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ABSTRACT

The coal industry in Kentucky utilizes approximately 130,000 tons of magnetite
annually. During recent years, China’s increased demand for magnetite has generated
concerns about the long term availability and cost. Over the last 6 months, the
delivered cost of magnetite has increased 2.5 times over 2001 prices. A supply
shortage in the future would have a significant impact on the ability to supply clean coal
to utilities.

High density, magnetic material can be economically recovered from coal
combustion ash and be effectively utilized to address the shortage of magnetite used as
heavy media for efficient coal cleaning. While this concept has been attempted at the
commercial scale numerous times in the past, each attempt was unsuccessful, not for
technical reasons, but for economic reasons because there is simply an insufficient
amount of magnetic material present in fly ash to economically justify recovering this
material as a single product.

The present evaluation focused on incorporating magnetite recovery into a
process flowsheet that produces an additional product from combustion ash.
Approximately 0.5 tons of magnetite was recovered and evaluated as a substitute for
mineral magnetite in dense medium coal preparation.

The separations achieved using the magnetic bottom ash particles in dense medium
separation are comparable to those achieved through the use of conventional
magnetite. Probable error values ranged from 0.02 at a medium density of 1.4RD to
0.06 at 1.7RD. For the bottom ash material used in this study, the upper medium
density limit appears to be around 1.6RD. Above this value, medium viscosity appears
to have a significant impact.

Background

Dense-medium separators (DMS) have become the predominate processes
worldwide for the cleaning of coal coarser than 1 millimeter, accounting for as much as
65% of the processed coal in the U.S.* In Kentucky, about 117 million tons of run-of-
mine coal are cleaned in DMS units.> The popularity is directly due to their superior
ability over other processes to achieve high energy recovery values over a wide range
of clean coal qualities. To create the dense-medium, fine magnetite is added to water



to form a suspension having a medium density between the solid densities of coal and
rock. As a result, the coal floats while the heavier mineral matter sinks through the
medium. During the process, plant magnetite losses occur which are typically in the
range of 1.0-1.5 Ibs/ton of plant raw coal. As such, the coal industry in Kentucky alone
utilizes approximately 130,000 tons of magnetite annually.

Until recently, the magnetite used in the U.S. coal industry was supplied by the
Pea Ridge Iron Ore Company located in the Missouri iron ore field. However, in August
2001, the operation closed due to the lack of economically recoverable reserves. As a
result, magnetite suppliers to the coal industry were required to secure imported
materials from Peru and Chile. Magnetite cost to the coal industry nearly doubled to
approximately $100/ton. During the past two years, China’s increased demand for
magnetite resulted in a long term supply agreement with Peru and Chile which has
generated concerns with coal operators about the long term availability and cost of
magnetite. Over the last 6 months, the delivered cost of magnetite for Kentucky
operators has increased to values ranging from $150 to $180/ton (Personal
Communications with plant operators, 2005). A supply shortage in the future would
have a significant impact on the ability to supply clean coal to Kentucky utilities.

Providing an alternative material to use as a dense medium in coal cleaning
plant would calm fears of a potential future shortage and potentially reduce cost. As
mentioned previously, the cost of magnetite has increased by about 2.5 times the pre-
2001 level. Based on the need for 130,000 tons of magnetite annually, the increase in
the annual cost of magnetite for Kentucky coal operators rose from $9.1 million to $21.5
million over the past 5 year. In terms of a single unit operation, magnetite cost has
increased $0.08/clean ton to $0.18/clean ton based on a 1998 coal preparation survey
of operating costs.®

One potential alternative source for magnetite is as a revered product from coal
combustion ash, an idea that is not new at all as evidenced by numerous US patents
having been issued dating back as far as 1924 (Table 1). Despite the abundance of
patents issued on this topic, only one (Aldrich, 1984) has ever resulted in a commercial
enterprise which operated in southwestern PA during the mid-1980’s.*

Table 1. U.S. Patents for recovering magnetite from fly ash.

