d�s� �c�a�n� �b�e� �l�a�r�g�e�l�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �o�v�e�r�a�l�l� �p�o�o�r� �r�e�s�p�o�n�s�e� �o�f� �t�h�e� 

�P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l� �t�o� �s�e�l�e�c�t�i�v�e� �c�o�a�g�u�l�a�t�i�o�n�,� �i�.�e�.�,� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l� �e�i�t�h�e�r� 

�c�o�a�g�u�l�a�t�e�d� �n�o�n�s�e�l�e�c�t�i�v�e�l�y� �o�r� �r�e�m�a�i�n�e�d� �c�o�m�p�l�e�t�e�l�y� �d�i�s�p�e�r�s�e�d�.� 

�A�e�r�a�t�i�o�n� �r�a�t�e� �w�a�s� �f�o�u�n�d� �t�o� �h�a�v�e� �o�n�l�y� �a� �s�m�a�l�l� �i�m�p�a�c�t� �o�n� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �f�o�r� 

�t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l� �(�F�i�g�u�r�e� �2�.�2�2�)�.� �I�n� �f�l�o�t�a�t�i�o�n�,� �h�i�g�h�e�r� �g�a�s� �r�a�t�e�s� �t�y�p�i�c�a�l�l�y� 

�i�n�c�r�e�a�s�e� �r�e�c�o�v�e�r�y� �b�y� �e�n�h�a�n�c�i�n�g� �t�h�e� �f�l�o�t�a�t�i�o�n� �k�i�n�e�t�i�c�s�.� �H�o�w�e�v�e�r�,� �i�n� �t�h�i�s� �c�a�s�e�,� �h�i�g�h�e�r� �g�a�s� 

�r�a�t�e�s� �c�a�n� �a�l�s�o� �r�e�s�u�l�t� �i�n� �h�i�g�h�e�r� �c�o�a�g�u�l�a� �b�r�e�a�k�a�g�e� �r�a�t�e�s� �w�h�i�c�h� �m�a�y� �r�e�d�u�c�e� �t�h�e� �r�e�c�o�v�e�r�y�.� �F�o�r� 

�t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �c�o�a�l�,� �h�i�g�h�e�r� �r�e�c�o�v�e�r�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �e�n�h�a�n�c�e�d� �f�l�o�t�a�t�i�o�n� �k�i�n�e�t�i�c�s� �a�p�p�e�a�r� �t�o� 

�b�e� �o�f�f�s�e�t� �b�y� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �c�o�a�g�u�l�a� �b�r�e�a�k�a�g�e� �r�a�t�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �g�a�s� �r�a�t�e�.� �S�i�m�i�l�a�r� �t�r�e�n�d�s� 

�a�r�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �a�s�h� �a�n�d� �s�u�l�f�u�r� �c�o�n�t�o�u�r� �p�l�o�t�s� �(�F�i�g�u�r�e�s� �2�.�2�3� �a�n�d� �2�.�2�4�)�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �f�e�e�d� �f�l�o�w� �r�a�t�e� �o�n� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l� �w�a�s� 

�c�o�m�p�l�e�t�e�l�y� �u�n�e�x�p�e�c�t�e�d� �(�F�i�g�u�r�e� �2�.�2�2�)�.� �T�y�p�i�c�a�l�l�y�,� �g�o�o�d� �r�e�c�o�v�e�r�i�e�s� �w�e�r�e� �o�n�l�y� �a�c�h�i�e�v�e�d� �a�t� 

�v�e�r�y� �l�o�w� �o�r� �v�e�r�y� �h�i�g�h� �f�e�e�d� �f�l�o�w� �r�a�t�e�s�.� �S�i�m�i�l�a�r�l�y�,� �h�i�g�h� �a�s�h� �a�n�d� �s�u�l�f�u�r� �v�a�l�u�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� 

�i�n� �t�h�e� �s�a�m�e� �o�p�e�r�a�t�i�n�g� �r�e�g�i�o�n�s� �(�F�i�g�u�r�e�s� �2�.�2�3� �a�n�d� �2�.�2�4�)�.� �T�h�e� �b�a�t�c�h� �s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�s�t�s� 

�c�o�n�d�u�c�t�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�4� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �c�o�a�g�u�l�a�t�i�o�n� �o�f� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l� 

�w�a�s� �v�e�r�y� �n�o�n�s�e�l�e�c�t�i�v�e�,� �b�u�t� �m�u�c�h� �s�t�r�o�n�g�e�r� �t�h�a�n� �t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �E�l�k�h�o�m� �N�o�.� �3� �s�e�a�m� 

�c�o�a�l�.� �U�n�d�e�r� �c�o�n�d�i�t�i�o�n�s� �o�f� �l�o�w� �t�u�r�b�u�l�e�n�c�e� �(�.�e�.�,� �l�o�w� �a�e�r�a�t�i�o�n�,� �f�e�e�d�,� �a�n�d� �w�a�s�h� �w�a�t�e�r� �f�l�o�w� 

�r�a�t�e�s�)�,� �t�h�e� �s�t�r�o�n�g� �c�o�a�g�u�l�a�t�i�o�n� �t�e�n�d�e�n�c�y� �r�e�s�u�l�t�e�d� �i�n� �n�e�a�r�l�y� �1�0�0�%� �c�o�a�l� �r�e�c�o�v�e�r�i�e�s�.� �H�i�g�h�e�r� 

�f�e�e�d� �r�a�t�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �l�e�v�e�l� �o�f� �t�u�r�b�u�l�e�n�c�e�,� �l�e�a�d�i�n�g� �t�o� �a� �s�h�a�r�p� �i�n�c�r�e�a�s�e� �i�n� �c�o�a�g�u�l�a� �b�r�e�a�k�u�p� 

�a�n�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �l�o�s�s� �o�f� �r�e�c�o�v�e�r�y�.� �H�o�w�e�v�e�r�,� �a�s� �d�i�s�c�u�s�s�e�d� �e�a�r�l�i�e�r�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�e�e�d� 

�r�a�t�e� �a�l�s�o� �i�n�c�r�e�a�s�e�d� �t�h�e� �f�r�o�t�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e� �h�i�g�h�e�r� �f�r�o�t�h�e�r� �a�d�d�i�t�i�o�n� �r�a�t�e� �r�e�s�u�l�t�e�d� �i�n� 

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �s�m�a�l�l�e�r� �a�i�r� �b�u�b�b�l�e�s�,� �e�v�e�n�t�u�a�l�l�y� �l�e�a�d�i�n�g� �t�o� �i�n�c�r�e�a�s�e�d� �r�e�c�o�v�e�r�i�e�s� �a�t� �t�h�e� 

�h�i�g�h�e�r� �f�e�e�d� �r�a�t�e�s�.� �T�h�e�s�e� �c�o�m�p�l�e�x� �i�n�t�e�r�a�c�t�i�o�n�s�,� �w�h�i�c�h� �h�a�v�e� �n�o�t� �y�e�t� �b�e�e�n� �a�d�d�r�e�s�s�e�d� �b�y� �t�h�e� 

�r�e�s�e�a�r�c�h� �c�o�m�m�u�n�i�t�y�,� �n�e�e�d� �t�o� �b�e� �i�n�v�e�s�t�i�g�a�t�e�d� �f�u�r�t�h�e�r� �i�n� �o�r�d�e�r� �t�o� �d�e�v�e�l�o�p� �i�m�p�r�o�v�e�d� 

�f�l�o�t�a�t�i�o�n� �a�n�d� �s�e�l�e�c�t�i�v�e� �c�o�a�g�u�l�a�t�i�o�n� �t�e�c�h�n�o�l�o�g�i�e�s�.� 

�A�d�d�i�t�i�o�n�a�l� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �e�a�c�h� �o�f� �t�h�e� �t�w�o� �c�o�a�l�s� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� 

�s�e�p�a�r�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e� �c�o�u�l�d� �b�e� �i�m�p�r�o�v�e�d� �b�y� �u�s�i�n�g� �d�i�f�f�e�r�e�n�t� �p�H� �l�e�v�e�l�s�.� �I�n� �g�e�n�e�r�a�l�,� �l�o�w� 

�p�H� �v�a�l�u�e�s� �c�a�u�s�e� �g�r�e�a�t�e�r� �c�o�a�g�u�l�a�t�i�o�n� �o�f� �c�o�a�l� �t�h�a�n� �d�o� �h�i�g�h�e�r� �p�H� �v�a�l�u�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�e�s�t�s� 

