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Fig. 1. Distribution of pressure along the column as a function of filtration velocity obtained by
numerical simulations of linear model (continuous lines) and in measurements (points)
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Fig. 2. Distribution of static pressure along the column axis as a function of filtration velocity
obtained by numerical simulations of nonlinear model (continuous lines) and in measurements
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comparison of numerical and experimental results — linear model
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Fig. 3. Comparison of pressure drop as a function of velocity obtained numerically and experimentally
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Fig. 4. Comparison of pressure drop as a function of velocity obtained numerically and experimentally

for a nonlinear model

Error analysis

In order to find which of the methods used to compute model parameters
provides the best agreement with measurements, an error analysis was
performed. The percentage error &_y was computed from the formula:
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Xi — Xo
Xo

00 = - 100% (10)

where:
x; — numerically computed value of a state variable,
xo— the exact value (obtained experimentally).

Only directly measured values (as opposed to values obtained with approxi-
mation methods) were taken as xo. Results for the four linear models (denoted
with upper indexes) are given in Tables 2—4.

For the linear model, the error, reaching several percent, appeared for
method 3 of permeability computation. Moreover, the flow characteristic is
shifted upwards with respect to the measurement data, and all errors were of
positive values. All remaining simulations, based on methods 1, 2, and 4, give
similar results. Errors are smaller and of different signs. This error analysis
shows that averaging methods perform better. Method 2 based on measure-
ments at all measurements points along the column seems to be more relevant
than method 1, or method 4, which is restricted to extreme measurement
points.

Table 2
Percentage errors for a segment between measurement points 4 and 1

Vi ApE | Apha | Apia | Aph | Aph iy 5% 5t 54
-10° [m/s] | [Pa] | [Pal | [Pal | [Pal | [Pal (%] [%] [%] [%]
1.2207 | 436.09 | 455.90 | 450.04 | 493.54 | 466.36 | 454 | 320 | 13.17 | 6.94

2.1287 786.33 | 795.03 | 784.80 | 860.67 | 813.25 1.11 -0.19 9.45 3.42

3.0367 1150.22 [ 1134.15 | 1119.56 | 1227.78 | 1160.15 | -1.40 -2.66 6.74 0.86

3.9447 1538.51 [ 1473.28 | 1454.32 | 1594.90 | 1507.05 | —4.24 | -5.47 3.66 -2.04

Table 3
Percentage errors for a segment between measurement points 3 and 1

Vi ApSm | Apha | Apda | Apha | Apha by 5%, 54 5%,
-10° [m/s] | [Pa] | [Pal | [Pal | [Pal | [Pal (%] [%] [%] [%]
1.2207 | 288.78 | 303.94 | 300.03 | 329.03 | 310.90 | 525 | 3.89 | 1394 | 7.66

2.1287 509.26 | 530.02 | 523.20 | 573.78 | 542.17 | 4.08 2.74 12.67 6.46

3.0367 753.16 | 756.10 | 746.37 | 818.52 | 773.43 0.39 -0.90 8.68 2.69

3.9447 1012.67 | 982.18 | 969.55 |1063.27 | 1004.70 | -3.01 | —4.26 4.10 -0.79
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Table 4
Percentage errors for a segment between measurement points 2 and 1
vy ApSR Ap3 Ap3. Ap3 1 Ap$ 4 831 5%, 5%, 5%,
- 1073 [m/s] [Pa] [Pa] [Pa] [Pa] [Pa] [%] [%] [%] [%]

1.2207 164.88 | 151.97 | 150.01 | 164.51 | 155.45 | -7.83 -9.02 -0.22 -5.72

2.1287 286.82 | 265.01 | 261.60 | 286.89 | 271.08 | -7.60 | -8.79 0.02 -5.49

3.0367 413.65 | 378.05 | 373.19 | 409.26 | 386.72 | -8.61 | -9.78 | -1.06 | —6.51

3.9447 550.23 | 491.09 | 484.77 | 531.63 | 502.35 | -10.75 | -11.90 | -3.38 -8.70

As a next conclusion we get a confirmation of the assumption that the
pressure drop should be computed based on the extreme measurement points.
Using shorter segments between measurement points increases error values
and results in a poorer quality of flow characteristics. This effect was already
mentioned while discussing the influence of measurement point choice on the
value of the permeability coefficient. A sequence of numerical simulations was
performed (not described in this paper), with permeability coefficient com-
puted based on pressure differences between measurement points 1-3, 2-4,
and 2-3. The largest errors were encountered for the 2-3 case.

A visible difference of slopes of characteristics obtained for experiment and
simulations is observed for the linear models (Fig. 3). This feature seems to be
independent of the method of determining the permeability coefficient and
may manifest the influence of other factors. It is possible that, in spite of
relatively small Reynolds numbers, an influence of inertial losses is pro-
nounced in our data (the same conclusion was stated in Part 1). This creates
difficulty in defining the upper limit of Darcy’s law validity with our results.
Given our range of Re, this is consistent with the literature.

A similar error analysis performed for the nonlinear model indicates that
method B provides the best values of coefficients for the Forchheimer equa-
tion. For the section between measurement points 4 and 1 (Table 5), errors for
this method did not exceed 3%, which is a very good result. For the remaining
methods, the errors were larger, in particular for smaller values of filtration
velocity. Another indication in favor of method B is obtained by comparing
averaged values of the absolute percentage error, which were for methods
A, B, C, and D equal to 3.04, 1.57, 3.67 and 45%, respectively. As in the linear
case, percentage errors were additionally computed taking into account
shorter measurement segments. Again, a visible increase of errors followed
areduction the measurement segment length. Therefore measurements aimed
at getting coefficients of nonlinear model should be conducted for the widest
possible (available) range of filtration velocities, in spite of the range appropri-
ate for the actual context of study.
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Table 5
Percentage errors for computations based on nonlinear model
‘7f Aph Ap‘i_l A171'?1-1 Ap G APL?H 54 854 8% 591
- 1073 [m/s] [Pa] [Pa] [Pa] [Pa] [Pa] [%] [%] [%] [%]

1.2207 436.09 | 391.38 | 424.97 | 382.57 | 401.74 | -10.25 | -2.65 | -12.27 | -7.88
2.1287 786.33 | 721.81 | 772.60 | 708.46 | 737.89 | -8.20 -1.75 -9.90 | -6.16
3.0367 1150.22 [ 1085.78 | 1147.10 | 1069.60 | 1105.87 | -5.60 -0.27 -7.01 -3.86
3.9447 1538.51 | 1483.27 | 1548.50 | 1466.01 | 1505.68 | -3.59 0.65 -4.71 -2.13
4.8527 1946.31 [ 1914.32 | 1976.77 | 1897.66 | 1937.33 | -1.64 1.56 -2.50 | -0.46
5.7608 2378.50 | 2378.92 | 2431.98 | 2364.62 | 2400.87 | 0.02 2.25 -0.58 0.94
6.6688 2842.88 | 2877.04 | 2914.02 | 2866.79 | 2896.18 | 1.20 2.50 0.84 1.87
7.5768 3366.77 | 3408.67 | 3422.95 | 3404.21 | 3423.33 | 1.24 1.67 1.11 1.68
8.4848 3956.03 | 3973.85 | 3958.76 | 3976.89 | 3982.33 | 0.45 0.07 0.53 0.66
9.3928 4576.51 | 4572.55 | 4521.45 | 4584.81 | 4573.15| -0.09 | -1.20 0.18 -0.07
10.0738 | 5101.38 | 5043.58 | 4961.11 | 5063.89 | 5037.15 | -1.13 -2.75 -0.73 -1.26

Error analysis resulted in new data for a discussion on the limits of Darcy’s
and Forchheimer laws validity. Small errors encountered for the model B
indicate that it is the most appropriate model to describe the flow within the
whole velocity range.

Summary and conclusions

As a result of our studies a number of conclusions can be formulated:

— Forchheimer’s law (with parameters computed with the Forchheimer
Plot Method) gives better results for the whole range of flow velocities. For
small Reynolds numbers, the contribution of the nonlinear term is small and
the model becomes quasi-linear. Application of Forchheimer’s law allows to
avoid the error in estimating the flow regime — and the true character of flow is
automatically manifested in simulations (provided a series of computations for
a range of filtration velocities is performed).

— In spite of the latter statement, there exists a range of filtration velocities
where linear models are an appropriate approximation and may be successfully
applied. It is extremely important, because of a relative simplicity of linear
models.

