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Abstract

Coal plasticity is a phenomenon directly affecting the creation of coke structure. It is very much a time- and temperature-
dependent transformation of the coal matrix, which allows changing the physical phase from solid to liquid-like and again
into solid of different properties. The coking process, particularly in a plasticization temperature range, can be considered as
a non-isothermal reaction at a constant heating rate. In this work, a macro-kinetics approach is applied that results in effective
kinetic parameters, i.e. pre-exponential factor and activation energy. It is postulated in this work that the original content of
metaplast (M) is a part of volatile matter that melts under the effect of temperature. The coal sample can melt steadily with
the temperature increase, achieving the maximum fluidity (F,,,,,) when the total amount of metaplast available turns into the
plastic state. Coal behaviour while it is being heated can be described by two mechanisms. Under first one, the coal turns
into plastic phase starting at ¢, and ending at f,,,,., where solidification starts. This can be considered as independent reactions
model. In the second model, both plasticization and solidification reactions compete over entire range of phenomena. This
can be considered as reactions in the series model. The developed models were validated against experimental data of coal

fluidity delivering kinetic parameters.
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Introduction

When coking coal is heated, it becomes soft in the tem-
perature range 385—-450 °C. The temperature range within
which the coal forms a plastic mass very much depends on
its chemical composition. Upon raising the temperature fur-
ther, the plastic mass begins to harden, producing solidified,
porous coke. The plastic state of coal allows trapping of gas-
eous products released due to the pyrolysis and allocation of
plastic mass into the open interparticle spaces. The volume
of the trapped gas depends on coal’s properties, particularly
on volatile mass released and a plastic mass imperfection
caused by the content of insoluble solid particles of coke.
The fluidity, on the other hand, is related to its changing
viscosity, which is time and temperature dependent. The
fluidity measurement is usually measured with a Gieseler
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plastometer [1]. In a plastic region, coal particles swell
due to the softening and evolution of gaseous components
that cause internal pressure to build up in a plastic layer
of slot coke-oven charge, eventually generating dangerous
wall pressure, also called coking pressure. Uncontrolled
increase in this pressure can damage or even destroy oven
walls. There are numerous works concerning pyrolysis mod-
elling [2-9], but coal fluidity modelling works are not so
often undertaken [10-13]. The main reason is a difficulty
in fluidity interpretation in terms of reaction kinetics and its
relationship to viscosity, which generally is its reciprocal. In
this work, the kinetics of coal transformation into a plastic
state and a subsequent solidification are discussed consid-
ering two different kinetic models of coal transformation.

Plasticity of coal: the origin of coking pressure

In a coking oven, two vertical plastic layers are formed par-
allel to the heating walls, which proceed towards the centre,
where they finally coalesce. Released pyrolysis gases move
from plasticized coal into porous and cracked semi-coke and
coke layers to escape from the coal charge. In a specific tem-
perature range, the plastic layer creates a low-permeability
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Fig.1 Coking pressure, internal gas pressure and temperature
changes in coal charge [14]

membrane, which prevents the free evacuation of the evolved
gas phase from increasing internal pressure. The pressure
build-up depends very much on the plasticized coal’s vis-
cosity. In the limited space of the oven, there is a maximum
pressure build-up in the middle of the coal charge when two
plastic layers meet. The internal pressure results in the wall
pressure (Fig. 1). This phenomenon occurs in the tempera-
ture range of coal plasticity.

Phase changes of the porous coal structure are connected
mainly with its chemical properties. Over the last decades,
attempts were made to do it based on structural analysis of coal
itself as well as its extraction, oxidation, hydrolysis or pyrolysis
products [10, 15, 16]. Nevertheless, up until now, a specific
single chemical formula was not proposed. This makes dif-
ficult the formulation of a specific coal transformation model.

Formation of coke and associated coking pressure are
complicated phenomena and can be influenced by several
factors, which are presented in Fig. 2. However, the predic-
tion of coke quality is very often based on knowledge of coal
fluidity, which is also the most important factor used for the
prediction of coking pressure [17-23].

