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Abstract  

 

The overall objective of this research was to determine the feasibility of recovering a very 

fine fraction of fly ash, that is 5 microns in diameter or less and examining the characteristics of 

these materials in new or at least less traditional applications. These applications included as a 

polymer filler or as a “super” pozzolanic concrete additive.   As part of the effort the ash from 6 

power plants was investigated and characterized. This work included collection from ESP 

Hoppers and ponds. The ash was thoroughly characterized chemically and physically. Froth 

flotation was used to reduce the carbon and testing showed that flotation could effectively reduce 

carbon to acceptable levels (i.e. 0.5% LOI) for most of the substrates tested.  in order to enable 

eventual use as fillers.  Hydraulic classification was used in the separation of the fine ash from 

the coarse ash. Hydraulic classification requires the ash to be dispersed to be effective and a 

range of dispersants were tested for adsorption as well as sedimentation rate.  A wide range of 

dosages were required (0.3 to 10 g/kg).  In general the ponded ash required less dispersant.  A 

model was developed for hydraulic classification. A pilot-scale hydraulic classfier was also 

designed and operated for the project. Product yields of up to 21% of feed solids were achieved 

with recoveries of <5 µm particles as high as 64%.  Mean particle sizes (D50) of the ultra fine ash 

(UFA) products varied from 3.7 to 10 µm. A patent was filed on the classifier design.  A 

conceptual design of a Process Demonstration Unit (PDU) with a feed rate of 2 tons of raw ash 

feed per hour was also completed.  Pozzolanic activity was determined for the UFA ashes in 

mortars. In general the overall strength index was excellent with values of 90% achieved in 3 

days and ~100% in 7 days. Three types of thermoplastic polymers were evaluated with the UFA 

as a filler: high density polyethylene, thermoplastic elastomer and polyehylene terphthalate filled 

polymers were prepared and subjected to SEM analysis to verify that the UFA was well 

dispersed. The addition of fillers increased the modulus of the HDPE composite, but decreased 

both the offset yield stress and offset yield strain, showing that the fillers essentially made the 

composite stiffer but the transition to plastic deformation occurred earlier in filled HDPE as 

stress was applied. Similar results were obtained with TPE, however, the decrease in either stress 

or strain at offset yield were not as significant. Dynamic mechanical analyses (DMA) were also 

completed and showed that although there were some alterations in the properties of the HDPE  

and TPE, the alterations are small, and more importantly, transition temperatures are not altered. 

The UFA materials were also tested in expanded urethanes, were improvements were made in 

the composites strength and stiffness, particularly for lighter weight materials. The results of 

limited flammability and fire safety testing were encouraging. A flowsheet was developed to 

produce an Ultra-Fine Ash (UFA) product from reclaimed coal-fired utility pond ash.  The 

flowsheet is for an entry level product development scenario and additional production can be 

accommodated by increasing operating hours and/or installing replicate circuits. Unit process 

design was based on experimental results obtained throughout the project and cost estimates 

were derived from single vendor quotes.  The installation cost of this plant is estimated to be 

$2.1M.      
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Executive Summary  

 

The overall objective of this research was to determine the feasibility of recovering a very 

fine fraction of fly ash, that is 5 microns in diameter or less and examining the characteristics of 

these materials in new applications. The project was divided into four principal task that defined 

the work plan and were as follows: 1. feedstock evaluation, 2. pilot/demonstration plant final 

design, 3.  pilot/demonstration plant operation and  4. product evaluations and final economics. 

For Task 1, dry fly ash samples were collected from individual ESP hoppers in a 

continuous flow through stages of particulate collection at 6 Kentucky power plants.  The fly ash 

samples contained 10 to 50% -10μm material, with higher concentrations of finer particles 

located in the latter stages of particulate collection.   Bulk samples of dry ash and pond ash were 

also collected from power 4 of the plants.   

The examination of froth flotation and hydraulic classification characteristics were 

conducted under Task 2. Flotation testing found that the ash could be reduced in LOI (loss on 

ignition) to very low levels   Release analyses showed that flotation could effectively reduce 

carbon to acceptable levels (i.e. 0.5% LOI) for most of the substrates tested.  Effective hydraulic 

classification required the ash to be fully dispersed and, as the ash has a natural tendency to form 

flocs, extensive testing of dispersants was required for both fresh and ponded fly ash. Samples 

were tested for both adsorption as well as sedimentation rate of the ash.  A wide range of dosages 

were required, ranging from 0.3 to 10 g/kg.  In general the ponded ash required less dispersant.  

Leaching tests of 5% ash solutions by weight revealed a wide range of soluble salts to be present 

in the ash, and found a relationship between calcium ion concentration and dispersants dosage 

requirement.   

 An assessment was made of the available software to digitally model the overall process 

circuit.  Since no prefabricated digital model was found for hydraulic classification or froth 

flotation, a spreadsheet model was developed for design use. 

  Based on modeling results, as part of Task 3, a pilot-scale hydraulic classifier was 

fabricated and operated. Performance was found to be predictable with the model. Product yields 

of up to 21% of feed solids were achieved with recoveries of <5 µm particles as high as 64%. 

Retention times were varied from 20 to 30 minutes and superficial velocities from 4 to 5.5 

cm/min.  Mean particle sizes (D50) of the products varied from 3.7 to 10 µm as functions of 

dispersant dosage and retention time.  However, the relative fineness of the ash feed to the 

classifier also had a major influence on the product size. Loss on ignition (LOI) was found to 

disproportionate in the hydraulic classifier, being primarily enriched in the first and second 

underflows.  A patent was filed on the design of the hydraulic classifier and is currently pending.    

 Testing of the products from hydraulically classifying the ashes was conducted as part of 

Task 4.  Pozzolanic activity, as measured by strength activity index (SI), was determined for the 

ashes in mortars using ASTM procedures. In general the overall strength index was excellent 

with SI values of 90% achieved in 3 days and ~100% in 7 days. Water requirements were also 

well below that of the control.   

 A conceptual design or the ultrafine ash Process Demonstration Unit (PDU) was 

completed.  The feed design basis was 2 tons of raw ash feed per hour.  The circuit contains a 

feed system, primary classifier, froth cells, secondary classifier, thickener and filter. 

 Three types of chemically and functionally different thermoplastic polymers were 
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evaluated with the fly ash derived filler based on volumes consumed in commercial and recycled 

products: high density polyethylene, thermoplastic elastomer and polyehylene terphthalate along 

with a reference filler selected for comparison: 3 µm calcium carbonate, a material which is 

commonly used with all three types of polymers. 

 A procedure to prepare filled polymers was developed and polymer/filler blends were 

prepared.  Selected samples of filled polymers were subjected to SEM analysis to verify that the 

fly ash derived filler and the calcium carbonate were well dispersed.  

 A stainless steel mold with cooling capabilities was fabricated to prepare 1 mm thick 

films for tensile strength and Dynamic Modulus testing.  Procedures were developed to insure a 

minimum of air voids in the films, and the specimens were evaluated for a variety of physical 

and mechanical properties. 

 Material taken from a utility ash pond was classified using a novel combination of 

hydraulic and lamellar classifiers to produce an ultra-fine ash product.  This product was dried 

and used in a series of tests to determine its potential as a filler in plastics.  The general 

properties of the ultra-fine ash were as follows: 

 

-   D50: 3 – 5 µm 

-   Specific gravity: ~2.41 

-   Loss on ignition:  2 – 3 % 

-   Carbon content: 1-2% 

-   Color: dark grey on content: 1 – 2% 

-   Morphology: spherical 

 

 The addition of fillers increased the modulus of the HDPE composite, but decreased both 

the offset yield stress and offset yield strain, showing that the fillers essentially made the 

composite stiffer but the transition to plastic deformation occurred earlier in filled HDPE as 

stress was applied. Similar results were obtained with TPE, however, the decrease in either stress 

or strain at offset yield were not as significant.  Dynamic mechanical analyses (DMA) were also 

completed and showed that although there were some alterations in the properties of the HDPE  

and TPE, with the addition of CaCO3 and fly ash, the alterations are small, and more importantly, 

transition temperatures are not altered. 

The UFA materials were also tested in expanded urethanes. The composite materials 

were stronger and stiffer than the unfilled controls.  Improvements in strength were particularly 

effective for lighter weight materials (i.e. 4 lb and 8 lb materials). Limited flammability and fire 

safety testing of the 50% UFA filled 8 lb urethane composite was also conducted. Three tests 

were run, ASTM E 662, Boeing test method BSS 7239 and ASTM 1354.  The data generated 

was encouraging as it fell within the range of material specifications that are currently in use. 

 A flowsheet was developed to produce an Ultra-Fine Ash (UFA) product from reclaimed 

coal-fired utility pond ash.  The flowsheet is for an entry level product development scenario and 

additional production can be accommodated by increasing operating hours and/or installing 

replicate circuits.  The processing plant is designed to have an annual throughput of 26,000 tons 

of ash and will recover 5000 tons of UFA per year, along with 4900 tpy of supplemental fuel.  

The plant allows for the recovery of additional products if warranted and has a design basis of 

240 days/year, 8 hours/day.Unit process design was based on experimental results obtained 

throughout the project and cost estimates were derived from single vendor quotes.  The 

installation cost of this plant is estimated to be $2.1M.  
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PROJECT RESULTS AND DISCUSSION 
 

This section is organized by Task and follows the overall work plan that was agreed upon with 

the U.S. Department of Energy technical managers.  For clarity, major accomplishments of each 

Task are highlighted and a narrative description of specific activities follows. 

  

Task 1 – Feedstock Evaluation 

 

The objectives of this task were to obtain the necessary data to finalize equipment selection for 

the PDU design and the reagent requirements to produce high quality filler and superpozzolan 

from both dry ESP ash and pond ash.   

 

Subtask 1.1  Sample Procurement  

 

 Samples of fly ash were obtained from the power plants operated by LG&E, KU and 

WKE.  The sampling procedure was to obtain approximately 1 kg of ash from each of the 

individual hoppers located under each of the electrostatic precipitators. Pictures of the sampling 

are shown in Figure 1.1.  In particularly large plants, the duct is typically split into multiple 

parallel flow streams.  In these cases, rather than sample each individual hopper, samples were 

taken from hoppers along a continuous flow of duct from the first ESP field to the last.  By doing 

so, the number of samples taken was significantly reduced while still obtaining a representative 

flow of the ash within each particulate recovery system for each operating boiler unit.  A total of 

41 fly ash samples were obtained from the 6 of the 7 largest plants operated by LG&E Energy 

and it‟s subsidiaries.  Table 1.1 summarizes the plants that were sampled.  The Seebree complex 

consists of two separate plants, Henderson and Green.  The notation used for samples from these 

sites is the notation used at Seebree, G1 refers to Green unit 1 while H1 and H2 refers to 

Henderson units 1 and 2.    
 

 

Table 1.1.  Summary of Plants and Fly Ash Samples Obtained.                            
Utility  Plant Units 

 Sampled 

No. of Rows 

 Sampled 

No. of Bins 

 Sampled 

LG&E Mill Creek 2 2 2 

  3A 2 2 

  4A 4 4 

LG&E Trimble 1 4 4 

LG&E Cane Run 4 1 1 

   5 1 4 

  6 2 3 

WKE Seebree G1 4 4 

  H1 2 2 

  H2 2 2 

KU EW Brown 1 1 1 

  2 1 1 

  3 3 3 

WKE Coleman 1 2 2 

  2 2 2 

  3 2 4 
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 Figure 1.1.  Photographs of Sampling Individual Hoppers at LG&E Power Plants.  

  

  

Subtask 1.2   Sample Characterization   

  

 Samples obtained in Subtask 1.1 were given identification numbers for internal tracking 

purposes at CAER and apparent color differences were noted.  Each sample was analyzed for 

particle size distribution by laser diffraction.  In addition, wet screen analysis was conducted at 

100 mesh, where sufficient amount of coarse material was present, in order to determine the 

chemistry of the coarse and fine size fractions.  The LOI was determined for each sample and if 

sufficient quantity of sample was present, the LOI of the >100 mesh fraction was also 

determined.  A summary of the results is presented in Table A1 in the Appendix of this report.   

 The color of each ash ranged from light gray to black.  Color may be an important 

consideration, particularly if the ultra-fine particles are to be considered for use as polymer filler.  

Technical input from polymer compounders has revealed that, in general, lighter colors are more 

desirable.  This is primarily a cosmetic criteria rather than a technical consideration.  Some color 

variations may be rectified by using other additives, but again, lighter colored ashes will require 

minimal amounts of additives.   

 The amount of –5 micron material present varied from 10.38% to 56.31% while the 

amount of material finer than 10 microns ranged from 9.28% to 71.20%.  With some exception, 

the general trend in size distribution was that samples collected further from the boiler were 

finer.  For example, EW Brown Unit 3 utilizes a 4-field  ESP collection system.  Since the duct 
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work in this system is split into numerous parallel flows, samples were obtained along one 

continuous flow pattern.  i.e. rows 1, 3 and 4. At the time of sampling, ash had already been 

removed from all of the hoppers in the 2nd row.  The ash in row 1 contained 26.39% - 10 m 

while the ash in rows 3 and 4 were progressively finer (47.32% and 61.62% -10 m, 

respectively).  With some variation, a similar trend was apparent for most of the units sampled.   

 The LOI, or Loss on Ignition, varied from 0.9% to 17.4%.  In many cases, ash collected 

earlier in particulate recovery system was lower in LOI than ash collected later in the system.  

For example, Mill Creek unit 4A, using 4 rows of ash collection (rows A, B, C and D) showed an 

increase in LOI in each of the successive rows (3.9%, 4.7%, 6.5%, and 7.5% LOI).  While this 

tendency did not occur in every single unit sampled, it did occur in most of the units sampled.   

 Another interesting observation was the amount of coarse (+150 m or + 100 mesh) 

material present.  While some samples contained essentially nothing in this size range, some 

contained as much as 19.2% coarse material.  In most cases, the + 150 m was predominantly 

carbon, with grades as high as 78% LOI.  

 To summarize, the ash samples collected varied considerably with respect to color, size 

distribution and LOI.  Despite these variations, some general trends were observed.  Ash color 

varied from light gray to black and color variations were essentially consistent within each unit.  

The amount  of LOI present also varied considerably, but the general trend was for LOI to 

increase the further away from the boiler the ash was collected.  In other words, the first row of 

ESP hoppers contained lower LOI than the second, third or fourth rows if present.  Similarly, the 

amount of ultra-fine particles (< 5 m or < 10 m) increased the further away from the boiler the 

ash was collected.  In other words, coarse particles are collected in the first stages of particulate 

collection and finer particles are collected in subsequent stages.  Lastly, when coarse particles are 

present (i.e. > 100 mesh or 150 m), the coarse particles are generally enriched in carbon.           

 Proximate and ultimate analyses of the ash samples were also conducted as part of the 

sample characterization and are presented in the Appendix (Table A2).  The samples contained 

from 1 to 3% volatile matter, <0.3% H and very little N.  The sulfur content varied from 0.04% 

to 1.16% S while the oxygen content ranged from 0.11 to 2.30%.  Interestingly, the analomously 

higher S and O concentrations occurred from the same samples collected at Mill Creek, a utility 

burning high sulfur coal.  Results of the carbon analyses are consistent with the LOI results 

showing that most of the lOI is attributed to unburned carbon, a result consistent with widely 

reported observations pertaining to Class F ashes derived from combustion of bituminous rank 

coals. 

 Major oxides and trace elements were determined by XRD analysis and are also 

summarized in the Appendix (Table A3 and A4).  It is important to note that the trace element 

results are for the total trace element concentrations present in the ash samples.  Leaching studies 

are in progress on candidate samples to determine the leaching potential of the trace elements.  

As a general observation, ash chemistry, with respect to major oxides, is consistent within a 

given utility unit.  The same general trend holds true for trace elements as well, however, some 

trace element concentrations are higher in the later stages of particulate collection.  It is 

interesting to note that the fly ash generated at Seebree contained as much as 5200 ppm 

vanadium, which is attributed to the high proportion of petroleum coke used as a fuel source at 

this station.   These concentrations of vanadium in the ash do not warrant elimination of Seebree 

as a potential substrate.    

 The sample characterization results were used to select the individual units at each station 

which had the greatest potential to produce a mineral-grade filler.  The criteria used for unit 
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selection were high proportion of ultrafine particles (i.e. <10 μm)., low LOI and, to a lesser 

extent, light color.  Additional larger samples were obtained from the selected units at each 

power plant (Figure 1.2). Dry ash samples (500 to 1000 lbs) were obtained from each plant as 

well as a composite pond ash sample (1000 to 2000 lbs).  No pond ash sample was retrieved 

from Cane Run since they co-mingle scrubber sludge with fly ash at this site to produce poz-o-

tek which is not suitable for further processing. 
 

                         
   Figure 1.2a.             Figure 1.2b. 

 

            
     Figure 1.2c.    Figure 1.2d. 

 

           
                                                                              Figure 1.2e. 

Figure 1.2.  Photographs of Bulk Sampling at LG&E Power Plants.  A-Using long-arm track hoe 

to sample wet pond. B- Pond ash sample recovered with track hoe. C- Sampling decanted pond 

by shoveling. D- Sampling dry fly ash from silo. E-Truck located below dry ash silo. 
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Subtask 1.3 Evaluation of Dispersion Parameters:   

 

 The objective of this subtask was to assess the amenability of candidate substrates to 

carbon removal by froth flotation.  Once carbon was reduced to desirable levels, dispersion 

parameters were evaluated in order to recover a high proportion of ultra-fine particles. 

 

Flotation Evaluation:  Froth flotation evaluation was determined using a Denver Model D5 

Batch Flotation Machine.  A 10% wt. solids slurry was prepared by mixing ash and tap water in a 

2 liter rectangular flotation cell, which was mounted on the flotation machine and agitated at 

1200 rpm in the absence of air.  The collector used (SPP) was a mixture of #2 fuel oil and an oil-

soluble petroleum sulfonate, while the frother was a glycol-based commercial product.  The 

appropriate dosages of each reagent were added to the flotation cell, air was introduced and the 

resulting froth product was recovered by hand scraping until the froth was exhausted.  Additional 

reagents were added and an additional froth product was recovered.  This was repeated until no 

additional carbon was recovered from the slurry.  All of the flotation products were separately 

filtered, dried, weighed and analyzed for LOI using ASTM procedures.  Results were calculated 

to determine the grade and yield of the non-floated fraction after each flotation stage and 

presented as cumulative tailings grade as shown in Figure 1.3. 

 The results for Trimble Unit 1, row 1 indicate that the feed contained only 1% LOI.  

After the first flotation stage, the grade was reduced to 0.33% LOI with a yield of 91%.  The 

second flotation stage lowered the LOI to 0.11% LOI with a yield of 81% and after the final 

flotation stage, the grade of the non-floated fraction was 0.03% LOI with a yield of 71%.   For 

the row 2 sample, the feed grade was 4.5% LOI which was reduced to 0.06% LOI after 3 stages 

of flotation with a yield of 73%.  The LOI was not reduced to these low levels with the samples 

from rows 3 and 4.  These results are considered excellent with respect to carbon reduction as 

well as yield, particularly when considering that approximately 96% of the ash recovered in Unit 

1 is contained in rows 1 and 2.  While these results were obtained by employing several stages of 

flotation and starvation reagent dosages, the pilot plant will utilize a single flotation stage and 

proper reagent utilization should provide similar results.  

 Results for ash from other generating stations are shown in Appendix B.  For the Cane 

Run samples, the LOI for the ash samples obtained from the first row of ESP hoppers was 

reduced to 1% LOI, however the yield was only 28%.  Ash from the second row was only 

reduced to 2% LOI.  For the samples obtained from EW Brown, flotation reduced the LOI to 

below 1% for ash from the first and fourth row while ash from the second row was only reduced 

from 4% to 3.5% LOI.  The samples from Coleman, despite having a relatively high LOI of 6 to 

9%, were reduced to less than 1% LOI for samples from both Units 1 and 2.  The yields for 

results with these samples ranged from 20 to 65%.  Mill Creek Unit 2 ash sample from row 2 

was reduced to below 1% LOI with a yield of 62% while ash from row 1 was only reduced to 

below 2% LOI.  The poorest flotation results were obtained with ash from Henderson Unit 2.  

Ash from rows 1 and 2 contained 29% and 60% LOI, respectively.  These very high LOI 

concentrations are due to the presence of uncombusted or partially combusted petroleum coke, 

which is used as part of the fuel mix at this station.  The high surface area of petroleum coke 

adsorbs significant amounts of flotation reagents and can make flotation separations expensive 

and inefficient, or both.  In this case, the LOI of the ash was only reduced to 6% LOI with yields 

of only 25%.   

 In summary, flotation was effective for reducing the LOI of some ash samples to very 
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low levels (<0.5% LOI) with very high yields (>70%).  The level of carbon reduction achieved 

by flotation varied with each unit sampled, as well as within the rows of each unit.  The best 

results, in terms of LOI reduction and yield, were obtained with samples from Trimble, EW 

Brown and Coleman and Mill Creek.  Flotation was not as effective for the Cane Run sample 

while results obtained with the Henderson sample were very poor, which is attributed to a high 

proportion of petroleum coke in the fly ash.    

 

     

 

                                      
 

Figure 1.3.  Results of Flotation Evaluation for Trimble Unit 1 Ash. 