� � 
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�C�h�a�p�t�e�r� �2�.� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �p�H� �v�a�l�u�e�s� �o�f� �4�,� �6�,� �7�.�5� �a�n�d� �1�0� �a�n�d� �f�e�e�d� �f�l�o�w� �r�a�t�e�s� �o�f� �1�0�0�,� �1�5�0� �a�n�d� �2�2�5� 

�m�l�/�m�i�n� �i�n� �o�r�d�e�r� �t�o� �a�s�s�e�s�s� �w�h�e�t�h�e�r� �c�o�a�g�u�l�a�t�e�d� �c�o�a�l� �f�l�o�a�t�s� �f�a�s�t�e�r� �a�n�d� �m�o�r�e� �c�l�e�a�n�l�y� �t�h�a�n� 

�d�i�s�p�e�r�s�e�d� �c�o�a�l�.� �S�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� 

�T�a�b�l�e� �2�.�1�4�.� �T�e�s�t� �c�o�n�d�i�t�i�o�n�s�,� �a�s�s�a�y� �v�a�l�u�e�s�,� �a�n�d� �v�a�r�i�o�u�s� �p�e�r�f�o�r�m�a�n�c�e� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �t�h�e� 

�t�e�s�t�s� �o�n� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l� �a�r�e� �g�i�v�e�n� �i�n� �A�p�p�e�n�d�i�x� �F�.� �P�l�o�t�s� �o�f� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� 

�v�e�r�s�u�s� �a�s�h� �r�e�j�e�c�t�i�o�n� �a�n�d� �p�r�o�d�u�c�t� �r�a�t�e� �v�e�r�s�u�s� �f�e�e�d� �r�a�t�e� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e�s� �2�.�2�5� �a�n�d� �2�.�2�6�.� 

�S�i�m�i�l�a�r� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l� �i�s� �g�i�v�e�n� �i�n� �A�p�p�e�n�d�i�x� �F� �a�n�d� �F�i�g�u�r�e�s� �2�.�2�7� 

�a�n�d� �2�.�2�8�.� 

�F�i�g�u�r�e�s� �2�.�2�5� �a�n�d� �2�.�2�7� �s�h�o�w� �t�h�a�t� �h�i�g�h�e�r� �p�H� �l�e�v�e�l�s� �g�e�n�e�r�a�l�l�y� �g�i�v�e� �c�l�e�a�n�e�r� �p�r�o�d�u�c�t�s�,� 

�p�r�e�s�u�m�a�b�l�y� �b�e�c�a�u�s�e� �t�h�e� �d�i�s�p�e�r�s�i�o�n� �o�f� �b�o�t�h� �c�o�a�l� �a�n�d� �c�l�a�y� �i�s� �g�r�e�a�t�l�y� �e�n�h�a�n�c�e�d� �a�b�o�v�e� �p�H� �7�.�5�.� 

�T�h�i�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �l�e�a�d� �t�o� �b�e�t�t�e�r� �f�l�o�t�a�t�i�o�n� �o�f� �c�o�a�l� �a�n�d� �l�e�s�s� �e�n�t�r�a�p�m�e�n�t� �o�f� �m�i�n�e�r�a�l� 

�m�a�t�t�e�r� �i�n� �t�h�e� �f�r�o�t�h�.� �T�h�e� �p�r�o�d�u�c�t� �v�e�r�s�u�s� �f�e�e�d� �r�a�t�e� �p�l�o�t�s� �(�F�i�g�u�r�e�s� �2�.�2�6� �a�n�d� �2�.�2�8�)� �a�l�s�o� �s�h�o�w� 

�t�h�a�t� �t�h�e�r�e� �a�r�e� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �r�a�t�e�s� �o�f� �f�l�o�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�a�l�s� �a�t� �t�h�e� �d�i�f�f�e�r�e�n�t� 

�p�H� �l�e�v�e�l�s�.� �S�i�n�c�e� �b�o�t�h� �t�h�e�o�r�y� �a�n�d� �e�x�p�e�r�i�e�n�c�e� �i�n�d�i�c�a�t�e� �t�h�a�t� �l�a�r�g�e�r� �c�o�a�g�u�l�a� �s�h�o�u�l�d� �f�l�o�a�t� 

�f�a�s�t�e�r� �t�h�a�n� �d�i�s�p�e�r�s�e�d� �p�a�r�t�i�c�l�e�s�,� �i�t� �m�u�s�t� �b�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �c�o�a�g�u�l�a� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�f�l�o�t�a�t�i�o�n� �f�e�e�d� �a�r�e� �b�e�i�n�g� �d�e�s�t�r�o�y�e�d� �b�y� �t�u�r�b�u�l�e�n�c�e� �i�n� �t�h�e� �c�o�l�u�m�n�.� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�l�o�w� �r�a�t�e�s� 

�o�f� �w�a�t�e�r�,� �p�a�r�t�i�c�l�e�s�,� �a�n�d� �b�u�b�b�l�e�s� �i�n� �t�h�e� �p�u�l�p�/�f�r�o�t�h� �t�r�a�n�s�i�t�i�o�n� �z�o�n�e� �o�f� �t�h�e� �t�y�p�i�c�a�l� �f�l�o�t�a�t�i�o�n� 

�c�o�l�u�m�n� �g�i�v�e�s� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r�s� �o�f� �a�b�o�u�t� �1�5�,�0�0�0�.� �T�h�i�s� �i�s� �m�u�c�h� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �R�e�y�n�o�l�d�s� 

�n�u�m�b�e�r� �r�a�n�g�e� �(�1�0�0�-�3�0�0�0�)� �f�o�u�n�d� �t�o� �b�e� �n�e�c�e�s�s�a�r�y� �f�o�r� �a�c�c�e�p�t�a�b�l�e� �c�o�a�g�u�l�a� �g�r�o�w�t�h� �b�y� 

�r�e�s�e�a�r�c�h�e�r�s� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e�s�e� �a�n�a�l�y�s�e�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�l�u�m�n� 

�f�l�o�t�a�t�i�o�n� �i�s� �a�n� �u�n�s�u�i�t�a�b�l�e� �p�r�o�c�e�s�s� �f�o�r� �u�p�g�r�a�d�i�n�g� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a�.� 

� � 

�V�i�r�g�i�n�i�a� �T�e�c�h� �6�3



�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 
� � 

�T�a�b�l�e� �2�.�1�4� �-� �S�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �p�H� �t�e�s�t�s�.� 

� � 

� � 

�P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 

�p�H� �4�,� �6�,� �7�.�5�,� �1�0� 

�p�H� �C�o�n�d�i�t�i�o�n� �T�i�m�e� �1�5� �m�i�n�u�t�e�s� 

�C�h�e�l�a�t�i�n�g� �A�g�e�n�t� �E�D�T�A� 

�C�h�e�l�a�t�e� �D�o�s�a�g�e� �0�.�4� �g�m�/�l�i�t�e�r� 

�C�h�e�l�a�t�e� �C�o�n�d�i�t�i�o�n� �T�i�m�e� �1�5� �m�i�n�u�t�e�s� 

�F�e�e�d� �P�a�r�t�i�c�l�e� �S�i�z�e� �-�2�0� �m�i�c�r�o�n�s� 

�F�e�e�d� �R�a�t�e� �(�m�l�/�m�i�n�)� �1�0�0�,� �1�5�0�,� �2�2�5� 
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�C�h�a�p�t�e�r� �2� �A�d�v�a�n�c�e�d� �S�e�p�a�r�a�t�i�o�n� �M�e�t�h�o�d�s� 

�u�s�e� �o�f� �a� �c�o�n�t�i�n�u�o�u�s� �c�e�n�t�r�i�f�u�g�e� �m�a�y� �a�l�s�o� �r�e�d�u�c�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �a�n�d� �i�n�c�r�e�a�s�e� �t�h�r�o�u�g�h�p�u�t�s� 

�o�v�e�r� �t�h�e� �o�t�h�e�r� �s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �e�x�a�m�i�n�e�d� �s�i�n�c�e� �l�o�w� �f�e�e�d� �s�o�l�i�d�s� �p�r�o�v�i�d�e�d� �a� �b�e�t�t�e�r� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� 

�A�s�i�d�e� �f�r�o�m� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n�,� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �s�e�a�m� �c�o�a�l� �d�i�d� �n�o�t� �p�e�r�f�o�r�m� �w�e�l�l� 

�u�s�i�n�g� �t�h�e� �o�t�h�e�r� �s�e�p�a�r�a�t�i�o�n� �m�e�t�h�o�d�s� �(�F�i�g�u�r�e� �2�.�3�3�)�.� �T�h�e� �c�o�a�g�u�l�a�t�i�o�n� �o�f� �t�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� 