Our results suggest that for a wider range of different flow velocities
relying only on Reynolds numbers and related literature-based upper bounds
for Darcy’s law validity may prove insufficient.
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— To ensure a good quality of parameters, it is important to conduct as
many measurements as possible for different filtration velocities. A single
measurement (or a series but with the same parameters) may prove insuffi-
cient. Also, the larger range of filtration velocities is used in measurements, the
more exact derived parameters are.

— Pressure drop should be defined based on measurements over the longest
possible segment, fitted to a kind of a medium under study and a size of
available samples. Taking shorter segments resulted in larger errors.

— Once parameters of a medium are known, simulating flow through
a typical porous medium poses no problem. Several methods of computing
permeability as well as Forchheimer coefficient were presented.

— It is essential to carefully measure piezometric heads (or pressures) in
measurement points. Permeability coefficient is computed on their basis and
the model is very sensitive to this parameter.

— Software used to model porous media may be based on a flow equation or
on more general formulations of balance equations. A particular choice of
a numerical method to solve equations (Finite Volume Method, Finite Element
Method) seems not to have too much influence.
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Summary

The paper presents results of calculations conducted on a change of demand for thermal power in
a greenhouse covered with standard garden glass and a low-emission glass. Changes of heat demand
were also determined. Changes of the amount of fuel (fine coal size grade) as well as changes in the
emission of pollutants to the atmosphere were estimated based on calculations. It was determined
that covering a greenhouse with low-emission glass has a positive impact on decreasing heat demand.

Introduction

A whole year cultivation of plants in greenhouses requires ensuring
optimal parameters of microclimate (temperature, concentration of steam,
concentration of the CO,, light availability) on the one hand and reduction of
production cost on the other. Both these aims may be reached not only using
a suitable technical equipment of facilities but it may be assumed that a casing
of a facility is also essential. A casing (glass, plastic) by proper isolation
positively influences on the reduction of heat consumption as well creating
proper conditions of light availability of wave length at which physiological
processes occur in cultivated plants. Correct physical and optic properties of
glass (thermal conductivity, reaction of glass surface on rays getting through)
influence reduction of fuel consumption what brings measurable financial
effects and reduction of pollutants emission to the atmosphere and increased
profitability of production. Currently, there are well-prepared production
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technologies and compiled methods of glass processing consisting in: modifica-
tion of thermal properties as well optic parameters, which characterizes the
flow of radiation of a suitable wave length (dusting metal coating or metal
oxides on its surface), selective reflection of infrared radiation by application of
low-emission glass, increasing a coefficient of light transmission by application
of anti-reflexive glass. Estimation of potential benefits from using this type of
processing or from using alternative (regarding glass) covering of a greenhouse
is an essential challenge for science. This issue was the subject of the research.
LEONIDOPOULOS (2000a, b) analysed energy issues in regard of a laboratory
greenhouse covered with polymeric cover. As a result of the research, which he
carried out and calculations he conducted, he determined daily kinetics of
temperature change inside a facility for different levels of sun exposure.
Moreover, he analysed the issue of thermo-dynamic balance as an effect of
balancing of solar radiation energy with heat transmitted by a cover of the
researched greenhouse in the process of its ventilation. AL-HELAL and ABDEL-
-GHANY (2011) determined quantitative heat fluxes used in a greenhouse
(covered with PE foil) cooled with cooling mats divided into apparent heat and
phase change. They divided solar radiation, which gets to a cover, into heat
used in the processes occurring in a facility and into radiation reflected from
the cover. TITEL et al. (2009) analysed heat consumption of a greenhouse
(covered with PE foil) in which they installed a periodical heating system using
warm air supplied to the inside with a system of perforated pipes. The authors
found a relation between average temperature of leaves of the cultivated plants
and temperature of their outer layer as well as a value of heat infiltration
coefficient through a cover of a greenhouse for two cycles in its periodical
heating. L1 et al. (2009) compiled and verified a mechanistic model for
prediction of air temperature in the system, in which warm water was stored
between double foil covering the carcass of a greenhouse. It was concluded that
the results obtained from the model give satisfactory comparison with int-
ended values; co-participation of heat flux transmitted from the inside of
a greenhouse to the outside was also determined. PISCIA et al. (2012) compiled
a mathematical model (using CFD technology), which upon a verification
procedure was used for simulation processes occurring on a casing of a green-
house (a multi-nave tunnel covered with PE foil). The following issues were
analysed: heat transfer by radiation from a tunnel casing to the surroundings,
condensation of steam, plants transpiration and change of temperature of
a casing during disappearance of solar radiation. It was concluded that
a compiled model was useful for the analysis of fluctuations of air humidity
inside a greenhouse. FIDAROS et al. (2010) worked out and verified a mathemat-
ical model for analysis of heat and mass transport phenomena in an air-
conditioned greenhouse covered with PE foil. In a boundary condition (which
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includes a surface of a cover and a surrounding), they considered heat
transfer through convection and radiation. After the analysis was carried out,
it was determined that the suggested model may be used for simulation of
processes which occur in a greenhouse. ABDEL-GHANY and K0ZAI (2006) using
analogy between heat transfer and electric current transfer, prepared
a mathematical model of processes, which takes place in a greenhouse
covered with standard garden glass. The model includes the processes of heat
transfer through radiation, conductivity and convection between a casing and
the surroundings as well as between a casing and a surface layer of soil and
air inside a greenhouse. Additionally, processes of air-cooling were included
(through fog dispersal and gravitational ventilation). Values of particular
heat fluxes mentioned among the analysed surfaces were determined and in
conclusion after conduction of model verification, it was determined that the
prepared model may be used in a further analysis of processes occurring in
a greenhouse with cultivated plants and for finding coefficients of transfer.
STANGHELLINI et al. (2011) analysed issues of radiation of near infrared (NIR)
in a greenhouse in which screens of a high coefficient of reflection were
installed. In conclusion, it was stated that installation of such screens reduces
heat demand from greenhouses of about 8%. Application of dyes, the proper-
ties of which were determined in the research, was recommended for covering
sidewalls in commercial greenhouses. In KURPASKA’S paper (2003) heat
demand of a foil tunnel equipped in reflective screens (mounted behind
heaters) as well as heat screens were analysed. HEMMING et al. (2011)
analysed usefulness of garden glass (standard and low iron content) for
improving its optic properties. As a result of analysis, which was carried out,
it was determined that more considerable efforts will be obtained at modifica-
tion of composite glass. The analysis, which was carried out, proved that
positive effects (at current prices) will be also obtained for single glass in the
case where its layer will be covered with an anti-reflexive cover. SONNENVELD
et al. (2007) presented results of analysis using a modified cover of PE foil as
a cover of photovoltaic boards. Boards were located in a roof of a laboratory
greenhouse. Covering the foil with material characterised with selective
permeability (in regard of NIR waves) of solar waves was the most crucial
point of modification.

Relevance of the issue of modification of garden glass optic properties
results from the performed review of the selected papers. The main purpose
of this paper will be to carry out such an analysis (limited to thermal
issues).
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Material and methods

The subject of the analysis was to determine energy effects in a greenhouse
covered with standard garden glass as well as glass of modified optic proper-
ties. Use of glass by changed optic parameters consists on covering a glass layer
with an additional layer of strongly anti-reflection parameters (the so-called
low-emission glass). Theoretically, this layer should influence reduction of heat
consumption by a heated facility through reduction of infrared radiation. The
analysis of heat losses from the inside of a greenhouse was conducted for the
stationary state and temperatures of a heater T, and a glass T, averaged for the
whole surface. In view of considerable sizes of these surfaces, a one-dimen-
sional direction of heat flow from surfaces of heaters to the surroundings
through a layer of air and glass may be accepted.

Figure 1 presents a schematic representation of a greenhouse with a mech-
anism of heat losses.

Ty

environment

radiator

F, - area of the heaters [m™],

T, — temperature heating system [KI,

& — heaters emission factor [-],

T. — temperature of greenhouse cover [K],

& — greenhouse cover emission [-];

he1, hes — equivalent heat transfer coefficient by convection to the inner side (%.;) and external (A.2)
of the greenhouse cover [W-m2-K],

hgr1 — radiative heat transfer coefficient to the inner side (hg;) and external (hg;) of the greenhouse
cover [W-m=2-K],

T, - ambient temperature [K],

T, - sky temperature [K].