 

 

 Bulk samples of dry ash as well as pond ash were also obtained from each power station.  

The purpose of this sampling effort was to obtain sufficient sample to conduct dispersion testing 

and determine differences in dispersion behavior between dry ash and ash that had been stored in 

a pond.  Dry ash samples (500 to 1000 lbs from each plant) were collected from ash silos where 

available.  If the power station did not have an ash silo available, the bulk composite sample was 

retrieved by taking samples from the individual hoppers.  Pond ash samples were also collected 

from each site.  The pond ash samples (1000 lbs each) were collected from the portion of each 

pond enriched in fine ash by examining the flow regime of the slurry through the pond.  In 

general, fine ash accumulates distal to the point where the slurry enters the pond.  Pond ash 

samples were collected as far from the feed end of the slurry as feasible. 

 A representative portion of each dry and pond ash slurry was subjected to a flotation 

release analysis (as described previously), in order to assess the effectiveness of using froth 

flotation to reduce carbon to as low a level as feasible.  Prior to conducting the release analysis, 

each sample was screened to remove the +100mesh (150 μm) material was removed in order to 

simulate the hydraulic classification that will be utilized in the process flowsheet.  

 The results obtained with the samples from the Trimble County station are shown in 

Figure 1.4.  The dry ash contained 0.65% LOI, which was reduced to 0.22% LOI with a yield of 
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98%.  Additional flotation stages reduced the LOI to 0.1%, at a lower yield of 84%.  The pond 

ash sample contained 1.7% LOI which was reduced to 0.8% LOI with a yield of 80%. 

 
 

 

                   
 

Figure 1.4.  Flotation Release Analyses of Trimble County Dry and Pond Ash Samples. 

 

 

Results for E.W. Brown are shown in Figure 1.5.  Both the dry ash and pond ash 

responded similarly to flotation.  The dry ash contained 1.75% LOI, which was reduced to 0.9% 

LOI with a yield of 90%.  No further LOI reduction was achieved with additional flotation 

stages.  The pond ash contained 3.5% LOI which was reduced to 0.5%LOI with a yield of 83% 

and further reduced to 0.2% LOI with a yield of 70%.  
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           Figure 1.5.  Flotation Release Analyses of E.W. Brown Dry and Pond Ash Samples. 

 

 

As with the E.W. Brown ash, Coleman dry and pond ash responded similarly to flotation (Figure 

1.6).  The dry ash contained 2.2% LOI which was reduced to 0.2% LOI with a yield of 80%.  

The pond ash, despite having a higher feed grade of 6.5% LOI was reduced to the same LOI 

(0.2%) with the same yield (80%).  Results with Mill Creek ash were quite different (Figure 1.7).  

The dry ash contained only 1.8% LOI, which was only reduced marginally by as many as 5 

stages of flotation.  The Mill Creek pond ash contained 7.9 % LOI, which was reduced to only 

6.1% LOI with a yield of 55%.  It is noteworthy that both the Mill Creek dry and pond ashes 

behaved similarly despite the differences in feed grade and flotation has little effect on LOI 

reduction.   

  

 
 

 

 



16 

 

               
 

          Figure 1.6.  Flotation Release Analyses of Coleman Dry and Pond Ash Samples. 
 

 

 

 

                
 

         Figure 1.7.  Flotation Release Analyses of Mill Creek Dry and Pond Ash Samples. 
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Dispersion Evaluation:  Both ponded and dry fly ash has a natural tendency to flocculate under 

aqueous conditions.  These flocs must be dispersed otherwise the ash cannot be adequately 

classified hydraulically.  Because fly ash is a glassy material formed from a melt, it does not 

appear to have strong surface charges, and common dispersants do not work well.  We have 

found that high range water reducers work well in dispersing fly ash (Robl and Groppo, 2003).   

 The approach taken in this subtask was to first (Part 1) test a wide range of ash types for 

their total reagent adsorption, using used Disal
TM

 , a napthalenesulfonic formaldehyde 

condensate (NSF) product of the Handy Chemical Co.  Disal is a common, well characterized, 

high range water reducer for concrete.  We also examined the causes of some of the adsorption 

variations that we found among the various ashes and the effect of the use of a chelating agent on 

the adsorption of the dispersant.   

 In the second part of the study the actual ability of the dispersant to de-flocculate the ash 

was directly measured.  For this test we developed a procedure based on the settling rate of the 

ash and tested a number of the ashes, as well as different chemicals.  

 Table 1.2 lists the various dispersants that have been tested along with their basic 

composition.  Geosperse is a proprietary chemical of unknown composition.  Most of the other 

products are aqueous solutions of napthalenesulfonic acid, formaldehyde polymer sodium salt or 

are carboxylate based.  Lomar Ca has calcium instead of sodium as the major cation in the 

aqueous solution.  Tl-sperse is the solid form of the sodium salt.  Glenium is a polycarboxylate 

based product while ADVA-100 is an aqueous solution of polyoxyalkylene. 

 

 

Table 1.2. Commercial dispersants and their known compositions. 

Dispersant Composition 

Diloflo 987 Napthalenesulfonic acid, formaldehyde polymer sodium salt 

Diloflo GS-20 Napthalenesulfonic acid, formaldehyde polymer sodium salt 

Diloflo GW Napthalenesulfonic acid, formaldehyde polymer sodium salt 

Disal Napthalenesulfonic acid, formaldehyde polymer sodium salt 

Geosperse Unknown, trade secret 

Lomar Ca Napthalenesulfonic acid, formaldehyde polymer calcium salt 

Lomar LSJ Napthalenesulfonic acid, formaldehyde polymer sodium salt 

Lomar LS Liquid Napthalenesulfonic acid, formaldehyde polymer sodium salt 

MB Glenium 3030 Polycarboxylate 

Tl-Sperse (solid) Napthalenesulfonic acid, formaldehyde polymer sodium salt 

WR Grace ADVA-100 Polyoxyalkylene sodium salt, tributyl phosphate 

 

Adsorption Tests:  Laboratory studies were conducted to evaluate the adsorption of Disal on a 

very wide range of fly ash samples including those collected as part of this project and a host of 

other fly ashes from a variety of sources.  For some of the samples, Disal
TM

 sorption studies were 

performed on water-washed residues of the ashes or different components of the ashes, including 

portions that were either enriched or depleted in carbon. 

 For most of the sorption tests, 10 grams of ash or another solid sample were mixed with 

approximately 900 grams of distilled and deionized (D&D) water.  In some cases, up to 500 

grams of the ash were added to 900 grams of D&D water.  

 Because Disal
TM

 sorption is most effective under neutral to alkaline conditions, up to 130 
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grams of a 0.02 molar (M) sodium carbonate solution were usually added to any pH < 5 ash-

water mixtures to raise the pH above 7 before Disal
TM

 addition.  The Disal
TM

 was added to the 

mixtures in the form of a 1% (10,000 parts per million) stock solution containing D&D water.  In 

most cases, the mass of 1% Disal
TM

 added to the samples was approximately the same as the 

mass of ash or other solids in the mixtures.   

 After the addition of Disal
TM

, the mixtures were tumbled for at least two hours on an end-

over-end stirrer and then filtered at 0.45 microns.  The pH values of the filtrates were measured 

and the dissolved Disal
TM

 concentrations in the filtered samples were determined with a Perkin-

Elmer Lambda 12 ultraviolet-visible spectrometer using a wavelength of 295.0 nanometers (nm).  

By knowing the total amount of Disal
TM

 added to an ash-water mixture and the amount 

remaining dissolved in the filtered sample through spectrometer measurements, the grams of 

Disal
TM

 adsorbed per kilogram of ash (g Disal
TM

 /kg ash) could be calculated.  Because 

significant concentrations of dissolved Disal
TM

 are often required to disperse and suspend fly ash 

particles, and adsorbed Disal
TM

 may not as effectively contribute to dispersion, the most easily 

dispersed ashes should have relatively low Disal
TM

 sorption values.  

 As summarized in Table 1.3, the adsorption results for the test samples ranged from 0.29 

g Disal
TM

/kg ash (carbon-depleted Coleman ash pond sample) to 10.78 g/kg ash (Mill Creek 

2003 "Standard" fly ash).  As a generalized observation of the data, pond core samples and some 

of the fly ashes from the Brown, Coleman, and Ghent plants had the lowest sorption values.  The 

data also indicates that the storage of ashes in disposal ponds at the Brown, Coleman and Ghent 

facilities may significantly reduce their capacity to adsorb Disal
TM

.  Washing the ashes with 

D&D water may also reduce the ability of the ash to adsorb Disal
TM

.   Obviously, water washing 

and weathering in ponds would tend to remove even some moderately water-soluble compounds, 

such as calcium sulfates.   

 

Table 1.3.  Disal
TM

 sorption results on Kentucky fly ashes and ash pond samples. 

Plant Ash Type CAER ID Description Disal Sorption 

g/kg 

Brown Fly ash   92892 With Na2CO3 4.23 

Brown Fly ash 92892 Water washed 2.19 

Brown Fly ash 92892 Water washed with 

Na2CO3 

0.97 

Brown Fly ash   92898 With Na2CO3 1.29 

Brown Fly ash  92898 11.0 g of 1% Disal
TM

 3.30 

Brown Fly ash  92898 Water washed 0.52 

Brown Fly ash   92908 with Na2CO3 1.82 

Brown Fly ash  040623  3.51 

Brown Fly ash 040623 Water washed 2.70 

Brown Pond ash  040720  1.57 

Cane Run Fly ash  92913  9.42 

Cane Run Fly ash  92913 Duplicate leaching 9.63 

Cane Run Fly ash  92916  9.53 

Cane Run Fly ash  92922  9.19 

Cane Run Fly ash  92932  9.71 

Cane Run Fly ash  92932 Water washed 5.54 

Cane Run Fly ash  040623  6.94 
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Cane Run Fly ash  040623 Water washed 6.53 

Coleman Fly ash  92940  3.23 

Coleman Fly ash  93030  6.53 

Coleman Fly ash  93030 50 grams ash used 9.96 

Coleman Fly ash  93030 100 grams ash used 9.86 

Coleman Fly ash  93030 200 grams ash used 9.99 

Coleman Fly ash  92946  4.56 

Coleman Fly ash  92946 Water washed 2.06 

Coleman Carbon residue  92946 Water washed 2.62 

Coleman Carbon residue 92946 Water washed duplicate 2.38 

Coleman Carbon-depleted fly 

ash  

92946 Water washed 2.11 

Coleman Pond core sample  #15-1  1.01 

Coleman Pond core sample #15-1 Duplicate 1.52 

Coleman Pond core sample   #15-1 25 grams of ash used 1.91 

Coleman Pond core sample  #15-1 50 grams of ash used 2.42 

Coleman Pond core sample #15-1 100 grams of ash used 2.35 

Coleman Pond core sample #15-1 200 grams of ash used 2.32 

Coleman Pond core sample  #15-1 500 grams of ash used 4.70 

Coleman Pond core sample  #15-1 Washed carbon residue 1.76 

Coleman Pond core sample #15-1 Washed carbon-depleted 0.29 

Ghent Fly ash   92866 With Na2CO3 8.22 

Ghent Fly ash  92866  8.40 

Ghent Fly ash 92866 Water washed 2.69 

Ghent Fly ash   92877 With Na2CO3 3.37 

Ghent Pond core sample Core #3 

Depth 4 

 1.67 

Ghent Pond core sample Core #4 

Depth 3 

 0.91 

Ghent Pond core sample Core #4 

Depth 3 

Duplicate 1.00 

Ghent Pond core sample Core #7 100 g ash used, 103.9 g 

of 1% Disal
TM

 used 

1.83 

Ghent Pond core sample Core #7 100 g ash used, 113.4 g 

of 1% Disal
TM

 used 

0.79 

Green Fly ash   93084 With Na2CO3 7.38 

Green Fly ash  93084  9.50 

Green Fly ash  93084 Water washed 7.70 

Green 

River 

Fly ash 93062  8.43 

Green 

River 

Fly ash 93060  8.57 

Green 

River 

Fly ash 93060 Water washed 2.35 

Green 

River 

Washed carbon 

residue 

93060 11.4 g of 1% Disal
TM

 

added 

3.21 
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Green 

River 

Fly ash 93060 Washed carbon-depleted 2.22 

HMPL Fly ash 93087  9.19 

HMPL Fly ash 93087 Water washed 5.56 

HMPL Fly ash 93088  9.28 

HMPL Fly ash 93088 Water washed 5.19 

HMPL Fly ash 93089  8.15 

HMPL Fly ash 93089 Water washed 4.61 

HMPL Fly ash 93090  7.34 

HMPL Fly ash 93090 Water washed 3.82 

Mill Creek Fly ash 11/17/00 100 g ash used 9.85 

Mill Creek Fly ash 11/17/00 Water washed, 100 g ash 6.69 

Mill Creek Fly ash 11/17/00 Water washed, 100 g 

ash-Duplicate 

6.68 

Mill Creek Fly ash 92830  8.53 

Mill Creek Fly ash 92830 Water washed 3.12 

Mill Creek Fly ash 92837  8.97 

Mill Creek Fly ash 92842  4.79 

Mill Creek Fly ash 92842 Water washed 1.13 

Mill Creek Carbon residue 92842 Water washed 2.68 

Mill Creek Carbon-depleted  

fly ash 

92842 Water washed 1.86 

Mill Creek Fly ash 92849 With Na2CO3 8.98 

Mill Creek Fly ash 92850  8.29 

Mill Creek Fly ash "Standard" 

2003 

100 g ash used, 109.7 g 

of 1% Disal
TM

 

10.78 

Mill Creek Pond sample
 

2003 100 g ash used, 106.3 g 

of 1% Disal
TM

 

8.43 

Trimble Fly ash 92858 With Na2CO3 7.85 

Trimble Fly ash 92858 Water washed 3.15 

Trimble Washed carbon 

residue 

92858 only 4.4 g available, 

887.5 g water used, 10.1 

g of 1% Disal
TM

 added 

2.27 

Trimble Carbon-depleted 

 fly ash 

92858 Water washed 3.13 

Trimble Carbon-depleted fly 

ash 

92858 Water washed-duplicate 3.30 

 

 Additional Disal
TM

 sorption tests were performed on a Coleman pond ash (Sample No. 

12-14-04).  In the test, 10.0 g of ash were mixed with 931.0 g of D&D water.  A total of 10.0 g 

of 1% Disal
TM

 was added to the mixture.  A duplicate with an identical composition was also 

prepared.  Because the Coleman samples were suitably alkaline, no pH adjustment with sodium 

carbonate was required. The results in Table 1.4 show that the sorption values of the 12-14-04 

Coleman pond ash are significantly lower than most of the values of the other Coleman samples.    

Percolating rain water will quickly remove readily water-soluble salts from ash. We have 

found that a low concentration of the water soluble salts increase the effectiveness of the 
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Disal
TM

.  Divalent cations including calcium and magnesium increase the amount of Disal
TM

 

absorbed and also the amount required to disperse the ash. We think that the salts bind the 

negatively charged sulfate sites on the molecule decreasing its charge and increasing the amount 

of reagent needed to disperse the ash.    
 

Table 1.4.  Disal
TM

 sorption results on a Coleman pond ash (12-14-04).  For comparisons, 

sorption results on other Coleman samples reported previous are listed.  

Plant Ash Type CAER ID Description Disal Sorption 

g/kg 

Coleman Pond ash  12-14-04  0.84 

Coleman  Pond ash  12-14-04   Duplicate 0.90 

     

Coleman Fly ash  92930  3.23 

Coleman Flyash  93030  6.53 

Coleman Flyash  93030 50 grams ash used 9.96 

Coleman Flyash  93030 100 grams ash used 9.86 

Coleman Flyash  93030 200 grams ash used 9.99 

Coleman Flyash  92946  4.56 

Coleman Flyash  92946 Water washed 2.06 

Coleman Carbon residue  92946 Water washed  2.62 

Coleman Carbon residue 92946 Water washed-duplicate  2.38 

Coleman Carbon-depleted fly 

ash  

92946 Water washed 2.11 

Coleman Pond core sample #15-1  1.01 

Coleman Pond core sample  #15-1 Duplicate 1.52 

Coleman Pond core sample #15-1 25 grams of ash used 1.91 

Coleman Pond core sample  #15-1 50 grams of ash used 2.42 

Coleman Pond core sample  #15-1 100 grams of ash used 2.35 

Coleman Pond core sample  #15-1 200 grams of ash used 2.32 

Coleman Pond core sample  #15-1 500 grams of ash used 4.70 

Coleman Pond core -carbon 

residue 

#15-1 Water washed 1.76 

Coleman Pond core-carbon 

depleted fly ash  

#15-1 Water washed 0.29 

 

 The chemistry of the ash batch leachates  was also compared with the Disal
TM

 sorption 

values shown in Table 1.3 and 1.4.  In most cases, strong relationships were not observed 

between the ions or combinations of ions in the aqueous leachates and the Disal
TM

 sorption 

values.  However, a significant correlation (squared Pearson correlation coefficient [R
2
] = 

0.77)was found between the amounts of adsorbed Disal
TM

 in the ashes and the conductivities of 

their leachates.  Again, the conductivities of the leachates would be related to their total 

dissolved solids (TDS) concentrations, which would include dissolved calcium and other major 

ions.  An R
2
 of 0.74 also exists between the sorption values and the dissolved calcium 

concentrations (Ca
2+

) in the leachates (Figure 1.8). 

 Ashes that generate high concentrations of water-soluble calcium tend to adsorb more 

Disal
TM

.  The water-soluble calcium may react with Disal
TM

 , and again, any chemical 

interactions between Disal
TM

 and dissolved calcium diminishes the dispersive effectiveness of 
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the Disal
TM

.  This is most likely due to the calcium ion binding with the sulfate ion on the 

Disal
TM

.  The reduction of the overall charge of the Disal
TM

 would diminish the dispersion 

effectiveness and require higher concentrations.   

 

Calcium Leachate vs g Disal Sorption/kg ash
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Figure 1.8. Disal
TM

 Sorbtion vs. Calcium Concentration in Solution for Coal Ashes.  The four 

data points in the upper right corner of Figure 1 probably represent gypsum saturation.  

 

 

 Based on the results of the sorption studies, a smaller number of fly ashes, water-washed 

fly ashes and pond ashes (Table 4) were selected for a series of additional dispersion tests.  These 

ashes represent wide range of Disal
TM

 adsorption.  The ability of Disal
TM

 and other products to 

disperse ash particles in water was estimated by monitoring the specific gravities of ash-water 

suspensions over time.  Because the residence time of an ash in the CAER pilot system is 

approximately 30 minutes, ash dispersion was maintained for at least that amount of time.   

 The laboratory settling tests consisted of placing 100 grams of an ash into a one-liter 

glass cylinder.  Because the pilot scale tests utilize Lexington, Kentucky municipal tap water, the 

laboratory settling studies included tests with the tap water as well as D&D water.  Disal
TM

 or 

other commercial dispersants were then added to the aqueous mixtures either directly or as a 1% 

aqueous solution.  The total mass of liquids in each mixture was approximately 900 grams.  After 

the dispersants were added, the mixtures were agitated.  A variety of agitation methods were 

tested.  However, back-and-forth hand shaking was found to provide the most consistent results.  

 After the samples were shaken by hand, a stopwatch was immediately started and a 

hydrometer, calibrated to the appropriate range, was placed into the suspension.  As the ash 

settled in the suspension, specific gravity declined.  For consistency, "zero time" was defined as 

when the specific gravity of the suspension reached 1.040.  As the specific gravity of each 

suspension reached 1.035, 1.030, 1.025, 1.020, 1.015, and 1.010, the times were recorded.  

Dispersant dosages were adjusted until the specific gravity of the suspensions was maintained at 

1.010 or greater for 30 minutes.  A plot of typical test results is presented in Figure 1.9.  Results 
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for Coleman pond ash (Figure 1.10) show that a dosage of 1.4 g of Disal
TM

/kg ash are required to 

maintain a specific gravity between 1.010 and 1.040 for 30 minutes.   

 Table 1.5 lists the minimal dosage (g of dispersant per kg of ash) of Disal
TM

, ADVA-100, 

or Glenium that is required to maintain the specific gravity of the ash-water suspensions at 1.010 

or greater for 30 minutes.  The presence of calcium in the city tap water may explain why just as 

much or more Disal
TM

 is required for a thirty minute ash suspension when compared with D&D 

water.  The results also indicate that adequate dispersion should be possible with the Mill Creek 

pond ash without using any, or at most, very little, dispersant.  Like the Mill Creek pond ash, the 

results for the Colemanpond ash are fairly favorable and indicate that the ash may be adequately 

dispersed with relatively low dosages of Disal
TM

.  The settling results of the Coleman pond ash 

are also consistent with the Disal
TM

 sorption values, which predicted that this ash lacks Disal
TM

-

sorbing calcium salts probably because of weathering conditions in the pond.  

  The Ghent #7 pond ash also required low levels of dispersant.  In contrast, the Brown 

pond ash and the Cane Run ashes did not respond to the dispersants at all.  The "Standard" dry 

Mill Creek fly ashes required relatively high dosages of dispersant.  Sieving the Brown pond ash 

and using only the finest fraction (-100 mesh) did not lower the required dosages of the 

dispersants. Washing the ashes with D&D water to remove most of the salts also often failed to 

lower the dosages.  It is likely that long-term weathering changed the sorption chemistry of the 

Mill Creek and Ghent pond ashes in ways that were not duplicated by the Brown pond ash or 

laboratory ash washing.   
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Figure 1.9.  Time vs. Suspension Density for a sample from Mill Creek Fly Ash. The three 

highest curves (7 mg/kg and above) meet the minimum settling requirements for the procedure. 
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Figure 1.10. Time vs. Suspension Specific Gravity for Coleman Pond Ash  

(12-14-04) in Lexington, KY, tap water.   