Patent Number Year Issued Inventors
1,512,870 1924 Ullrich et al.®
2,987,406 1961 Minnick®
3,021,282 1962 Joppa’

3,769,054 1973 Pennachetti and Boux®
4,121,945 1978 Hurst and Styron®
4,191, 336 1980 Brown*®

4,319,988 1982 Aldrich™

4,432,868 1984 Aldrich*

4,652,433 1987 Ashworth et al.*®
5,047,145 1991 Hwang"*

5,227,047 1993 Hwang™




It appears likely that the primary reason that production of fly-ash derived magnetite has
not been successful at the commercial scale is that there is simply not sufficient
recoverable material available to make recovery cost-effective; most fly ash substrates
contain less than approximately 2% magnetite. A more cost-effective approach would
be to incorporate magnetite recovery with ash beneficiation being practiced for the
recovery of additional products.

Project Site Selection

In order to improve the processing economics for recovering magnetite from
combustion ash, it was first necessary to select a substrate that contained a sufficient
amount of the magnetic material. Site selection was limited to Kentucky utilities that
burned high sulfur coal since it has been well established that the high iron content of
these coals leads to the production of larger amounts of magnetite.

The second criteria was to select a site that was either practicing ash
beneficiation to recover marketable products in some form or planned on doing so in the
future. Based on these criteria, three candidate utility sites were selected, Ghent
Station, Mill Creek and Trimble County. All three of these utilities currently burn high
sulfur coal and incorporate flue gas scrubbing to limit SO, emissions. A bottom ash
processing plant is currently in operation at Mill Creek. This facility produces 80,000 tpy
construction grade fill sand from bottom ash and discharges -100 mesh fines as a reject
stream. Ghent Station and Mill Creek are candidate sites for ash beneficiation to
produce pozzolan or filler from fly ash using the FastFloat or similar process. In this
approach, a reject stream enriched in magnetite is generated from the primary
classification processing stage.

Samples of the Mill Creek fill sand -100 mesh reject stream were obtained from
the site for evaluation. Since no beneficiation is currently in practice at either Ghent
Station or Trimble County, samples of fly ash were obtained from these sites and
processed at CAER to simulate the appropriate ash beneficiation process. The results
of this preliminary evaluation are summarized in Table 2.

Table 2. Summary of candidate test sites.

. Principle Ash . Magnetite
F;c;\évr?tr f/:\z/?/ Location Beneficiation ngiise;sjed Yield
Product Wt %
Ghent 2226 Ghent, KY Pozzolan Primary 2.7
Classification
Mill Creek 1717 Louisville, KY Fill Sand Screen Effluent 12.1
Trimble Co. | 566 Bedford, KY Filler Primary 5.3
Classification

Based upon this evaluation, Mill Creek was selected as the test site. Not only was the
magnetite yield from this site significantly higher than from the other candidate sites, a
commercial-scale ash beneficiation process is currently in operation. Pending
successful results, incorporating magnetite recovery into the current flowsheet would

improve the overall economic viability.




Site Description

Bottom ash is currently processed at Mill Creek by Charah, Inc, an ash
management company based in Louisville, KY. The process was jointly developed by
Charah, Inc and CAER and has been in commercial operation since 2002 and has
successfully marketed over 500,000 tons of graded fill sand produced from the bottom
ash at Mill Creek.

Bottom ash is sluiced from the boilers into a trench that flows into the ash pond.
The trench is periodically excavated with a track hoe and excavated material is
stockpiled and allowed to drain. Material removed from the trench closest to the sluice
entry point contains pyrite and is thus not suitable for beneficial reuse. The other
excavated material is transported to a feed hopper by front end loaders and conveyed
into a processing plant where oversize (+3/8 inch) material is rejected. The -3/8 inch
ash drops into sump containing a screw classifier, which dewaters the ash and conveys
the finished fill sand onto a stockpile. The sump overflow is a dilute slurry containing
primarily -100 mesh (-150 pm) solids, which flow into a separate reject containment
area, which is periodically excavated, again with a track hoe, and the fine solids are
allowed to drain. The stockpiled fines are currently utilized as kiln feed by a nearby
cement manufacturing plant. This stockpiled fines reject was the substrate used for
magnetite recovery.

Magnetite Recovery Circuit

A flowsheet of the magnetite recovery circuit used is shown in Figure 1. The
equipment was assembled on a 26 ft trailer and transported to the test site. A diesel
generator was also hauled to the site to provide required electrical service along with a
2000 gallon portable water tank which was periodically filled for process water.
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Figure 1. Magnetite recovery process flowsheet.