Fig. 1. Mechanisms of heat losses through a greenhouse casing along with an equivalent schematic
representation of thermal resistance connections
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A product of a relative difference of temperature and a substitutive
coefficient of heat transmission may express convective losses from a heater to
a glass, whereas relations for a hollow of surface area Fy and surrounding it F,
surface may express radiative heat exchange. In a methodology presented
further (symbols occurring in relations are marked in Fig. 1), all parameters,
material properties as well as listed heat fluxes are expressed in the interna-
tional system of units.

For the above assumptions, the following relation expresses a total heat
flux transmitted from a heater to a casing of a greenhouse:

4 u
Qg = qa + qr1 = hcl(Tg - Tc) + G(Tg Tc) (1)
R
& Fol\e o

where:

g.1 — heat flux transferred by convection, W - m=2,

gr1 — heat flux transferred by radiation, W - m;

6 — Stefan-Boltzman constant, 5.67-10°% W-m2- K™,

&.s — stands for a weighted average of the emission coefficient (including glass
surface area, cultivation surface area and their emissivity).

The same heat flux must be also diverted from a glass to the surroundings.
Heat is conveyed through convection as well as emission to the sky. Thus, it
may be expressed as follows:

qc—a = qCZ + qRZ = th(Tc - Ta) + SCG(TZI - Trzl) (2)

Introduce the substitutive coefficient of heat transmission through radi-
ation between a heater and glass in the following form:

4
_— oTs + THT, + T.) (3)

1 F,[ 1
SE.
Eg Fc Ec—ef

in addition, analogical for radiation between glass and the sky:

oe (Tt + TH

hrs = T.— T,

(4)
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temperature of the sky (T),) was calculated out of relation [LIN et al. 2009]:
T, = 0,05622 - TS 5)

according to a schematic representation of thermal resistance (Fig. 1), we will
receive the substitutive coefficient of heat losses through the surface of glazing
as:

1

1 + 1
het + hr1 hes + hpo

U= (6)

thus, relation for describing density of heat losses stream between a heater and
the surroundings takes the following form:

qc = Uc(Tg - Ta) (7)

From presented methodology, it clearly results that in order to determine heat
losses from a facility, knowledge of temperature of a coating is required (7).
It may be determined only by an iterative method, where a final stage results
from an assumed accuracy of calculations.

Analysis of heat consumption was carried out for a heating season (Septem-
ber-May) based on frequency of the surroundings temperature occurrence in
a differentiable time d;, the amount of heat was determined from the following
formula:

Qc = Uc . Fc(Tg - Ta) dT (8)

Thus, total heat consumption in a heating season was calculated from the
following relation:

T2

Qtot = JLF ' Uc : Fc(Tg - Ta—min) dr 9)

T

where:

F, — surface of the greenhouse cover [m?],

LF - the seasonal coefficient utilization of the maximum heating power [-],
71 and 7, — stands for the analysed time interval in a heating season.
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The ground of a greenhouse in both cases is covered with white foil PE of
the emission coefficient equal to 0.8. Convective coefficients of heat trans-

mission (h.1, h.2) were accepted according to an effective methodology (KURPAS-
KA 2007).

Results and discussion

The analysis was carried out for a greenhouse of a usable area of 600 m?2,
a casing index (surface area — usable area of a greenhouse ratio) equal to 2.0
and a cubic capacity of 3000 m?, It was assumed that temperature in a green-
house was 12°C, whereas its casing consists in a low-emission glass of
a coefficient of long-wave radiation emission (NIR) on the level of ¢,; = 0.18, as
well as alternatively standard glass of &5 = 0.84. Values of the final effective
emission coefficient of a cover from the inside of a greenhouse were assumed as
a weighted average (including a surface area of a cover and a usable area of
a greenhouse) in calculations. Moreover, it was assumed that the surface area
of heaters constitutes 35% of a usable area of a greenhouse, while an emission
coefficient of heaters is g = 0.94. Heat flux exchanged between the inside of
a greenhouse and surroundings through infiltration was calculated in calcula-
tions regarding heat consumption using standard relations. Figure 2 presents
impact of surroundings temperature on the value of the coefficient of heat
transfer.

15

2

o

§‘M 14 1

<9 e~
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al 1 —
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Fig. 2. Change of heat losses coefficient for the analysed casings

As it can be seen, glass of lower emission is characterised by a lower
emission coefficient and by a lower value of the substitutive heat losses
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coefficient. For the analysed scopes of independent variables, this coefficient
for the low-emission glass in comparison to glass of standard emission takes on
average 3.5% of lower value.

Figure 3 presents the influence of independent variables (the coefficient of
glass emission, temperature of heaters) on the change of a unitary heat
demand for the researched greenhouse. A linear change of heaters tempera-
ture depends on the temperature of surroundings.

— 0.200 T - T -
i : A
S 0175 I ’ ) !
% | ’ ' ] W - —2
é : [} . QC[ m ]
> 0.150 I : 0 i -_— G5
SRR =
= 0.125 | : i TR R— 193
o ‘ ! ' . --= 258
< 0.100 ' I | - 3929
9 I H 0 .
2 N 1 '
5] ' [ '
8 , : | :
0.050
10 20 30 40 50 60 70 80 90

average temperature of heaters [°C]

Fig. 3. Influence of heaters temperature and the coefficient of glass emission on unitary heat demand

It may be noted that the higher value of coefficient of emission is the higher
unit demand for a heat flux. In the research scope of changes of the value of the
heat emission coefficient (scope of changes within 0.05 to 0.2), a calculated
variable (in regard to demand for a minimal value of emission) constitutes
1.9%.

A demand for thermal energy in the analysed greenhouse facility was
calculated based on the relation, which presents frequency of the outside
temperature for the sphere III (SZARGUT, ZIEBIK 1995). Results of calculations
were presented in Figure 4.

Because of similar courses of changes thermal loads for both analysed
casings, (change a thermal load is a derivative of changes the value of heat
losses coefficient) the course of loads was presented for a greenhouse covered
with glass of standard value heat emission. A calculated value of LF coefficient
is 0.26.

Thus, calculation results in the amount of heat necessary in the heating

season for a greenhouse covered with the analysed casings were presented in
Table 1.
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Fig. 4. An arranged diagram of thermal loads for the researched facility
Table 1
Amount of heat in the heating season
Type of casing Heat demand [GJ - greenhouse™ - a™]
Standard glass 1218.05
Low-emission glass 1171.85

Assuming that a greenhouse will be heated with fine coal size grade and
assuming that total heat losses constitute 20% (transfer losses, losses in
a boiler room) over 2.5 tons of fuel will be saved in the analysed greenhouse.
Certainly, emission of pollutants to the atmosphere will be also reduced
of CO — 4264; CO - 47; SO, — 18; NO, — 3.9 as well as dust of approx. 25 kg.

Conclusions

1. In the researched scope of independent variables, glass of lower emission
in comparison to standard glass is characterised with the coefficient of heat
losses, which is lower of 3.5%.

2. In the analysed facility, a unitary demand on heat decreases of approx.
2% along with the increase of the coefficient of glass emission (within the range
of 0.05 to 0.2).

3. In the researched greenhouse, the use of low-emission glass leads to over
2.5 tons of fuel as well as reduction of pollutants emission to the atmosphere.
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Abstract

Useless waste materials are often stored in urban areas taking valuable land and polluting the
environment. There has been undertaken research which aim was to test the applicability of the
ashes from multi-year heaps as a partial substitute for sand. In the ash-cement composites 10%, 20%
and 30% weight of sand was replaced by an ash. Composites sand-ash-cement was modified by an
addition of hydrated lime. Introduction of new materials environmentally friendly, using industrial
waste is desirable when by using waste materials there is a possibility to obtain materials with
desired, assumed technical characteristics and durability. The 30-day trials were subjected to
corrosion in 6% solution of sodium chloride and magnesium sulfate. After the corrosion designated
the compressive strength of each series, which compared with strengths of series in the same age and
not subjected to corrosion. Generally, all composites with the ashes scored higher compressive
strength in the control series — without ash. The presence of ash in composites significantly reduced
the effects of corrosion. These results suggest the possibility of using these composites in road
construction.

Introduction

Power engineering in Poland is mainly based on coal combustion. In 2012
Poland prepared 135,209,000 tons of waste materials including combustion
by-products (ash and slag) accounted for approximately 10%. In the Warmia-
Mazury made at this time 815 300 tonnes of waste materials, including fly ash
accounted for 5.10% of all waste materials (Environment protection 2013).