 

 

Table 1.5.  Minimal dispersant dosage (g of dispersant per kg of ash) required to maintain 

the specific gravity of an ash-water suspension (100 g ash in approximately 900 g liquid) at 

1.010 or higher for 30 minutes.  

Plant Sample ID and 

Description 

Disal + 

D&D 

Water 

Disal + 

Tap 

Water 

ADVA-100 

+ Tap 

Water 

Glenium + 

Tap 

Water 

E.W. Brown 0406-23  nd 3.7 1.7 6.1 

E.W. Brown 0406-23 Water 

washed 

nd 0.9 1.0 2.5 

E.W. Brown 040720 

Pond Ash 

 nd >>100 nd nd 

E.W. Brown 040720 

-100 Mesh 

Pond Ash 

 nd >>100 >>100 >>100 

Cane Run 0406-30  nd >>100 >100 >>100 

Cane Run 0406-30 Water 

Washed 

nd >100 >100 >>100 

Ghent Core #7 

Pond Ash 

 0 0.5 0.5 0.8 

Mill Creek Unit 1, 

Nov. 2000 

 7 11 2.8 3.4 

 

Mill Creek, Unit 1, Water 5 5 2.6 100 
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Nov. 2000 Washed 

Mill Creek 2003 

"Standard" 

Ash 

 7 7 2.6 3.4 

Mill Creek 2003 

"Standard" 

Ash 

Water 

Washed 

5 12 3.3 9.7 

Mill Creek Pond Ash  0 0 0 0 

Coleman Pond Ash  nd 1.4 nd nd 

 
 

 Different dispersants were evaluated with the Mill Creek 2003 “Standard” fly ash using 

settling studies with a variety of other dispersants in Lexington city tap water.  The results are 

shown in Table 1.6.  ADVA-100 required the lowest dosage to achieve the required 30-minute 

suspension with the Mill Creek ash while Geosperse required the highest dosage.  

 

 

Table 1.6.  Minimum dosage of dispersants to maintain a specific gravity of 1.010 or more 

for 30 minutes for an aqueous (tap water) suspension of Mill Creek 2003 "Standard" fly 

ash (100 g ash in approximately 900 g liquid).   

 

Product  Minimum Dosage (g product/kg ash) 

ADVA-100 2.6 

MB Glenium 3030 3.4 

Tl-Sperse (solid) 5.3 

Disal + 5 g EDTA/kg ash 6.2 

Ca-Lomar 6.8 

Diloflo 987 6.9 

Disal 7 

Lomar LSJ 7.0 

Diloflo GW 7.3 

Diloflo GS-20 9 

Lomar LS 10 

Geosperse 46 

 

 

 EDTA (ethylenediaminetetraacetate) is a strong chelating agent that complexes divalent 

ions including Ca and Mg.  The addition of EDTA was tested to determine if it would result in 

the reduction of Disal
TM

 needed to pass the specifc gravity test.  Baker Na2EDTA●2H2O was 

initially dissolved in tap water and ash mixtures before the addition of Disal
TM

.  All other 

procedures were the same as those used to generate the data in Table 1.5.  As shown in Table 

1.7, the addition of sodium EDTA only slightly decreased the required Disal
TM

 dosages for the 

Ghent #7 and Mill Creek ashes.   

 Disal
TM

 as well as the other napthalenesulfonic formaldehyde additives were effective in 

dispersing the fly ash.  The carboxylate based ADVA 100 was the best dispersant overall, and 

Glenium 3030 proved to require higher dosages than the ADVA in this application.  The Disal
TM

 



26 

 

adsorption data and the aqueous leaching studies of the fly ashes suggest that water-soluble 

calcium, probably from the dissolution of calcium sulfates and carbonates, increased the dosage 

of the Disal
TM

 needed to effectively disperse the ash particles in water.  Washing the ashes or 

using a low salt disposal pond ash reduced the required dispersant dosages.  The use of 

Na2EDTA●2H2O only slightly lowered the required Disal
TM

 dosage, perhaps by chelating some 

of the calcium.  Overall pricing along with dispersant efficacy will both be required to make the 

final reagent selection.  With the exception of the Brown material, ponded ash had very low 

dispersant requirements.  Because of its availability and chemistry, ponded ash appears to be an 

excellent candidate to produce filler products. 

 

 

Table 1.7. Comparison of Disal
TM

 dosages with and without the use of Na2EDTA●2H2O to 

maintain a specific gravity of 1.010 and greater for 30 minutes in tap water-fly ash (100 g 

ash in approximately 900 g liquid) suspensions. 

Ash Required Disal
TM

 

dosage without 

EDTA  (g Disal/kg 

ash) 

Required Disal
TM

 

dosage with EDTA 

(g Disal/kg ash) 

Dosage of EDTA (g 

Na2EDTA●2H2O /kg 

ash) 

Mill Creek, Unit 1, 

Nov. 2000 

11 8.8 10.5 

Water Washed Mill 

Creek, Unit 1, Nov. 

2000 

5 4.1 5.5 

Mill Creek 2003 

"Standard" Ash 

7 6.2 5 

Washed Mill Creek 

2003 "Standard" 

Ash 

12 10 10.3 

Mill Creek Pond Ash 0 ----------- ---------- 

Ghent #7 Pond Ash 0.5 0.3 10.2 

 

 

Subtask 1.4.3   Environmental Testing 

 Testing the environmental safety acceptability of the filler or super pozzolan made from 

the ash is an important aspect of the project.  The final products were subjected to extensive 

leaching tests for a wide range of trace elements.  Leaching tests were conducted to determine 

the most readily soluble materials in all of the candidate fly ashes.  This was done to obtain more 

environmentally relevant information regarding final feedstock selection.  Also, this information 

was used as part of the dispersant evolution. 

 Aqueous batch leaching tests were performed on 26 ashes As part of quality 

control/quality assurance procedures, duplicate leaching tests were run on Samples #5, 12, 14, 

17, and 23.  The purpose of the leaching tests was to determine whether any of the ashes contain 

significant concentrations of water-soluble species, the identity of those species, and whether 

they could possibly interfere with dispersion agents.   

 In this study, the batch leaching tests consisted of placing 48 grams of an ash into a 
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borosilicate glass jar with approximately 900 grams of distilled and deionized (D&D) water (>17 

Mohm.cm).  The samples were agitated for at least 35 minutes on an end-over-end tumbler.  

Afterwards, pH measurements were taken on the leachates after they were filtered at 0.45 

microns.  The pH measurements were determined with a ThermoOrion model 410+ Meter using 

pH 4.00 +/- 0.01, 7.00 +/- 0.01 and 10.00 +/- 0.02 Fisher Scientific, Inc. buffers.   

 The filtered leachates were also analyzed for conductivity, major anions (chloride, 

fluoride, nitrate, phosphate and sulfate), and major cations (aluminum, calcium, magnesium, 

potassium, and sodium).  Alkalinities were determined on most leachates, which used EPA 

titration method 310.1 (US EPA, 1993).  A YSI Inc. Model 32 meter provided the conductivity 

measurements, which are related to the total dissolved solids concentrations of the samples.  

Chloride, fluoride, bromide, sulfate and phosphate concentrations were measured on a Dionex 

LC-20 ion chromatograph using EPA Method 300.0 (US EPA, 1993).  The cations were 

analyzed with a Spectrometrics Inc. Inductively Coupled Argon Plasma-Atomic Absorption 

Spectrometer (ICP-AA) using EPA Method 200.7 (US EPA, 1994).  

 The chemical properties of the batch leachates are extremely diverse (Table 1.8).  The pH 

values of the samples range from 3.90 (Brown Unit 3) to 11.40 (Cane Run Unit 4A).  As 

expected, the aluminum concentrations of the leachates roughly correspond to the amphoteric 

nature of the metal.  That is, aluminum solubility tends to be relatively high under acidic (around 

pH 4) and alkaline (around pH 11) conditions, but low near neutral pH values.  Except for the 

Brown and Ghent ash pond samples (#5, 5D, 16, 17, and 17D), which have been well-leached by 

groundwater and infiltrating rainwater, the leachates are dominated by the presence of at least 

200 milligrams/liter (mg/L) of sulfate and often more than 100 mg/L of calcium.  The chemistry 

of the high sulfate and high calcium leachates is consistent with the presence of gypsum 

(CaSO4●2H2O) and/or anhydrite (CaSO4) in the ashes.  The ash pond samples probably contain 

calcium carbonate (CaCO3) and other less water-soluble calcium compounds.  
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Subtask 1.5 Process Simulation. 

 

 The development of the process circuit will require the integration of a number of unit 

processes.  Their integration will be greatly facilitated by the ability to conduct computer 

simulation of the overall process in advance of actual construction.  Also, process simulation is 

of value in optimizing the operation of the final circuitry. 

 A reconnaissance of the available commercial software was conducted.  Perhaps the 

leading software for simulation of mineral processing circuitry is that of the Julius Kruttschnitt 

Mineral Resources Center.  Their software, JKSimMet V5.1 offers the ability to digitally model 

and integrate a variety of unit processes including spiral concentrators, hydrocyclones, screen 

decks, and various mills.  Good piping circuitry and ancillaries are also present.  CadChem, a 

chemical engineering software modeling program, has similar features and abilities at a lower 

cost.   

 What does not appear to be available  was any software that modeled hydraulic 

classification or froth flotation.  The latter is under development in the JKSimMet program.  

These operations are of key importance to the process.  Because of the lack of availability, it was 

determined that the most expedient course would be developing an original process simulation 

model.  Since the standard flotation release analysis will generate adequate data for process 

modeling, we focused on hydraulic classification.  The development of the model required the 

construction of a small pilot classifier to generate data.  The particle size of the ash feedstock, 

product and underflow from the actual classifier was determined with a Quantichrome laser 

analyzer.  The feed rate, density and particle size distribution were input into the model, and the 

Table 1.8. Leaching data on Kentucky ashes. (* denotes duplicate) 

No. Power Plant Unit g of ash 

leached 

g of 

water in 

leachate 

pH Condu

ctivity 

(ohms/

cm) 

Alkalinity 

(mg/L as 

CaCO3) 

Sulfate 

(mg/L) 

Chloride 

(mg/L) 

Fluoride 

(mg/L) 

Nitrate 

(mg/L) 

 

Phosphat

e (mg/L) 

 

Alumin

um 

(mg/L) 

Calcium 

(mg/L) 

Magnesi

um 

(mg/L) 

Potassi

um 

(mg/L) 

 

Sodiu

m 

(mg/L) 

 

1 Brown 1 48.1 892.1 4.14 723 0 546 <0.04 1.45 <0.20 <0.20 48.7 71.6 9.27 19.2 7.82 

2 Brown 2 48.9 903.2 4.69 442 < 7 205 0.26 1.18 0.33 <0.20 2.68 61.0 6.18 6.20 8.72 

3 Brown 3 48.0 908.3 3.90 764 0 485 0.06 5.95 0.35 0.25 51.5 57.4 7.06 20.6 7.01 

4 Brown ? 48.1 911.0 10.45 736 ----- 274 0.26 0.59 0.21 0.36 13.49 126 7.34 11.75 9.13 

5 Brown Pond 48.1 915.2 9.31 49 ----- 5.33 0.25 0.10 0.41 0.97 4.02 7.03 2.53 0.27 1.19 

5* Brown Pond 48.1 902.0 9.38 46 ----- 4.85 0.21 0.10 0.37 0.80 3.72 7.64 2.8 0.35 1.24 

6 Cane Run 4A 48.0 884.0 11.40 1760 396 413 0.21 0.51 0.21 <0.20 20.3 282 0.02 24.1 14.7 

7 Cane Run 4B 48.0 890.8 11.24 1750 301 451 0.31 0.53 <0.20 <0.20 27.5 292 0.03 24.6 14.9 

8 Cane Run 5 48.0 882.6 10.76 1220 249 564 0.22 0.79 <0.20 <0.20 34.3 292 0.17 23.1 12.2 

9 Cane Run 6 48.0 905.7 11.35 1810 326 420 0.13 0.63 <0.20 0.29 19.0 251 0.03 21.6 15.5 

10 Cane Run ? 48.0 904.0 10.81 638 ----- 227 4.83 0.28      ----

- 

   -----  3.7 99 5.44 29.7 15.5 

11 Coleman 1 48.3 898.3 9.16 492 38 278 0.30 0.67 <0.20 <0.20 6.11 103 3.51 20.2 8.85 

12 Coleman 2 47.9 902.1 10.10 648 118 279 0.16 0.75 <0.20 0.40 19.6 126 1.78 8.83 5.67 

12* Coleman 2 48.6 884.3 10.06 664 124 273 0.13 0.70 <0.20 <0.20 20.5 137 1.96 8.95 5.77 

13 Coleman 3 48.0 909.5 9.73 569 110 241 0.37 1.12 <0.20 <0.20 13.8 109 2.81 10.9 7.93 

14 Ghent 1 48.1 894.8 4.22 1566 0 1020 <0.04 7.95 <0.20 <0.20 54.0 237 10.0 26.2 34.9 

14* Ghent 1 48.0 904.8 4.24 1563 0 1010 <0.04 7.32 <0.20 <0.20 55.4 237 10.3 26.4 35.2 

15 Ghent 2 48.0 900.5 6.67 746 < 7 336 0.30 0.26 <0.20 <0.20 0.37 75.8 5.92 17.5 56.1 

16 Ghent Pond #3 48.1 899.3 9.36 135 31 32.4 0.80 0.07 <0.20 <0.20 3.46 23.8 0.15 1.02 1.47 

17 Ghent Pond #4 48.1 905.0 9.09 39.1 12 4.62 0.76 0.06 <0.20 0.88 0.73 5.40 0.61 0.41 0.82 

17* Ghent Pond #4 48.0 891.8 8.92 37.9 12 4.62 0.73 0.05 <0.20 1.01 0.77 5.09 0.58 0.40 0.82 

18 Green 1 48.3 910.5 3.96 3370 0 3090 0.82 0.63 1.25 0.75 286 573 35.7 26.0 36.3 

19 Green 

River 

4 48.0 901.5 10.17 847 88 384 0.52 0.41 1.18 <0.20 9.50 134 2.85 43.8 24.7 

20 Green 

River 

3 48.0 871.9 8.72 930 37 483 0.37 0.90 <0.20 <0.20 3.27 178 5.04 22.7 17.6 

21 Mill 

Creek 

2 48.1 905.4 11.00 1375 300 507 0.71 1.43 <0.20 <0.20 34.5 237 0.10 15.1 20.1 

22 Mill 

Creek 

3A 48.2 907.2 8.37 2190 17 1450 3.63 1.92 0.43 <0.20 1.49 478 15.7 32.3 45.2 

23 Mill 

Creek 

3B 48.0 905.6 8.66 702 31 429 0.30 0.99 <0.20 <0.20 3.29 178 5.59 1.93 6.95 

23* Mill 

Creek 

3B 47.9 878.4 8.62 845 29 440 0.31 0.97 <0.20 <0.20 3.29 175 5.62 2.05 6.91 

24 Mill 

Creek 

4A 48.3 895.0 5.38 2380 < 7 1500 5.33 0.86 0.35 <0.20 2.20 533 22.3 30.2 20.4 

25 Mill 

Creek 

4B 48.2 894.6 11.20 1517 280 383 0.82 0.71 <0.20 <0.20 18.4 218 0.01 15.3 11.2 

26 Trimble 1 48.6 910.3 4.82 1676 < 7 1040 8.33 4.55 2.68 <0.20 6.54 276 13.0 4.51 18.8 
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product size distribution and mass were calculated and compared with the actual data. 

 

Modeling of Hydraulic Classification:  The model of the hydraulic classification was 

developed using an Excel spread sheet.  This base for the model can be integrated into the 

commercial software.  Important assumptions included that the ash particles are all of constant 

density and that they followed Stokes Law:  

 

    Vp= G (ρs - ρ) D
2
 / 18µ 

  

where: 

 Vp = rising or settling velocity of discrete particle 

 G = gravity constant 

 ρs = density of particle 

 ρ = density of carrier fluid 

 D = diameter of discrete particle 

 µ = viscosity of carrier fluid 

       
We also assumed laminar flow conditions and that when the particles left the zone of sorting, i.e. 

dropped below the “mud line,” they were removed from the system as underflow.  No shape 

factor or other corrections were employed. 

 The settling velocity of the particles are found to vary widely for the sizes of 

particle of interest in this study.  Figure 1.11 presents a plot of the inverse of settling velocity for 

particles in water as a function of diameter.  Stokes law dictates that a one micron particle will 

take approximately 4 hours to drop 1 centimeter.  A 5 micron particle will take approximately 10 

minutes to fall 1 centimeter.  These calculations assume an ideal case, that the particles do not 

interact and that there are no other forces involved.  This, of course is not the case.  The amount 

of movement caused by simple Brownian motion for a 1 micron particle is almost as great as that 

of gravity.  Brownian motion affects are much stronger than gravity for particles much smaller 

than 1 micron.  These are sometimes referred to as “turbidity solids” and do not generally settle 

unless they are forced to form flocs.  
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         Figure 1.11. Plot of Stokes Law Settling Velocity vs. Particle Diameter at 20 ºC. 
 

 

  

 

Other factors affecting particle separation is the tendency of the fly ash to naturally 

flocculate.  We have found the ash flocs to be surprisingly stable, even over a wide pH range.  

Deflocculating the ash slurries, cost effectively, is an important part of this study.   Another 

factor that works against efficient separation is the tendency of the larger particles to interfere 

(hinder) the movement and settling of the smaller particles.    For example a 100 µm particle has 

a settling velocity of 65 cm/min which is about 10,000 faster than a 1 µm particle.  More 

significantly, the 100 µm particle has a million times the mass of the 1 µm particle.  
 

Definition of Terms:  The discussion of the performance of the various classifiers and the 

results of the modeling requires some definition of terms.  The product, which we are targeting 

in this work, are the smallest particles of ash, those that are less then 5 µm in diameter.  The 

product grade is the average particle diameter size, on a volume basis, stated as the D50.  Note, 

that this different from the X50 that is used to define efficiency of separation, which is the 

average diameter whereby the particle has a 50% probability of partitioning to the product or 

overflow and the reject or underflow.  The product recovery is then the amount of particles that 

are smaller than 5 µm in the product as a percentage of all of the <5 µm particles that were 

available in the feed.  The product yield is the total mass of the product as a percentage of the 

feed 

 

Horizontal Open Channel Classifier with Weirs:  As a digital model of the hydraulic classifier 

was not available, we decided to construct one and generate the needed data.  A simple cross 
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current horizontal unit was constructed from Plexiglas as shown in Figure 1.12.  The unit 

consisted of four cells with the overall dimensions of 39cm x 37cm x 35cm (width x length x 

depth).  The total volume of each cell was 51 liters, or about 200 liters for the whole unit.  The 

classifier was fed from one end and the product collected from the other.  The coarse ash 

underflow was pumped from the bottom of the classifier. Each chamber was open to the second 

or, in some tests, separated from the next by means of a weir.  The removal of slurry from the 

bottom of each cell also increases the relative residence time of the product stream by decreasing 

the overall discharge rate from one cell to the next. 

 

                                                                       
 

                        Figure 1.12. Photo of open channel hydraulic classifier with weirs. 
 

 

 

 

The test runs performed during the hydraulic classification evaluation work required 

several tons of ash. Ash from the pond at Ghent was used for the calibration as there was a multi-

ton sample available at the CAER.  Mean particle diameter (D50) of the product ranged from 3 to 

5.3 µm with recovery of the 5 µm particles as high as 70%. 

The use of weirs between the cells did not seem to improve performance and had several 

disadvantages.  The weirs created a visible “mud line” which was thicker in the cells with the 

highest weirs, i.e. upstream cell.  The mud line defined a sediment compression zone, within 

which particle sorting is inefficient.  With this configuration the highest weir controlled the 

overall cross sectional area of flow for the device and created a thick compression zone.  One 

way around this would be to vary the width of the device while keeping the depth constant. This 

kind of configuration has some practical design considerations that would present some problems 

in scale-up.  

The approach that we chose, however, was to divide the channel into layers through the 
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addition of lamella (Figures 1.13 and 1.14).  This creates, in effect, a number of thin channels for 

sedimentation to take place on, the lamella minimize the thickness of the mud line or 

compression zone.  

                         
             Figure 1.13. Schematic of Affect of Lamella on Particle Separation. 
 

The lamella, in effect, increases the width of the channel while keeping the depth 

constant.  This is done by “folding” the channel and putting it in a box.  There were two different 

designs for this.  Their cross sections are illustrated in Figure 14.  The first was designed to fit 

the preexisting shell of the weir classifier and was used as an expedient to test the idea.  The 

second was developed and built from the ground up.  Photos of both types are shown in Figures 

1.12 and 1.15.   

Sedimentation 

Sediment Flow 
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Figure 1.14. Lamella Design 1 and Design 2 Comparison. 