�8� �s�e�a�m� �c�o�a�l� �d�i�d� �n�o�t� �p�r�o�v�e� �t�o� �b�e� �s�e�l�e�c�t�i�v�e� �e�n�o�u�g�h� �f�o�r� �u�p�g�r�a�d�i�n�g�.� �S�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� 

�r�e�j�e�c�t�e�d� �v�e�r�y� �l�i�t�t�l�e� �a�s�h� �a�t� �s�u�i�t�a�b�l�e� �r�e�c�o�v�e�r�y� �v�a�l�u�e�s� �d�u�e� �t�o� �t�h�e� �h�e�t�e�r�o�c�o�a�g�u�l�a�t�i�o�n� �o�f� �g�a�n�g�u�e� 

�a�n�d� �c�o�a�l� �p�a�r�t�i�c�l�e�s�.� �F�u�r�t�h�e�r� �t�e�s�t�i�n�g� �w�i�t�h� �d�i�s�p�e�r�s�a�n�t�s� �a�n�d� �c�h�e�l�a�t�i�n�g� �a�g�e�n�t�s� �m�a�y� �i�m�p�r�o�v�e� �t�h�e� 

�s�e�l�e�c�t�i�v�e� �c�o�a�g�u�l�a�t�i�o�n� �o�f� �t�h�i�s� �c�o�a�l�,� �a�l�t�h�o�u�g�h� �i�n�s�u�f�f�i�c�i�e�n�t� �r�e�s�o�u�r�c�e�s� �w�e�r�e� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�i�s� 

�p�r�o�j�e�c�t� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�i�s� �p�o�s�s�i�b�i�l�i�t�y�.� 
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�C�h�a�p�t�e�r� �3� �B�e�n�c�h�-�S�c�a�l�e� �P�r�o�c�e�s�s� �O�p�t�i�m�i�z�a�t�i�o�n� 

�3�.�1� �P�r�e�l�i�m�i�n�a�r�y� �O�p�t�i�m�i�z�a�t�i�o�n� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �t�a�s�k� �w�a�s� �t�o� �o�p�t�i�m�i�z�e� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �b�e�s�t� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �m�i�x�e�r� �a�n�d� �s�e�p�a�r�a�t�o�r� �e�x�a�m�i�n�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �a�t� 

�V�i�r�g�i�n�i�a� �T�e�c�h� �t�h�a�t� �a�n�y� �l�e�v�e�l� �o�f� �t�u�r�b�u�l�e�n�c�e� �c�r�e�a�t�e�d� �b�y� �m�i�x�i�n�g� �w�a�s� �d�e�t�r�i�m�e�n�t�a�l� �t�o� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �g�r�o�w�t�h� �o�f� �t�h�e� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a�.� �H�o�w�e�v�e�r�,� �s�o�m�e� �d�e�g�r�e�e� �o�f� 

�m�i�x�i�n�g� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �r�e�q�u�i�r�e�d� �b�e�t�w�e�e�n� �s�e�p�a�r�a�t�i�o�n� �s�t�a�g�e�s� �t�o� �r�e�d�i�s�p�e�r�s�e� �m�i�n�e�r�a�l� �m�a�t�t�e�r� 

�t�h�a�t� �m�a�y� �h�a�v�e� �b�e�c�o�m�e� �e�n�t�r�a�p�p�e�d� �w�i�t�h�i�n� �t�h�e� �c�o�a�l� �c�o�a�g�u�l�a�.� �A� �s�i�m�p�l�e� �m�i�x�i�n�g� �t�a�n�k� �a�n�d� 

�i�m�p�e�l�l�e�r� �w�a�s� �d�e�e�m�e�d� �t�o� �b�e� �t�h�e� �m�o�s�t� �r�e�l�i�a�b�l�e� �a�n�d� �l�e�a�s�t� �c�o�s�t�l�y� �a�g�i�t�a�t�o�r� �f�o�r� �t�h�i�s� �p�u�r�p�o�s�e�.� �I�n� 

�s�e�c�t�i�o�n� �2�.�1�0�,� �i�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �p�r�o�v�i�d�e�d� �t�h�e� �o�n�l�y� �v�i�a�b�l�e� �m�e�t�h�o�d� 

�"�o�f� �r�e�c�o�v�e�r�i�n�g� �c�o�a�l� �c�o�a�g�u�l�a� �o�f� �t�h�e� �v�a�r�i�o�u�s� �s�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �t�e�s�t�e�d�.� �T�h�e� �l�a�m�e�l�l�a� 

�t�h�i�c�k�e�n�e�r� �w�a�s� �a�b�l�e� �t�o� �a�c�h�i�e�v�e� �a� �5�1�%� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �w�i�t�h� �a� �9�2�%� �r�e�c�o�v�e�r�y� �o�f� 

�c�o�m�b�u�s�t�i�b�l�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �m�u�l�t�i�p�l�e�-�s�t�a�g�e� 

�c�l�e�a�n�i�n�g� �w�i�t�h� �a� �s�i�m�p�l�e� �m�i�x�e�r� �a�n�d� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �s�e�p�a�r�a�t�o�r�.� 

�a�)� �E�x�p�e�r�i�m�e�n�t�a�l� 

�T�h�e� �f�i�r�s�t� �s�e�r�i�e�s� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l� 

�w�h�i�c�h� �h�a�d� �b�e�e�n� �w�e�t�-�g�r�o�u�n�d� �i�n� �a� �s�t�i�r�r�e�d� �b�a�l�l� �m�i�l�l� �t�o� �a� �t�o�p�s�i�z�e� �o�f� �2�0� �m�i�c�r�o�n�s�.� �I�n� �t�h�e�s�e� �t�e�s�t�s�,� 

�t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �w�a�s� �o�p�e�r�a�t�e�d� �c�o�n�t�i�n�u�o�u�s�l�y� �w�i�t�h� �t�h�r�e�e� �c�l�e�a�n�i�n�g� �s�t�a�g�e�s�.� �T�h�e� �s�t�a�n�d�a�r�d� 

�o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�.�1�.� �T�h�e� �o�p�t�i�m�u�m� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� 

�-� �c�h�o�s�e�n� �b�a�s�e�d� �o�n� �t�h�e� �t�e�s�t� �d�a�t�a� �o�b�t�a�i�n�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�5�.� �T�h�e� �m�a�i�n� �c�r�i�t�e�r�i�a� �f�o�r� �s�e�l�e�c�t�i�n�g� �t�h�e� 

�b�e�s�t� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �h�i�g�h� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s�.� �I�n� �a�l�l� �t�e�s�t�s�,� �t�h�e� �w�a�s�h� �w�a�t�e�r� 

�r�a�t�e� �w�a�s� �s�e�t� �a�t� �4�0� �m�l�/�m�i�n� �s�i�n�c�e� �h�i�g�h�e�r� �w�a�s�h� �w�a�t�e�r� �r�a�t�e�s� �t�e�n�d�e�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y�.� �E�D�T�A� �w�a�s� �n�o�t� �u�t�i�l�i�z�e�d� �i�n� �t�h�e�s�e� �t�e�s�t�s� �a�n�d� �t�h�e� �p�H� �o�f� �t�h�e� �f�e�e�d� �s�l�u�r�r�y� �w�a�s� 

�a�d�j�u�s�t�e�d� �t�o� �8�.�5� �u�s�i�n�g� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�H�C�I�)� �o�r� �s�o�d�i�u�m� �h�y�d�r�o�x�i�d�e� �(�N�a�O�H�)�.� �T�h�i�s� �p�H� �w�a�s� 

�f�o�u�n�d� �t�o� �b�e� �n�e�a�r� �t�h�e� �o�p�t�i�m�u�m� �p�H� �f�o�r� �s�e�l�e�c�t�i�v�e� �c�o�a�g�u�l�a�t�i�o�n� �f�r�o�m� �t�h�e� �b�a�t�c�h� �s�e�d�i�m�e�n�t�a�t�i�o�n� 

�t�e�s�t�s� �r�e�p�o�r�t�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�4�.� �T�h�e� �m�i�d�d�l�e� �f�e�e�d� �r�a�t�e� �o�f� �1�0�0� �m�l�/�m�i�n� �w�a�s� 
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�c�h�o�s�e�n� �s�i�n�c�e� �h�i�g�h�e�r� �f�e�e�d� �r�a�t�e�s� �d�e�c�r�e�a�s�e�d� �r�e�c�o�v�e�r�y� �a�n�d� �l�o�w�e�r� �f�e�e�d� �r�a�t�e�s� �d�e�c�r�e�a�s�e�d� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �T�h�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �i�n� �t�h�e� �f�i�r�s�t� �s�t�a�g�e� �o�f� �c�l�e�a�n�i�n�g� �w�a�s� �s�e�t� �a�t� �4�%� 