Stockpiled fines were excavated with a Bobcat loader, dumped into a feed hopper and
conveyed into an agitated mix tank, where sufficient water was added to maintain a pulp
density of 10% solids by weight. The slurry was fed onto a single bank of concentrating
spirals with a feed pump at 35 gpm. As the slurry flowed down the spirals, the dense
magnetite concentrated on the innermost section of the race, while lighter (i.e. less



dense) fine ash and most of the water reported to the outermost section of the race. At
the base of the spirals, splitters diverted the water and lighter ash back into the ash
pond as a reject stream while dense magnetite was recovered from the inside race
where it was collected.

Material coarser than +100 mesh was removed with a vibrating screen and the -
100 mesh magnetite was then fed into a continuous High Gradient Magnetic Separator
(HGMS) to further upgrade the magnetite by removing entrained non-magnetic material.

A summary of results obtained during magnetite recovery activities at Mill Creek
are presented in Figure 2. These results were compiled by obtaining periodic samples
during processing, evaluating results and compiling incremental results. All samples
were dried to record weights and a representative 50 gram aliquot was retained to
determine the magnetic content by Davis Tube magnetic separation (DTMS).
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Figure 2. Summary of magnetite recovery results.

The feed ash was up-graded to from 12.1% magnetic to 58.8% magnetics by
spiral concentration with an overall yield of 8.1%. The spiral product was then screened
to remove +100 mesh material, which further improved the grade to 68.0% magnetics.



The final processing step; magnetic separation, provided a product containing 74.2%

magnetics. The overall process yield of the final product was 5.7% or 114 Ibs of
magnetite per ton of process feed.

Representative samples of the +100 mesh spiral product and HGMS products
were analyzed by X Ray Fluorescence (XRF). The results (Table 3) show that the final

product contained 59.58% Fe,O3 with SiO, and Al,O3 as the major contaminants.
HGMS non-magnetic reject and -50+100 mesh spiral oversize contained lesser
amounts of Fe,Oz with higher proportions of SiO, and Al,Os.

Table 3. XRF analyses of HGMS products and -50+100 mesh spiral product.

HGMS HGMS -50+100 mesh
Magnetic Product Non-magnetic Spiral Product
Product

SiOy, % 26.07 49.04 42.16
Al,03, % 8.38 12.27 14.32
Fe,03, % 59.58 22.6 31.14
Ca0, % 3.18 6.44 6.46
MgO, % 0.41 0.85 0.76
Na,O, % 0.32 0.51 0.44
K70, % 1.07 1.72 1.87
P,0s, % 0.31 1.21 0.63
TiO,, % 0.6 0.79 0.80
SO3, % 0.89 3.14 1.14

Petrographic analyses showed that the final product was comprised essentially of
spherical Fe-rich particles, some of which were fused with Si and Al. The non-magnetic
particles were also spherical, but contained Si and Al-enriched spheres fused with
lesser amounts of Fe (Figures 3 and 4).
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Figure 3. Spinel spheres in HGMS product.

Figure 4. Spinel with glass (upper right);
sulfide (lower left) in HGMS non-magnetics.



Dense Medium Cyclone Testing

Coal Selection

The coal sample used for the performance assessment of the medium was obtained
from the dense medium cyclone process streams of an operating coal preparation plant
that treats coal extracted from the Coalburg seam. The coal seam is prominent
throughout the central Appalachia coalfields including eastern Kentucky and is well
known as being difficult-to-clean due to the relatively large amount of middling particles
present in the coal. Samples of product and reject streams from the heavy media
cyclone circuit were collected into 208 liter (55 gallon) drums. The clean coal and reject
coal were dry screened using 6 mm (1/4 inch) and 0.6 mm (28 mesh) screens and the
size fraction 6 x 0.6 mm was retained. The oversize particles were crushed using a
laboratory hammer mill and the product was rescreened to obtain the 6 x 0.6 mm size
fraction and combined with the previously obtained material. The samples of clean coal
and reject coal were blended completely and the blend was used as feed for the dense
medium cyclone performance tests.

Representative samples were wet screened and each size fraction weighed and
assayed for ash content. The results of ash analysis shown in Table 4 indicate that
majority of the mass existed in the 3.4 x 0.9 mm fraction of the coal sample. The total
ash content of the sample was 31.04, which was well distributed in each size fraction.

Table 4. Particle size-by-size weight distribution and ash content for the 6 x

0.6 mm Coalburg coal sample.