 

A total of 17 tests were made which represented some 31 separate determinations (Table 

1.4). Seven were made under the open flow design, test 4 and 6 had weirs between the individual 

cells.  Four tests were run with the first lamella design and seven were run with the second 

lamella design.  Most of the work utilized NSF (Naphthalene Sulfonate Formaldehyde 

condensate) as a dispersant.  Tests 16 and 17 utilized a polycarboxylate dispersant (Grace‟s 

ADVA 100 and ADVA flow).  The ash was kept constant during the testing to keep a consistent 

basis of comparison.   

 

   
      Figure 1.15. Fabrication of the second lamella cross flow hydraulic classifier.  
 

Lamella 

Design 1 

 

Design 2 
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During the test series the feed rate, and indirectly the residence time of the solids was the 

primary variable.    The mean residence time (MRT), was calculated from the average particle 

residence time as: 

 

MRT = (Qf + Q1)/2V+(Q1+Q2)/2V+(Q2+Q3)/2V+(Q3+Qo)/2V 

 

Where, Qf is the primary flow into the classifier, Q1 is the flow into the second cell of the 

classifier (Q1= Qo – U1, where U1 is the discharge to the underflow from cell one, etc). Q2  and 

Q3, are the flows into the third and fourth chambers and Qo, the out flow of the product 

discharge.  The V is the volume of each of the cells, approximately 51 liters.  The volume of the 

cone shaped funnel at the bottom of the classifier was omitted as we considered this to be still 

zone and part of the collection system.  The MRT varied widely, from almost an hour and half to 

as short as 25 minutes (Table 1.9).  

 

    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16. Photo of the secondary classifier in operation.  The blue arrow shows the direction 

of flow and the direction of sedimentation.  The foreground is the submerged collection launder 

which greatly facilitates cenosphere collection.   

DDeessiiggnn  22  
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Table 1.9. Mean Residence time and weight percent solids in feedstock underflow and 

solids from the hydraulic classification tests. 

Test MRT % Solid 
Feed U1 U2 U3 U4 Product 

1a 54.9 14.0 30.5 17.1 15.7 14.2 5.1 
1b 55.2 13.7 29.3 16.2 15.5 13.9 4.8 
2a 63.9 12.5 38.7 18.3 17.2 15.5 4.4 
2b 65.8 12.3 38.2 18.0 17.4 15.4 4.4 
3a 89.8 13.7 44.3 25.4 23.2 22.0 2.3 
4a 73.7 13.0 39.1 23.0 17.1 14.5 4.0 
4b 66.5 13.0 38.6 21.6 16.5 13.2 4.5 
5a 68.6 11.8 29.1 27.6 22.4 20.6 2.7 
5b 71.0 11.6 27.3 27.0 22.2 20.5 2.7 
6a 78.9 15.0 41.7 38.1 21.0 17.0 5.6 
6b 70.2 14.9 41.7 27.6 20.7 17.3 5.5 
7a 69.2 12.9 19.7 46.2 32.8 22.1 2.6 
7b 68.8 13.0 19.9 48.2 33.4 22.3 2.5 
8a 29.0 11.6 28.6 50.4 48.0 33.4 5.2 
8b 28.3 11.6 29.4 52.0 49.2 33.8 5.2 
9a 41.7 10.5 22.4 41.8 37.5 25.3 3.6 
9b 42.2 10.4 22.9 42.4 37.7 25.3 3.7 
10a 45.2 12.9 26.8 47.1 41.8 27.9 4.4 
10b 46.9 12.8 26.7 46.7 46.7 27.6 4.3 
11a 42.9 13.3 34.9 47.1 43.8 42.0 2.6 
11b 45.5 13.4 35.4 48.8 43.1 42.2 2.4 
12a 35.0 13.7 40.9 51.9 46.3 45.0 3.0 
12b 34.3 13.5 41.2 54.6 48.4 45.9 2.8 
13a 30.6 14.2 42.5 53.6 50.3 49.1 3.6 
14a 26.4 14.1 49.6 56.6 54.5 52.4 3.6 
14b 26.8 13.8 51.4 53.9 55.0 54.4 3.7 
15a 33.0 12.0 37.8 48.1 41.3 39.9 2.1 
16a 34.0 14.5 52.8 53.6 49.7 47.0 2.4 
16b 32.0 14.7 50.6 56.2 53.0 48.8 2.8 
17a 25.0 12.6 47.5 54.1 50.6 48.1 2.9 
17b 25.1 12.7 46.9 54.4 52.3 49.5 2.7 

  

 The feed rate was varied until the D50 particle size of the product was within a target 

range of between ~3 to ~5 µm.  The mass flow rate of the product, underflow and feed was 

measured, as was the percentage of solids and the loss on ignition.  The particle sizes of the feed, 

underflow and product was measured with a Cilas laser diffraction particle size analyzer. The 

product yield and recovery of the 5 µm ash was calculated as percentages of the feed.  Typically 

two sample collections and determinations were made per test, but several times equipment 

malfunctions, most typically ruptured or plugged pumps, resulted in early termination of tests.   

 The mass balance was based on the mass flow of the feed solids divided by the 

sum of the mass flow of the solids from the underflow and product.  We consider a balance 

within 5% of 100% to be good, and 6% or 7% to be acceptable.  The solids balance typically 

tended to be positive (Table 1.10).  This is most likely due to the feed rate, which was the most 

difficult of the mass flows to measure accurately, as it involved valving which was turned to 

collect the sample, this affected the head the peristaltic pump was pushing against.  Ideally the 

flow rate of a perfectly sealed peristaltic pump is not affected by pressure head.  However, small 

affects are undoubtedly present, which in this case, would tend to overstate the feed rate.  The 
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filtration of the fine materials was also a source of some small error as well.  The fine nature of 

the solids resulted is some material not being trapped by the sharkskin filters used, and an 

underestimate of the product rate would result. 
 

 

Table 1.10. Data from hydraulic classifier test runs. Yield and Solids Balance are as 

percent of feed. Recovery (Rec) is as percent of the less than 5 µm particle size material.  

D50 is the mean particle diameter as volume percent. Loss on ignition (LOI) is as weight 

percent of feed and product. 
Test Solids Flow Rate Kg/min Solids 

Balance 
D50 Yield Rec. Feed Product 

Feed U1 U2 U3 U4 Product microns % % LOI LOI 
1a 0.81 0.40 0.10 0.08 0.07 0.15 102% 4.8 18% 49% 4.71% 2.68% 
1b 0.80 0.38 0.10 0.09 0.08 0.13 102% 5.0 16% 44% 4.76% 2.55% 
2a 0.55 0.25 0.07 0.06 0.06 0.12 100% 4.6 21% 59% 4.40% 2.28% 
2b 0.52 0.24 0.06 0.06 0.06 0.11 97% 4.3 21% 64% 4.05% 2.22% 
3a 0.38 0.15 0.05 0.04 0.04 0.04 117% 3.5 11% 34% 3.14% 2.15% 
4a 0.50 0.23 0.07 0.06 0.04 0.09 100% 4.3 18% 49% 4.62% 2.52% 
4b 0.54 0.23 0.07 0.06 0.04 0.12 106% 4.3 22% 69% 4.79% 2.47% 
5a 0.47 0.16 0.09 0.08 0.07 0.07 103% 3.1 14% 36% 4.79% 2.34% 
5b 0.45 0.15 0.09 0.07 0.07 0.06 102% 3.0 14% 35% 4.51% 2.13% 
6a 0.54 0.26 0.09 0.07 0.06 0.15 86% 4.6 28% 68% 4.79% 2.61% 
6b 0.60 0.26 0.09 0.06 0.06 0.13 99% 5.2 22% 51% 4.19% 2.47% 
7a 0.52 0.13 0.13 0.12 0.07 0.06 103% 3.2 12% 50% 4.72% 2.79% 
7b 0.53 0.13 0.14 0.12 0.07 0.06 101% 3.1 12% 39% 4.57% 2.61% 
8a 0.96 0.16 0.18 0.15 0.10 0.35 102% 6.0 37% 79% 5.44% 2.64% 
8b 0.98 0.16 0.18 0.16 0.11 0.36 101% 5.5 37% 80% 4.21% 2.77% 
9a 0.62 0.12 0.13 0.12 0.07 0.16 104% 5.0 26% 68% 4.33% 2.82% 
9b 0.61 0.12 0.14 0.12 0.07 0.16 100% 4.8 27% 70% 4.19% 3.01% 
10a 0.72 0.14 0.16 0.13 0.09 0.18 103% 4.5 25% 71% 4.57% 2.87% 
10b 0.70 0.14 0.16 0.16 0.08 0.17 98% 4.1 24% 66% 4.75% 2.85% 
11a 0.78 0.20 0.16 0.15 0.14 0.11 103% 3.1 15% 47% 4.60% 3.16% 
11b 0.75 0.21 0.17 0.15 0.14 0.10 100% 2.9 13% 44% 5.24% 3.15% 
12a 0.97 0.23 0.18 0.17 0.16 0.16 107% 3.1 17% 44% 4.60% 3.16% 
12b 0.97 0.24 0.19 0.17 0.16 0.16 106% 2.9 16% 55% 5.24% 3.15% 
13a 1.14 0.27 0.21 0.19 0.18 0.22 106% 3.4 20% 65% 5.30% 2.97% 
14a 1.29 0.29 0.21 0.20 0.19 0.27 112% 3.7 21% 63% 4.71% 2.72% 
14b 1.24 0.31 0.19 0.20 0.20 0.27 106% 3.8 22% 65% 4.21% 2.89% 
15a 0.89 0.23 0.17 0.15 0.14 0.12 109% 3.6 14% 53% 2.92% 2.05% 
16a 1.01 0.29 0.21 0.19 0.18 0.13 102% 3.3 13% 41% 4.36% 2.48% 
16b 1.07 0.27 0.22 0.20 0.19 0.16 104% 3.2 15% 51% 4.18% 2.78% 
17a 1.16 0.30 0.22 0.20 0.18 0.21 105% 3.7 18% 60% 5.07% 2.58% 
17b 1.17 0.30 0.22 0.20 0.19 0.20 106% 3.7 17% 60% 4.79% 2.53% 

 

 

    

The variation of the performance of the three styles of hydraulic classifiers tested was 

large.  Figure 1.17 presents a plot of means residence time versus the D50 or the average product 

diameter.  The relative improvement in efficiency from the first test of the open channel cross 

flow classfier to the lamella designs is significant.  Slow feed rates and resulting MRT‟s that 

exceeded an hour in most cases were required to produce a product with a D50 in the 3 to 4 μm 

range.  The second lamellae design readily produced products in this size range with residence 

times as short as 24 minutes.  Short residence times are needed if the scaled up technology is to 

be a reasonable size. 
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 Figure 1.17. Plot of Mean Residence Time (MRT) versus D50 of product size for  

 the hydraulic classifier configurations tested. 
 

 Another way to examine performance is to investigate product size as a function of feed 

rate.  For example, the average solids feed rate for the open flow classifier tests was 0.55 kg/min, 

this produced an average product D50 of 4.1 μm.  The average solid feed rate for the second 

classfier tests was 1.0 kg/min, which produced an average product D50 of 3.4 μm.  Thus the 

lamellae configuration was able to perform at a much higher rate of feed while delivering a better 

grade of product. 

 The relationship between grade and yield is also of significance.  It is a measure of the 

efficiency of the technology.  A plot of grade versus yield is displayed in Figure 1.18.  The 

improved efficiency of the lamellae classifiers, as indicated by a steeper yield-grade curve, is 

clearly evident from the plot.     
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 Figure 1.18. Plot of yield versus grade for the types of classifiers tested.  
 

 

Generation of a Model of the Lamellae Hydraulic Classifier 

  A digital model of the final lamellae classifier was constructed using an Excel 

spreadsheet.  The model assumes that the particles obey Stokes Law perfectly with no affect of 

shape, particle-particle interaction resulting in hindered movement or settling, no Brownian 

motion, etc.  It is also assumed that the particles are of uniform density throughout their size 

range.   

The inputs to the model include cell width, cell depth, cell length, feed rate, withdrawal 

rate (underflow rate), size distribution of feed material and the vertical cord length between the 

lamellae or “D”.  In a system that has more than one underflow, the model adjusts for residence 

time variation from multiple underflows. The flow to the next cell based on the feed rate and the 

withdrawal or underflow rate from the previous cell.  Up to four cells are incorporated in the 

model. Finally, the model assumes that the particles partition to the underflow when they are 

calculated to have dropped by “D” i.e., the distance between the lamellae.  The distance the 

particle drops is calculated from Stokes law and from residence time.  

Obviously there are particle-particle interactions, the particles do vary in density and 

Brownian motion effects are of major significance for the smaller particles.  The model presents 

what is in essence a perfect system.  It is of value for comparing actual test data with theoretical 

results.  In addition the relative affects of various parameters that are difficult to incorporate into 

lab test can be examined. 

The size of the feed and the resulting product from a test of the second lamella classifier 

are presented in Figure 1.19.  In addition to the actual size distribution of the product, the size 

distribution that was calculated from the model for the product is also plotted.  A D50 of 2.5 μm 

is calculated from the model for the conditions of the test and the feed size distribution, a D50 of 

3.7 μm was actually measured.  The product yield predicted from the model is 22% and the total 
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recovery of the <5 μm material is 89%.  The measured yield was 21% and the recovery of <5 μm 

particles were 63%.  If the model is assumed to represent the maximum theoretical recovery, it 

can serve as a measure of the efficiency of the device.  For example, the ratio between the actual 

recovery and the theoretical recovery in the example was 71%.  
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 Figure 1.19. Plot of calculated versus measured product as a function of feed sized 

 distribution for second generation lamellae classifier.  
 

The model provides a reasonable indication of how the classifier will behave and is 

useful in generating the relative affect of parameters such as temperature.  For example, using 

the feed size distribution as illustrated in Figure 19, 64% of the product is calculated to be less 

than 3 μm in diameter at 20 ºC.  At 4 ºC, 55% of the product is calculated to be less than 3 μm in 

diameter.  The absolute numbers are not precise but the relative difference on particle size is of 

value.  The impact of going from summer to winter on average particle size is about the same as 

increasing the distance “D” between the plates by 3 cm, or changing the residence time by 20% 

to 25%.   
 

The Affect of Hydraulic Classification on Loss on Ignition.   

 Generally, we have found that the average particle sizes of the residual carbon are larger 

than that of the fly ash.  The bulk density of the carbon is less, about 1.7 to 1.9 g/cm
3
 versus 

about 2.3 g/cm
3
 for the siliceous materials.  This would tend to make the carbon particles 

partition with correspondingly smaller siliceous particles.  For example, a 10 μm diameter carbon 

particle has the same settling velocity as a 7.9 μm siliceous particle.  For the most part however, 

the difference in particle sizes is found to have a larger affect.   

 

Figure 1.20 illustrates the partitioning of the LOI from a test run of the lamellae classifier and 

compares it with the overall ash balance.  The carbon is found to disproportion from the siliceous 
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part of the ash as the product yield was 22%, the product contained only 13% of the LOI.  The 

bulk of the LOI is found to partition to the first two underflows of the classifier.   

 
           

 
  

 Figure 1.20. Diagram illustrating the partitioning of total solids and LOI  

 during a typical hydraulic classifier test. 
 

 

It is often assumed that, for a Class F ash, LOI is a good proxy for carbon concentration. 

This is not strictly true however.  The LOI and carbon data is presented in Table 1.11 below for 

the calibration tests of the hydraulic classifier. The reduction in LOI during the tests was in the 

40 to 50% range.  The carbon concentration was lower than the measured LOI buy 

approximately 0.8%.  TGA-mass spectrometry tests were made on the recovered products.  It 

was found that the non-carbon LOI was primarily due to small amounts of carbonate and sulfates 

with possible some tightly bound water.  

The improvement in LOI achieved by hydraulic classification is significant, particularly 

for concrete and mortar applications.  The LOI and carbon levels found in the feed materials 

were high and near the ASTM C-618 limit (6%).  The product LOI and carbon level is indicative 

of a high quality material.  
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Table 1.11. LOI and Carbon Data for Classification Tests. 

Test Feed % LOI Product % LOI Product % C 
1a 4.71% 2.68% 2.03% 
1b 4.76% 2.55% 2.21% 
2a 4.40% 2.28% 2.11% 
2b 4.05% 2.22% 1.84% 
3a 3.14% 2.15% 0.99% 
4a 4.62% 2.52% 2.10% 
4b 4.79% 2.47% 2.31% 
5a 4.79% 2.34% 2.45% 
5b 4.51% 2.13% 2.38% 
6a 4.79% 2.61% 2.18% 
6b 4.19% 2.47% 1.73% 
7a 4.72% 2.79% 1.94% 
7b 4.57% 2.61% 1.96% 
8a 5.44% 2.64% 2.80% 
8b 4.21% 2.77% 1.43% 
9a 4.33% 2.82% 1.51% 
9b 4.19% 3.01% 1.18% 
10a 4.57% 2.87% 1.70% 
10b 4.75% 2.85% 1.90% 
11a 4.60% 3.16% 1.44% 
11b 5.24% 3.15% 2.09% 
12a 4.60% 3.16% 1.44% 
12b 5.24% 3.15% 2.09% 
13a 5.30% 2.97% 2.32% 
14a 4.71% 2.72% 1.99% 

 

 
 

  

 

Task 2. Pilot/Demonstration Plant Final Design. 

 

Subtask 2.1 PDU Conceptual Design of PDU Facility. 

 

Processing Strategy:  The processing strategy that was used in the PDU conceptual design is 

based on experience obtained while conducting other ash beneficiation projects.  The first project 

entitled “Technology for the Recovery of Fuel and Adsorbent Carbons from Coal Burning Utility 

Ash Ponds and Landfills” focused on recovering unburned carbon while the second project 

entitled “Advanced Multi-Product Coal Utilization By-Product Processing Plant” was primarily 

concerned with recovering additional construction materials.  Both of these projects involved 

excavation of combustion ash from a utility ash pond and processing the excavated ash to 

recover the specific components.  Many of the material handling issues such as feed preparation 

and rejection of oversize particles will also be encountered when attempting to recover ultra-fine 

ash (UFA) a.k.a. filler.  Similar unit process will be involved in the present flowsheet and the 

PDU design incorporates strategies and techniques that will hopefully avoid difficulties 

encountered during the previous projects.  Each of the unit processes are described in detail in 

the following narrative. 
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Flowsheet Description:  The flowsheet that will be utilized for the PDU is shown in Figure 2.1.  

The flowsheet has a feed design basis of 2 tph dry solids excavated ash and incorporates the unit 

processes necessary to prepare the feed as a slurry for primary classification to reject coarse 

(+100 mesh) material.  The -100 mesh fines report to froth flotation, a process which is used to 

remove fine carbon.  Flotation can be by-passed if there is insufficient fine carbon present in the 

selected substrate.  These unit processes (i.e. primary classification and froth flotation) are 

necessary to prepare the feed for secondary classification in a lamella classifier, a unit process 

that selectively recovers the ultra-fine ash (UFA) which will be evaluated for use as filler.   

 It is anticipated that the UFA will have an average particle size of less than 5 µm and a 

top size of less than 20 µm.  The recovered UFA will be in a dilute slurry (<4% solids w/w) so it 

will be necessary to thicken and filter the slurry to remove most of the water.  Dryer design will 

be based on the moisture content and handling characteristics of the UFA filter cake.  
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               Figure 2.1.  Schematic Diagram of PDU Design for Filler Production.  
 

Flowsheet Considerations:  In order to operate the PDU, it will be necessary to conduct testing 

at the utility site.   There are several reasons for this decision, most notably the amount of feed 

material required.  With an operating basis of 2 tph dry feed solids and a design UFA production 

rate of 0.38 tph dry solids, the PDU will reject over 1.5 tph of ash.  Based upon the quantity of 

feed material needed and the quantity of ash that will be rejected, the only feasible location to 

conduct testing at this scale is at the utility site where there is more than sufficient feed ash 

available and the existing ash pond can be use for storage of reject ash. 

 Conducting testing at the utility site warrants that the PDU must be self-contained and 

self sufficient since ash ponds are typically located in remote area where electrical power is not 

available.  The PDU will be constructed on two mobile trailers owned by CAER.  The first 

trailer, a 48‟ flatbed will contain most of the processing equipment and serve as a working 

platform.  The second trailer, a 53‟ box trailer will contain the froth flotation cells, a workshop 

and storage for parts.  The entire PDU will be assembled at CAER to ensure there is adequate 
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wiring, plumbing and clearance available for all components.  All connections will then be 

labeled, disassembled and packed for transport in accordance with Kentucky highway 

regulations.  

 Electrical service will be provided by a diesel generator with capabilities of supplying 

440V, 220V and 110V service, all of which will be required to run the PDU equipment.  Process 

water will be pumped from a suitable source using a portable gasoline water pump and stored in 

a process water sump, which will be filled as needed. 

 

Feed System:  The PDU will be fed with moisturized ash recovered from the ash pond.  The 

feed will be pre-screened to reduce the size and remove misplaced bottom ash and vegetation 

that can cause valve plugging. The pre-screening with be accomplished using the coarse 

dewatering screen mounted on the flatbed trailer to remove +3/8 inch (~9.5 mm) material. The 

coarse dewatering screen will be fed with Bobcat loader onto a 1‟X10‟ conveyor belt and -3/8 

inch material will be stockpiled with a 1.5‟X26‟ conveyor.  Oversize will be collected and 

removed using wheel-barrows.  In this manner, a sufficient amount of feed material will be 

generated to conduct all of the anticipated testing.   