�s�o�l�i�d�s�.� �B�e�c�a�u�s�e� �o�f� �d�i�l�u�t�i�o�n�,� �t�h�e� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �w�a�s� �r�e�d�u�c�e�d� �t�o� �3�%� �a�n�d� �2�%� �i�n� �s�t�a�g�e�s� �2� �a�n�d� 

�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �t�e�s�t� �d�a�t�a� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a� �h�i�g�h�e�r� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �c�o�u�l�d� �h�a�v�e� 

�b�e�e�n� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �s�t�a�g�e�s� �u�s�i�n�g� �a� �2�%� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�.� �H�o�w�e�v�e�r�,� �a� 

�4�%� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �w�a�s� �u�s�e�d� �i�n� �t�h�e� �f�i�r�s�t� �s�t�a�g�e� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �f�e�e�d� �m�a�s�s� �f�l�o�w� �r�a�t�e� �t�o� 

�0�.�5� �l�b�/�h�r�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �m�u�l�t�i�-�s�t�a�g�e� �c�l�e�a�n�i�n�g� �t�e�s�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� �H�.� 

�I�n� �t�h�e� �s�e�c�o�n�d� �s�e�r�i�e�s� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�s�t�s�,� �a�n� �o�i�l� �e�m�u�l�s�i�o�n� �o�f� �k�e�r�o�s�e�n�e� �a�n�d� �w�a�t�e�r� 

�w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�e�e�d� �s�l�u�r�r�y� �t�o� �i�m�p�r�o�v�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r�.� 

�K�e�r�o�s�e�n�e� �d�o�s�a�g�e�s� �o�f� �0�,� �3�,� �6�,� �9�,� �1�2�,� �2�4� �a�n�d� �4�8� �l�b�s�/�t�o�n� �o�f� �c�o�a�l� �w�e�r�e� �e�x�a�m�i�n�e�d� �i�n� �t�h�e�s�e� �t�e�s�t�s�.� 

�T�a�b�l�e� �3�.�2� �s�h�o�w�s� �t�h�e� �s�t�a�n�d�a�r�d� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �t�h�e� �l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �l�a�m�e�l�l�a� 

�t�h�i�c�k�e�n�e�r� �t�e�s�t�s�.� �T�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �a� �f�e�e�d� �r�a�t�e� �o�f� �1�0�0� �m�l�/�m�i�n�,� �a� �s�o�l�i�d�s� 

�c�o�n�t�e�n�t� �o�f� �4�%�,� �a�n�d� �a� �w�a�s�h� �w�a�t�e�r� �r�a�t�e� �o�f� �4�0� �m�l�/�m�i�n�.� �T�h�e�s�e� �s�e�t�t�i�n�g�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �n�e�a�r� 

�t�h�e� �o�p�t�i�m�u�m� �(�b�a�s�e�d� �o�n� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�)� �f�o�r� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l�.� �T�h�e� �t�e�s�t� �d�a�t�a� 

�o�b�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�i�s� �s�e�r�i�e�s� �o�f� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �A�p�p�e�n�d�i�x� �H�.� 

�b�)� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�F�i�g�u�r�e� �3�.�1� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �t�e�s�t�s� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �t�h�e� 

�E�l�k�h�o�r�n� �N�o�.� �3� �c�o�a�l�.� �A�f�t�e�r� �t�h�r�e�e� �s�t�a�g�e�s� �o�f� �c�l�e�a�n�i�n�g�,� �t�h�e� �5�0�%� �a�s�h� �c�o�a�l� �p�r�o�d�u�c�e�d� �a� �f�i�n�a�l� 

�p�r�o�d�u�c�t� �o�f� �1�6�.�9�%� �a�s�h�.� �T�h�e� �o�v�e�r�a�l�l� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �a�n�d� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �v�a�l�u�e�s� 

�w�e�r�e� �8�4�.�1�%� �a�n�d� �6�4�.�2�%� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A� �l�a�r�g�e�r� �d�r�o�p� �i�n� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �w�a�s� �o�b�s�e�r�v�e�d� 

�w�i�t�h� �t�h�e� �s�t�a�g�e�d� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �t�h�a�n� �w�i�t�h� �t�h�e� �b�a�t�c�h� �s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�s�t�s�.� �F�o�r� 

�c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �t�h�r�e�e�-�s�t�a�g�e� �b�a�t�c�h� �s�e�d�i�m�e�n�t�a�t�i�o�n� �t�e�s�t� �c�o�n�d�u�c�t�e�d� �a�t� �3�%� �s�o�l�i�d�s�,� �p�H� �8�.�5� �a�n�d� 

�n�o� �E�D�T�A� �g�a�v�e� �a� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �o�f� �9�3�.�3�%� �a�n�d� �a� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �7�0�.�5�%�.� �I�t� 

�i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �i�m�p�r�o�v�e�d� �b�y� 

�r�e�d�u�c�i�n�g� �t�h�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �i�n� �t�h�e� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �c�l�e�a�n�i�n�g� �s�t�a�g�e�s�.� 
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�F�i�g�u�r�e� �3�.�2� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e� �l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �t�e�s�t�s� 

�c�o�n�d�u�c�t�e�d� �u�s�i�n�g� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �k�e�r�o�s�e�n�e� �e�m�u�l�s�i�o�n� �i�n�t�o� �t�h�e� 

�f�e�e�d� �s�l�u�r�r�y� �i�n�c�r�e�a�s�e�d� �t�h�e� �a�s�h� �r�e�j�e�c�t�i�o�n� �a�s� �m�u�c�h� �a�s� �1�8�%� �w�i�t�h� �o�n�l�y� �a� �2�.�5�%� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� 

�c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�.� �T�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �p�e�a�k�e�d� �a�t� �5�6�%� �w�i�t�h� �a� �k�e�r�o�s�e�n�e� �a�d�d�i�t�i�o�n� 

�o�f� �1�2� �l�b�s�/�t�o�n� �o�f� �f�e�e�d� �c�o�a�l�.� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�8� �f�o�r� �t�h�e� �l�a�m�e�l�l�a� �t�y�p�e� �t�h�i�c�k�e�n�e�r� 

�s�h�o�w� �t�h�a�t� �t�h�e� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �a�n�d� 

�d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �r�a�t�e�.� �T�h�e� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �t�h�e� �p�u�l�p� 

�d�e�n�s�i�t�y� �i�n� �t�h�e� �t�h�i�c�k�e�n�e�r� �w�h�i�c�h� �e�n�h�a�n�c�e�d� �p�a�r�t�i�c�l�e�-�p�a�r�t�i�c�l�e� �c�o�l�l�i�s�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� 

�c�o�a�g�u�l�a�t�i�o�n�.� �T�h�e� �l�a�r�g�e�r� �c�o�a�g�u�l�a� �s�e�t�t�l�e�d� �f�a�s�t�e�r�,� �t�h�e�r�e�b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�o�a�l� �r�e�c�o�v�e�r�y�.� �T�h�e� 

�h�i�g�h�e�r� �f�e�e�d� �r�a�t�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �s�u�p�e�r�f�i�c�i�a�l� �v�e�l�o�c�i�t�y� �w�h�i�c�h� �f�o�r�c�e�d� �m�o�r�e� �c�o�a�g�u�l�a� �t�o� �t�h�e� 

�t�a�i�l�i�n�g�s� �o�v�e�r�f�l�o�w� �a�n�d� �d�e�c�r�e�a�s�e�d� �t�h�e� �r�e�c�o�v�e�r�y�.� �T�h�e� �h�i�g�h�e�s�t� �r�e�c�o�v�e�r�y� �v�a�l�u�e�s� �(�9�9�%�)� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �a�t� �h�i�g�h� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s� �a�n�d� �l�o�w� �f�e�e�d� �r�a�t�e�s�.� 
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�C�h�a�p�t�e�r� �3� �B�e�n�c�h�-�S�c�a�l�e� �P�r�o�c�e�s�s� �O�p�t�i�m�i�z�a�t�i�o�n� 
� � 

�b�)� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�T�h�e� �s�t�a�t�i�s�t�i�c�a�l� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �m�o�d�e�l� �p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�r�e�s�u�l�t�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �s�a�t�i�s�f�a�c�t�o�r�y� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �o�n�e� �t�e�s�t� �r�u�n�.� �T�e�s�t� �n�u�m�b�e�r� �3� �o�f� 