At the turn of the twentieth and twenty-first centuries a result of efforts to
sustainable development great importance is attached to the disposal of
industrial waste. The result of these trends, a large percentage of by-products
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of combustion is regularly used in various sectors of the economy especially in
the building engineering. By-products of combustion (BC) are a valuable
component of cement. This applies, unfortunately, only the ashes collected
from the electrostatic precipitators. For decades, the ashes — by-products of
coal combustion were collected in heaps, often in areas or near cities and were
troublesome waste. Development of ash rising. However, people should look
for new uses of ash, which involves the study of this group of waste (KRUGER
2005, SVOBODA et al. 2007). Fly ashes that remain for many years in landfills
still represent a big problem for local residents and local governments. This
problem did not pass Olsztyn — the city of a typical tourist.

Rational utilization of the combustion by-products, the development and
dissemination of new technologies to produce goods will always be up to date.

There is thus justified by the need for greater use of ashes, among other
things, as an addition to the fine-grained composites made with sand, cement
and ashes. Increasingly becoming too noticeable deficit irreproducible coarse-
grained mineral aggregates, which leads to greater use of sands, which are still
widely available raw material.

In the present study performed a series of tests with a limited amount of
mortar cement, in which the ash from a heap replaced a part of sand. Mortars
modified with hydrated lime in an amount of 4 to 6% by weight of ash added.

The aim of this study was to optimize the composition and determine the
durability of composite sand-ash-cement with fly ash from long-term heap local
origin subjected to corrosion. In this work were used as the corrosives solution
of 6% of sodium chloride and magnesium sulfate. The introduction of new
technologies environmentally friendly with the use of industrial waste is
expedient if there is possible to get the materials with expected technical
properties and durability.

Materials and methods

The following materials were used for tests:

- natural sand with a particle size 0-2 containing 81.5% quartz, chalcedony
and opals, 12% of the igneous and metamorphic rocks, 5.3% sedimentary rocks
with the alkaline reactivity of 0;

— fly ash heap of long-term loss on ignition approximately 15%, with about
60% of a fraction 0,063-0,5 mm with CaO containing about 2%;

— Portland cement CEM I — 32.5R;

— hydrated lime;

— 6% solutions of NaCl and MgSOy;

— distilled water.
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With these ingredients made a series of sand and ash and cement mixtures.
As the series 0 adopted the qualitative composition similar to mortar Standard-
ization (by determining the class of cement), but the plot frame sand was
replaced with natural sand and were reduced by 80% weight of the cement
(from 450 g to 90 g). Natural sand by the composite with addition of ash equal
to 10%, 20%, and 30% by weight of sand was replaced.. The composites with
the addition of fly ash modified with the addition of hydrated lime at 4 and 6%
by weight of added ash (series 1.4, 1.6, 2.4, 2.6, 3.4 and 3.6). Calcium hydroxide
was distributed in the make-up water. Volume of water in each series of tests
were experimentally selected to obtain a constant consistency of composites.

Qualitative and quantitative composition of respondents series of tests are
presented in Table 1. In all series of tests was performed to study the
compressive strength after 30 and 90 days of setting and hardening (Tab. 2).
There are also shown changes in the compressive strength of 90 days in
relation to the strength 30 days old samples (Fig. 1).

Table 1
Qualitative and quantitative composition of composites

Hydrated lime
Series Sand Ash Water 4% by weight 6% by weight
of ash of ash
cm?®
0 1350 - 142 - -
14 1215 135 167 54 -
1.6 1215 135 167 - 8,1
2.4 1080 270 167 10,8 -
2.6 1080 270 167 - 16,2
34 945 405 191 16,2 -
3.6 945 405 191 - 24,3

The weight of cement in all series of tests has become 90 g
Source: own research

Corrosion resistance test was conducted of all series of tests of composites.

As corrosive media were used:

— 6% sodium chloride solution;

— 6% magnesium sulfate solution.

Capacity of the above solutions, in which the samples were immersed equal
to 1.5 volumes of tested samples. During the test solutions were not exchanged,
and in the case of evaporation it was supplemented with distilled water to
a constant volume. Changes in the concentration of the solutions had to be only
the result of reaction with components of the composite. Operation of corrosive
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Fig. 1. Change of the compressive strength 90-day old samples in relation to the strength of the trial
30-day old samples
Source: own research.

solutions was carried out in a static system. Effects of 60-day interaction of
NaCl and MgSO, solutions for cement-fly ash composite was determined by
measuring the compressive strength fip,.

The obtained values of the compressive strength after corrosion of the
samples were compared to corresponding values of the tested samples at the
same age not subjected to corrosion.

Discussion of the results

The results (Tab. 2) confirm the fact that the processes of hydration of fly
ash-cement mixtures are slower than made of pure cement (BENTZ, FERRARIS
2010). With a very limited amount of cement in the hydration reaction is formed
a small amount of calcium hydroxide. The ash content in all series of tests
significantly exceeded cement content. There was added calcium hydroxide in an
amount of 4 to 6% by weight of cement to enable the reaction of pozzolanic of
ash, with about 2% of CaO, which may be insufficient to each series of tests,
(GARCIA-LODEIRO et al. 2013). Significant increases in the compressive strength
of composites of ash and sand-cement samples were obtained for the 90 day tests
compared to 30 days. Changes in the compressive strength series 1.490/1.430 are
almost 45% while the strength of the reference mortar without ash after the
same period of time has increased by less than 15%.

The highest changes in the strength of 90-day trials in relation to the
30-day trials were obtained for a series 2.6 and 3.6 of 187 and 195% (Fig. 1).

In recent years, great attention is paid to testing the durability of materials,
especially those made of cement (KURDOWSKI 2010, NEVILLE 2012). The reason
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for interest in sustainability is big air and water pollution. Associated with that
the aggressiveness of the environment increases the rate of corrosion reaction.
The presence of fly ash in building material should not result in corrosive
solutions for greater destruction than is the case in the material made of
conventional materials. Applied in research NaCl and MgSO, solutions are
typical corrosive media, which are exposed construction materials.

Chloride salts are harmful to the cement matrix. Chloride aggression is
mainly connected with the action on materials commonly used de-icing agents.
The most commonly temperature lowering compound is a low-grade (2% and
3%) solution of sodium chloride. To obtain the effect of corrosion at higher
concentrations in a shorter time applied in the study 6% sodium chloride
solution in which were immersed tested series for a period of 60 days. The
corrosion of the composite cement and fly ash requires the transport of
reactive ions to the reaction space, it means to the inside of the composites.

This may take place generated by two mechanisms:

— migration, flow to the inside of the composite as a result of capillary
(SPIESZ, BROUWERS 2013);

— diffusion of ions as a result of a concentration gradient in different areas
(AMARNATH et al. 2011).

The first mechanism has a much higher speed of transport, which entails
a rapid progress of corrosion. The role of large capillary pores in the acceler-
ation of corrosion is evident. The diffusion coefficient D decreases and salt
concentration increasing in time, which is caused by the progressive hydration
of the cement (HA-WON et al. 2008). Assessing the migration process in the
hardened cement paste, and probably also in the ash-cement composites
should be aware that this is not a pure diffusion. Diffusing ions react with the
grout phases and are adsorbed on the amorphous surface of the phase C-S-H.
Chloride ions also react with hydrated calcium aluminates giving Friedel’s salt
(CsA - CaCl, - 10H50). This compound does not cause expansion, on the con-
trary reduces the amount of generated expansive compounds (CHALEE et al.
2007, KURDOWSKI 2010, AMARNATH et al. 2011).

Chloride corrosion in the present study examined composites sand and
ash-cement decreased their compressive strength. The highest decreases in
strength was observed in the control sample (without ash) — 27%. The
increase of ash and calcium hydroxide in the composites affected favorably on
the corrosion resistance. In the series of tests with the6% addition of lime,
and increasing amounts of ash 10, 20, 30% after the corrosion reported lowest
declines of endurance equal 11.5%, 11.1% and 7.0% (Fig. 2). Increasing
amount of ash with the addition of lime proofed composites to chloride
corrosion.
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Fig. 2. Change of compressive strength of samples after 60 days of corrosion at 6% NaCl solution in
relation to the samples of the same age not subject to corrosion
Source: own research.

