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Abstract. Recycling of ash and slag waste from thermal power plants is an important environmental and economic
task. The widespread use of ash in construction is mainly hindered by the high content of unburned carbon. The fine
granulometric composition of the ash makes most mechanical methods of recycling and flotation ineffective, and is the
most effective, environmentally friendly, and cheapest method is hydraulic separation. It allows for the recovery of about
70% of construction raw materials, in which the carbon content is reduced to regulatory commercial values, from 20% in
raw ash to 5-10%. A central element of hydraulic separation research is establishing the hydraulic characteristics of the
fly ash, with a special focus on determining its actual density, considering that the ash includes more than 10 different
mineral components that have also undergone high-temperature transformation. Theoretical determination of the solid
phase density of a multi-component mixture does not yield a reliable result. This article examines methods for determin-
ing bulk, true, and actual density, experimental approaches to their measurement, and the impact of various factors on
these parameters. Correct density determination underlies the calculation of hydraulic characteristics of ash suspen-
sions, the speed of hydraulic flows, and the efficiency of extracting individual components by way of hydroclassification
and hydroseparation. The purpose of the research is to refine the methodology and experimentally determine the density
of the solid phase of fly ash in its natural state and ash classified by size -240+40 pym, -40+0 um, using the sample of
ash from Pridniprovska TPP. The results of this work are significant for engineering when creating new technologies, for
hydraulic devices recycling ash aimed at minimizing environmental impact and optimizing the use of technogenic re-
sources. It was found that the density of the solid phase of ash from the ash dump of Pridniprovska TPP varies from
1.783 glem? to 2.3, averaging 2.0 g/cm?. Variations in density are related to the inhomogeneity of the chemical composi-
tion, the presence of closed cavities in the particles.
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1. Introduction

Recycling of technogenic deposits and stockpiles is a relevant task today both in
our country and abroad. Such deposits include waste from thermal power plants
(TPP), which are stored as ash and slag in wet conditions on large ash dump areas. In
works [1-4], authors conduct a global review of the physical, chemical, and other
properties of fly ash from various countries. It is noted that the properties of ash can
vary not only depending on the rank of coal burned, the regime and type of boilers,
but even from different annual periods of operation within the same TPP.

Abroad, TPP waste is almost entirely used in the construction industry: about
100% of annual output in Germany and Denmark, up to 80% in Portugal, Poland, and
France. In Ukraine, such use is limited due to the high content of coal in the ash, typ-
ically around 20% and can reach up to 25%. To clean the silicate mass from coal im-
purities, flotation is most often used, but the cheapest and most economical method is
gravitational enrichment or hydraulic separation of ash particles in rising streams. For
analyzing hydraulic separation, it is necessary to know the characteristics of the ash
suspension, among which the density of the solid phase of the ash suspension as a
composite mixture of heterogeneous particles is the most important [5, 6].

In the research and calculations of ash recycling processes, whether by hydraulic
or other methods, the density of the solid phase particles, p;, is implicitly or explicitly
included in the calculations. For multi-component finely dispersed media, such as fly
ash, determining p. is a challenging task due to certain difficulties.
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2. The Research Object and the Problem Statement

It is known that the density of a finely dispersed multi-component mixture can be
bulk, true, and apparent. The bulk density of dry ash strongly depends on its fluffi-
ness, which, during measurements, requires vibrational compaction with specific pa-
rameters. True density is determined solely for single-component mixtures and sus-
pensions as the density of the particle material, which is taken from reference books.
For multi-component environments, such as fly ash, the apparent density of the solid
phase should be considered, which is either calculated or more often measured exper-
imentally.

Bulk density or bulk weight is usually used as a characteristic of dry building ma-
terials and mixtures, for example, the bulk density of building sand ranges from
1.4 g/cm?to 1.7 g/cm?.

True density for monodisperse particles is determined from reference books, but
for polydisperse mixtures, reference data is not always available, which poses a cer-
tain problem. The true density for a mixture of heterogeneous particles is sometimes
determined as a weighted average of the densities of the constituent components.