�t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �t�e�s�t�s� �(�A�p�p�e�n�d�i�x� �H�)� �w�a�s� �o�m�i�t�t�e�d� �a�s� �a�n� �o�u�t�l�i�e�r� �i�n� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� 

�a�n�a�l�y�s�e�s�.� �B�a�s�e�d� �o�n� �t�h�e�s�e� �s�t�a�t�i�s�t�i�c�a�l� �c�o�r�r�e�l�a�t�i�o�n�s�,� �a� �c�o�r�r�e�l�a�t�i�o�n� �m�a�t�r�i�x� �(�T�a�b�l�e� �3�.�5�)� �w�a�s� 

�c�o�n�s�t�r�u�c�t�e�d� �t�o� �s�u�m�m�a�r�i�z�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�n� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�4� �f�o�r� 

�c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y�,� �a�s�h� �r�e�j�e�c�t�i�o�n�,� �a�n�d� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �T�h�e� �t�r�e�n�d�s� �o�b�s�e�r�v�e�d� �i�n� 

�t�h�e�s�e� �p�l�o�t�s� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�.� 

�A�s� �w�i�t�h� �t�h�e� �l�a�m�e�l�l�a� �t�y�p�e� �t�h�i�c�k�e�n�e�r�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �f�e�e�d� �r�a�t�e� �a�l�s�o� �i�n�c�r�e�a�s�e�d� �t�h�e� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �f�o�r� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �d�e�s�i�g�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�f�f�e�c�t� �o�f� 

�i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �r�a�t�e� �w�a�s� �g�r�e�a�t�e�r� �f�o�r� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �t�h�a�n� �f�o�r� �t�h�e� �l�a�m�e�l�l�a� 

�t�h�i�c�k�e�n�e�r�.� �T�h�e� �h�i�g�h�e�r� �f�e�e�d� �r�a�t�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �s�u�p�e�r�f�i�c�i�a�l� �v�e�l�o�c�i�t�y� �w�h�i�c�h� �i�m�p�r�o�v�e�d� �t�h�e� 

�r�e�m�o�v�a�l� �o�f� �f�i�n�e� �m�i�n�e�r�a�l� �m�a�t�t�e�r�.� �U�n�l�i�k�e� �t�h�e� �l�a�m�e�l�l�a� �t�y�p�e� �t�h�i�c�k�e�n�e�r� �r�e�s�u�l�t�s�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� �T�h�i�s� �r�e�s�u�l�t� �w�a�s� 

�u�n�e�x�p�e�c�t�e�d� �s�i�n�c�e� �a�l�l� �p�r�e�v�i�o�u�s� �c�o�a�g�u�l�a�t�i�o�n� �d�a�t�a� �s�h�o�w�e�d� �a� �d�e�c�r�e�a�s�e�d� �r�e�j�e�c�t�i�o�n� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �s�o�l�i�d�s� �c�o�n�t�e�n�t�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �r�e�j�e�c�t�i�o�n� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�e�n�t�r�a�p�m�e�n�t� �o�f� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �i�n� �t�h�e� �c�o�a�g�u�l�a� �a�t� �t�h�e� �h�i�g�h�e�r� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s�.� �T�h�i�s� �r�e�v�e�r�s�e� 

�r�e�s�u�l�t� �f�o�r� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �c�o�u�l�d� �b�e� �d�u�e� �t�o� �t�h�e� �s�m�a�l�l�e�r� �r�a�n�g�e� �o�f� �f�e�e�d� �s�o�l�i�d�s� 

�e�x�a�m�i�n�e�d� �a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �o�m�i�s�s�i�o�n� �o�f� �t�h�e� �o�u�t�l�i�e�r� �t�e�s�t� �#�3�.� �T�h�e� �m�a�x�i�m�u�m� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y� �(�3�0�%�)� �o�c�c�u�r�r�e�d� �a�t� �t�h�e� �m�o�d�e�r�a�t�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s� �a�n�d� �f�e�e�d� �r�a�t�e�s�.� 

�T�h�e� �r�e�s�p�o�n�s�e� �s�u�r�f�a�c�e� �p�l�o�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �a�s�h� �r�e�j�e�c�t�i�o�n� �w�a�s� �m�o�s�t� �a�f�f�e�c�t�e�d� �b�y� 

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �f�e�e�d� �r�a�t�e�.� �T�h�e� �h�i�g�h�e�r� �f�e�e�d� �r�a�t�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �s�u�p�e�r�f�i�c�i�a�l� �v�e�l�o�c�i�t�y� �a�n�d� 

�p�r�o�v�i�d�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�e�j�e�c�t�i�o�n� �o�f� �m�i�n�e�r�a�l� �m�a�t�t�e�r�.� �T�h�e� �r�e�j�e�c�t�i�o�n� �o�f� �a�s�h� �i�n�c�r�e�a�s�e�d� 

�s�l�i�g�h�t�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�.� �T�h�i�s� �f�i�n�d�i�n�g� �w�a�s� �u�n�e�x�p�e�c�t�e�d� �s�i�n�c�e� �p�r�e�v�i�o�u�s� 

�s�e�l�e�c�t�i�v�e� �c�o�a�g�u�l�a�t�i�o�n� �t�e�s�t�s� �i�n�d�i�c�a�t�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �a�s�h� �r�e�j�e�c�t�i�o�n� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�e�e�d� �s�o�l�i�d�s� 

 ��c�o�n�t�e�n�t�.� �A�s� �n�o�t�e�d� �i�n� �t�h�e� �a�b�o�v�e� �p�a�r�a�g�r�a�p�h�,� �t�h�i�s� �u�n�e�x�p�e�c�t�e�d� �r�e�s�u�l�t� �c�o�u�l�d� �b�e� �d�u�e� �t�o� 
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�t�h�e� �l�a�c�k�-�o�f�-�f�i�t� �o�f� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �m�o�d�e�l� �c�r�e�a�t�e�d� �b�y� �t�h�e� �o�m�i�s�s�i�o�n� �o�f� �t�e�s�t� �r�u�n� �#�3�.� �T�h�e� �h�i�g�h�e�s�t� 

�a�s�h� �r�e�j�e�c�t�i�o�n� �(�3�5�%�)� �w�a�s� �s�e�e�n� �a�t� �m�o�d�e�r�a�t�e� �f�e�e�d� �s�o�l�i�d�s� �c�o�n�t�e�n�t�s� �a�n�d� �f�e�e�d� �r�a�t�e�s�.� 

�3�.�3� �S�u�m�m�a�r�y� 

�F�i�g�u�r�e� �3�.�5� �s�h�o�w�s� �t�h�e� �g�r�a�d�e�-�r�e�c�o�v�e�r�y� �c�u�r�v�e�s� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� �t�h�i�c�k�e�n�e�r� �s�e�p�a�r�a�t�i�o�n� 

�m�e�t�h�o�d�s� �e�x�a�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �E�l�k�h�o�r�n� �N�o�.� �3� �s�e�a�m� �c�o�a�l�.� �W�h�i�l�e� �a�l�l� �o�f� �t�h�e� �m�e�t�h�o�d�s� 

�m�a�i�n�t�a�i�n�e�d� �h�i�g�h� �r�e�c�o�v�e�r�i�e�s�,� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �w�i�t�h� �l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �p�r�o�d�u�c�e�d� 

�t�h�e� �b�e�s�t� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �w�i�t�h� �o�n�e� �s�t�a�g�e� �o�f� �c�l�e�a�n�i�n�g�.� �T�h�e� �u�s�e� �o�f� �t�h�e� �l�a�m�e�l�l�a� 

�t�h�i�c�k�e�n�e�r� �w�i�t�h�o�u�t� �l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �h�a�d� �a� �s�l�i�g�h�t� �d�r�o�p� �i�n� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �a�t� 

�c�o�m�p�a�r�a�b�l�e� �a�s�h� �r�e�j�e�c�t�i�o�n� �v�a�l�u�e�s�.� �T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �u�n�i�t� �c�o�u�l�d� �n�o�t� �a�c�h�i�e�v�e� �a�s�h� 

�r�e�j�e�c�t�i�o�n�s� �a�s� �h�i�g�h� �a�s� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r�.� �T�h�e� �b�e�s�t� �s�i�n�g�l�e�-�s�t�a�g�e� �t�h�i�c�k�e�n�e�r� �t�e�s�t� �e�m�p�l�o�y�e�d� 