MgSO, corrosive action causes not only sulfate corrosion, but also mag-
nesium. Hydration products of ash-cement composites contain significantly
less calcium hydroxide. During penetration of composites with ash by solutions
containing sulfate ions an important role played pore size, the content of
aluminum oxide and calcium oxide included in ashes. They may participate in
the reaction with sulphates, especially when Al;O3; and CaO are present in the
enamel of fly ash, thus providing a source of material which reacts with
sulphates. The high ratio of silica to aluminium oxide reduces the sensitivity of
the binder with ash on sulfate aggression but it is not completely proven
(NEVILLE 2012).The reaction products of magnesium sulfate with calcium
hydroxide, which is formed by binding the alite and belite, are sequentially
calcium sulfate, calcium sulfate, dehydrate calcium sulfate, which in the
presence of C3A passes to ettringite. In addition there also arises brucite.
Brucite can settle in the pores thereby forming at the surface of composite
protective layer, which prevents further penetration of sulphate and mag-
nesium ions to the interior. Generally concretes made with cement containing
the ashes are characterized by increased resistance to aggressive agents. These
properties intensify with increasing ash content in the composite. In the case of
sulfate corrosion intensity decreases with decrease of CsA (KURDOWSKI 2010).
Large water and air pollution by sulfur oxides, from which arises sulfuric acid
and its salts, causes the sulphate corrosion of building materials from many
years has been a subject of many scientific studies (MARCHAND et al. 2002,
SANTHANAM et al. 2006, SAHMARAN et al. 2007, BASSIST, WEGLEWSKI 2009,
TKACZEWSKA, MALOLEPSZY 2009, LOTHENBACH et al. 2010, LORENTE et al. 2011,
SCHMIDT et al. 2012, RUDZINSKI 2013). The authors of mentioned works as
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Table 2
Compressive strength of composite sand-ash-cement before and after corrosion
Compressive strength
Series before corrosion after corrosion Absorbability

30-day trials 90-day trials 6% NaCl 6% MgSO, (%)

0 1.3 1.5 1.1 1.2 12.6
1.4 2.2 3.2 24 2.5 13.3
1.6 2.6 3.5 3.1 3.0 13.2
2.4 2.5 4.2 3.4 3.8 16.5
2.6 2.4 4.5 4.0 4.1 16.8
34 2.1 3.6 3.1 3.7 21.1
3.6 2.2 4.3 4.0 4.3 214

Source: own research.

%
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Fig. 3. The change of compressive strength of samples after 60 days corrosion in the 6% solution of
MgSO, relative to the samples of the same age not subjected to corrosion
Source: own research.

corrosive solutions have used sulfate salt shaving different concentrations,
wherein the concretes and mortars were subjected to corrosion for different
periods of time (from several days to several years).In the present work
sand-ash-cement composites were subjected by 60 days of action 6% mag-
nesium sulfate solution. As in the case of chloride corrosion the lowest
compressive strength was obtained after corrosion for a control series without
ash and for a series with the lowest addition of ash and lime (Tab. 2, Fig. 3).
Strength of test control series after sulfate-magnesium corrosion fell by 20%.
Strength of the composites with 20% exchange sand by ashes fell by only a few
percent. Strength of the 30% share of the ashes instead of sand after the
corrosion practically did not change resistance, both from 4 and 6% with
addition of lime (Tab. 2, Fig. 3).The composites with 30% conversion of the
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sand by ash from both the 4 and 6% with addition of lime — a series of 3.4 and
3.6, practically after the sulfate-magnesium corrosion did not change their
strength.

Conclusions

The obtained results allow to conclude that:

— generally much higher compressive strength values obtained for a series
of 90-dayssamples of sand-ash-cement composites as compared to strengths of
30-day samples;

— ash-sand-cement composites in which the ash from the heap was used as
a partial replacement for sand have much higher strength than the ash-free
composites with the same amount of cement;

— the effects of corrosion processes samples treated with 6% NaCl solution
are significantly lower in composites with fly ash than in the control series of
,0” — with no ash;

— corrosive action of 6% MgSO, solution that exposes concrete and mortar
to magnesium and sulphate corrosion is weaker than in during of chloride
corrosion — in the composite in which 30% of the sand was replaced with ash
from the heap did not noted any negative effects of sulfate-magnesium
corrosion.

Conclusions

Generally much higher compressive strength values obtained for a series of
90-days samples of sand-ash-cement composites as compared to strengths of
30-days samples, which amounts to a series of attempts — 1.4 — 45%, for 2.6 and
3.6 — 187% and 195%, and for the series without ash — only 15%.

Ash-sand-cement composites in which the ash from the heap was used as
a partial replacement for sand have much higher strength than the ash-free
composites with the same amount of cement. In a series of 90-days samples
strength of the series 0 is only 1.5 MPa and in series with ashes from 3.2
to 4.5 MPa.

The effects of corrosion processes samples treated with 6% NaCl solution
are significantly lower in composites with fly ash than in the control series of
,0” — with no ash. Minimal reduction in the compressive strength after
corrosion — 11.1% and 6.8% were obtained for a series of tests with 20 and 30%
conversion of the sand to ash, while the strength of the control series dropped
by 27%.
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Corrosive action of 6% MgSO, solution that exposes concrete and mortar to
magnesium and sulphate corrosion is weaker than in during of chloride
corrosion. In the composite in which 30% of the sand was replaced with ash
from the heap did not noted any negative effects of sulfate-magnesium
corrosion. In the series of the control sample and 10% content of the ash
compressive strength decreased by about 20%.

Conversion of 20% and 30% sand to ash in the ash-cement-sand composites
with a very limited amount of the cement significantly reduces the effects of
corrosion in the test.
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Abstract

The paper presents results on whether and how the magnetic domain structure in maraging steel
undergoes any change due to the aging process. It continues the works on application of correlation
methods and fractal analysis into studies of magnetic properties of various steel alloys using Scanning
Probe Microscopy. It is aimed at verifying the usefulness of the structure function for description of
spatial changes in shape and orientation of magnetic domains, and the magnitude of magnetic stray
field affected by the heat treatment.

Obtained results suggest that despite vanishing magnetic tip-surface interaction, and hence
vanishing magnetic stray field, magnetic domains remain nearly perfectly isotropic although random-
ly oriented. Similar to isotropic real surfaces, the fractal dimension of the magnetic domains turns out
to be independent of the structural changes induced by the aging process, whereas the topothesy is
found to vary within order of magnitude along with changes in the magnetic stray field. After all,
obtained results lead to conclusion that the aging process leaves its fingerprints in the structure of
the steel alloys, which can be studied using numerical analysis of images of magnetic interactions
between vibrating tip and the stray field.

Introduction

In the seventies, precipitation hardening steels gained large attention as
attractive construction materials renowned for their advantageous properties,
for example: high mechanical strength (up to 2.5 GPa), good plasticity, low
susceptibility to cracking, and others (BOJARSKI, MATYJA 1983, DOBRZANSKI
2002). Having good mechanical properties, these steels were initially used in
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the aerospace, aviation as well as military industries, but then they were also
recognized good tool materials. Among them, H15K20M3JPr (X2CoCrMoAl20-
15-3 according to PN-EN 10027-1) steel was distinguished as it possessed not
only high mechanical strength, and impact toughness (Rm = 1.2 GPa, KCU
= 90 J/cm? after aging procedure), but also significant corrosion resistance.
Although in the second half of the eighties, due to scarce natural resources, and
high price of cobalt, it was partly replaced by several substitutes, but now it is
becoming popular again as a material investigated in fundamental research
using modern scientific methods and instruments.