Z(Pi Vi)
pr =t — (1)

Z?ﬁ'

i=1

where p;, y;— represent the density and the output of the individual i-th component,
respectively. The number of components i ranges from 1 to n.

In the ash from coal combustion, predominantly such rock types as aleurolite, ar-
gillite, sandstones, and to a lesser extent quartz and pyrite, along with unburned coal,
are present. The content and combination of minerals vary within quite broad limits.

Spectrographic analysis of the ash from Pridniprovska TPP allowed for the de-
termination of the output of components (oxides) and, afterwards, to calculate the
density of the ash using formula (1), (Table 1).

Table 1 — Weighted Average Density of Solid Phase Particles of Fly Ash

Components Output, % | Density of Component*, g/cm? | Part in Overall Density pt, g/cm?
C 19.01 1.5 0.284
SiO2 40.05 2.65 1.061
ALOs3 13.8 3.99 0.551
K20 +Na2O 10.27 2.32 0.238
Fe20s3 5.88 5.24 0.308
CaO 7.26 3.37 0.245
MgO 1.92 3.58 0.069
TiO2 1.81 4.23 0.077
Total 100.0 - 2.83

* Density of oxides — from reference books, online resources.
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The value obtained in Table 1 is too high. For instance, in work [7], the true den-
sity of individual ashes is indicated as 2.5-2.6 g/cm?®, while the theoretical value ob-
tained in Table 1 of 2.83 g/cm® even exceeds the density of quartz at 2.65 g/cm?,
which is not abundant in the ash. This suggests that theoretical and analytical meth-
ods for determining the density of the solid phase of a suspension of heterogeneous
particles are unreliable.

The most common are experimental methods [8, 9]. Apparent density is a meas-
ure obtained using pycnometers or similar devices. They are based on determining
the volume of gaps between particles relative to the total volume, known as porosity.
Next, the true volume of the solid phase is determined, and then the weight of the
sample is divided by this true volume.

In the stage of determining porosity, many theoretical models were developed.
Mostly, they consider a densely packed layer of spherical particles with rhombohe-
dral or cubic arrangement [10]. However, such models require experimental valida-
tion because natural particles have irregular shapes. Thus, for determining the density
of the solid phase of a polydisperse multi-component mixture of fly ash, experimental
methods are the most reliable.

Currently, the only recognized experimental method remains measuring the densi-
ty of the solid phase of a composite suspension by filling the gaps between solid par-
ticles with gas or water while measuring the volume of the filler [8].

Purpose of the work is to refine the methodology and experimentally determine
the density of the solid phase of fly ash in its natural state and ash classified for gran-
ular sizes +240-40 um and -40+0 pm using the sample of ash from Pridniprovska
TPP.

3. Methods

For experiments, a measuring tube with a volume of 50 ml, diameter of 20 mm,
and height of 170 mm with a measurement accuracy of 0.5 ml and a scales with an
accuracy of 0.01 g were used. The tube is sequentially filled with small portions, first
of water (this is important), then dry ash with a measuring spoon by tilting the tube.
After each filling, the tube is shaken, the suspension is stirred with a glass rod, and
the tube is weighed along with the raw materials. This feature of the method ensures
more complete wetting of the raw materials, considering the irregular geometric
shape of the particles, especially the presence of open cavities which are difficult to
fill with water. Thus, determining porosity becomes more accurate.

After each pouring or filling, the tube with the filler is weighed. This is important
because it reduces the error which would occur if water and ash were weighed sepa-
rately each time. A total of 610 fillings with water and ash are made until the tube is
filled with suspension more than 2/3 of its height. This also reduces the measurement
error which would occur with a small volume of suspension. The final filling is per-
formed by washing the dry ash remained on the walls of the tube with water. This
rinse is conveniently performed using a 5 ml syringe.