 During PDU operation, the stockpiled feed ash (-3/8 inch) will be fed onto the 26‟ 

conveyor with the Bobcat loader.  Feed ash will be conveyed into a sloped bottom primary mix 

tank (500 gallon) along with sufficient water to produce a slurry with the desired pulp density 

(10-20% solids).  The primary mix tank will be equipped with a mechanical agitator (1.5 hp) to 

keep all solids in suspension.  The slurry will also be mixed with a centrifugal pump (120 gpm) 

withdrawing slurry from the bottom of the tank and re-circulating it to the top of the tank.  

 The slurry will then be transferred to a second sloped bottom feed tank (500 gallon) by 

using a by-pass valve on the recirculation line, thus avoiding the need for an additional transfer 

pump.  Before entering the second mix tank, the slurry will be pumped over a coarse screen (6 

mesh) to remove any coarse material present.  Past experience has shown that the quantity of +6 

mesh is almost insignificant (<1% of the feed), but even this small amount can present valve and 

pump plugging problems.  The second mix tank will be agitated with a mechanical stirrer (1.5 

ph) and re-circulated with a centrifugal pump (120 gpm) arrangement identical to the primary 

mix tank.  Once all of the feed slurry is transferred into the second tank, the first will be filled, 

prepared and transferred to the second as necessary. 
  

Primary Classification:  The purpose of primary classification is to narrow the size distribution 

of the ash slurry by efficiently removing essentially all of the coarse (+100 mesh) ash and carbon 

present.  To accomplish this, feed slurry from the second mix tank will be diverted into the 

primary classifier using a by-pass valve in the recirculation line.  The primary classifier is 

approximately 10‟ tall and 4 ft X 4 ft at the top.  Feed flow rate will be monitored with an 

ultrasonic flowmeter.  The primary classifier will be fed at a rate of 30 to 50 gpm (~110 to 190 

l/min) into a feed box located above the classifier.  The feed slurry will then flow by gravity at a 

velocity of 80 to 136 ft/min, depending on the feed rate, and impinge against a diverter plate 

which forces to slurry upwards into the flared classifier chamber.  The flared chamber slows the 

velocity significantly and particles too coarse to remain in suspension (i.e. +100 mesh) settle and 

fall behind the impingement plate while fine particles (-100 mesh) remain in suspension and 

overflow the top of the device via a weir and are collected in a launder.  The coarse settled 

particles are removed from the bottom of the classifier as thickened slurry with a variable speed 

pump.  Coarse ash and/or coarse carbon can be recovered if desired with the coarse dewatering 

screen. 
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 If the feed slurry contains sufficient middling material (≈+80 mesh), it may be necessary 

to remove accumulated middlings from the flared classification chamber.  This is accomplished 

by withdrawing slurry with variable speed pumps through simple slotted pipes located in the 

chamber itself.  Any coarse carbon present in the middlings can also be recovered with the 

coarse dewatering screen.  
 

Froth Flotation:  Froth flotation will be used to remove fine (-100 mesh) carbon from the ash 

slurry.  Carbon particles in this size range are too small and have too low a density to removed 

by high capacity primary classification, thus it is necessary to use a surface modification 

technique such as froth flotation.  The primary classifier overflow slurry (-100 mesh) will flow 

into a bank of froth flotation cells.  The flotation circuit is equipped with 6 individual flotation 

cells (8 ft
3
 each) that operate in series.  Each cell is equipped with mechanical level controls to 

individually control froth depth in each cell.  Appropriate flotation collector will be added to 

render the carbon particle surfaces hydrophobic and frother will be added to produce a consistent 

froth structure.  These reagents will be metered into the air intake of the first flotation cell.  Froth 

is removed from each cell by mechanical scrapes and drops into a common launder while the 

low-carbon tailings slurry flow from the exit port in the last cell.  It is anticipated that only 4 

cells will be necessary to provide adequate retention time (4-6 minutes), thus the level controls 

for the last two cells in the series will be opened and slurry will simply pass through to the exit 

port.  The froth slurry will be returned to the pond for storage while the low-carbon tailings will 

be collected in a flotation tailings sump.   

 The flotation circuit is equipped with a by-pass in order to evaluate the circuit without 

flotation.  This may be necessary for a substrate that contains insufficient fine carbon to perform 

froth flotation efficiently.  It may be desirable to by-pass flotation and reject fine carbon during 

secondary classification in order to avoid the cost of the equipment and reagents used in the 

flotation circuit. 
 

Secondary Classification:  The purpose of secondary classification is to efficiently recover 

UFA and reject coarse (+20 µm) ash and/or carbon.  This will be accomplished in a lamella 

classifier.  Feed for the lamella classifier will be flotation tailings or in the case of by-passing 

flotation, primary classifier overflow (-100 mesh).  In either case, the secondary classifier feed 

will be pumped from the agitated flotation tailings sump (300 gallons).  Dispersant will be 

metered into the sump and flow rate will be monitored with an ultrasonic flowmeter. 

 The secondary classifier consists of a rectangular cell (4‟ X 4‟ X 8‟long) with two 

pyramid-shaped hoppers below each cell.  The rectangular cell contains a series of 30 

polyethylene plates inclined at a 45
o
 angle, arranged parallel to the flow (see Figure 2.2).  Feed 

slurry enters the secondary classifier through a manifold to distribute the feed slurry across the 

device.  The slurry flows in a direction parallel to the lamella plates at a velocity of 10 to 15 

cm/sec.  Coarse particles (+20 µm) settle while fine particle remain in suspension.  The purpose 

of the lamella plates is to provide a settling surface for coarse particles.  The coarse particle settle 

onto the inclined plates, slide along the plates a are deposited in the pyramid-shaped collection 

hoppers where they consolidate into a high solids slurry (50% solids w/w) and are removed by 

variable speed pumps.  Without the lamella plates, it would be necessary for  +20 µm particles to 

settle as far as 4 ft to be removed from the suspension.  This inordinate settling distance creates 

turbulence and is a particularly inefficient method of removing these particles.  Laboratory 

studies have shown that using lamella plates inclined at an angle higher than the angle of repose 

is a much more efficient means of removing the coarse particles. 
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 The fine particles (-20 µm) remain in suspension and overflow the end of the classifier 

through a submerged orifice that is vented to prevent siphoning.  The purpose of submerging the 

launder is to prevent cenospheres from reporting with the UFA product.  Cenospheres are hollow 

ash spheres that are generally much coarser than the UFA.  Since they are hollow, they have a 

low density (<1.0 g/cm
3
) and readily float and accumulate on the UFA slurry.  By removing 

suspended fines below the surface, cenospheres remain above the UFA collection point where 

they can be separately removed. 
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               Figure 2.2.  Simplified Diagram of Secondary (Lamella) Classifier. 
 

 

 

UFA Dewatering:  The UFA slurry is recovered from the secondary classifier as a dilute slurry 

(<5% solids w/w), thus it is imperative to have efficient solid/liquid separation.  The UFA slurry 

will be flocculated using a high molecular weight polyethylene oxide polymer (PEO).  

Laboratory evaluations showed that using a dosage of 2.5 ppm Ucarfloc 302 (Dow Chemical) 

provided adequate settling rate and clarity for efficient solid/liquid separation.  The flocculated 

slurry will be pumped into a 1500 gallon cylindrical tank with a 45
o
 sloped bottom which will 

serve as a thickener.  The flocculated slurry will be distributed through a submerged feed 

manifold and solids will settle to the base of the tank where they will be withdrawn as thickened 

slurry (30% solids w/w).  Clarified water will overflow the thickener and be recycled as process 

water. 

 The thickened solids will then be dewatered on a rotary vacuum drum filter.  The vacuum 

drum (1.5‟ diameter X 1‟ face) will be covered with a commercial monofilament filter cloth 
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(M901) which has been shown in laboratory evaluations to provide acceptable cake moisture 

(30% solids w/w) and solids capture (>80%).  The filtrate will be recycled back to the thickener 

in order to collect as much of the UFA as possible.  The dewatered UFA filter cake will be 

collected for drying evaluations by dryer manufacturers.              
 

 

Task 3. Pilot/Demonstration Plant Operation. 
 

  Bulk samples of ash collected from the dry silo at LG&E‟s Mill Creek power plant and 

the western-most pond at WKE‟s Coleman power plant were tested in the lamella classifier.  

Approximately 300 pounds of sample was used. The Coleman materials was passed through a 20 

mesh screen to remove plant debris and coarse bottom ash  that had been deposited in the pond 

along with the fly ash over time.  The ash was added to a 1200 liter tank and stirred with two 12” 

impellers driven by 1 ½ horsepower motors through a 1:5 reduction gear box.  This feed system 

fully entrains the ash at pulp densities of up to 17% solids by weight and provides a reasonably 

consistent feed over time.  

 The ash slurry is pumped from the feed tank with a peristaltic pump, which provides 

excellent flow control.  The feed slurry is pumped into a plenum which is divided into individual 

feed tubes.  Flow is balanced among the individual tubes via constrictions that are provided from 

a series of gate valves.   

 The classifier itself is 150 cm long by 37 cm wide and 43 cm high. It has a volume of 

~228 liters, as adjusted for the thickness of the lamella plates. The sidewalls are inclined at 45°.  

The lower part of the classifier is terminated with 4 cones which neck down to a ½ inch 

connection. The purpose of this zone is to thicken the underflow. Because it is below the lamella 

it is not included in the volume or cross sectional values used to calculate residence time and 

superficial velocity.   

 The coarse underflow is removed from the classifier via four peristaltic pumps which also 

serve to lock the unit. The overflow of the classifier passes through a launder system and flows 

to the product tank. The launder is submerged to provide a still zone for the efficient collection 

of cenospheres and is vented to prevent siphoning.  

 Various dispersants were screened for effectiveness according to the methods outlined in 

the previous report. Two types of commercially available dispersants were used, a naphthalene-

sulfonate-formaldehyde condensate (NSF) based product and a commercial polycarboxylate 

(PC).  The dispersants were added as liquids in the concentrations as prepared by the 

manufactures (~40% for the NSF and ~20% for the PC).  

 The dispersant conditions and flows are presented in Table 3.1. Data for tests made of the 

Ghent material is also presented for comparison purposed.  All the dispersants were added to the 

feed tank at the start of the run with the exception of the last Mill Creek test which employed a 

metering pump and added the dispersant at the appropriate concentration and flow rate to the 

feed slurry.  The overall feed rate for the Coleman ash was held relatively constant throughout 

the testing and the dosage of the dispersant was varied from 0.8 to 2.0 mg of dispersant per gram 

of solid.  In contrast, the dosage of the dispersant for the Mill Creek ash tests was held constant 

while the feed rate was varied.   
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Table 3.1. Classifier Tests: Dispersants and Slurry Flows. 
Date Test Material Disp. Conc. 

Mg/g 
Feed 
Kg/min 

U1 
Kg/min 

U2 
Kg/min 

U3 
Kg/min 

U4 
Kg/min 

Prod. 
Kg/min 

06/21/04 1 Ghent NSF 1.9 9.1 0.59 0.36 0.36 0.36 7.45 
06/21/04 2 Ghent NSF 1.9 9.0 0.60 0.36 0.37 0.37 7.30 
01/05/05 1 Coleman NSF 2.0 7.1 0.57 0.38 0.38 0.37 5.44 
01/05/05 2 Coleman NSF 2.0 7.0 0.56 0.38 0.38 0.38 5.34 
01/12/05 1 Coleman NSF 0.8 7.2 0.58 0.38 0.39 0.38 5.44 
01/12/05 2 Coleman NSF 0.8 7.2 0.58 0.39 0.40 0.39 5.41 
01/20/05 1 Coleman NSF 1.4 7.3 0.59 0.38 0.37 0.38 5.57 
01/20/05 2 Coleman NSF 1.4 7.3 0.60 0.39 0.38 0.37 5.57 
03/09/05 1 Mill Creek PC 3.0 7.3 0.63 0.42 0.40 0.40 5.45 
03/16/05 1 Mill Creek PC 3.0 8.9 0.68 0.45 0.42 0.40 6.92 
03/21/05 1 Mill Creek PC 3.0 9.5 0.42 0.41 0.42 0.41 8.11 

 

 

 Selected test results along with process parameters are presented in Table 3.2.  Overall, 

product yield, on a solids basis, varied from 10% to 20% of the feed.  The average retention time 

(Rt) varied from about 30 to about 40 minutes, while the mean superficial velocity (Sv) varied 

over a narrower range, from about 4 to 5 cm/minute.  Both parameters were adjusted by the 

underflow rates and are averaged across the four cells. 

  

 

 

 This coarser nature of the products from the Mill Creek and Coleman ashes compared to 

that of Ghent is related to the coarse nature of the feed (Figure 3.1). The feed flow of <5 µm 

material varied considerably over the test series, from a high of 0.25 kg/min for the Ghent ash to 

as low as 0.10 kg/min for the Mill Creek ash. Almost 20% of the Ghent feed ash has diameters of 

5 µm or less compared to 13% of the Coleman and 9% of the Mill Creek.  In a perfect system, at 

constant retention time and superficial velocity, the grade of the products should be relatively 

constant and the primary variation should be in the overall yield.  However, in practice this is not 

the case as inefficiencies in sorting, etc. do influence the product grade.  Actually the data 

suggests that the overall recovery of particles in the 1 to 2 µm range was actually higher for the 

Mill Creek test run from 3/21/05 than that of Ghent tests even though the Ghent products had a 

lower D50.  

 As expected, the underflows from the classifier are greatly depleted in <5 µm material 

Table 3.2. Classifier Tests: Retention and Velocity Parameters and Selected Results. 

Date Test Material 
Feed 

Kg/min 

Product 
Yield, 

% 

Rt 

minutes 

Sv 
Avg. 

Cc/min 

5 µm 
Kg/min 

Rec. 
% 5 

micron 

D50 

Feed 
microns 

D50 

Product 
microns 

06/21/04 1 Ghent 9.1 21.0% 30.60 5.24 0.26 63% 21 3.7 
06/21/04 2 Ghent 9.0 21.6% 31.03 5.17 0.25 65% 20 3.8 
01/05/05 1 Coleman 7.1 14.1% 40.15 4.04 0.11 40% 29 7.6 
01/05/05 2 Coleman 7.0 13.4% 40.80 3.97 0.11 37% 31 7.8 
01/12/05 1 Coleman 7.2 14.0% 40.06 4.05 0.13 33% 18 9.0 
01/12/05 2 Coleman 7.2 13.4% 40.19 4.04 0.13 30% 17 10.0 
01/20/05 1 Coleman 7.3 12.8% 39.70 4.08 0.15 29% 21 7.5 
01/20/05 2 Coleman 7.3 12.0% 39.61 4.09 0.16 25% 20 7.8 
03/09/05 1 MillCreek 7.3 10.0% 39.93 4.06 0.10 33% 32 7.4 
03/16/05 1 MillCreek 8.9 12.4% 32.06 5.03 0.16 43% 28 5.4 
03/21/05 1 MillCreek 9.5 14.5% 28.76 5.57 0.13 64% 30 5.9 
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(Figure 3.2). Overall the first underflow (U1) is typically very coarse followed by U2, U3 and 

U4 underflows. The last two underflows (U3 and U4) tend to be enriched in particles in the 10 to 

20 µm size range and, for most tests have a D50 that is less than that of the feed. In the example 

presented in Figure 3.2, the feed had a D50 of 28 µm, with values of 53, 30, 23 and 22 µm for U1 

through U4 respectively. The product had a D50 of ~6 µm for the test. 

    

 Figure 3.1. Plot of Cumulative Particle Diameters for the Feed (F) and Products (P) of Hydraulic   

Classification for the Coleman (C), Ghent (G) and Mill Creek (MC) ashes. 
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               Figure 3.2. Plot of Cumulative Particle Diameters for the Mill Creek (MC) ash for 

               Feed (F) Product (P) and Underflows (U1, U2, U3 and U4). 
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Increasing the feed rate for the Mill Creek ash increased the yield of the material by almost 50%. 

The recovery of the 5 µm, a more important measure here, almost doubled from 33% to 64% of 

feed. The grade of the product, as expressed as the mean particle diameter on a volumetric basis 

(D50) did not change in a concomitant fashion, likely due to the very coarse feed in the first test. 

Varying the dispersant concentration in the Coleman ash test series did not result in a significant 

difference in yield, which varied from about 12% to 14%.  There was a difference in the average 

grade of the particles which improved with dispersant dosage.  

 Loss on ignition (LOI) is commonly used as a surrogate for carbon, as it is a reasonably 

approximation for most Class F ash.  The LOI was found to disproportionate in the classification 

tests (Table 3.3).  For the Ghent and Coleman materials, most of the LOI went with underflow 

and the product was substantially lower in LOI than the feed material.  This was not the case for 

the Mill Creek ash, where it tended to have a small disproportionation to the product, although 

the bulk of the LOI (~80%) went with the underflow. This resulted in an increase in LOI in the 

product compared to the feed.  The causes for this are uncertain; presumably the carbon is finer 

than typical in this ash. Alternatively, the carbon in the Mill Creek ash may have a relatively 

stronger affinity for the dispersant compared to the other ashes, which may have resulted in a 

higher charge and a tendency to resist settling.  

 

 

Table 3.3. Classifier Tests: Results for LOI. 

Date Test Material Yield 
Feed Rate 

LOI 

Product 

Rate 

LOI 

Recovery 

LOI 
Feed LOI 

Product 

LOI 

06/21/04 1 Ghent 21% 0.044 0.005 12% 3.4% 2.0% 
06/21/04 2 Ghent 22% 0.048 0.005 11% 3.9% 2.0% 
01/05/05 1 Coleman 14% 0.073 0.006 8% 8.9% 5.3% 
01/05/05 2 Coleman 13% 0.073 0.006 8% 9.0% 5.1% 
01/12/05 1 Coleman 14% 0.066 0.005 7% 8.0% 4.1% 
01/12/05 2 Coleman 13% 0.065 0.005 7% 7.9% 4.2% 
01/20/05 1 Coleman 13% 0.066 0.005 7% 7.1% 4.0% 
01/20/05 2 Coleman 12% 0.064 0.004 7% 6.9% 4.0% 
03/09/05 1 Mill Creek 10% 0.021 0.003 14% 2.2% 3.0% 
03/16/05 1 Mill Creek 12% 0.026 0.005 19% 2.1% 3.3% 
03/21/05 1 Mill Creek 15% 0.030 0.007 23% 2.3% 3.6% 

 

 

Lamellae Classifier Testing. 

 The basic operating principals of the lamellae classifier, which was developed as part of 

this research, has been described previously.  The overall yield and product grade are controlled 

by the residence time of the particles in the classifier, the superficial velocity of the flow (within 

specific bounds), the concentration of the dispersant and, finally the spacing of the lamellae.  The 

latter parameters have been explored in previous research. The affect of lamellae spacing was 

investigated during this period.   

 The lamellae spacing has a control on the overall cut point of the particles by providing a 

surface to settle on.  The settling velocity of properly deflocculated particles is controlled by 

Stokes law simply stated, Vs=g D
2
(σp- σw)/18μ, where Vs is the settling velocity in  cm/sec, g is 

the acceleration of gravity (980 cm/sec
2
),  D is the diameter of the particle in microns, σp is 

particle density, σw is the density of water and μ is the kinematic viscosity.  For example, given 



50 

 

a 30 minute retention time and a vertical spacing of the lamellae of 2 cm, a 10 μm diameter ash 

particle would fall a total  of 12 cm in the given retention time, thus all of the 10 μm ash material 

would be rejected. A 2 μm particle would only fall 0.5 cm in the same time and, theoretically, 

only 25% would be lost.  In practice, very small particles, those below ~2 μm significantly 

deviate from Stokes law due to there very low mass and other forces, including Brownian 

movement, play a role. 

 Table 3.4 presents the parameters for the lamellae test series.  Three spacings were 

investigated, 2, 4.4 and 7.2 cm.  Three different dispersant dosage of the NSF (Handy Chemical 

Co.) were used for each trial. Retention time (~39 minutes) and superficial velocity (~4.1 

cm/min) were held as constant as feasible for the tests.           

 

 

Table 3.4. Parameters for Lamellae Spacing Tests. 
Test Lamellae 

Sp. (cm) 
NSF  
g/kg 

Feed Wt.% Rt 
min 

Sv  
cm/min 

1 4.4 2.0 12.8% 38 4.2 
2 4.4 2.50 12.9% 37 4.2 
3 4.4 3.0 13.0% 40 3.9 
4 7.2 2.0 13.8% 43 3.7 
5 7.2 2.50 13.7% 38 4.1 
6 7.2 3.0 13.9% 38 4.1 
7 2.0 2.0 14.5% 38 4.2 
8 2.0 2.5 14.6% 39 4.1 
9 2.0 3.0 14.6% 39 4.1 
10 2.0 2.0 11.8% 38 4.1 
11 2.0 2.5 12.0% 37 4.2 
12 2.0 3.0 12.3% 38 4.1 
13 2.0 2.0 5.2% 37 4.3 
14 2.0 2.5 5.3% 38 4.1 
15 2.0 3.0 5.4% 39 4.0 

 

 

Other parameters and results of the tests are presented in Table 3.5.  The feed was held constant 

for most of the tests at  ~14%, the product yield was found to vary from 25% for the widest 

spacing to only 10% for the narrowest.  Concomitant with the is a overall decrease in yield is an 

increase in grade, which improved from a D50 of ~ 3.8 μm to ~2.5 μm.  The yield-grade curve for 

the various lamellae spacing is presented in Figure 3.3. Overall, the data appear to be congruent.    
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Table 3.5. Results of the Lamellae Spacing Tests. 