This paper continues the works on application of correlation methods to
study magnetic properties of steels from Scanning Probe Microscope (SPM)
images, which were presented previously (BrRaMoOwIicz, KULESzA 2013,
BrAMOWICZ et al. 2014). It is aimed at verifying fractal nature of magnetic
domains derived from SPM images using autocorrelation functions of the first
and second orders. Recorded SPM signal reflects magnetic interaction between
the field emitted from the surface, and the magnetized tip. As mentioned
previously, this study is devoted to analysis of H15K20M3JPr (X2CoC-
rMoAl20-15-3) steel subjected to the aging process at various temperatures.
Phase precipitates caused by the aging are expected to influence the spatial
structure of magnetic domains, and hence the magnitude of the stray magnetic
field. Observed changes are characterized using the following parameters: root
mean square deviation of the phase shift between forced cantilever oscillation
and the driving signal (Sq), fractal dimension (Dacr), and the topothesy (Kacr).
The fractal parameters (Dacr, and Kacr) are determined using the algorithm
described elsewhere (BRAMOWICZ et al. 2014). First of all, the 1-dimensional
autocorrelation function R(7) (ACF) is to be computed from the profiles of the
magnetic interaction map z(x) according to:

R(7) ((z(x) — z(x)) - ( + 7) - (zx)))) (1)

where:

7 — is the discrete spatial lag along the scan axis, whereas <...> denotes the
mean value. Having the ACF, the structure function S(z) (SF) can be calculated
in the next step using the relation given by SAYLES and THOMAS (1978):

S(1) = 2 (Sq* - R(7) (2)

Figure 1 shows an exemplary graph of the structure function obtained in
this way. Note the two characteristic parts of the S(7) curve drawn in a log-log
plot delimited by the so-called corner frequency 7, which establishes the
minimum spatial lag between uncorrelated points on the map of magnetic
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interactions. In the first range (7 << 1.), the structure function obeys the power

law given by:

S(7) o< 72(*Pacr) (3)

In the second range (7 >> z.), the ACF asymptotically goes to zero, and
hence the SF is approaching a constant value:

S(1) = 2 - S¢? (4)

On the whole, the SF curve can be described by the equation:

S(7) = K7?(*Pacr) (5)
where:
K — is the topothesy expressed according to WU (2002):
2(D ~1)
K= QG .ACF (6)
2I'(5 — 2D cr sin[m(2 — Dycr)]
where:
I' — is the Euler’s gamma function.
1
S 2 Sq2
8
&
% 0.1
1
0.01 ‘ /_L ‘
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Fig. 1. Exemplary plot of the profile structure function
17(4)2014
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Experiment

Heat-treated samples of dimensions 25 x 45 x 5 mm were cut out
of forged steel rod with a rectangular cross section of dimensions 100 mm by
100 mm. The heat treatment involved supersaturation at 1050°C for 30 min
followed by recurrent aging cycles at increasing temperatures (500, 550, and
600°C, respectively). The aim of aging was to induce microstructural transi-
tions within the steel responsible for changes in the magnetic domain
structures, which were further studied using metallography, microhardness
measurements, as well as Magnetic Force Microscopy (MFM), i.e. one of SPM
modes.

Prior to metallographic examination, samples were polished, and etched in
a Marble reagent. The measurements were carried out using Olympus XC-70
microscope with digital image acquisition. In turn, HV0.1 microhardness
measurements were done using Innovatest 413D instrument in accordance
with ISO 6507-1 standard. Magnetic domains were studied using Multimode
8 Scanning Probe Microscope (Bruker) with Nanoscope V controller (Bruker).
In order to enhance the magnetic interaction, the scanning probes (MESP
from Bruker, with 35 nm tip radius, and 400 Oe coercivity) were magnetized
using strong permanent magnet prior to the measurements. The measure-
ments were carried out in a two-pass mode, which was described in details
elsewhere (BRAMOWICZ, KULESZA 2014), passing the scanning probe with the
lift height 100 nm above the surface.

Results and discussion

Microstructural investigations of a sample in a supersaturated state reveal
coarse microstructure of the alloy containing small non-metallic inclusions.
This microstructure, together with microhardness as well as magnetic domain
pattern, is significantly changed due to the aging. More specifically, the alloy
initially exhibits coarse, polygonal structure of supersaturated austenite, but
after the heat treatment at 500, 550 i 600°C, characteristic twins appear in its
structure. The twins with small precipitates of intermetallic phases are located
mostly in the austenite grain boundaries. It can be also seen coagulation of
precipitated phases, which progressively increases with increasing aging tem-
perature. Discussed changes in microstructure caused by the heat treatment
are shown in Figure 2.

Precipitation of intermetallic phases from supersaturated solution signifi-
cantly influences structural composition of the alloy, and hence its microhard-
ness, as seen in Figure 3. On the other hand, microstructural changes in the
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Fig. 2. Microstructure of X2CoCrMoAl20-15-3 steel in a supersaturated state (a), and after aging at,
respectively: b) 500°C, ¢) 550°C, d) 600°C

700 T T T

600 b

hardness HVO,1

500 - b

1 1 1
0 200 400 600
ageing temperature [Celsius’ degree]
Fig. 3. Changes in microhardness due to the aging process
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alloy’s lattice are likely to modify the pattern of magnetic domains together
with its characteristic parameters.

Figure 4 shows the images of magnetic stray field over the samples surface.
Obtained results clearly indicate vanishing phase shifts between vibrating
cantilever and the driving signal, which are due to decreasing tip-surface
magnetic interaction. In addition, magnetic domains are becoming blurry
pointing at discontinuities in magnetic material associated with precipitations
of non-magnetic phases. The latter observation is supported by decreasing
root-mean-square deviations of the phase shifts shown in Figure 5a.
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Fig. 4. Magnetic domains in X2CoCrMoAl20-15-3 steel in a supersaturated state (a), and after the
aging at, respectively: ) 500°C, ¢) 550°C, d) 600°C

Figure 5b, and 5c¢ show results of the fractal analysis that investigates
self-affine properties of the magnetic domains. First of all, domains observed in
Figure 4 exhibit random orientation, that is, they look nearly identical in all
directions. In order to confirm this suggestion, the measure of anisotropicity is
estimated, the so-called anisotropy ratio S;, according to method described
elsewhere (BRAMOWICZ, KULESZA 2013). Basically, anisotropy ratio is defined
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Fig. 5. Influence of the thermal treatment on: a) the phase shift between cantilever oscillations and
the driving piezo signal (RMS values), b) fractal dimension DACF, ¢) topothesy K

as a ratio between minimum and maximum autocorrelation decay lengths,
along which the autocorrelation function decreases from R = 1.0 down to
R = 0.2 (MAINSAH et al. 2001):
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0<8, = mn <1 (7

Tmax | R=1-0.2

where:

Tmin @nd Tya — the lengths of the decay of the autocorrelation function from
R = 1.0 down to 0.2 along main anisotropy directions a; and a,, respectively.
Anisotropy ratio computed for domain images in Figure 4 is found at,
respectively: 0.86, 0.86, 0.84, and 0.84. After all, such S, values (close to 1.0)
confirm high isotropicity, and almost no influence of the aging process on the
domain orientation.

Similarly, Figure 5b shows that the heat-treatment also has insignificant
influence on the fractal dimension Dacr that varies in the range from 1.43 to
1.46, that is within 2 per cent. On the other hand, Figure 5c¢ exhibits large
changes in the topothesy due to the aging process, which falls in the range from
0.25 up to 3, i.e. varies within order of magnitude under the treatment. In
general, these observations are in good agreement with previous findings on
the fractal properties of real surfaces, according to which in isotropic speci-
mens fractal dimension remains constant, but the topothesy is sensitive to
structural changes.

Conclusions

The following conclusions can be drawn from performed measurements:

1. Fractal analysis together with fractal parameters are useful tools for
mathematical description of evolution of magnetic domains in terms of their
shape, orientation, and the magnitude of the magnetic stray field similar to
surfaces of real 3-dimensional objects.

2. Changes in topothesy are proportional to those in magnetic tip-surface
interaction.

3. Changes in magnetic tip-surface interaction have no influence on the
fractal dimension Djcr unless significant changes in the domains’ structure
occur.
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Abstract

A model of the grinding and classification processes in the fluidized bed opposed jet mill based on
the Markov chains approach was proposed. The methodology of modelling was elaborated and
experimental research of the combined processes of grinding and classification was carried out.

Introduction

Currently, the fluidized bed opposed jet mills are widely used in many
industries for preparation of pure fine powders (OGURTZOV et al. 2004, p.
122-124,). Many publications are devoted to the studies of the grinding process
in these mills (PALANIANDY et al. 2008, p. 380-388, FUKUNAKA et al. 2006, p.
89-96, BERTHIAUX, DoODDS 1999, p. 78-87, MizoNoOV et al. 1997), while the
process of classification in the mills is rarely discussed. Description of classifi-
cation of granular materials in the operating volume of such mills is rather
complicated because several processes go simultaneously. In this paper the
methodology of decomposition of the total process in a fluidized bed opposed jet
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mill is proposed as well as a model of each sub-process inside it. Description of
separated processes and their synthesis was carried out with the use of the
theory of Markov chains, which is often used to model various processes in
powder technology (BERTHIAUX et al. 2005, p. 128-137, MIZONOV et al. 2008,
p- 335-340, OTWINOWSKI 2014, p. 399-403).