After all water pourings and dry ash fillings, we measure the total volume of the
suspension in the tube Vi, which was about 45 ml. After this, the suspension is al-
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lowed to settle for a while until sediment and a zone of clear water above the sedi-
ment are formed. We measure the volume of the sediment, Viegimen: and the volume of

. liquid
the water layer above the surface of the sediment Vo~ ... .. . We check the bal-

Vlzquzd

ance. Vtotal = Vsediment +V above.sediment -

The calculation of the amount of added water and ash is performed after the last
adding of either water or ash, based on the difference between the current and previ-
ous weight of the tube with the suspension. Next, we calculate the total weight of the
water in the tube, Piiquic and the total weight of the added ash P, that is, the weight of
the solid phase.

Based on the last measurement, we check the execution of the balance:

P, Pope = Pliqul'd + P,. We consider that Ph-qm-d =p- Vh-qm-d , p=1 g/cm? for water.

otal —
The volume of pores is the volume of liquid in the ash, determined

liquid _ liquid . .
Vinash =Viiquid =V above.sediment - 1€ actual volume of the solid phase V' without
cavities is determined as V, =V, gimens — e, . Knowing the weight of the ash

mass Py, the density of the solid phase equals p.= P./ V:
The algorithm for calculating the density of the solid phase of the suspension p;
based on the measurement results is as follows:

_ liquid
Vtotal . Vsediment + Vabove,sediment
_ & n Vliquid
di - in.ash
sediment IOt
liquid _ liquid
Vin.ash - VliqUid Y above.sediment (2)
_ _ - liquid
Vt - Vsediment Vin.ash
PP
t - - Z. .d
V _ pliqui
t Vsediment VmﬂSh

where R — total weight of ash, Vi.«.— measured volume of the entire ash sample with

water, V sedmen — volume of sediment, V44

bovesedimens — Volume of the water layer

above the surface of the sediment.

The presented methodology and formulas (2) are suitable for determining the den-
sity of the solid phase not only of fly ash but also of any fine-dispersed multi-
component mixture.

4. Experimental Results
To determine the p: of natural unclassified ash from the ash dump of Prid-
niprovska TPP, the above measurements and calculations were performed (Table 2).
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Table 2 — Density of the Solid Phase of Unclassified Fly Ash
Weight of Tube with o 5

Added Water and Sand, g r Water Riiquid, g (cm?) Ash Ry, g

Tare 40.21 0 0
Water 47.89 7.68

Ash 50.36 247
Water 56.5 6.14

Ash 57.8 1.3
Water 62.51 4.71

Ash 66.3 3.79
Water 71.42 5.12

Ash 73.8 2.38
Water 81.85 8.05

Ash 83.76 1.91
Water 94.92 11.16

Total 42.86 11.85
Volume, cm?
Total Above Ash Sediment
49 38 11
Water Volume in Ash, cm® 42.86- Solid Phii;Volume, Density, g/cm
38=4.86 11-4.86=6.14 11.85/6.14=1.93

Throughout the year, the density of the ash, pt, was measured repeatedly. This al-
lowed for the establishment of an average value, which was further used by the au-
thors for calculations of hydraulic processes (Table 3).

Table 3 — Measurements of the Density of Ash from Pridniprovska TPP Throughout the Year
Ash . Volume, cm? ' Porosity Density of Solid
No Weight, Sediment Pore Solid €=Vliquid/Vsed, Phase
R, g Volume, Volume, Volume, unit pt=Ri/ Vi,
’ Vsed Viiguid Vi g/em?
1 52.8 50 24 26 0.48 2.031
2 35.89 30 14.49 15.51 0.483 2.30
3 35.61 30 11.5 18.5 0.383 1.925
4 10.7 10 4 6 0.4 1.783
5 208.7 190 95 95 0.5 2.20
6 30.52 28.2 12.07 16.13 0.428 1.892
7 11.85 11 4.86 6.14 0.442 1.93
Av-
er- 55.15 49.89 23.70 26.18 0.45 2.01
age