�l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �a�n�d� �p�r�o�d�u�c�e�d� �a� �9�5�%� �r�e�c�o�v�e�r�y� �o�f� �c�o�m�b�u�s�t�i�b�l�e�s� �a�t� �a� �5�6�%� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y�.� �T�h�e� �t�h�r�e�e�-�s�t�a�g�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �t�e�s�t� �w�i�t�h�o�u�t� �l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �a�c�h�i�e�v�e�d� 

�a�n� �o�v�e�r�a�l�l� �r�e�c�o�v�e�r�y� �o�f� �8�4�%� �a�t� �a� �6�4�%� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� 

�T�h�e� �t�h�r�o�u�g�h�p�u�t� �f�o�r� �t�h�e� �l�a�m�e�l�l�a� �t�y�p�e� �t�h�i�c�k�e�n�e�r� �a�n�d� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �w�e�r�e� 

�c�o�m�p�a�r�e�d� �u�s�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r�,� �l�o�w�-�o�i�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� 

�t�h�i�c�k�e�n�e�r�,� �a�n�d� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �t�e�s�t�s�.� �T�a�b�l�e� �3�.�6� �s�h�o�w�s� �t�h�e� �t�e�s�t�s� �w�i�t�h� �t�h�e� �m�a�x�i�m�u�m� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �f�r�o�m� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�.� �B�a�s�e�d� �o�n� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �e�f�f�e�c�t�i�v�e� �a�r�e�a�s� �o�f� 

�t�h�e� �t�e�s�t� �u�n�i�t�s�,� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �t�h�r�o�u�g�h�p�u�t� �o�f� �1�0�.�4� �I�b�/�h�r�/�m�?� �w�i�t�h� 

�a� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �3�4�%�.� �T�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �p�r�o�v�i�d�e�d� �o�n�l�y� �h�a�l�f� �t�h�e� 

�c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r ��s� �e�f�f�e�c�t�i�v�e� �a�r�e�a� �t�h�r�o�u�g�h�p�u�t� �w�i�t�h� �a� �m�a�x�i�m�u�m� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� 

�o�f� �5�6�%�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �w�a�s� �b�a�s�e�d� �o�n� �t�h�e� �a�c�t�u�a�l� �a�r�e�a� �o�f� �t�h�e� �t�e�s�t� �u�n�i�t�s�,� 

�t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �h�a�d� �n�e�a�r�l�y� �d�o�u�b�l�e� �t�h�e� �t�h�r�o�u�g�h�p�u�t� �a�t� �1�9�.�6� �I�b�/�h�r�/�m�*� �w�i�t�h� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�i�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r�.� �B�o�t�h� �u�n�i�t�s� �o�p�e�r�a�t�e�d� �a�t� �a�b�o�u�t� �t�h�e� 

�s�a�m�e� �l�e�v�e�l� �w�h�e�n� �t�h�e� �t�h�r�o�u�g�h�p�u�t� �w�a�s� �c�o�m�p�a�r�e�d� �b�a�s�e�d� �o�n� �t�h�e� �u�n�i�t� �v�o�l�u�m�e� �o�f� �t�h�e� �t�h�i�c�k�e�n�e�r�,� 

�i�.�e�.�,� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �a�n�d� �t�h�e� �l�a�m�e�l�l�a� �t�h�i�c�k�e�n�e�r� �h�a�d� �t�h�r�o�u�g�h�p�u�t�s� �o�f� �0�.�0�5�5� �a�n�d� �0�.�0�4�8� 

�I�b�/�h�r�/�l�i�t�e�r� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�T�a�b�l�e� �3�.�6� �-� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �l�a�m�e�l�l�a� �a�n�d� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�i�c�k�e�n�e�r�s�.� 
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�T�e�s�t� �C�o�n�d�i�t�i�o�n�s�:� 

�F�e�e�d� �S�o�l�i�d�s� �C�o�n�t�e�n�t� �( ��%�)� �3�.�0� �2�.�0� �4�.�0� �4�.�0� 

�F�e�e�d� �R�a�t�e� �(�m�l�/�m�i�n�)� �1�5�0� �5�0� �1�0�0� �1�0�0� 

�F�e�e�d� �R�a�t�e� �(�1�b�/�h�r�)� �0�.�5�8� �0�.�1�3� �0�.�5�3� �0�.�5�3� 

�K�e�r�o�s�e�n�e� �(�I�b�/�t�o�n�)� �0�.�0� �0�.�0� �0�.�0� �1�2�.�0� 

�C�a�p�a�c�i�t�y� �P�a�r�a�m�e�t�e�r�s�:� 

�E�f�f�e�c�t�i�v�e� �A�r�e�a� �(�I�b�/�h�r�/�m ��)� �1�0�.�4� �1�.�1�9� �4�.�8�4� �4�.�8�4� 

�A�c�t�u�a�l� �A�r�e�a� �(�I�b�/�h�r�/�m�7�)� �1�0�.�4� �4�.�8�0� �1�9�.�6� �1�9�.�6� 

�V�o�l�u�m�e� �(�I�b�/�h�r�/�l�i�t�e�r�)� �0�.�0�5�5� �0�.�0�1�2� �0�.�0�4�8� �0�.�0�4�8� 

�S�e�p�a�r�a�t�i�o�n� �P�e�r�f�o�r�m�a�n�c�e�:� 

�C�o�m�b�u�s�t�i�b�l�e� �R�e�c�o�v�e�r�y� �(�%�)� �9�5� �9�2� �9�7� �9�5� 

�S�e�p�a�r�a�t�i�o�n� �E�f�f�i�c�i�e�n�c�y� �(�%�)� �3�4� �5�0� �4�0� �5�6� 

�A�s�h� �R�e�j�e�c�t�i�o�n� �(�%�)� �3�9� �6�0� �|� �4�3� �6�1� 
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� � 

�3�.�4� �C�o�n�c�l�u�s�i�o�n�s� 

�T�h�e� �p�r�e�v�i�o�u�s� �t�e�s�t�s� �c�o�n�d�u�c�t�e�d� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �e�m�p�l�o�y�i�n�g� �t�h�e� �S�e�l�e�c�t�i�v�e� 

�H�y�d�r�o�p�h�o�b�i�c� �C�o�a�g�u�l�a�t�i�o�n� �(�S�H�C�)� �p�r�o�c�e�s�s� �t�o� �s�e�l�e�c�t�i�v�e�l�y� �c�o�a�g�u�l�a�t�e� �a�n�d� �r�e�c�o�v�e�r� �f�i�n�e�l�y� 

�p�u�l�v�e�r�i�z�e�d� �c�o�a�l� �f�r�o�m� �d�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a� �w�e�r�e� 

�d�i�f�f�i�c�u�l�t� �t�o� �s�e�p�a�r�a�t�e� �f�r�o�m� �d�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �d�u�e� �t�o� �t�h�e�i�r� �s�m�a�l�l� �s�i�z�e� �a�n�d� �t�h�e�i�r� 

�s�u�s�c�e�p�t�i�b�i�l�i�t�y� �t�o� �b�r�e�a�k�a�g�e�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k�,� �a� �v�a�r�i�e�t�y� �o�f� �l�a�b�o�r�a�t�o�r�y� �b�e�n�c�h�-�s�c�a�l�e� �t�e�s�t�s� 

�w�e�r�e� �u�n�d�e�r�t�a�k�e�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �m�e�t�h�o�d�o�l�o�g�y� �t�o� �r�e�c�o�v�e�r� �t�h�e� �c�o�a�l� �c�o�a�g�u�l�a�.� 

�S�e�v�e�r�a�l� �d�e�v�i�c�e�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�n�c�l�u�d�i�n�g� �l�a�m�e�l�l�a� �a�n�d� �c�o�n�v�e�n�t�i�o�n�a�l� 

�t�h�i�c�k�e�n�e�r�s�,� �a� �r�o�t�a�r�y� �c�e�n�t�r�i�f�u�g�e�,� �a� �v�a�c�u�u�m� �d�r�u�m� �f�i�l�t�e�r�,� �a� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n�,� �a�n�d� �a� 

�r�o�t�a�t�i�n�g� �d�r�u�m� �s�c�r�e�e�n�.� �E�a�c�h� �u�n�i�t� �w�a�s� �t�e�s�t�e�d� �u�n�d�e�r� �o�p�t�i�m�u�m� �r�e�a�g�e�n�t� �c�o�n�d�i�t�i�o�n�s� �e�s�t�a�b�l�i�s�h�e�d� 

�f�r�o�m� �b�a�t�c�h� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �t�e�s�t� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �t�h�i�c�k�e�n�e�r� �w�a�s� �t�h�e� �b�e�s�t� �o�v�e�r�a�l�l� 