Experimental set-up

The investigation of comminution was carried out at the experimental
set-up schematically presented in Figurel. A laboratory fluidized bed opposed
jet mill, which is designed for fine grinding of granular materials, is the basic
element of the set-up. The experimental set-up was equipped with the follow-
ing systems ensuring the correct work of the mill:

— the material feed system to the mill (charging container, conveyer),

— the air feed system to the mill (compressor, pressure fan, vacuum
cleaner),

— the separation system of fine product and the system of cleaning the
coming out air (flow classifier, separation cyclone and cloth filter).

The working air is supplied to the mill by the compressor 1 and the sealing
air is supplied by the vacuum cleaner 13. The granular feed material with
known particle size distribution is fed to the cylindrical milling chamber 6
gravitationally from the charging container 8. The feed material undergoes an
extensive fluidization by means of the air jets from the nozzles 5. The nozzles
inject air concentrically with the controlled flow rate V and overpressure p with
thw flow velocity . The mass flow rate of working air is measured by the
rotameter 2, while the overpressure — by the elastic pressure gauge 4.
Symmetrical design of the air collector 3 ensures homogeneous air distribution
over individual jets and its dehydration and de-oiling. The collision of opposed
air jets and turbulent fluidization state in the grinding chamber makes it
possible to obtain a high-energy fluidization layer. This layer, in turn, ensures
effective grinding of granular material. The rotor classifier 7 is installed above
the grinding chamber 6 in the range of fountain flow of ground particles. The
classifier separates the ground material into the fine fraction directed to the
cyclone 9 and the coarse fraction directed to the milling chamber for repeated
grinding. The cut size of classification can be controlled by regulation of
angular speed of the rotor. The classifier makes it possible to obtain very fine
milling product without the so-called mesh fraction (presence of coarse par-
ticles in a fine-ground product). Separation of the fine particles from the air
after classification occurs in the cyclone 9. The air-particle mixture is separ-
ated into the flow dusted working air that is directed to the cloth filter 11 and
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the flow of milling product I that is directed to the container 10. The solid
particles in air, which was not captured in the cyclone, are captured in the cloth
filter. These particles as the milling product IT together with milling product
I are the total product of fluidized-jet grinding. A negative pressure is assured
by a vacuum cleaner 12.

feed

\E product IT
10

product I

1 — compressor, 2 — rotameter, 3 — collector of working air, 4 — elastic pressure gauge, 5 — air nozzles,

6 — grinding chamber, 7 — rotational flow classifier with electric motor, 8 — filling container of feed

material, 9 — cyclone, 10 - container of milling product I, 11 - cloth filter (milling product II),
12 — vacuum cleaner of exhaust air, 13 — vacuum cleaner of seal air

Fig. 1. Schematic diagram of the experimental set-up

Modeling and identification of processes in the fluidized
bed opposed jet mill

The grinding of material in the fluidized bed opposed jet mill is primarily
due to abrasion of the grains. During the grinding the fine particles detached
from the feed particles. After grinding, the feed particles pass into two classes:
fine and the neighboring to the feed one. On the basis of the mass balance of
the particles population the grinding process can be described by the following
matrix equation (BERTHIAUX et al. 2005, p. 128-137):
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where:
F - the particle size
vector,

G - the grinding mat

Fk+l — G Fk (1)

distribution of the material expressed by the column

riX,

k is the discrete time of the process (the number of time transition).

The discrete time step

of the process is equal to:

t
k= v (2)
where:
t - the total duration of experiment of the batch grinding,
At — the dimensional time step.
The matrix G of grinding has the following form:
B g1 0 .. 0 0 ]
o1 822 ... 0 0
G = 0 832 ... 0 0 (3)
0o 0 .. 8m-1m-1 0
L gmlng cen gmm—l gmm _

where:

g — the part of the fraction j that transits into the fraction i during At due to
grinding, m — the total number of fractions under observation.

The probability of particles transition from class j to class i as a result of
grinding during Af can be determined from the following relationship:

(1l - SjAt, 1= J
S;x"; . .
—SE L A, i=j+1
xj+l + Xm
i = 3 4
8y ijvm . ( )
-~ 1 At, r=m
X%41 + X,
L0, t1£j,j+1,m
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where:

S - the selection function,

v — the particle shape parameter and v = 1 for needle particles, v = 2 for flat
particles, v = 3 for the three-dimensional particles.

It is assumed that the selection function has the exponential form
S; = ax} (5)

where:
o and r are the constant coefficients (identification parameters).

The experimental identification of the grinding model was performed with
the described above laboratory set-up for three durations of the grinding test:
20, 40 and 60 minutes. Samples of limestone with the particles size range 0-2
mm from ,,Czatkowice” Mine in Krzeszowice near Cracow were used in the
tests. Milling product I (from the cyclone) and milling product II (from the
filter) were mixed to represent the ground material. Then representative
samples of the feed and total ground product were taken to determine the
particle size distribution with the use of the Infrared Particle Sizer (IPS)
analyser manufactured by Kamika Instruments. The results are shown in
Figure 2.

100

60 - (=0
— { =20 min

— t =40 min
40 -o- = 60 min

D ()
g

PSS E S
Y& SS

Fig.2. Particle size distribution in the feed (¢ = 0) and total ground product after various durations of
grinding test

Particle size distribution in the ground product depends significantly on
the material mass in the fluidized bed. In order to determine the dependence of
the parameter o on the mass of the material in the bed the series of
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experimental tests for various value of the mass in the range 0.5-3.5 kg were
performed. Theoretical analysis of the test results allowed obtaining the
following correlation:

o = 0.0116 + 0.0084 - M - 0.0021 - M? (6)

Figure 3 shows comparison of experimental and computational data for the
cumulative undersize distribution D; (points correspond to various particle size
x;). The comparison looks rather satisfactory excepting small deviation in the
range of very fine particles.

It is interesting to note that, due to Eq. (6), there exists the optimum value
of the hold-up (M = 2 kg) that corresponds to the maximum rate of grinding.
The following explanation of the fact can be suggested. At small hold-up the air
jets penetrate deeply into the bed and transfer to particles high kinetic energy
but because of small particle concentration the probability of inter-particle
collision is small and the rate of grinding is small. On the opposite, at high
hold-up this probability is high but the depth of jets penetration is small and
particle kinetic energy is small. It leads to the optimum hold-up at which these
opposite tendencies are combined in the rational way.

100

A
90
0 %
70 Gd
60 2
50 2 .
j 7

40 v 2
30 .
20 %5

{‘.
10 +#5L

Z
0

X

D; . [%]

0 15 25 35 45 55 65 75 85 95
D; cac [%]

Fig. 3. Comparison of experimental and calculated data according to the proposed grinding model

In modeling the classification process two stages of it were taken into
consideration: the gravitational stage and centrifugal stage. In the two-stage
classifier the feed material to the classifier is separated into two products: fine
and coarse-ground. A commonly used characteristic of such classifier is the
Tromp curve C(x), which shows the part of a fraction that goes to the fine
product as a function of the fraction size. The discrete analogue of the Tromp
curve is the matrix of classification C:
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C11 0 0 0
0 Co9 0 0

C = 0 0 Cs3 0 (7)
0 0 O Cinm

Very often the Molerus’s formula is used to describe the Tromp curve
(MizoNov et al. 1997):

1
1+ exp(Elxj/x.)? -1 1)

C(x;) (8)

where:

E - the particle separation efficiency parameter to be determined experimen-
tally,

x. — the cut size, for which the particle has the equal probability 0.5 to appear
in the both products.

Particle size distribution in the fine product F3 and in the coarse product Fs
of classification can be calculated from the following equations (MI1ZONOV et al.
1997):

F3 = CF1
9
F, = I-COF,

where:
F; — the particle size distribution in the feed material,
I - the identity matrix.

The particle size distributions F5 and Fs are normalized to the unit mass
portion of the feed.