As it is seen from Table 3, the density of the solid phase of ash varies from
1.783 g/cm? to 2.3 g/cm?, with the average value being pt = Pt /Vt = 55.15/26.18=
2.1 g/lcm?. Of the seven values listed in the table, only two significantly exceed
2.0 g/cm?, therefore, the acceptable average should be recognized not as 2.1 g/cm?,
but as 2.0 g/cm?.
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Thus, for theoretical calculations and analytical computation, it is recommended
to adopt the density of the solid phase of natural fly ash, pt = 2.0 g/cm?. In experi-
mental studies, such as sedimentation rates, it is recommended to preliminarily de-
termine the density of the solid phase of the sample under the study using the above
methodology.

From Table 3, it is seen that the porosity € of natural ash when it is fully mois-
tened but not yet transformed into a suspension (lacking a water film on the surface),
ranges from 0.383 units to 0.5 units, averaging 0.45 units. This is the lower limit of g,
above which the raw material begins to acquire the properties of a suspension, with
maximum porosity aiming to reach 1 g/cm? — the density of water. Based on average
data from Table 3, the density of the dense moist mass, ps = (55.15 + 23.7) / 49.89 =
1.58 g/cm?, and the weight percentage of the solid phase 6 = 100 x 55.15 / (55.15 +
23.7) = 69.9%. At these indices, the raw material is not a suspension, only a moist
mass.

Experimentally, it was established that for the hydraulic separation of natural fly
ash, the porosity should be higher than 0.6-0.65, the density should be ps < (1.3—
1.35) g/cm?, and the weight percentage of the solid should be 6 < (45-50)%. These
ranges are associated with fluctuations in the density of the solid phase of the ash.

In the practice of recycling minerals, the density of the solid phase pt is deter-
mined experimentally for the concentrate, intermediate product, and waste, and then
with these values, the necessary calculations are performed, for example, the veloci-
ties of hydrodynamic flows, indicators of water-slurry schemes, etc. Considering this,
it is appropriate to determine how pt will change for classified ash.

Clumped ash from the ash dump was loosened [11] and the dried material was
homogenized and sifted by the 40 um class on a vibrational multifrequency screen
developed by the IGTM of the NASU [12]. The classification products were aver-
aged, and then the density of the solid phase of the oversize and undersize products
was determined using the above methodology. Average results from 5 experiments
are presented in Table 4.

Table 4 — Average Results of Measurements of the Solid Phase Density of Mechanical Vibration
Classification Products of Ash for Classes plus 40 and minus 40 um

Product Density of the solid phase pt, g/cm? Conient C,
Average Range /0
Unclassified Initial Ash 1.91 1.892-1.930 22
+40 um, Oversize 1.75 1.639-1.852 16.6
-40 pm, Undersize 1.93 1.681-2.176 7.92

The reason for the fluctuations in the density of solid products is the variation in
chemical composition. The coarser oversize product has density lower than the feed
by 8.4% to 10%, possibly due to increased coal content. The finer undersize contains
heavier particles, for which pt is somewhat higher than in the feed, on average by 1%.

A slightly different situation is observed for the products of hydraulic separation,
where the raw material is divided not so much by size as by material composition.
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Tests for separating fine classes minus 56 pm were conducted by way of hydro-
separation. The analysis of the hydroseparation products — the initial feed, sands, and
slimes based on the average results of 5 experiments — is presented in Table 5.

Table 5 — Average Results of Measurements of the Solid Phase Density of Hydroseparation Prod-
ucts for Granularity Classes minus 56 um of Fly Ash

Product Density of Solid Phase pt, g/cm? Content C, %
Initial Ash 1.93 17.07
Sands 2.29 11.9
Slimes 1.89 21.7

From Table 5, it is evident that during hydroseparation, the sands retain the prod-
uct denser than the slimes and the feed. The density of the solid sands is 18.6% to
20% higher, while the slimes are 2.3% less dense than the feed. This is likely due to a
higher content of coal in the slimes, while the sands contain heavier mineral particles,
including fused silicate growths. It should be noted that the density of products after
hydroseparation or hydroclassification depends on the regime. The slower is the up-
ward flow speed in the device, the finer are the slimes and the coarser are the sands,
and the separation also occurs according to the density of the solid phase and chemi-
cal composition.