Test 
Lamellae 
Spacing 

cm 
Feed wt% 

5 μm 
Rec. 

Product 
Yield 

Feed  
D50 μm 

Prod. 
D50 μm 

1 4.4 13% 48% 15.7% 23 3.8 
2 4.4 13% 69% 17.5% 28 3.2 
3 4.4 13% 59% 18.3% 22 3.1 
4 7.2 14% 51% 25.1% 11 3.8 
5 7.2 14% 59% 25.5% 13 3.7 
6 7.2 14% 52% 25.8% 11 3.6 
7 2.0 15% 39% 10.3% 27 2.5 
8 2.0 15% 47% 10.6% 29 2.4 
9 2.0 15% 52% 10.5% 31 2.3 

10 2.0 12% 48% 10.0% 27 2.6 
11 2.0 12% 43% 10.5% 28 2.5 
12 2.0 12% 35% 9.4% 23 2.5 
13 2.0 5% 45% 9.1% 29 2.6 
14 2.0 5% 38% 9.4% 24 2.5 
15 2.0 5% 40% 8.7% 25 2.4 

 

 Several conclusions can be made from the tests. First the overall grade of the product is 

primarily a function of the classifier configuration and operation. The tests for the 7.2 cm 

spacing used a much finer feed which did not seem to have an impact on the product grade-yield 

curve.  Secondly, within the range of the tests, the feed density did not seem to have an impact of 

the yield. Test were run at 5%, 12% and 15% feed solids at the 2 cm spacing and yields varied 

from ~9% for the 5% solids to  ~10.5% at 15%.  If particle-particle interaction resulting in 

hindered movement were a factor in the tests, the yields would be reversed, i.e. higher for the 

less dense feed. Thus, the product composition will not be strongly influenced by the variability 

of the feed.  This is important for ponded fly ash, which is a heterogeneous material.  
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             Figure 3.3.  Yield vs. Grade plot for Varied Lamellae Spacing. 
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Task 4. Product Evaluations and Final Economic Evaluation 
 

Subtask 4.1 Commercial Scale Final Design 

 

 The final design of a commercial scale UFA processing plant has been developed.  A 

process flowsheet is shown in Figure 4.1.  While the overall goal of the process was to produce 

UFA, lesser quantities of several other commercial products are also generated.   

 Feed to the processing plant is supplied by a conveyor that transfers 13.4 tph of excavated 

pond ash into a mix tank where it is diluted to 15% solids with re-circulated process water.  

Excavated ash was selected as a feed for several reasons, but primarily to simplify the water 

balance.  By re-circulating all of the process water, make-up water addition is limited to 72 gpm 

and any ultrafine ash particles that are not recovered re-circulate in the process.  Using a dredge 

or pump based feed system would introduce excessive water into the process and would require 

that process water be discharged back into the ash pond.  While this scenario is certainly 

plausible, it is imperative that process water removed from the plant be isolated in the pond to 

preclude increasing pond discharge turbidity requirements.  After consideration of several feed 

arrangements,  it was determined that using excavated ash would be the simplest from a water 

balance and compliance perspective.  Additionally, by excavating and stockpiling ash prior to 

processing, plant feed characterization will be more thorough and excavation areas can be 

scrutinized to maximize UFA recovery.  

 After the feed slurry is prepared, it is pumped (323 gpm) into a rising-current primary 

classifier.  By maintaining a fixed feed rate, the rising velocity in the primary classifier remains 

constant and particles that are too coarse or too dense to remain in suspension settle to the 

bottom where they are removed, while finer particles overflow the device.  At a design feed rate 

of 323 gpm, the expected cut size is 100 to 150 mesh (150 to 105 µm).  The desired cut size can 

be optimized by marginal reductions in the feed rate which are accomplished by the location of 

overflow ports from a constant head feed box.  Feed box overflow reports back to the feed tank.  

This feed arrangement eliminated the need for a variable speed feed pump and process control 

loop and maintains a constant feed rate to the primary classifier.  

 Underflow from the primary classifier is comprised essentially of coarse carbon.  coarse 

ash and dense magnetic material.  Coarse carbon is separated from the coarse ash with a 50 mesh 

(297 µm) dewatering screen. Although the amount of coarse carbon is relatively small (i.e. 0.24 

tph), this product does have value as a supplemental fuel, given the high carbon content (40-50% 

C) and heating value (5800 to 7400 Btu/lb).  Effluent from the dewatering screen is returned to 

the pond (2.5 tph, 39 gpm). 

 The primary classifier overflow (10.8 tph, 292 gpm slurry) is comprised of essentially 

fine ash and fine carbon.  Fine carbon is removed from the slurry in a bank of mechanical froth 

flotation cells with 5 minutes retention time.  The froth product (2.2 tph) is dewatered with 

vacuum filtration to produce a filter cake containing 30% moisture and 30% C (4300 Btu/lb).  

Although the froth product does not contain as high a heating content as the coarse carbon screen 

product, it indeed has value as a supplemental fuel.  Combining both the dewatered froth product 

and the coarse carbon product will provide 2.4 tph of supplemental fuel with as much as 32%C 

(4600 Btu/lb). 

 Flotation tailings then report to the UFA classifier.  With most of the carbon removed, 

fine ash particles (i.e. <5 µm) are dispersed and the finest ash particles overflow the end of the 

classifier.  Settled solids are comprised of remaining carbon and intermediate-size (i.e. > 5 µm) 

ash particles.  These settled particles are removed as a thickened slurry (6.5 tph, 40-50% solids) 
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and can be used as a coarse filler product or returned to the pond.   

 The principle product is the UFA overflow solids, a dilute suspension (<6% solids) of 

fine (<5 µm) ash particles (2.6 tph).  The solids are thickened to 30% solids in a thickener, 

followed by vacuum filtration, which reduces the moisture content to 30%.   The UFA filter cake 

is then dried in an enclosed Holo-Flite dryer to minimize the generation of dust emissions and 

the dried product is stored in a silo.      
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                     Figure 4.1.  Flowsheet of UFA Processing Plant. 

 
 

 With this processing configuration, it is anticipated that 5000 tpy UFA will be produced.  

Operating assumptions wee 240 days/yr, 8 hrs/day.  Several iterations of the configuration are 

also possible in order to simplify the entire operation.  One consideration is to break the 

continuous process flow and divert the filler thickener underflow into a geo-fabric lined pit to 

allow water to drain from the product.  One the UFA has dewatered adequately, it can be 

excavated and transported off-site for drying.  This option offers several advantages.  One is that 

it avoids any potential aversion to installing drying facilities at the utility site for air permit 

considerations.  Another more beneficial advantage is that by de-coupling the drying operation, it 

would be possible to operate the dryer intermittently for longer periods of time, thus both 

minimizing dry product storage requirements and eliminating the capital and operating costs of 

the filler filter.    

 With an operating basis of 240 days per year and 8 hrs per day, the estimated production 

of this processing configuration would be 5000 tpy of UFA filler as shown in Table 4.1.   The 

filler would be derived from a plant feed of 26,000 tpy for a process yield of 19%.  In addition to 

the UFA filler, the plant would also produce 4600 tpy (2% yield) of coarse carbon fuel and 4,220 

tpy (16.2% yield) of fine carbon fuel, for an overall product yield of 37.2%.  As previously 

mentioned, additional product recovery is also possible, specifically, spherical magnetite, 
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cenospheres and coarse filler.   The tonnage of spherical magnetite would likely be quite small 

since most of the magnetite would have settled before entering the region of the ash pond most 

suitable for UFA production.  Although readily recoverable, the small quantity anticipated would 

likely not justify the recovery expense.   Cenospheres, while accounting for a small proportion of 

the feed, would be readily recoverable from the UFA classifier.  With an established market, 

cenosphere recovery could be readily adapted to the process flowsheet if desired.  The coarse 

filler product represents the potential for an additional 6.5 tph of product (48.5% yield).  This is a 

substantial product stream; however, further development of potential markets would be 

necessary.  
 

Table 4.1.  Summary of UFA Processing Plant Production. 
Product Tons/hr Tons/yr Yield (%) 

Coarse Carbon Fuel 0.24 460    2.0 

Fine Carbon Fuel 2.2 4,220  16.2 

UFA (filler) 2.6 5,000  19.0 

Plant Feed 13.4 26,000 100.0 

 

 

Table 4.2 summarizes the capital and installation cost for the process flowsheet shown in Figure 

4.1.  Prices were derived from single vendor quotes using used, reconditioned equipment 

wherever possible.  Installation factors were applied to individual equipment items depending 

upon the level of installation complexity (i.e, electrical, structural, etc.).  Based upon this 

evaluation, the installed cost of the UFA processing plant is estimated to be $2.1M.   
 

Table 4.2.  Summary of Capital Costs for UFA Processing Plant. 
   

Unit 
Operation 

Item Capacity  hp Quantity Total 
hp 

Capital Total 
Capital 

Installation Total 
Installed 

Subtotals 

  or Size    Cost Cost Factor Cost  

Plant Feed System          

           

 Feed Conveyor 24"x40' 2 1 2 $25,645 $25,645 1.5 $38,468  

 3/8" Trash Screen 3' X 6'   1  $16,744 $16,744 1.5 $25,116  

 Feed Slurry Tank 1000 gal  1  $13,512 $13,512 1.5 $20,268  

 Feed Mixer  20 1 20 $11,436 $11,436 2.5 $28,590  

 Classifier Feed Pump 350 gpm 25 1 25 $6,600 $6,600 1.5 $9,900  

          $122,342 

Classification           

 Lewis Econosizer 17' X 17'  1  $149,500 $149,500 1.5 $224,250  

 Varisieve 60 Mesh  1  $6,900 $6,900 1.5 $10,350  

 Coarse Carbon Dewatering Screen 4'X 8' 10 1 10 $13,800 $13,800 2 $27,600  

 Carbon Conveyor & Motor 24" x 40' 2 1 2 $25,645 $25,645 1.5 $38,468  

 Screen Underflow Sump 100 gallon  1  $627 $627 1.5 $941  

 Screen Underflow Pump 50 gpm 5 1 5 $1,087 $1,087 1.5 $1,631  
          $303,239 

Flotation           

 Flotation Cells,Motors, Launders, etc. 200 ft3 10 1 10 $4,500 $4,500 1.5 $6,750  

 Reagent Metering Pumps 0.1 gpm  4  $644 $2,576 1.5 $3,864  

          $10,614 

           

Carbon Dewatering          
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 Carbon Vacuum Filter & Accessories 70 ft2 30 1 30 $70,000 $70,000 2.5 $175,000  

 Carbon Conveyor & Motor 100 ft 2 1 2 $20,700 $20,700 1.5 $31,050  

              $206,050 

UFA Classification          

 UFA Classifier   1  $135,700 $135,700 1.5 $203,550  

 UFA Conditioning Tank 1000 gal  1  $13,512 $13,512 1.5 $20,268  

 UFA Conditioning Mixer  20 1 20 $11,436 $11,436 2.5 $28,590  

 Reagent Metering Pumps 0.1 gpm  1  $644 $644 1.5 $966  

 Underflow Pumps & Motors 5 gpm 2 4 8 $2,500 $10,000 2.5 $25,000  

          $278,374 

UFA Dewatering          

 Flocculant Make-up and Metering System 0.1 gpm  1  $2,875 $2,875 1.5 $4,313  

 Tailings Thickener,Rakes & Controls 40' diam X 
12' 

10 1 10 $207,000 $207,000 1.5 $310,500  

    Thickener Underflow Pump and Motor 30 gpm 2 1 2 $1,435 $1,435 1.5 $2,153  

 UFA Vacuum Filter & Accessories 200 ft2 80 1 80 $80,000 $80,000 2.5 $200,000  

 UFA Conveyor & Motor 100 ft 2 1  $20,700 $20,700 1.5 $31,050  

          $548,015 

UFA Drying           

 Thermal Dryer-Holo Flite 12" x 20' 10 1 10 $200,000 $200,000 1.5 $300,000  

 Storage Silo 100 tons  1  $50,000 $50,000 2.5 $125,000  

 Truck Loadout, Dust Collector, Loading Spouts, etc. 10 1 10 $56,879 $56,879 1.5 $85,319  

          $510,319 

           

Miscellaneous          

 Clarified Water Sump 1000 gal  1  $1,880 $1,880 1 $1,880  

    Clarified Water Pump and Motor 300 gpm 5 1 5 $2,000 $2,000 1.5 $3,000  

 Make-Up Water Supply Pump 100 gpm 5 1 5 $1,500 $1,500 2.5 $3,750  

 Piping   1  $3,000 $3,000 1.5 $4,500  

 Instrumentation and Control   1  $10,000 $10,000 1.5 $15,000  

 Plant Building   1  $5,000 $5,000 1.5 $7,500  

 Utility Building   1  $2,500 $2,500 1.5 $3,750  

 Electrical Transmission Line & Sub-station   1  $25,000 $25,000 1.5 $37,500  

          $76,880 

Subtotals     256  $1,210,333  $2,055,832 $2,055,832 

Engineering Design and Construction          

 Mobilization and Demobilization        $5,000  

 Construction Overhead-Secretarial, Accounting, etc.        $7,500  

 Project Supervision        $10,000  

 Equipment Rental (2 months)        $20,000  

          $42,500 

Total          $2,098,332 
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Subtask 4.2 Product Testing. 

 

Subtask 4.2.1 Superpozzolan Testing. 
 

Summary. The overarching objective of this task in the project is to substantially decrease the 

amount of Portland cement that is utilized in the formulation of concrete while maintaining or 

increasing the strength and durability of the concrete.  Research to-date has focused on the 

pozzolanic reactivity of ultrafine fly ash in concrete, as a partial replacement for Portland 

cement.  It is our goal that the research will contribute to the production of concrete materials 

containing high fly ash contents, while exhibiting high performance and durability 

characteristics. 

 Previous research at the CAER has indicated that ultrafine ponded fly ash can be very 

reactive in mortar and concrete and rapidly forms cementitious material that significantly 

increases the compressive strength of these materials.  The fine size and spherical nature of the 

ash also provides water reduction in mortar and concrete, which contributes to higher strengths.  

Reported herein are results of testing to evaluate the pozzolanic reactivity and performance of 

classified fly ash in portland cement-based mortars (a pozzolan is defined as “a siliceous or 

siliceous and aluminous material, which in itself possesses little or no cementitious value but 

will, in finely divided form and in the presence of moisture, chemically react with calcium 

hydroxide at ordinary temperatures to form compounds possessing cementitious properties”).   

 

Experimental Methods. Ultra fine fly ash filler from the classifying process has been evaluated 

for its performance in mortar, both in the fresh and hardened state.  All testing has been 

completed in accordance with ASTM C 311 guidelines.  Mortar was used to test for water 

demand, air content, and compressive strength. The only significant deviation from ASTM 

protocol involved the mortar air test in which Vinsol resin was not used as the air entraining 

admixture (AEA).  The AEAs used were: abietic acid-sodium salt (5.9% solution), dodecyl 

(laural) sulfate (5% solution), Master Builders MicroAir, and Grace Darex II.  Compressive 

strengths of fly ash mortars are presented as a percent of control mortar, which contains only 

Portland cement as the cementitious component (i.e. no replacement with fly ash).  The fly ash 

mortars contain a 20% replacement by weight of fly ash for Portland cement. 

 

Water Reduction. Addition of fly ash, as expected, resulted in a reduction in the quantity of 

water required to achieve constant flow (i.e. workability).  The addition of Coleman classified fly 

ash gave a higher water reduction than the standard Class F Trimble fly ash (Table 4.3), while 

the Mill Creek product was similar to the Trimble fly ash.  This “filler effect” is primarily caused 

by the small size and spherical shape of the particles (Dodson, 1990), with a smaller median size 

generally causing a higher water reduction.  Although the Mill Creek product is considerably 

finer than the Trimble fly ash there was some difficulty in dispersing it within the mortar mix, 

thus imparting a more “sandy” rheology to the mortar.  This is possibly caused by agglomerates 

of fly ash particles that were dispersed ultrasonically within the particle size analyzer, but were 

not properly dispersed in the mortar.  This problem was not observed for the other fly ashes, and 

will be investigated by collecting another sample of ash for classification. 
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Table 4.3.  Water Demand in Mortar to Achieve Constant Flow. 

 Median Diameter 

(microns) 

Water Demand 

(%) 

Control 18 100 

Trimble Fly Ash 20 97.0 

Mill Creek Product 10 97.5 

Coleman Product 8 94.0 

Ghent Product 4 91.1 

 

 

Compressive Strength. Compared to a “standard” quality Class F fly ash, which typically 

achieves control strength after about 1 month curing, the classified products performed well.  

Figure 4.2 provides the results for the Mill Creek classified product (CP) and indicates that 

control strength was achieved after approximately 10 days curing.  The Coleman CP exhibited a 

higher performance in mortar, achieving control strength after 7 days curing.  This is caused by 

the smaller particle size of the fly ash and the greater water reduction in the mortar; the latter 

results in a lower water content, which is well known to increase compressive strength of mortar 

and concrete.   The Ghent CP had the smallest median particle size and the greatest water 

reduction.  It can be seen that, because of the water reduction, control strength was achieved 

within 3 days, then increased substantially thereafter.  The data are graphically summarized in 

Figure 4.3 to elucidate the effect of particle size on compressive strength. 
 

 

 

                      
 

 Figure 4.2.  Strength activity index of mortar prepared using Mill Creek,  

 Coleman and Ghent classified products as a partial replacement for Portland cement. 
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  Figure 4.3.  Median diameter of classified fly ash products vs.  

  strength activity index, shown for different curing durations. 
 

 

 

Mortar Air. The ultrafine classified ash products required substantially greater dosages of air 

entraining admixture (AEA) to achieve 18%  air than did the control mortar or even mortar 

prepared with “standard” fly ash: approximately twice as much AEA was required for the Ghent 

CP and Coleman CP ash mortars than for the control or standard fly ash mortars.  The higher 

demand for AEA to achieve a constant air content is typical when fly ash is used as a cement 

replacement.  This is generally believed to be a result of adsorption of the AEA from solution by 

unburned carbon in the fly ash.  To test this, the Coleman CP and Ghent CP fly ashes were 

ignited in air at 750
o
C to remove the carbon, and the mortar air test conducted on the ignited 

product.  The results shown in Figure 4.5 indicate that for the Ghent CP, removing the carbon 

had no impact on the air entraining properties.  This suggests that the high degree of fineness 

probably caused the lower entrained air content.  However, for the Coleman product, removal of 

the carbon caused a significant increase in entrained air (Figure 4.4).  The reason for the different 

behavior is not yet known, but will be investigated during the second project year. 
 

 

 

 

 

 

 

 

 

Median Particle Diameter (um)

3 4 5 6 7 8 9 10 11

S
tr

e
n
g
th

 A
ct

iv
ity

 I
n
d
e
x 

(%
)

90

100

110

120

130

3 Days Curing

14 Days Curing

28 Days Curing

Ghent CP

Coleman CP

Mill Creek CP

 



59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.  Air content of mortar prepared with Ghent CP ash.  Micro Air is a commercial air 

entraining admixture (AEA). 
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                    Figure 4.5. Air content of mortar with Coleman CP ash and Micro Air AEA. 
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Conclusions. Based on the mortar testing and analysis of calcium hydroxide concentration, it is 

concluded that the ultrafine fly ash obtained by classification of ponded fly ash is a very reactive 

pozzolan, especially when compared to standard Class F fly ash.  In mortar the ultrafine fly ash 

not only produces high long-term strengths but also achieves control strength within 1 day of 

curing.  However, use of the ultrafine ash in concrete results in a relatively slow strength gain 

(compared with mortar) that is not understood at this time.  The disparity between mortar and 

concrete results will be investigated during the second year.   

 Another issue that needs further study is the significantly higher dosage of AEA required 

to achieve a specified air content.  A higher dosage of AEA is not, in and of itself, of great 

concern as long as it is consistent from one concrete batch to the next.  However, if the AEA 

demand fluctuates greatly from one Ready Mix batch to the next, then that would inhibit the 

acceptance of the classified ultrafine ash by the industry.  Of particular interest here is the lack of 

dependence of entrained mortar air content on the carbon content of Ghent ultrafine fly ash, 

whilst removal of carbon in the Coleman product greatly increased the mortar air content.  The 

difference in carbon properties between these two products will also be investigated further. 
 

 

Subtask 4.2.2 Filler Testing. 

 

Preparation of Fly Ash Derived Filler 

 

 A very fine filler was prepared by processing ash from a utility fly ash pond with 

hydraulic classification system employing a novel combination of hydraulic and lamella 

classifiers. The fly ash was dewatered to 65 – 75% solids and then dried to a powder.  

The general properties of the filler from several classifier runs are as follows: 

 

-   D50: 3 – 5 µm 

-   Specific gravity: ~2.41 

-   Loss on ignition:  2 – 3 % 

-   Carbon content: 1 – 2% 

-   Morphology: spherical 

-   Color: dark grey  

 

Fly ash from additional sources will also be processed and evaluated as fillers in plastics, once a 

sufficient amount of material is recovered by processing. 
 