�m�e�t�h�o�d� �f�o�r� �s�e�p�a�r�a�t�i�n�g� �h�y�d�r�o�p�h�o�b�i�c� �c�o�a�g�u�l�a� �f�r�o�m� �d�i�s�p�e�r�s�e�d� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �b�a�s�e�d� �o�n� 

�o�v�e�r�a�l�l� �p�r�o�c�e�s�s� �p�e�r�f�o�r�m�a�n�c�e� �(�e�.�g�.�,� �r�e�c�o�v�e�r�y� �a�n�d� �g�r�a�d�e�)�,� �u�n�i�t� �c�a�p�a�c�i�t�y�,� �a�n�d� �e�n�g�i�n�e�e�r�i�n�g� 

�f�e�a�s�i�b�i�l�i�t�y�.� 
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�R�e�f�e�r�e�n�c�e�s� 

�R�E�F�E�R�E�N�C�E�S� 

�A�l�l�e�n�,� �R�.�W�.� �a�n�d� �W�h�e�e�l�o�c�k�,� �T�.�D�.�,� �1�9�9�3�.�  ��E�f�f�e�c�t�s� �o�f� �p�H� �a�n�d� �I�o�n�i�c� �S�t�r�e�n�g�t�h� �o�n� �K�i�n�e�t�i�c�s� 
�o�f� �O�i�l� �A�g�g�l�o�m�e�r�a�t�i�o�n� �o�f� �F�i�n�e� �C�o�a�l�, �� �M�i�n�e�r�a�l�s� �E�n�g�i�n�e�e�r�i�n�g�,� �V�o�l�.� �6�,� �N�o�.� �1�,� �p�p�.� �8�7�-� 
�9�7�.� 

�A�t�t�i�a�,� �Y�.�A�.�,� �1�9�8�5�.�  ��C�l�e�a�n�i�n�g� �a�n�d� �D�e�s�u�l�f�u�r�i�z�a�t�i�o�n� �o�f� �C�o�a�l� �S�u�s�p�e�n�s�i�o�n�s� �b�y� �S�e�l�e�c�t�i�v�e� 
�F�l�o�c�c�u�l�a�t�i�o�n�, �� �P�r� �i�n� �i�l�i�z�a�t�i�o�n� �o�f� �H�i�g�h� �S�u�l�f�u�r� �C�o�a�l�s� �(�Y�.�A�.� �A�t�t�i�a�,� �e�d�.�)�,� 
�E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s� �B�.�V�.�,� �A�m�s�t�e�r�d�a�m�,� �p�p�.� �2�6�7�-�2�8�5�.� 

�A�t�t�i�a�,� �Y�.�A�.�,� �E�l�z�e�k�y�,� �M�.�,� �B�a�v�a�r�i�a�n�,� �F�.�,� �Y�u�,� �S�.�,� �1�9�9�0�.�  ��U�l�t�r�a�f�i�n�e� �C�o�a�l� �C�l�e�a�n�i�n�g� �b�y� 
�S�e�l�e�c�t�i�v�e� �F�l�o�c�c�u�l�a�t�i�o�n� �a�n�d� �F�r�o�t�h� �F�l�o�t�a�t�i�o�n�, �� �S�M�E� �A�n�n�u�a�l� �M�e�e�t�i�n�g�,� �S�a�l�t� �L�a�k�e� 
�C�i�t�y�,� �U�t�a�h�,� �F�e�b�r�u�a�r�y� �-� �M�a�r�c�h�,� �1�9�9�0�.� 

�C�a�p�e�s�,� �C�.�E�.� �a�n�d� �G�e�r�m�a�i�n�,� �R�.�J�.�,� �1�9�8�2�.�  ��S�e�l�e�c�t�i�v�e� �O�i�l� �A�g�g�l�o�m�e�r�a�t�i�o�n� �i�n� �F�i�n�e� �C�o�a�l� 
�B�e�n�e�f�i�c�i�a�t�i�o�n�, �� �P�h�y�s�i�c�a�l� �C�l�e�a�n�i�n�g� �o�f� �C�o�a�l�:� �e�n�t� �a�n�d� �D�e�v�e�l�o�p�i�n�g� �M�e�t�h�o�d�s�,� 

�(�Y�.�A�.� �L�i�u�,� �e�d�.�)�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �p�p� �2�9�3�-�3�4�6�.� 

�C�a�p�e�s�,� �C�.�E�.�,� �C�o�l�e�m�a�n�,� �R�.�D�.�,� �H�a�z�l�e�t�t�,� �J�.�D�.�,� �J�o�n�a�s�s�o�n�,� �K�.�A�.�,� �a�n�d� �T�h�a�y�e�r�,� �W�.�L�.�,� �1�9�8�8�.� 
 ��T�h�e� �r�e�c�o�v�e�r�y� �a�n�d� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �f�i�n�e� �c�o�a�l�, �� �C�I�M� �B�u�l�l�e�t�i�n�,� �V�o�l�.� �8�1�,� �N�o�.� �9�1�8�,� 
�O�c�t�o�b�e�r� �1�9�8�8�,� �p�p�.� �4�6�-�5�0�.� 

�C�h�i�r�o�n�i�s�,� �N�.�P�.�,� �e�d�.�,� �1�9�8�7�.�  � ��A�d�v�a�n�c�e�d� �T�e�c�h�n�i�q�u�e�s� �C�l�e�a�n� �U�l�t�r�a�f�i�n�e� �C�o�a�l� �a�t� �H�o�m�e�r� �C�i�t�y�, �� 
�C�o�a�l� �A�g�e�,� �D�e�c�e�m�b�e�r� �1�9�8�7�,� �p�p�.� �6�8�-�6�9�.� 

�F�u�e�r�s�t�e�n�a�u�,� �D�.�W�.�,� �1�9�8�0�.�  ��F�i�n�e� �P�a�r�t�i�c�l�e� �F�l�o�t�a�t�i�o�n�, �� �F�i�n�e� �P�a�r�t�i�c�l�e� �P�r�o�c�e�s�s�i�n�g�,� �(�P�.� 
�S�o�m�a�s�u�n�d�a�r�a�n�,� �e�d�.�)�,� �A�I�M�E�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�.� 

�H�o�n�a�k�e�r�,� �R�.�Q�.�,� �1�9�8�8�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �S�e�l�e�c�t�i�v�e�-�S�h� �l�a�t�i�o�n� �P�r� �f�o�r� 
�U�l�t�r�a�f�i�n�e� �C�o�a�l� �C�l�e�a�n�i�n�g�,� �M�.�S�.� �T�h�e�s�i�s�,� �D�e�p�a�r�t�m�e�n�t� �o�f� �M�i�n�g�i�n�g� �a�n�d� �M�i�n�e�r�a�l�s� 
�E�n�g�i�n�e�e�r�i�n�g�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� 

�H�o�n�a�k�e�r�,� �R�.�Q�.�,� �1�9�9�2�.� �A� �F�u�n� �n� �f� �t�h�e� �S�e�l�e�c�t�i�v�e� �H� �h�o�b�i� �l�a�t�i�o�n� 
�P�r�o�c�e�s�s�,� �P�h�.�D�.� �D�i�s�s�e�r�t�a�t�i�o�n�,� �D�e�p�a�r�t�m�e�n�t� �o�f� �M�i�n�g�i�n�g� �a�n�d� �M�i�n�e�r�a�l�s� �E�n�g�i�n�e�e�r�i�n�g�,� 
�V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� 

�K�i�l�l�m�e�y�e�r�,� �R�.�P�.�,� �1�9�8�5�.�  ��S�e�l�e�c�t�i�v�e� �a�g�g�l�o�m�e�r�a�t�i�o�n�:� �L�e�t ��s� �c�o�m�p�a�r�e� �t�h�e� �e�m�e�r�g�i�n�g� 
�p�r�o�c�e�s�s�e�s�, �� �C�o�a�l� �M�i�n�i�n�g�,� �S�e�p�t�e�m�b�e�r� �1�9�8�5�,� �p�p�.� �4�5�-�4�9�.� 