5. Conclusions

Typically, industrial recycling involves polymineral fine-dispersed raw materials
in dry form or as an aqueous suspension. Such a suspension is unstructured and can
be considered a Newtonian fluid. To describe the movement of particles of a certain
size and density in multi-component suspensions, it is necessary to know the density
of the solid phase particles of the composite suspension, pt. Determining pt by an ex-
perimental method based on filling the voids in the ash with water and determining
its volume is recommended.

The measurement methodology is refined, and the calculation algorithm for , and
the results of measuring the density of the solid phase of natural ash and its separation
products on a vibratory screen and by hydroseparation are presented. The experi-
mental measurement methodology ensures more thorough moistening of the raw ma-
terials and measurement of porosity, and consequently, the volume and density of the
solid phase. It is suitable for determining pt of any fine-dispersed multi-component
mixture.

The new scientific results obtained include the following.

It is established that the density of the solid phase of fly ash from the ash dump of
Pridniprovska TPP varies from 1.783 g/cm? to 2.3 g/cm?, averaging 2.0 g/cm?. The
fluctuation in density is related to the inhomogeneity of the chemical composition
and the presence of enclosed voids in the particles. During mechanical and hydraulic
classification, the separation of raw materials occurs not only by size and chemical
composition but it also changes the density of the solid phase in the obtained products
compared to the feed. For example, during vibratory screening by size -40 um, the
oversize product has an 8-10% lower density than the feed, while during hydrosepa-
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ration of classes -56 um, the sands have a 18-20% higher density than the feed. It is
established that the volumetric fraction of voids, or porosity &, of natural ash when it
1s fully moistened but not yet transformed into a suspension (lacking a water film
above the surface), ranges from 0.383 units to 0.5 units, averaging 0.45 units. This is
the lower limit, above which the raw material acquires the properties of a suspension
(Newtonian fluid), with maximum & aiming to reach 1 unit (density of water, g/cm?).
Experimentally, it is further established that for the organization of hydraulic separa-
tion of particles of natural fly ash, the porosity should be higher than 0.6-0.65, with
actual restrictions on the density of the ash suspension, ps, and the weight percentage
of the solid, 0, being: ps <1.3—1.35 g/cm? and 6 <45-50%.

The practical significance of the research results lies in the refinement of the ash
density measurement methodologies, which are necessary for determining the param-
eters and efficiency of hydraulic ash recycling processes. The refined methodology
allows more accurate measurement of porosity, volume, and density of the solid
phase of ash, which is critically important for calculating the flow rate and sedimen-
tation of specific particles in an ash suspension, which is the basis for selecting the
regime and optimizing the hydraulic separation of materials. This enables to increase
percentage of extraction of certain components from the ash, allows for obtaining pu-
rified products, and promotes more sustainable use of natural resources. The research
results can be used to develop new and to improve existing technologies for ash recy-
cling to reduce the content of coal and obtain quality building materials.
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EKCMEPUMEHTANBHE BU3HAYEHHS WINbHOCTI TBEPAOI ®A3U 30111 BUHOCY TEC
bynam A.®., lllesyeHko I".O., YonuwkiHa B.B., Kypinos B.C.