Preparation of Filled Polymer Systems 

 

 Three types of chemically and functionally different thermoplastic polymers were chosen 

for evaluation with the fly ash derived filler. The selected polymers are used in large volumes in 

commercial and recycled products, and therefore offer the greatest opportunity for utilization. 

The three thermoplastic polymers are: 

 

 -     Dow HDPE DMDA-8907 NT 7 high density polyethylene (HDPE) 

 -     Santoprene 55 thermoplastic elastomer (TPE), and  

 -     Dupont Crystar 3946 polyehylene terphthalate (PET).  
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The latter plastic is a major component of municipal solid waste (MSW) which is recycled and 

blended with other plastics to manufacture post consumer (second tier) products such as 

industrial pallets, plastic lumber, etc. Due to the highly variable nature of MSW, virgin PET has 

been used in this program to represent MSW plastic. PET was also chosen because it contains 

ester groups and therefore should exhibit good bonding with the fly ash derived filler without the 

addition of coupling agents (see below).  The reference filler selected for comparison was 3 µm 

calcium carbonate (Omya PW-3), a material which is commonly used with all three types of 

polymers. 

 Filled polymer systems were prepared with a Haake PolyLab System (Rheomix 3000p) 

mixer using R3000 (roller-rotor) mixing blades. To prepare the samples, the mixer was first 

heated to a temperature which is 5°C above the melting or softening point of the polymer, and 

then the polymer was added with the mixer operating at 20 rpm. After approximately 10 minutes 

of mixing, the filler was introduced into the melt over a 30 – 60 second period. The total mixing 

time has ranged between 25 and 70 minutes depending on the polymer and filler type. Generally, 

mixing was terminated 15 to 20 minutes after the torque reading from the mixer has reached a 

minimum (after filler addition) and was stable. After cooling, the melt was ground into particles 

which are typically less than 6 mm in size. The ground polymer were used to prepare films for 

testing, as described below.  Table 4.4 summarizes the combinations of polymers and fillers and 

filler loading levels which were prepared for the test program.  
 

 

Table 4.4.  Filler Test Program: Materials and Proportions. 
Polymer Type Filler Part by Weight 

High Density Polyethylene 

Ghent 

Mill Creek 

E.W. Brown 

Trimble 

CaCO3 

0,10, 15, 20, 40 & 60 

Thermoplastic Elastomer 

Ghent 

Mill Creek 

E.W. Brown 

Trimble 

CaCO3 

12, 20, 35, 50 & 65 

Polyethylene Terphthalate 

Ghent 

Mill Creek 

E.W. Brown 

Trimble 

CaCO3 

0, 10, 20, 40 & 60 

 

 

 Selected samples of filled polymers with 20% and 50% or 60% filler were subjected to 

SEM analysis to determine the level of dispersion of the filler (see Figures 4.6, 4.7 and 4.8). 

Initial results indicate that the fly ash derived filler and the calcium carbonate were well 

dispersed. TGA data is available for the samples. 

 Due to the high level of filler addition and number of tests required, a special stainless 

steel mold with cooling capabilities was built in-house to prepare 1 mm thick films for tensile 

strength and Dynamic Modulus testing (Figures 4.9 and 4.10). After minor modifications, several 

trials were conducted with the mold. Procedures to insure a minimum of air voids was 

developed.   
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Figure 4.6.  60% Fly Ash in HDPE. 
 

 
 

Figure 4.7.   50% Fly Ash in Santoprene (TPE). 
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Figure 4.8  50% Calcium Carbonate in Santoprene. 
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                           Figure 4.9.   Stainless Steel Mold for 1 mm Thick Films. 
 

 

                          
 

                     Figure 4.10.   Photograph of Stainless Steel Mold for 1 mm Thick Films.  
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Test Film Preparation and Analysis 

   As previously described, after cooling, the melt was ground into particles 

typically less than 6 mm in size and the ground polymer was used to prepare films for testing. 

The films were prepared in a Carver Laboratory Press with heated platens.  A measured quantity 

of composite was placed between two sheets of a fiber reinforced Teflon film separated by 

shims.  The sandwich was then placed in a bag made of the same material, sealed and evacuated 

to 25-27” Hg.  The bag was placed between the platens which had been heated above the 

melting/softening point for 5 minutes, and then pressure applied to spread the composite and 

form a film with a uniform thickness controlled by the shims.  Upon cooling, the films were die 

cut into “dumbbell” specimens according to ASTM D 638-99 Type V.  The specimens were 

tested in an MTS QTest 10 tensile tester.  The average over ten specimens are reported here. 

Figures 4.11 thru 4.13 show the results of the tests done on HDPE. 

The error bars represent one standard deviation.   

  Figure 4.11 shows how the modulus changes with the addition of fillers.  The modulus is 

the slope of the stress/strain curve expressed in MPa defined where the relationship is linear and 

essentially represents stiffness or resistance to stretching.  The stress/strain point at which 

material behavior changes from elastic to plastic is known as the Yield Point. Because of the 

practical difficulty of locating this point, the Offset Yield Point is used in tabulations of material 

properties. At the Offset Yield Point the sample has deformed plastically to an extent that will 

leave the material with a permanent strain of 0.002 (0.2%) when it is at zero stress. The stress at 

which this occurs is the „offset yield stress‟; the „offset yield strain‟ is similarly derived, as 

illustrated in Figure 4.14.   The addition of fillers increased the Modulus of the HDPE composite, 

but decreased the Offset Yield Stress (Figure 4.12) and Offset Yield Strain (Figure 4.13).  These  

results show that the fillers essentially make the composite stiffer (i.e. increased Modulus), but 

the transition to plastic deformation occurs earlier in filled HDPE as stress is applied. 
   

 

HDPE Modulus

0

50

100

150

200

250

300

350

400

450

HDPE Neat

HDPE w/ 20%

FA

HDPE w/ 20%

PW-3

M
P

a

       

HDPE Stress at Offset Yield

0

5

10

15

20

25

30

HDPE Neat

HDPE w/ 20%

FA

HDPE w/ 20%

PW-3

M
P

a

 
               Figure 4.11.  HDPE Modulus.                                   Figure 4.12.  HDPE Stress at Offset Yield. 

 

 



66 

 

                                 

HDPE Strain at Offset Yield

0

2

4

6

8

10

12

14

%

HDPE Neat

HDPE w/ 20%

FA

HDPE w/ 20%

PW-3

 
                                      Figure 4.13.  HDPE Strain at Offset Yield. 

 

 

 

 

             

 

 

                  
 

                             Figure 4.14.  Schematic Illustration of Offset Yield Point. 
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 Similar evaluations were conducted on composites made with Santoprene 55 

thermoplastic elastomer (TPE).  Elastomers exhibit a very short linear segment and no clearly 

definable yield point.  Consequently, the tensile strength is typically characterized simply by the 

offset yield stress and strain; results are shown in Figures 4.15 and 4.16.  As with results 

obtained for HDPE, the offset yield strain decreased with the addition of increasing amounts of 

filler, however, the decrease in either stress or strain at offset yield were not as significant for 

TPE.   Also apparent from these results is that while fly ash and calcium carbonate fillers did 

decrease stress at offset yield for TPE composites, the decrease remained constant at filler 

loadings up to as high as 50%.  However, strain decreased with increased filler loading. 

 

 
     Figure 4.15.  TPE Stress at Offset Yield.                          Figure 4.16.  TPE Strain at Offset Yield. 

 

 

 Dynamic mechanical analysis (DMA) refers to a several ways of examining a material‟s 

properties. For example, a periodic, sinusoidal stress can be applied to a material and the strain 

measured or the strain may be controlled and the stress measured.  Simultaneously, the frequency 

of the oscillation or the specimen temperature may be varied.  If the material is perfectly elastic, 

then the stress and strain curves will be exactly in phase, that is, the maximum deformation will 

occur when the maximum force is applied.  For a purely viscous material the two curves will be 

90° out of phase, that is, the material will continue to deform as long as a force is present so that 

it reaches the maximum deformation as the force approaches zero.  A viscoelastic material will 

produce a stress curve that is displaced from the strain curve by some phase angle, .  The 

viscous, or loss, modulus E‟‟ is the imaginary component of the complex modulus E* : 

TPE Strain at Offset Yield 

0 

5 

10 

15 

20 

25 

30 

35 

40 

 

% 

TPE Neat 

TPE w/ 20% FA 

TPE w/ 20% 
PWE 

TPE w/ 355 
PWE 

TPE w/ 50% 
PWE 

TPE Stress at Offset Yield 

0.000 

0.050 

0.100 

0.150 

0.200 

0.250 

0.300 

0.350 

0.400 

0.450 

0.500 

 

MPa 

TPE Neat 

TPE w/ 20% 
FA 

TPE w/ 20% 
PWE 

TPE w/ 35% 
PWE 

TPE w/ 50% 
PWE 



68 

 

E'

E*

E''
δ

 
 

If there is no viscous behavior, then E‟‟= 0,  = 0 and E‟ = E*.  For the analyses done here, the 

ratio tan delta (= E”/E‟) is usually plotted against temperature along with both the storage and 

loss moduli. 

 E‟ correlates with the mobility of the polymer molecules within the bulk structure.  

Molecules with little potential for movement, or „free volume‟, present a stiffer structure than if 

localized bond movements (bending and stretching) are possible. As the temperature increases, 

energy becomes available to overcome the activation barriers to various classes of motion.  

These transition temperatures may be seen on the E‟ vs. Temp plot as drops in the E‟ and vary 

with the polymer/composite being tested.   

 At the glass transition, Tg, the free volume increases to permit large scale molecular 

motion.  The Tg is a critical feature of the polymer and usually defines a limit of the operating 

temperature range of the material.  If strength and stiffness are required, it is the upper limit; for 

elastomers it is the lower limit. 

 In the following procedures, a specimen of  each material was subjected to a periodically 

oscillating tensile strain of  3% at 1 Hz and the stress recorded as the temperature varied at a rate 

of 3 °C/min from -150 °C to a temperature near the melting point.  The specimens were cut from 

the same films as those used in tensile strength testing and were approximately 15 mm by 5 mm 

and 0.4 mm thick. 
 

 

Figures 4.17, 4.18 and 4.19 show the data for HDPE and HDPE composites.   
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       Figure 4.17.  Storage Modulus for HDPE and  Filled Composites.  
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                             Figure 4.18.  Loss Modulus for HDPE  and Filled Composites. 
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                  Figure 4.19.  Tan Delta for HDPE and Filled Composites. 

 

Although there are some alterations in the properties of the HDPE with the addition of both 

fillers (CaCO3 and fly ash), the alterations are small.  More importantly, the transition 

temperatures are not altered. 

 

Figures 4.20, 4.21 and 4.22 show the results obtained for Santoprene TPE. 
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                  Figure 4.20.  Storage Modulus for TPE and Filled Composites. 
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                      Figure 4.21.  Loss Modulus for TP and Filled Composites. 

 

Tan Delta - TPE

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

-160 -110 -60 -10 40 90 140 190 240 290

°C

TPE Neat

TPE + 20% PW-3

TPE + 35% PW-3

TPE + 50% PW-3

TPE + 20% FA

 
 

                Figure 4.22.  Tan Delta for TPE and Filled Composites. 

 

Again, there are some alterations in the properties of the composites compared to the pure 

polymer but the transition temperatures are not altered. 
. 

 

Coupling Agents 
 

 The compatibility of the fly ash derived and calcium carbonate fillers with HDPE and 
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TPE should be improved through the use of titanate and silane based coupling agents, which 

chemically react with the filler surface and lower its surface energy. Typically these additives 

allow significantly higher filler loadings without increasing melt viscosity, and improve tensile 

and flexural strength. 

 A modified ASTM D 281 (Oil Absorption of Pigments by Spatula Rub-out) method has 

been used to determine the optimum level of titanate for the fly ash derived filler, but 

inconclusive results have been obtained because the method of application (of the additive to the 

filler) affects the results. Additional work will be required to determine the optimum level of 

coupling agent. 

 

Testing of UFA in Expanded (Formed) Urethane.  

 

This research focused on expanded (foamed) polyurethane--ultrafine fly ash (UFA) 

composites. Polyurethane foams are classified by the density of the expanded product, with 

densities that vary from ~2 to 16 lb/ft
3
 (~0.03 to 0.26 g/cm

3
).  Polyurethane is formed from 

aromatic diisocyanate and diol. A small amount of water is added to the diol, which when mixed 

with the diisocyanate, reacts to produce an aromatic diamine and carbon dioxide which becomes 

trapped in the polymer as it solidifies.  By varying the moisture, the density of the foam can be 

controlled. Urethanes are sold by weight as expressed in pounds. Thus a “4 pound” urethane will 

expand to form a final product density of 4 lbs/ft
3
 or 0.064 g/cm

3
. The higher the weight the 

denser the final product 

A UFA was prepared as described earlier in the chapter and then calcined at 600
o
C to 

remove the carbon residue. The particle size classification indicated that more than 90 wt % of 

the fly ash is less than 12 µm, with a median size in the range of 3-5 µm. The ultra-fine fly ash 

was added to the polymers at a loading of 30%-70% by weight. The polymer was added to both 

parts of the urethane (A and B) in equal proportions 

The fly ash filled polyurethane was somewhat anisotropic. The larger bubbles tended to 

elongate parallel to the sidewalls of the molds. This was observed in the unfilled control 

urethanes, but was much more pronounced in the ash filled materials. This may have been 

caused by the higher viscosity of the filled urethane.   Because of this the specimens were tested 

both normal to (horizontal), and parallel (vertical) to the principle axis of the elongation of the 

pores. The urethane coated the UFA reasonably well which was confirmed by SEM 

microphotographs (Figure 4.23) 

The UFA urethanes composites were tested for compressive strength, modulus, toughness 

and density. The results of compression testing showed that the addition of fly ash greatly 

increased the strength, modulus and toughness of the polyurethane foam composites (Table 4.5). 

This result was most pronounced in the light weight urethanes (i.e. 4 and 8 pound) where 

strength was more than doubled over the control. These results show that the fillers made the 

composite stiffer. The overall porosity of the composite was not greatly affected by the filler and 

was similar to the unfilled control.  
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Table 4.5 Physical Properties of UFA Filled Urethanes. 

 

 

 

 

Modulus, MPa Compressive 

Strength MPa 

Toughness, MPa Density, 

g/cm
3
 

Horizontal Vertical Horizontal Vertical Horizontal Vertical  

4lb PU 7.58  0.36  18.3  0.07 

4lbPU+30%UFA 29.2 49.3 0.76 1.06 37.7 47.9 0.14 

4lbPU+40%UFA 50.6 67.9 1.09 1.36 47.9 58.6 0.17 

4lbPU+50%UFA 31.6 46.9 0.86 0.98 36.7 43.7 0.19 

8lbPU 40.3  1.42  74.3  0.14 

8lbPU+40%UFA 59.6 76.7 2.0 2.31 88.7 93.7 0.18 

8lbPU+50%UFA 88.3 121.9 2.3 2.87 89.5 99.9 0.24 

8lbPU+60%UFA 119.0 141.4 2.7 3.21 96.9 106.6 0.31 

8lbPU+70%UFA 73.4  -- -- 31.9  0.41 

16lb 128.1  4.62  256.3  0.26 

16lb+30%UFA 151.1 123.6 5.19 4.92 183.4 173.6 0.28 

16lb+40%UFA 169.9 153.2 4.63 4.14 192.7 185.6 0.30 

16lb+50%UFA 199.5 180.5 5.77 5.14 194.9 191.3 0.34 

16lb+60%UFA 191.1 172.4 4.91 4.36 180.8 172.2 0.37 
 

 

Flammability and fire safety testing of 50% UFA filled 8 lb urethane composite was also 

conducted. Three tests that are relevant to materials in the transportation industry were chosen. 

These included ASTM E 662 Standard Test Method for Specific Optical Density of Smoke 

Generated by Solid Materials (NFPA Designation No. 258) is sometimes referred to as the  

 

Figure 4.23  SEM of 50% UFA in 16 lb urethane 
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smoke chamber test; Boeing test method BSS 7239 which is designed to detect specific toxic 

chemical products in the smoke and gas produced from the smoke chamber tests of ASTM E 662 

and; ASTM 1354 Heat Release Rate for Materials and Products Using an Oxygen Consumption 

Calorimeter, often referred to as the cone calorimeter test.   

 Although the flammability testing was limited in scope, the data generated was 

encouraging as the data fell within the range of material specification or materials that are 

currently in use. The low values for toxic chemicals produced from the smoke tests were also 

encouraging.   

 
 

 

 Summary and Conclusions   

 
 Characterization of fly ash collected from individual ESP hoppers in a continuous flow 

through stages of particulate collection at 6 Kentucky power plants showed that the fly ash 

contained 10 to 50% -10μm material, with higher concentrations of finer particles located in the 

latter stages of particulate collection.    Release analyses showed that flotation could effectively 

reduce carbon to acceptable levels (i.e. 0.5% LOI) for most of the substrates tested in order to 

enable eventual use as fillers.   

 Dispersant adsorption as well as sedimentation rate testing showed that a wide range of 

dosages were required, ranging from 0.3 to 10 g/kg.  In general the ponded ash required less 

dispersant.  Leaching tests of 5% ash solutions by weight revealed a wide range of soluble salts 

to be present in the ash, and found a relationship between calcium ion concentration and 

dispersant dosage requirement.   

 A spreadsheet model was developed for hydraulic classification and used to design and 

operate a pilot-scale hydraulic classifier.  Performance was found to be predictable with the 

model with product yields of up to 21% of feed solids achieved with recoveries of <5 µm 

particles as high as 64%. Retention times were varied from 20 to 30 minutes and superficial 

velocities from 4 to 5.5 cm/min.  Mean particle sizes (D50) of the products varied from 3.7 to 10 

µm as functions of dispersant dosage and retention time.  However, the relative fineness of the 

ash feed to the classifier also had a major influence on the product size. Loss on ignition (LOI) 

was found to disproportionate in the hydraulic classifier, being primarily enriched in the first and 

second underflows.      

 The products from hydraulically classifying ash were tested for pozzolanic activity, as 

measured by strength activity index (SI) in mortars using ASTM procedures. In general the 

overall strength index was excellent with SI values of 90% achieved in 3 days and ~100% in 7 

days. Water requirements were also well below that of the control.   

 A conceptual design was completed for an ultrafine ash Process Demonstration Unit 

(PDU) with a feed rate of 2 tons of raw ash per hour.  The circuit consists of a feed system, 

primary classifier, froth cells, secondary classifier, thickener and filter. 

 Three types of chemically and functionally different thermoplastic polymers were 

evaluated with the fly ash derived filler based on volumes consumed in commercial and recycled 

products: high density polyethylene, thermoplastic elastomer and polyehylene terphthalate along 

with a reference filler selected for comparison: 3 µm calcium carbonate, a material which is 

commonly used with all three types of polymers.  A procedure was developed to prepare filled 

polymers and polymer/filler blends.  Samples of filled polymers were subjected to SEM analysis 

to verify that the fly ash derived filler and the calcium carbonate were well dispersed.  
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A stainless steel mold with cooling capabilities was also fabricated to prepare 1 mm thick films 

for tensile strength and Dynamic Modulus testing.  Procedures were developed to insure a 

minimum of air voids in the films, and the specimens were evaluated for a variety of physical 

and mechanical properties. 

 Material taken from a utility ash pond was classified using a novel combination of 

hydraulic and lamellar classifiers to produce an ultra-fine ash product.  This product was dried 

and used in a series of tests to determine its potential as a filler in plastics.  The general 

properties of the ultra-fine ash were as follows: 

 

-   D50: 3 – 5 µm 

-   Specific gravity: ~2.41 

-   Loss on ignition:  2 – 3 % 

-   Carbon content: 1-2% 

-   Color: dark grey on content: 1 – 2% 

-   Morphology: spherical 

 

 The addition of fillers increased the modulus of the HDPE composite, but decreased both 

the offset yield stress and offset yield strain, showing that the fillers essentially made the 

composite stiffer but the transition to plastic deformation occurred earlier in filled HDPE as 

stress was applied. Similar results were obtained with TPE, however, the decrease in either stress 

or strain at offset yield were not as significant.  Dynamic mechanical analyses (DMA) were also 

completed and showed that although there were some alterations in the properties of the HDPE  

and TPE, with the addition of CaCO3 and fly ash, the alterations are small, and more importantly, 

transition temperatures are not altered. 

 The use of UFA as a filler in expanded urethanes showed promise, as the material 

stiffness and strength were greatly improved and high loadings of UFA were achieved. The filled 

urethane also demonstrated improved flammability characteristics. 

 A flowsheet was developed to produce an Ultra-Fine Ash (UFA) product from reclaimed 

coal-fired utility pond ash.  The flowsheet is for an entry level product development scenario and 

additional production can be accommodated by increasing operating hours and/or installing 

replicate circuits.  The processing plant is designed to have an annual throughput of 26,000 tons 

of ash and will recover 5000 tons of UFA per year, along with 4900 tpy of supplemental fuel.  

The plant allows for the recovery of additional products if warranted and has a design basis of 

240 days/year, 8 hours/day. 