Particle Size Weight Ash
(mm) (%) (%)
+4.8 8.26 35.99
4.8x3.4 5.50 37.09
3.4x24 15.60 30.67
24x1.4 23.85 28.44
14x1.0 19.27 27.55
1.0x 0.9 15.60 31.57
0.9x0.6 7.34 35.01

-0.6 4.59 36.18

Total 100.00 31.04

The Coalburg coal seam is known for its moderately difficult cleaning characteristics.
This is due to the presence of high amounts of near gravity material. Based on the
washability data in Table 5, the coal can be classified difficult-to-clean as indicated by a
cleaning index (C.lI = 1.3 cumulative weight % float / 1.6 cumulative weight % float) of
0.55 and over 20% of the feed mass within £0.1 relative density units over a wide
density range, i.e., 1.4 and 1.9 RD.



Table 5. Washability data of the Coalburg coal.

Specific Gravity Weight % Ash %
1.3 float 27.87 2.88
1.30 x 1.40 11.63 9.03
1.40 x 1.50 5.78 18.41
1.50 x 1.60 5.60 28.90
1.60x 1.75 11.95 39.66
1.75x 1.90 16.40 48.78
1.90x 2.0 9.50 59.41
2.0 sink 11.27 79.07
Total 100.00 31.83

Pilot-Scale Dense Medium Cyclone Testing

The tests utilizing the recovered magnetic product as a medium for cleaning coal
were conducted using a 15-cm (6-inch) diameter Krebs dense medium cyclone with a
6.3 cm vortex and 4.5 cm apex diameter. The cyclone had a cone angle of 20° and was
inclined at an angle of 10° from the horizontal. These parameters were kept constant
throughout the entire study.

The dense medium cyclone was set to operate in closed loop. Figure 5 shows the
closed loop circuit set up of the dense medium cyclone. The feed to the cyclone is
pumped from the feed sump with the overflow and underflow streams reporting back to
the sump. A feed bypass also reported to the sump, which was used to collect samples
of feed to cyclone. The feed pump was used to control the inlet feed pressure to the
cyclone between 17 and 69 kPa (2.5 and 10 psi).

The evaluation of the material was conducted in two phases. The objective of the
first phase was to evaluate the stability of the medium. The second phase evaluated the
performances achieved using the medium when treating 6 x 0.6 mm Coalburg coal,
which has relatively difficult cleaning characteristics.
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Pressure
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Feed
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Sump

Figure 5. Schematic diagram of the dense medium cyclone circuit.



At the beginning of each stability test, the relative density of medium, which is a
suspension of water and the high density magnetic material, was adjusted to the
desired value in the circuit feed sump. The density was measured using a Marcy density
scale. The medium was pumped to the cyclone at a pre-selected feed inlet pressure. A
time interval of 10 minutes was allowed for the medium to stabilize. Samples were taken
from the underflow and overflow streams to calculate the density differential between
the two streams. The stability of the material was tested over a range of relative medium
density values from 1.3 to 1.7 RD.

In the second phase of the experimental program, the medium was adjusted to the
desired value and then the coal sample was added to the medium with the amount
equivalent to achieve a medium-to-coal ratio of about 4:1. Again, a time interval of 10
minutes was allowed to ensure adequate mixing and steady state conditions. Samples
from the overflow (clean coal and medium) and underflow (reject and medium) streams
were taken simultaneously. Also, a feed sample was obtained from the bypass feed
stream. The samples collected were wet screened using a 419 pum (40 mesh) screen to
separate the medium from the coal. Each coal sample was split into two factions for
washability analysis and ash content. These results were used for data analysis and
performance assessment of the medium.

Medium Stabilization

One of the most important characteristics of a medium using for density-based
separations is that the ultrafine particles used to develop the medium move nearly or
completely with the fluid. In other words, the particles should not have a significant
settling rate within the fluid. Generally, particle settling rate is a function of the particle
size, shape and density as well as the particle population and medium viscosity. The
relative density (RD) of the magnetic bottom ash particles was determined to be
3.44RD. A sufficiently high particle population is generally required to induce hindered
settling conditions. However, excessively high particle concentrations lead to a viscous
medium which negatively impacts the density-based separation performance. Medium
stability is assessed in a dense medium cyclone by measuring the difference in the pulp
density values between the overflow and underflow stream densities (i.e., py - po). The
general criterion for ensuring optimum performance is that the pulp density difference
should be less than 0.4 units.