AHorauis. MNepepobka 30M10WNAKOBKX BigXOMIB TENMOBMX €NEKTPOCTAHLN € BaXNMBOKO EKOMONYHOK Ta EKOHOMIY-
HO 3agaveto. LLnpoke BUKOPUCTaHHS 3051 B OY4IBHULTBI CTPUMYETLCS B OCHOBHOMY BUCOKMM BMICTOM Hegonany Byr-
neuto. TOHKMIA rpaHyNOMETPUYHIIA CKNag 3011 PobKTL ManoedeKTMBHIM BUKOPUCTAHHS BiNbLIOCTI MEXaHIYHUX METOLIB
nepepobku i noTayii, HanGINbLW eheKTUBHUM, EKONOMYHO YMCTUM i AELLEBUM SBASETLCA rigpaBniyHa cenapauis. BoHa
£03Bonse oTpumaTti 6nmabko 70% ByaiBenbHOI CMPOBMHN B SKii BMICT BYrMeLt0 3MEHLLEHNA 40 HOPMATUBHUX TOBAPHNX
3HaveHb, 3 20% y BuxigHiin 3oni o 5-10%. LieHTpanbH1M enemeHToM AOCTIMKEHb TigpaBniyHOI cenapauji € BCTaHOB-
NEHHS riapaBivHMX XapaKTEPUCTUK 3011 BUHOCY, 3 OCODNMBUM aKLEHTOM Ha BU3HAYEHHI Ti (hakTUYHOI LWiNbHOCTI, Bpa-
XOBYH0uM, LU0 30ma BKkMovae Oinblue 10 pisHUX MiHEpanbHUX KOMMOHEHTIB SiKi 40 TOrO XX NPOMLUIM BUCOKOTEMMNEPATYPHE
NepeTBOPEHHs. TeopeTUyHe BU3HAYeHHS LUiNbHOCTI TBepAoi dhasn NOMIKOMMNOHEHTHOI CyMiluW He Aae AOCTOBIPHOTO
pesynbTaty. B cTaTTi po3rnsagatoTbCs METOAM BU3HAYEHHS HACUMHOI, ICTUHHOT, (hakTUYHOI LWiNbHOCTI, ekcnepuMeHTanb-
Hi Nigxo4m [0 iX BUMIPHOBaHHS, Ta BNNMB Pi3HMX (hakTopiB Ha Ui napameTpyu. MpaBunbHe BU3HAYEHHS LWiINBbHOCTI NEXUTb
B OCHOBI pO3paxyHKy rifpaBfivyHUX XapaKTEpUCTUK CYCMEH3IN 30MK BUHOCY, WBWAKOCTI rigpaBniYHNX MOTOKIB, edeKkTuB-
HOCTi BUNYYEHHS OKPEMUX KOMMOHEHTIB Mpy rigpoknacudikalli i rigpocenapadii. MeTow JOCNIMKEHHS € YOOCKOHANEHHS
METOAMKW | eKCnepuMeHTanbHe BU3HAYeHHS LWiNbHOCTI TBEpAO0i dhasn 3011 BUHOCY B MPUPOAHOMY CTaHi i 30m Knacudi-
KoBaHOi No KpynHocTi -240+40 mk, -40+0 mk Ha npuknagi 3onm MpuaHinposcbkoi TEC. PesynbTtatu Uiei pobotn MaoTb
Ba)X/NMBE 3HAYEHHS ANt KOHCTPYKTOPCHKMX MPU CTBOPEHHI HOBMX TEXHOMOTiN ANS rigpaBniyHuX anapatiB nepepobku
30K, CNPSIMOBAHKX Ha MiHiMi3aLjito eKONOriYHOro BNAMBY | ONTUMI3aL|it0 BUKOPUCTaHHS TEXHOTrEHHUX pecypcis. BctaHos-
NEHO, WO WiNbHICTb TBEPAOi (hasu 30MK BUHOCY i3 3onocxosuila MpuaHinposeskoi TEC aMiHoeTbea Big 1,783 40 2,3, B
cepenHboMy cTaHoBWTL 2,0 r/cM. KonmBaHHS LWiNbHOCTI NOB'A3aHE 3 HEPIBHOMIPHICTIO XiMIYHOTO CKNagy, MPUCYTHICTIO
3aMKHEHWX MOPOXHUH B YACTUHKaX.

KntouoBi cnoBa: 30na BMHOCY, 30MO0LLIAKOBI BigXoau.
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