�K�l�e�m�m�,� �R�o�b�e�r�t�,� �W�h�i�t�t�,� �R�i�c�h�a�r�d�,� �a�n�d� �K�a�l�b�,� �G�.� �W�i�l�l�i�a�m�,� �1�9�9�0�.�  ��P�y�r�i�t�e� �L�i�b�e�r�a�t�i�o�n� �S�t�u�d�y� 
�I�n�i�t�i�a�l� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �S�u�p�e�r�-�C�e�n�t�r�i�f�u�g�e� �C�o�n�t�i�n�u�o�u�s� �F�l�o�w� �C�e�n�t�r�i�f�u�g�a�l� �F�l�o�a�t�/�S�i�n�k� 
�P�r�o�c�e�d�u�r�e�, �� �J�a�n�u�a�r�y� �5�.� 
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�R�e�f�e�r�e�n�c�e�s� 
� � 

�K�n�e�l�l�e�r�,� �W�.�A�.� �a�n�d� �M�a�x�w�e�l�l�,� �G�.�P�.�,� �1�9�8�5�.�  ��S�i�z�e�,� �S�h�a�p�e�,� �a�n�d� �D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �M�i�c�r�o�s�c�o�p�i�c� 
�P�y�r�i�t�e� �i�n� �S�e�l�e�c�t�e�d� �O�h�i�o� �C�o�a�l�s�, �� �P�r�o�c�e�s�s�i�n�g� �a�n�d� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �H�i�g�h� �S�u�l�f�u�r� �C�o�a�l�s�,� 
�(�Y�.�A�.� �A�t�t�i�a�,� �e�d�.�)�,� �E�l�s�e�v�i�e�r�,� �A�m�s�t�e�r�d�a�m�,� �p�p�.� �3�8�-�5�1�.� 

�M�c�C�a�r�t�n�e�y�,� �J�.�T�.�,� �O ��D�o�n�n�e�l�l�,� �H�.�J�.�,� �a�n�d� �E�r�g�u�n�,� �S�.�,� �1�9�6�9�.�  ��P�y�r�i�t�e� �S�i�z�e� �D�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� 
�C�o�a�l�-�P�y�r�i�t�e� �P�a�r�t�i�c�l�e� �A�s�s�o�c�i�a�t�i�o�n� �i�n� �S�t�e�a�m� �C�o�a�l�s�, �� �U�S�B�M�,� �R�.� �I�.� �7�2�3�1�.� 

�P�u�g�h�,� �R�.�J�.� �a�n�d� �K�i�t�c�h�e�n�e�r�,� �J�.�A�.�,� �1�9�7�1�.�  ��T�h�e�o�r�y� �o�f� �S�e�l�e�c�t�i�v�e� �C�o�a�g�u�l�a�t�i�o�n� �i�n� �M�i�x�e�d� 
�C�o�l�l�o�i�d�a�l� �S�u�s�p�e�n�s�i�o�n�s�, �� �J�o�u�r�n�a�l� �o�f� �C�o�l�l�o�i�d� �a�n�d� �I�n�t�e�r�f�a�c�e� �S�c�i�e�n�c�e�,� �V�o�l�.� �3�5�,� �N�o�.� �4�,� 
�p�p�.� �6�5�6�-�6�6�4�.� 

�R�a�o�,� �T�.�C�.�,� �1�9�8�8�.�  ��R�e�c�e�n�t� �a�d�v�a�n�c�e�s� �i�n� �f�i�n�e� �c�o�a�l� �b�e�n�e�f�i�c�i�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �a�n�d� 
�M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �A�u�g�u�s�t� �1�9�8�8�,� �p�p�.� �1�2�4�-�1�3�2�.� 

�R�a�y�,� �D�.�T�.�,� �H�o�g�g�,� �R�.�,� �1�9�8�7�.�  ��A�g�g�l�o�m�e�r�a�t�e� �B�r�e�a�k�a�g�e� �i�n� �P�o�l�y�m�e�r�-�F�l�o�c�c�u�l�a�t�e�d� 
�S�u�s�p�e�n�s�i�o�n�s�, �� �J�o�u�r�n�a�l� �o�f� �C�o�l�l�o�i�d� �a�n�d� �I�n�t�e�r�f�a�c�e� �S�c�i�e�n�c�e�,� �V�o�l�.� �1�1�6�,� �N�o�.� �1�,� �M�a�r�c�h�,� 
�1�9�8�7�,� �p�p�.� �2�5�6�-�2�6�8�.� 

�R�o�b�b�i�n�s�,� �G�.�A�.�,� �W�i�n�s�c�h�e�l�,� �R�.�A�.�,� �A�m�o�s�,� �C�.�L�.�,� �a�n�d� �B�u�r�k�e�,� �F�.�P�.�,� �1�9�9�2�.�  ��A�g�g�l�o�m�e�r�a�t�i�o�n� �o�f� 
�l�o�w�-�r�a�n�k� �c�o�a�l� �a�s� �a� �p�r�e�t�r�e�a�t�m�e�n�t� �f�o�r� �d�i�r�e�c�t� �c�o�a�l� �l�i�q�u�e�f�a�c�t�i�o�n�, �� �F�U�E�L�,� �V�o�.� �7�1�,� 
�S�e�p�t�e�m�b�e�r�,� �p�p�.� �1�0�3�9�-�1�0�4�6�.� 

�S�l�a�g�h�u�i�s�,� �J�.�H�.� �a�n�d� �F�e�r�r�e�i�r�a�,� �L�.�C�.�,� �1�9�8�7�.�  ��S�e�l�e�c�t�i�v�e� �s�p�h�e�r�i�c�a�l� �a�g�g�l�o�m�e�r�a�t�i�o�n� �o�f� �c�o�a�l� �-� �A�n� 
�a�m�e�n�d�e�d� �m�e�c�h�a�n�i�s�m� �o�f� �a�g�g�l�o�m�e�r�a�t�e� �f�o�r�m�a�t�i�o�n� �a�n�d� �g�r�o�w�t�h� �a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� 
�p�r�o�d�u�c�t� �q�u�a�l�i�t�y�, �� �F�U�E�L�,� �V�o�l�.� �6�6�,� �O�c�t�o�b�e�r�,� �p�p�.� �1�4�2�7�-�1�4�3�0�.� 

�V�e�n�k�a�t�a�d�r�i�,� �R�.�,� �M�a�r�k�u�s�z�e�w�s�k�i�,� �R�.�,� �a�n�d� �W�h�e�e�l�o�c�k�,� �T�.�D�.�,� �1�9�8�8�.�  ��O�i�l� �A�g�g�l�o�m�e�r�a�t�i�o�n� �o�f� 
�W�e�a�k�l�y� �H�y�d�r�o�p�h�o�b�i�c� �C�o�a�l�s� �a�n�d� �C�o�a�l�/�P�y�r�i�t�e� �M�i�x�t�u�r�e�s�, �� �E�n�e�r�g�y� �&� �F�u�e�l�s�,� �V�o�l�.� �2�,� 
�N�o�.� �2�,� �p�p�.� �1�4�5�-�1�5�0�.� 

�X�u�,� �Z�.�,� �1�9�9�0�.� �A� �S�t�u�d�y� �o�f� �t�h�e� �H� �h�o�b�i�c� �I�n� �i�o�n� �i�n� �F�i�n�e� �P� 
�D�.� �D�i�s�s�e�r�t�a�t�i�o�n�,� �D�e�p�a�r�t�m�e�n�t� �o�f� �M�a�t�e�r�i�a�l�s� �E�n�g�i�n�e�e�r�i�n�g� �S�c�i�e�n�c�e�,� �V�i�r�g�i�n�i�a� 
�P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� 

�Y�a�r�a�r�,� �B�.�,� �1�9�7�9�.�  ��S�e�l�e�c�t�i�v�e� �F�l�o�c�c�u�l�a�t�i�o�n� �a�s� �a� �M�i�n�e�r�a�l� �B�e�n�e�f�i�c�i�a�t�i�o�n� �P�r�o�c�e�s�s�, �� �T�h�e� �S�e�c�o�n�d� 
�W�o�r�l�d� �F�i�l�t�r�a�t�i�o�n� �C�o�n�g�r�e�s�s�,� �L�o�n�d�o�n�,� �S�e�p�t�e�m�b�e�r�,� �1�9�7�9�,� �p�p�.� �3�1�7�-�3�3�1�.� 

�Y�o�o�n�,� �R�.�H�.� �a�n�d� �L�u�t�t�r�e�l�l�,� �G�.�H�.�,� �1�9�9�2�.�  ��D�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �S�e�l�e�c�t�i�v�e� �C�o�a�g�u�l�a�t�i�o�n� 
�.� �P�r�o�c�e�s�s� �-� �F�i�n�a�l� �R�e�p�o�r�t�, �� �D�O�E� �C�o�n�t�r�a�c�t� �N�o�.� �D�E�-�A�C�2�2�-�9�0�P�C�9�0�1�7�4�.� 
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