The bottom ash product obtained from the High Gradient Magnetic Separator
was evaluated to assess the medium stability provided by the suspension over a range
of medium density values typically used in cleaning coal. The medium formed by the
suspension of the magnetic bottom ash was unstable with density differential values
being over 0.8 density units as shown in Figure 6. The spherical shape of the bottom
ash particles and their relatively large size were identified as the characteristics yielding
an unstable suspension.
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Figure 6. Medium stability achieved using the unground magnetic bottom ash material over a
range of inlet pressures and medium. density values.

In an effort to achieve a stable medium from the magnetic bottom ash material, the
material was ground in a ball mill. To identify the appropriate amount of grinding, an
initial study was performed in a laboratory Union Process attrition mill in which grinding
time was varied. Medium stabilization was assessed qualitatively by observing the
settling of particles within the suspension in a 2-liter glass cylinder.

The results indicated that the particle size distribution shifted towards the finer size
fractions with an increase grind time. The particle size distributions of the various grind
products were compared with conventional magnetite. These comparisons led to the
preliminary idea that the grind time on the HGMS product needed to be varied between
5 min to 10 minutes to achieve a material that has characteristics nearly similar to that
of conventional magnetite.

The samples collected from the attritor were analyzed under a scanning electron
microscope to investigate the effect of grinding on particle shape. As indicated in Figure
7, grinding decreased the sphericity of the particles and generated irregularly shaped
particles. The loss of sphericity of the particles is desired for a stable medium due to
elevated turbulent drag forces on the suspended particles which decreases the settling
rate of the particles making up the medium.

To obtain a sufficient amount of material for the dense medium cyclone test
program, the magnetic bottom ash material was ground in a pilot-scale ball mill circuit in
continuous mode as shown in the Figure 16. The material was dry fed using a belt
feeder and mixed with calculated amounts of water to maintain the pulp density at 33%
solids by weight. The active grind volume in the ball mill was calculated to be 12% of the
total volume. The retention time of material in the ball mill was controlled by controlling
the feed rate.



Figure 8 shows the cumulative passing of material as a function of particle size
fraction for different grind variants produced as a result of grinding in the ball mill. Each
grind variant represents a certain cumulative retention time in ball mill. Suspension
stability was qualitatively assessed during the grinding trials. A residence time of 52
minutes was required to achieve good medium stability, which provided a mean particle
size of about 22um and a dg of about 48um.

The medium formed from grinding the bottom ash material using a 52 minute
retention time was observed to be more stable with relative density differences being
within the industrial acceptable levels of around 0.4 density units and less (Figure 9). In
fact, the magnetic bottom ash medium was found to be more stable than the medium
formed using conventional Grade B magnetite. With an increase in relative medium
density, the suspension provided for improved stability due to the elevated impacts of
hindered settling and medium viscosity.

10 mun grind 15 min grind

Figure 7. Scanning electron microscope images showing the particle size and shape changes.
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magnetite.



DM Cyclone Performance

Dense medium cyclone tests were conducted to assess the separation efficiency
achievable when using the magnetic bottom ash. Washability analyses were performed
on samples collected from the clean coal, reject and feed process streams. The data
was used to develop the partition curves shown in Figure 10 over a range in medium
density values from 1.4RD to 1.7RD.

A sign of medium stability is a low density offset, which is the difference between the
actual separation density (pso) and the medium density. At medium density values of
1.4RD and 1.5RD, the density offset was relatively high with values around 0.08 density
units. At 1.6RD, the offset drops to 0.04 density units indicating medium stabilization.

Separation efficiency is measured by the slope of the partition curve which is
typically quantified by the probable error value (i.e., Ep = [p2s-p7s)/2). Bypass of low-
density particles to the reject stream and vice versa are also a sign of inefficiency. A
parameter that combines the efficiency associated with the probable error and bypass is
the organic efficiency. Organic efficiency is the ratio of the actual energy recovery to the
theoretical energy recovery at a given product quality or product ash content. A
summary of the separation performances represented in Figure 10 is shown in Table 6.
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Figure 10. Partition curves generated over a range of medium density values using magnetic
bottom ash.



Table 6. Summary of separation performances achieved using the magnetic bottom ash

at an inlet pressure of 34.5 kPa.