 Unit process design was based on experimental results obtained throughout the project 

and cost estimates were derived from single vendor quotes.  The installation cost of this plant is 

estimated to be $2.1M. 
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Table A1.  Summary of Fly Ash Sample Location, Identification, Size and LOI.  

utility plant unit row bin sample MA# % % % % Color LOI % LOI % LOI 

              -10 Micron -5 Micron <100M >100M     <100 Mesh >100 Mesh 

LG&E Mill Creek 2 1 10 92827 50440 35.14 20.53 97.94 2.06 Dk Brown 1.8% 1.48% 14.56% 

  Mill Creek 2 2 8 92831 50444 32.45 17.31 98.32 1.68 Dk Brown 2.4% 1.83% 30.95% 

  Mill Creek 3A 2 1 92832 50445 26.03 12.33 97.5 2.5 Black 3.4% 3.23% 18.61% 

  Mill Creek 3A 3 1 92835 50448 38.26 23.87 94.1 5.9 Black 6.3% 5.79% 20.04% 

  Mill Creek 4A A 3 92844 50457 27.76 14.70 96.70 3.30 Black 3.9% 2.29% 49.70% 

  Mill Creek 4A B 3 92846 50459 37.27 23.96 98.0 2.0 Black 4.7% 4.28% 19.87% 

  Mill Creek 4A C 3 92847 50460 56.15 32.09 98.3 1.70 Dk Brown 6.5% 5.74% 32.13% 

  Mill Creek 4A D 3 92849 50462 25.97 14.77 98.6 1.4 Dk Brown 7.5% 7.03% 21.06% 

LG&E Trimble 1 1 A21 92855 50481 27.15 14.29 97.34 2.66 Dk Brown 1.1% 0.72% 12.68% 

  Trimble 1 2   92856 50482 17.88 10.38 97.72 2.28 Dk Brown 1.9% 1.43% 21.49% 

  Trimble 1 3   92857 50483 49.60 32.58 93.66 6.34 Brown 2.9% 2.40% 8.36% 

  Trimble 1 4   92858 50484 47.93 33.92 85.65 14.35 Brown 4.4% 4.08% 2.09% 

LG&E Cane Run 4A 2 A5 92913 50601 9.35 16.71 97.37 2.63 Grey 6.7% 5.76% 35.74% 

  Cane Run 5 2 5 92922 50602 17.59 31.93 96.98 3.02 Grey 5.5% 4.14% 46.60% 

  Cane Run 5 2 6 92923 50617 25.92 14.32 86.98 13.02 Grey 4.6% 4.13% 43.26% 

  Cane Run 5 2 7 92924 50618 23.78 16.89 84.72 15.28 Dk Grey 11.8% 9.87% 41.16% 

  Cane Run 5 2 8 92925 50619 24.03 15.38 90.31 9.69 Dk Grey 16.0% 12.46% 56.12% 

  Cane Run 6 1 9 92929 50621 24.89 41.45 98.76 1.27 Lt Grey 2.5% 2.19% 22.65% 

  Cane Run 6 1 11 92930 50622 25.42 40.82 98.02 1.98 Lt Grey 3.5% 3.12% 36.15% 

  Cane Run 6 2 3 92931 50603 15.29 21.55 95.87 4.13 Lt Grey 7.8% 6.33% 34.62% 

WKE Seebree G1 1 BB3 93081 52143 25.33 13.30 89.19 10.81 Grey 23.3% 20.68% 45.2% 

  Seebree G1 2 BB2 93082 52144 16.25 10.80 97.16 2.84 Grey 33.2% 32.81% 51.6% 

  Seebree G1 3 AB3 93083 52145 57.0 47.88 99.04 0.96 Grey 35.15% 34.58% 56.24% 

  Seebree G1 4 AB1 93084 52146 30.81 20.46 96.20 3.80 Grey 24.7% 24.03% 41.1% 

  Seebree H1 1 H1-1 93087 52122 12.4 7.64 90.12 9.88 Grey 53.69% 51.07% 32.68% 

  Seebree H1 1 H1-11 93088 52148 13.6 8.31 89.98 10.02 Grey 55.37% 53.79 60.7 

  Seebree H2 2 H2-6 93089 52149 20.67 9.9 92.94 7.06 Grey 28.0 24.32 76.6 

  Seebree H2 2 H2-10 93090 52150 9.73 6.43 76.97 22.03 Grey 61.0 54.29 61.2 

KU Brown 1 2 1-1 92893 50519 20.39 12.96 96.93 3.07 Lt Black 12.0% 11.81% 6.19% 

  Brown 2 2 2-11 92899 50523 47.91 31.75 96.17 3.83 Lt Tan 2.7% 2.57% 3.66% 

  Brown 3 1 A25 92902 50524 26.39 14.13 97.42 2.58 Lt Brown 2.9% 2.18% 25.97% 

  Brown 3 3 A13 92906 50528 47.32 32.69 80.75 19.25 Lt Tan 5.6% 4.89% 3.84% 

9  Brown 3 4 B10 92908 50530 61.62 43.13 78.8 21.2 Lt Tan 3.5% 3.21% 24.56% 

WKE Coleman 1 2 15 92939 50681 22.14 35.29 95.3 4.7 Lt Grey 9.1% 7.26% 38.72% 

  Coleman 1 2 17 92940 50682 19.41 33.72 90.5 9.5 Lt Grey 4.7% 4.21% 38.98% 

  Coleman 2 2 15 93029 51319 32.35 20.55 89.64 10.36 Dk Grey 15.7% 10.12% 53.96% 

  Coleman 2 2 16 93030 51320 26.89 16.38 82.28 7.72 Dk Grey 17.4% 13.44% 36.56% 

  Coleman 3 1 6 92943 50690 9.28 16.98 89.08 10.92 Lt Grey 6.7% 3.70% 27.47% 

  Coleman 3 1 8 92944 50691 19.03 10.42 98.13 1.87 Lt Grey 4.3% 4.04% 41.12% 

  Coleman 3 2 10 92945 50683 23.8 36.2 96.23 3.77 Lt Grey 6.0% 4.60% 36.07% 

  Coleman 3 2 12 92946 50692 26.99 40.04 95.40 4.60 Lt Grey 7.3% 5.69% 421.18% 
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Table A2.  Summary of Fly Ash Sample Proximate and Ultimate Analyses.  

  

utility plant unit row bin %VM %FC %C %H %N %S %O 

                        

LG&E Mill Creek 2 1 10 1.81 <0.01 1.19 <0.01 <0.01 0.20 0.46 

  Mill Creek 2 2 8 1.82 0.44 1.60 0.05 <0.01 0.20 0.61 

  Mill Creek 3A 2 1 2.51 0.36 2.13 0.08 <0.01 0.22 0.82 

  Mill Creek 3A 3 1 2.74 2.97 3.86 0.10 <0.01 0.39 1.76 

  Mill Creek 4A A 3     3.40 0.02 <0.01 0.25 0.45 

  Mill Creek 4A B 3     3.39 0.04 <0.01 0.27 0.48 

  Mill Creek 4A C 3     1.48 0.33 <0.01 1.16 2.12 

  Mill Creek 4A D 3     2.30 0.33 <0.01 1.10 2.30 

LG&E Trimble 1 1 A21     0.83 <0.01 <0.01 0.14 0.11 

  Trimble 1 2   1.11 0.56 1.46 <0.01 <0.01 0.14 0.23 

  Trimble 1 3       0.71 0.09 <0.01 0.56 1.51 

  Trimble 1 4       1.07 0.16 <0.01 0.88 1.58 

LG&E Cane Run 4A 2 A5     5.60 0.02 0.05 0.44 2.42 

  Cane Run 5 2 5     4.60 <0.01 0.06 0.47 0.82 

  Cane Run 5 2 6 2.47 2.50 3.67 0.10 <0.01 0.34 1.42 

  Cane Run 5 2 7 2.84 8.98 10.00 0.11 0.08 0.49 1.85 

  Cane Run 5 2 8 3.92 11.92 14.34 0.15 0.14 0.53 1.49 

  Cane Run 6 1 9 2.10 0.87 1.89 0.02 <0.01 0.29 1.15 

  Cane Run 6 1 11 1.60 2.23 2.87 0.04 <0.01 0.22 1.01 

  Cane Run 6 2 3     6.01 <0.01 0.04 0.62 1.29 

WKE Seebree G1 1 BB3   22.85 0.13 0.19 0.39 0.86 

  Seebree G1 2 BB2   31.15 0.03 0.32 0.54 1.59 

  Seebree G1 3 AB3   13.19 0.14 0.14 1.66 4.57 

  Seebree G1 4 AB1   12.78 0.82 0.09 2.61 7.42 

  Seebree H1 1 H1-1 3.18 41.04 42.72 0.16 0.47 1.95 2.12 

  Seebree H1 1 H1-11   52.81 0.28 0.61 2.37 0.28 

  Seebree H2 2 H2-6   25.52 0.12 0.25 1.22 <0.01 

  Seebree H2 2 H2-10   57.09 0.10 0.56 2.52 0.42 

KU Brown 1 2 1-1     10.35 0.13 0.08 0.36 1.40 

  Brown 2 2 2-11     1.60 0.05 <0.01 0.18 0.91 

  Brown 3 1 A25     2.20 <0.01 <0.01 0.09 0.67 

  Brown 3 3 A13     2.51 0.02 <0.01 0.71 1.98 

  Brown 3 4 B10     2.38 0.05 <0.01 0.17 0.99 

WKE Coleman 1 2 15 2.16 6.55 7.46 0.01 0.05 0.08 1.59 

  Coleman 1 2 17 1.81 2.53 3.65 0.03 0.01 0.12 0.86 

  Coleman 2 2 15     14.23 0.08 0.14 0.22 1.02 

  Coleman 2 2 16     16.19 0.13 0.12 0.24 0.72 

  Coleman 3 1 6 1.53 4.96 6.05 0.04 0.05 0.08 0.59 

  Coleman 3 1 8 1.57 2.78 3.76 0.02 <0.01 0.14 0.75 

  Coleman 3 2 10 1.80 3.91 4.85 0.04 0.02 0.11 1.08 

  Coleman 3 2 12 2.11 4.72 5.84 0.05 0.04 0.25 1.12 
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Table A3.  Summary of Fly Ash Sample Major Oxide Analyses 

utility plant unit row bin %SiO2 %Al2O3 %Fe2O3 %CaO %MgO %Na2O %K2O %P2O5 %TiO2 %SO3 

                              

LG&E Mill Creek 2 1 10 48.10 18.09 19.13 3.54 0.97 0.52 2.69 0.26 1.09 0.47 

  Mill Creek 2 2 8 46.82 19.19 17.54 3.96 0.88 0.43 2.51 0.25 1.08 0.60 

  Mill Creek 3A 2 1 48.59 19.94 18.03 3.79 0.96 0.63 2.64 0.30 1.09 0.67 

  Mill Creek 3A 3 1 47.45 19.96 17.05 4.15 0.96 0.56 2.79 0.32 1.10 1.08 

  Mill Creek 4A A 3 46.10 18.60 19.29 3.33 0.91 0.53 2.63 0.23 1.04 0.36 

  Mill Creek 4A B 3 48.64 20.03 19.13 3.37 1.02 0.58 2.75 0.26 1.08 0.43 

  Mill Creek 4A C 3 46.92 20.28 18.06 3.52 1.03 0.68 3.00 0.42 1.14 1.73 

  Mill Creek 4A D 3 47.22 20.38 21.02 3.77 1.34 1.44 2.71 0.41 1.05 1.68 

LG&E Trimble 1 1 A21 46.57 19.27 23.09 2.69 0.69 0.52 2.11 0.38 1.14 0.29 

  Trimble 1 2   47.10 20.73 22.68 3.25 0.74 0.46 2.07 0.29 1.11 0.28 

  Trimble 1 3   49.40 22.57 17.94 3.09 0.82 0.60 2.43 0.54 1.19 0.86 

  Trimble 1 4   43.39 19.39 21.17 3.30 0.84 0.62 2.40 0.56 1.15 1.17 

LG&E Cane Run 4A 2 A5 47.50 19.33 17.97 3.21 0.91 0.40 2.80 0.14 1.02 1.97 

  Cane Run 5 2 5 48.17 20.30 17.97 2.70 0.96 0.40 2.91 0.12 1.01 1.00 

  Cane Run 5 2 6 47.59 20.17 18.71 2.88 0.95 0.39 2.90 0.13 1.00 0.78 

  Cane Run 5 2 7 48.25 20.48 18.95 3.11 0.99 0.41 2.94 0.13 1.02 0.92 

  Cane Run 5 2 8 47.55 20.08 18.95 2.90 0.94 0.38 2.87 0.13 1.00 0.90 

  Cane Run 6 1 9 49.19 20.20 16.25 3.10 0.98 0.46 3.01 0.15 1.05 0.48 

  Cane Run 6 1 11 48.88 19.89 17.47 3.54 0.95 0.42 2.96 0.15 1.03 0.47 

  Cane Run 6 2 3 47.49 19.06 18.87 3.81 0.90 0.37 2.71 0.15 0.96 0.94 

WKE Seebree G1 1 BB3 49.17 19.97 17.17 2.75 0.95 0.45 2.67 0.16 1.18 1.24 

  Seebree G1 2 BB2 49.77 21.33 15.22 2.75 0.98 0.42 2.70 0.17 1.18 1.69 

  Seebree G1 3 AB3 46.99 22.38 13.66 2.64 1.12 0.50 2.94 0.28 1.26 1.44 

  Seebree G1 4 AB1 44.68 20.09 17.21 3.43 1.18 0.62 2.97 0.35 1.12 2.46 

  Seebree H1 1 H1-1 44.19 18.59 16.47 5.42 0.96 0.80 2.34 0.14 1.01 4.83 

  Seebree H1 1 H1-11 42.92 19.15 16.91 5.55 1.19 0.81 2.39 0.24 1.09 4.29 

  Seebree H2 2 H2-6 45.77 19.42 16.84 4.89 1.05 0.85 2.37 0.15 1.09 2.65 

  Seebree H2 2 H2-10 39.82 17.22 18.76 7.71 1.20 0.63 2.17 0.23 0.88 4.96 

KU Brown 1 2 1-1 51.88 24.21 13.07 1.17 0.93 0.18 2.57 0.20 1.59 0.12 

  Brown 2 2 2-11 52.62 27.24 8.60 1.48 1.10 0.23 2.97 0.34 1.79 0.05 
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  Brown 3 1 A25 55.50 25.36 8.11 1.11 0.93 0.16 2.56 0.18 1.98 <0.01 

  Brown 3 3 A13 50.67 26.96 10.88 1.38 0.99 0.22 2.70 0.40 1.62 0.52 

  Brown 3 4 B10 5.60 2.55 76.57 1.45 0.09 0.05 0.45 0.08 0.24 1.37 

WKE Coleman 1 2 15 52.26 26.81 9.38 1.25 0.92 0.23 2.68 0.14 1.64 0.10 

  Coleman 1 2 17 52.79 26.32 9.89 1.21 0.89 0.21 2.65 0.13 1.63 0.21 

  Coleman 2 2 15 47.95 26.18 14.15 1.73 0.81 0.19 2.28 0.24 1.51 0.31 

  Coleman 2 2 16 48.02 25.82 15.09 1.93 0.79 0.19 2.21 0.23 1.48 0.39 

  Coleman 3 1 6 53.65 25.83 9.15 1.34 0.78 0.18 2.42 0.11 1.67 0.27 

  Coleman 3 1 8 54.61 25.84 9.10 1.19 0.78 0.18 2.40 0.10 1.67 0.34 

  Coleman 3 2 10 52.18 26.44 9.56 1.35 0.92 0.23 2.60 0.13 1.56 0.24 

  Coleman 3 2 12 52.06 26.23 9.99 1.46 0.90 0.23 2.66 0.14 1.58 0.39 

                              

Average     49.68 23.18 15.45 2.39 0.90 0.48 2.58 0.24 1.35 0.54 
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Table A4.  Summary of Fly Ash Sample Trace Element Analyses 

  

utility plant unit row bin V Cr Mn Co Ni Cu Zn As Rb Sr Zr Mo Cd Sb Ba Pb 

                                          

LG&E Mill Creek 2 1 10 330 96 368 51 87 74 372 91 81 278 167 37 20 10 797 55 

  Mill Creek 2 2 8 222 96 387 50 90 75 225 153 104 243 174 18 30 10 667 68 

  Mill Creek 3A 2 1 306 81 301 50 44 70 280 64 142 243 170 30 20 10 706 51 

  Mill Creek 3A 3 1 385 95 384 47 86 94 409 153 40 303 179 62 10 10 764 67 

  Mill Creek 4A A 3 369 80 291 50 59 68 278 76 14 280 165 39 30 10 891 55 

  Mill Creek 4A B 3 386 80 298 51 40 69 351 103 64 270 161 49 20 10 908 57 

  Mill Creek 4A C 3 500 95 411 51 103 115 633 227 <10 254 174 92 10 10 1354 80 

  Mill Creek 4A D 3 364 61 318 55 16 88 555 142 4 308 147 57 20 10 1035 67 

LG&E Trimble 1 1 A21 135 78 266 58 14 60 90 56 <10 667 181 <10 20 10 687 53 

  Trimble 1 2   140 58 230 563 <10 51 77 34 <10 546 183 <10 20 10 624 48 

  Trimble 1 3   185 73 288 47 20 86 162 259 <10 729 212 23 10 10 733 81 

  Trimble 1 4   239 62 347 55 <10 102 197 285 <10 615 186 37 20 10 717 87 

LG&E Cane Run 4A 2 A5 255 77 283 50 91 166 301 58 <10 217 148 34 20 10 529 51 

  Cane Run 5 2 5 245 61 198 49 37 168 285 66 <10 223 144 33 10 10 496 50 

  Cane Run 5 2 6 242 79 257 50 80 159 276 59 <10 221 142 35 20 10 499! 52 

  Cane Run 5 2 7 248 62 220 52 38 167 287 65 <10 223 141 35 20 10 502 53 

  Cane Run 5 2 8 254 79 256 52 95 164 270 59 <10 220 141 37 20 10 487 53 

  Cane Run 6 1 9 265 61 230 45 32 155 360 76 <10 229 164 47 10 10 547 52 

  Cane Run 6 1 11 263 77 294 48 72 143 311 63 <10 235 167 50 10 10 548 51 

  Cane Run 6 2 3 235 77 314 50 60 119 233 29 20 202 139 24 20 10 528 47 

WKE Seebree G1 1 BB3 4710 78 285 50 591 80 207 66 <10 376 195 97 10 10 1267 51 

  Seebree G1 2 BB2 5071 70 263 46 655 85 205 81 17 356 187 95 20 <10 1321 52 

  Seebree G1 3 AB3 5200 79 312 47 686 132 402 292 <10 449 196 166 <10 <10 2024 84 

  Seebree G1 4 AB1 4479 71 391 50 557 98 508 262 25 267 154 144 20 10 1803 83 

  Seebree H1 1 H1-1 2403 65 335 49 403 64 182 28 <10 193 191 58 20 10 850 45 

  Seebree H1 1 H1-11 3129 70 419 53 561 80 242 56 45 289 177 66 20 10 1175 50 

  Seebree H2 2 H2-6 2324 79 378 51 417 66 185 25 62 226 190 50 20 10 904 44 

  Seebree H2 2 H2-10 2947 71 506 55 488 64 148 19 29 245 147 47 30 10 1107 47 

KU Brown 1 2 1-1 212 60 139 46 24 152 75 115 <10 805 279 20 <10 <10 1555 52 

  Brown 2 2 2-11 264 59 137 42 49 252 159 280 <10 1131 329 38 10 10 1445 78 

  Brown 3 1 A25 205 76 161 32 61 159 67 68 <10 956 367 22 <10 <10 1401 38 

  Brown 3 3 A13 297 78 209 50 91 237 176 421 <10 1122 295 46 <10 <10 1514 101 

  Brown 3 4 B10 <10 86 344 166 14 25 45 336 <10 41 <10 <10 8 3 99 116 

WKE Coleman 1 2 15 236 61 140 47 80 181 148 240 20 566 278 33 <10 <10 995 67 

  Coleman 1 2 17 236 77 191 46 96 174 128 203 <10 548 286 29 <10 <10 956 64 

  Coleman 2 2 15 239 80 185 54 85 151 113 194 33 802 236 14 10 10 1469 66 

  Coleman 2 2 16 226 62 133 55 34 141 106 177 <10 814 239 13 10 <10 1473 66 

  Coleman 3 1 6 194 80 175 37 69 136 75 91 47 578 307 17 <10 <10 971 41 

  Coleman 3 1 8 175 60 114 37 34 122 74 79 33 532 309 16 <10 <10 921 40 

  Coleman 3 2 10 218 65 173 44 55 160 124 133 125 491 253 18 10 <10 901 51 

  Coleman 3 2 12 226 81 223 47 95 172 132 159 10 551 267 27 <10 <10 1011 57 

Average     940 74 272 64 151 120 231 133 22 435 199 43 13 7 943 60 
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Appendix B 

 

Processing Results 

 

 

                       
 

  Figure B1.  Results of Flotation Evaluation for Cane Run Unit 6 Ash. 
 

 

 

 

                      
 

  Figure B2.  Results of Flotation Evaluation for E.W. Brown Unit 3 Ash. 
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      Figure B3.  Results of Flotation Evaluation for Coleman Units 1 and 2 Ash. 
 

 

 

 

 

                     
 

                    Figure B4.  Results of Flotation Evaluation for Mill Creek Unit 2 Ash. 
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       Figure B5.  Results of Flotation Evaluation for Henderson Unit 2 Ash. 

 
 