The complex nature of particles motion in the fluidized bed makes the
study of classification process difficult. Due to the fact that the processes of
grinding and classification go simultaneously in order to study pure classifica-
tion in the mill the quartz sand was used in these experiments, which is
practically not being ground in the grinding zone. The specificity of the
experimental identification of the classification model is that the process takes
place in the two stages of classification simultaneously. The efficiency of the
gravitational stage strongly depends on the air flow rate through the milling
chamber and on the hold-up. The centrifugal stage mainly depends on the
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rotor speed and air flow rate. Identification of the gravitational stage was
based on experimental results for the grinding chamber without the centrifu-
gal stage (at zero angular speed of the classifier rotor). During the study the
following process parameters were measured in the experiments: the atmos-
pheric pressure p,, the pressure of working air at the mill inlet p, the rotational
speed of the classifier rotor n, the duration of the experiment 7, the mass of the
feed material my, the mass of material in the chamber mg, the mass of material
from the cyclone m., the volumetric flow rate of air @. The particle size
distribution in the loose materials was measured with the electronic analyzer
IPS Kamika Instruments. The particle size distribution in the fine product of
the gravitational stage, determined for different values of the air flow rate, is
the particle size distribution in the feed material to the centrifugal stage. The
centrifugal classification process was tested for the angular speed of the rotor
within the range 0-25 1/s.

Figure 4 shows the experimental dependence of the mass fraction of the
coarse product of the centrifugal stage on the volumetric air flow rate at
various values of rotational speed of the classifier rotor. The experimental
results allowed determining the cut size for the gravitational and centrifugal
stage. The procedure is based on the equations (9) with the use of the method
of least squares. Theoretical foundations of modelling the multi-stage classifi-
cation are described in the paper OTWINOWSKI (2014, p. 399-403). The results
are shown in Figure 5.
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-+ n=01/s

; - n=1751/s
= —+ n=151/s
g 04 * n=251/s
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Fig. 4. Influence of the air flow rate @ on the mass fraction of coarse product at different angular
speed of the classifier rotor
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Fig. 5. Particle cut size of the gravitational and centrifugal classification as the function of the air flow
rate @ [m®h] at different rotational speed n [1/s] of the classifier rotor

Summary

The proposed models of grinding and classification of granular material in
the opposed fluidized bed jet mill makes it possible to describe the particle size
distribution after any stage of the combined process grinding plus classifica-
tion. Results of numerical experiments with the model can be used in the
design and optimization of equipment for grinding and classification.
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Types of paper
The following articles are accepted for publication:

Reviews

Reviews should present a focused aspect on a topic of current interest in the area of
biosystems engineering, civil engineering, environmental engineering, food engineering,
geodesy and cartography, information technology, mechanical engineering, materials
science, production engineering etc. They should include all major findings and bring
together reports from a number of sources. These critical reviews should draw out
comparisons and conflicts between work, and provide an overview of the ’state of the
art’. They should give objective assessments of the topic by citing relevant published
work, and not merely present the opinions of individual authors or summarize only work
carried out by the authors or by those with whom the authors agree. Undue speculations
should also be avoided. Reviews generally should not exceed 6,000 words.
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occupy more than 2,000 words, including figures and tables.

Letters to the Editor
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required.

The file type

Text should be prepared in a word processor and saved in doc or docx file (MS Office).
Article structure
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Authors and affiliations

Corresponding author
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Subdivision - numbered sections

Text should be organized into clearly defined and numbered sections and subsec-
tions (optionally). Sections and subsections should be numbered as 1. 2. 3. then 1.1 1.2
1.3 (then 1.1.1, 1.1.2, ...). The abstract should not be included in numbering section.
A brief heading may be given to any subsection. Each heading should appear on its own
separate line. A single line should separate paragraphs. Indentation should be used in
each paragraph.

Font guidelines are as follows:

— Title: 14 pt. Times New Roman, bold, centered, with caps

— Author names and affiliations:12 pt. Times New Roman, bold, centered, italic, two
blank line above

— Abstract: 10 pt. Times New Roman, full justified, one and a half space. Abstract should
begin with the word Abstract immediately following the title block with one blank line
in between. The word Abstract: 10 pt. Times New Roman, centered, indentation
should be used

— Section Headings: Not numbered, 12 pt. Times New Roman, bold, centered; one blank
line above

— Section Sub-headings: Numbered, 12 pt. Times New Roman, bold, italic, centered; one
blank line above

— Regular text: 12 pt. Times New Roman, one and a half space,full justified, indentation
should be used in each paragraph
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Title
Concise and informative. If possible, authors should not use abbreviations and
formulae.

Authors and affiliations

Author/authors’ names should be presented below the title. The authors’ affiliation
addresses (department or college; university or company; city, state and zip code,
country) should be placed below the names. Authors with the same affiliation must be
grouped together on the same line with affiliation information following in a single block.
Authors should indicate all affiliations with a lower-case superscript letter immediately
after the author’s name and in front of the appropriate address.

Corresponding author

It should be clearly indicated who will handle correspondence at all stages of
refereeing and publication, also post-publication process. The e-mail address should be
provided (footer, first page). Contact details must be kept up to date by the correspond-
ing author.

Abstract
The abstract should have up to 100-150 words in length. A concise abstract is
required. The abstract should state briefly the aim of the research, the principal results
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and major conclusions. Abstract must be able to stand alone. Only abbreviations firmly
established in the field may be eligible. Non-standard or uncommon abbreviations
should be avoided, but if essential they must be defined at their first mention in the
abstract itself.

Keywords

Immediately after the abstract, author/authors should provide a maximum of
6 keywords avoiding general, plural terms and multiple concepts (avoid, for example,
‘and’, ‘of’). Author/authors should be sparing with abbreviations: only abbreviations
firmly established in the field may be eligible.

Abbreviations

Author/authors should define abbreviations that are not standard in this field.
Abbreviations must be defined at their first mention there. Author/authors should
ensure consistency of abbreviations throughout the article.

Units
All units used in the paper should be consistent with the SI system of measurement.
If other units are mentioned, author/authors should give their equivalent in SI.

Introduction

Literature sources should be appropriately selected and cited. A literature review
should discuss published information in a particular subject area. Introduction should
identify, describe and analyze related research that has already been done and summar-
ize the state of art in the topic area. Author/authors should state clearly the objectives of
the work and provide an adequate background.

Material and Methods

Author/authors should provide sufficient details to allow the work to be reproduced
by other researchers. Methods already published should be indicated by a reference.
A theory should extend, not repeat, the background to the article already dealt within
the Introduction and lay the foundation for further work. Calculations should represent
a practical development from a theoretical basis.

Results and Discussion

Results should be clear and concise. Discussion should explore the significance of the
results of the work, not repeat them. A combined Results and Discussion section is often
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Conclusions
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— Embed the used fonts if the application provides that option

— Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol

— Number equations, tables and figures according to their sequence in the text

— Size the illustrations close to the desired dimensions of the printed version

Formats

If your electronic artwork is created in a Microsoft Office application (Word,
PowerPoint, Excel) then please supply ‘as is’ in the native document format

Regardless of the application used other than Microsoft Office, when your electronic
artwork is finalized, please ‘Save as’ or convert the images to one of the following
formats (note the resolution requirements given below):

EPS (or PDF): Vector drawings, embed all used fonts

JPEG: Color or grayscale photographs (halftones), keep to a minimum of 300 dpi

JPEG: Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi or combinations bitmapped line/half-tone (color or grayscale), keep to a mini-
mum of 500 dpi
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— Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPGQ); these
typically have a low number of pixels and limited set of colors

— Supply files that are too low in resolution

— Submit graphics that are disproportionately large for the content

Color artwork

Author/authors should make sure that artwork files are in an acceptable format
(JPEG, EPS PDF, or MS Office files) and with the correct resolution. If, together with
manuscript, author/authors submit color figures then Technical Sciences will ensure
that these figures will appear in color on the web as well as in the printed version at no
additional charge.

Tables, figures, and equations

Tables, figures, and equations/formulae should be identified and numbered consecu-
tively in accordance with their appearance in the text.

Equations/mathematical and physical formulae should be presented in the main
text, while tables and figures should be presented at the end of file (after References
section). Mathematical and physical formulae should be presented in the MS Word
formula editor.

All types of figures can be black/white or color. Author/authors should ensure that
each figure is numbered and has a caption. A caption should be placed below the figure.
Figure must be able to stand alone (explanation of all symbols and abbreviations used in
figure is required). Units must be always included. It is noted that figure and table
numbering should be independent.

Tables should be numbered consecutively in accordance with their appearance in the
text. Table caption should be placed above the table. Footnotes to tables should be placed
below the table body and indicated with superscript lowercase letters. Vertical rules
should be avoided. Author/authors should ensure that the data presented in tables do not
duplicate results described in figures, diagrams, schemes, etc. Table must be able to
stand alone (explanation of all symbols and abbreviations used in table is required).
Units must be always included. As above, figure and table numbering should be
independent.
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