Variable Relative Medium Density
1.4 15 1.6 1.7
Feed Ash (%) 40.84 40.30 33.82 32.58
Product Ash (%) 6.11 8.82 11.7 15.43
Tailings Ash (%) 56.44 58.28 57.82 56.29
Yield (%) 31.00 36.36 52.04 58.03
Recovery (%) 49.19 55.53 69.43 72.79
Org. Efficiency (%) 96.81 98.92 95.49 89.94
P50 1.495 1.583 1.640 1.733
Ep 0.023 0.044 0.051 0.063
P50 - Pmedium 0.095 0.083 0.040 0.033

The separation efficiencies measured for the medium densities of 1.4RD and 1.5RD
are excellent with organic efficiency values around 97% and probable error values of
0.04 and less. As the case with conventional magnetite, the probable error increases
with an increase in medium density which represents a decline in efficiency due to
medium viscosity impacts. The probable error values are comparable to those achieved
when using conventional magnetite.

A trend that is atypical is the decline in organic efficiency with an elevation in
medium density. In most cases, the amount of near gravity material in the feed coal
decreases within the middle density fractions. As a result, organic efficiency generally
improves with an increase in medium despite the declining efficiency caused by medium
viscosity. For the coal in this study, a peak in middlings content occurs at a density
around 1.75 which causes the inefficiencies quantified by the probable error values to
by magnified in the determination of organic efficiency.

An inlet pressure of 34.5 kPa has been noted to provide a centrifugal force higher
than that applied by an industrial 700 mm diameter DMC by about 2 or 3 g's. Therefore,
the comparison of separation performance with industry data is best provided with
results at this pressure. However, stability curves from Figure 18 indicated that the
ground magnetic bottom ash displayed good medium characteristics at a higher inlet
pressure of 51.7 kPa and at medium density values greater than 1.5 RD. As a result,
the separation performance at this pressure was evaluated and the partition curves of
separation obtained are plotted in Figure 11.

A medium density of 1.5 RD provided the best separation performance as can be
observed from steep slope of partition curves. However, the density offset was very high
indicating a relatively unstable medium suspension at 1.5 RD as compared to those
realized at densities of 1.6 and 1.7 RD. Davis and Napier-Munn,*® when trying to
stabilize the magnetite medium in DMC by increasing the fine clay contamination,
observed similar phenomenon to occur and concluded that the cut-point shift decreased
as the medium stability increased. Achieving a better separation efficiency at a medium
density of 1.5RD despite inferior stability characteristics can be attributed to the
combined effect of an elevated centrifugal force and improved medium rheology.
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Figure 11. Partition curves generated from separation performances achieved over a range of
medium density values using an inlet pressure of 51.7 kPa (7.5 psi).

In a dense medium cyclone, centrifugal force impacts the particle velocity thereby
affecting separation performance.'’” Near-gravity particles tend to move slowly due to
small density difference between the particle and the medium. An increase in
centrifugal force enhances the force on high density particles to overcome yield stress,
in turn enhancing velocity of these particles which leads to a sharper separation.
However, with increased relative medium density the effects medium rheology
dominates over centrifugal force. Elevated medium viscosity and the high yield stress
contribute to low separation efficiency at medium density of 1.6 and 1.7 RD. The
separation performances achieved by the ground bottom ash using an inlet pressure of
51.7 kPa are summarized in Table 7.

At a relative medium density of 1.5 RD, bottom ash based medium formed exhibited
very good cleaning characteristics with a high organic efficiency and E, value of 0.03.
Organic efficiency dropped at higher medium densities as a result of bypass of material
occurring in the process. The organic efficiency observed was higher at this pressure
when compared with performance of medium at 34.5 kPa.



Table 7. Summary of separation performances achieved using the magnetic bottom ash at an inlet

pressure of 51.7 kPa.

Variable Relative Medium Density
1.5 1.6 1.7

Feed Ash (%) 33.84 29.06 29.40
Product Ash (%) 8.52 11.17 15.66
Tailings Ash (%) 58.46 56.34 58.19
Yield (%) 49.3 60.4 67.7
Recovery (%) 68.2 75.6 80.9
Org. Efficiency (%) 99.5 97.7 95.7
Pso 1.608 1.653 1.745
E, 0.030 0.063 0.051
P50 - Pmedium 0.108 0.053 0.045
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