As can be seen, one of the phenomena is temperature-
and time-dependent coal softening. What is important is
that in the temperature range of coal plasticity, there is an
increase in gas devolatilization rate. Figure 3 presents exem-
plary thermogravimetric (TG) curves of coking coal with
volatile matter content V¥'=21% (a) and 34% (b). There
are also presented differential thermogravimetry (DTG) and
plastic temperature range (according to the Gieseler test).
The devolatilization rate rapidly increases when coal starts
to solidify. It entails the creation of a resistance to gas trans-
port just in the time of increased amount of gas evolution.
The thermogravimetric analysis was performed with TGA-
501 by LECO. The analysis was conducted at a constant
heating rate of 5 K min~!, until the final temperature of
900 °C and under a nitrogen atmosphere.
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Fig.2 Stages of coke formation—factors affecting coking pressure

Experimental results indicate that not all macerals of coal
particles soften uniformly as Audibert stated [25]. On the
other hand, there is no unequivocal proof that the softening
part of coal is indigenous or is a pyrolysis product. van Krev-
elen considered that during heating, a plastic phase called
‘metaplast’ is created [26]. Swietoslawski [27, 28] states that
coking coals contain a material called ‘bitumen’ and it is in
excessive amount that allows coal to soften. Griaznov [29]
considered two groups of reactions during plasticizing. In the
first one, an unstable structure is created that causes soften-
ing and later its solidification. Only coals with the ability to
form unstable structure can soften. Ouchi [11] proposed the
existence of an indigenous fraction of y-components that are
low molecular weight and soluble in polar solvents. Regard-
less of the different softening mechanisms, it can be said that:

e In the coal structure, there are organic softening com-
pounds and inert ones,

e The plastic state occurs within a specific temperature
range,

e After passing the softening temperature, an active system
is created that entails bonds regrouping and weakening,

e The plastic layer can be considered a colloidal system of
inert compound suspended in a plasticized substance, and

e The plastic layer is a system of specific viscosity that
causes the formation of a barrier against free gas trans-
port.

The properties of the plastic phase influence the transport
of different phases during the coking process. There is dif-
ficult transport of released gases if the plastic phase is very
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Fig.3 TG and DTG curves of coking coal with a V&4f=21% and b V**'=34% [24]

viscous. It may go into empty spaces between particles of
non-softened coal or cracked semi-coke if it is very fluid. In
the end, it forms the internal structure of the produced coke.

Several works have been conducted on the effect of heat-
ing rate. They seem to indicate that for a given coal, the initial
generation of liquefied metaplast is independent because the
softening temperature #; does not change. However, it does
affect the range of plastic behaviour due to the more intensive
depolymerization and following solidification. This observa-
tion is not useful for the analysis of the coking process, which
is conducted at a low heating rate, namely 2-5 K min~".

The most advanced work is [30], in which the multiple
independent parallel reaction model was used to describe
the isothermal kinetics of plasticity formation due to the
metaplast generation and depletion. Using a nonlinear least-
squares regression routine, the activation energy and its
variance for each chemical reaction step were fitted to the
experimental data. The model requires calculating the mean
activation energy and its variance, assuming the same value
of pre-exponential factor for all reactions equal to 10'% s~
The mean activation energy was 160—180 kJ mol~! and
250-265 kJ mol ™! for melting and solidification reactions,
respectively. The data were validated against measured coal
viscosity. The authors did not find a relationship between
coal rank and kinetic parameters [30].

Metaplast theory

Assuming the existence of metaplast and following the
approach of van Krevelen, the coal devolatilization—pyroly-
sis can be described by three consecutive steps [26]:

e Depolymerization reaction, in which an unstable inter-
mediate product is formed—metaplast—responsible for
the behaviour of coal in a plastic state,

e Cracking reaction, during which non-aromatic groups
dissociate, along with parallel recondensation of meta-
plast, leading to the formation of a semi-coke, and

e Secondary devolatilization reaction, during which the
semi-coke structure forms coke along with the simulta-
neous release of hydrogen, causing the formation of large
lamellas.

In line with this theory, the metaplast that is formed and
the gas released in this period affect the plasticity and inter-
nal pressure development.

Coal samples

Experimental works were conducted with 15 coals of dif-
ferent origins. Tested coals were from Australia, the USA,
Canada, Poland and the Czech Republic. Table 1 presents
the ranges of their properties: moisture content (W?), ash
content (A?), volatile matter content (V*), fluidity according
to the Gieseler test (F,,,), fluidity temperature range accord-
ing to the Gieseler test (¢,—¢;), Sapozhnikov contraction (x),
Sapozhnikov plastic layer thickness (y), carbon (Ctd), hydro-
gen (H%), nitrogen (N%) content, vitrinite reflectance (R),
swelling index (SI), Movable Wall Oven coking pressure
(MWO), Arnu—Audibert contraction (a) and dilatation (b).
The most important fact is that the fluidity ranges from a
few ddpm up to thousands of ddpm. Table 2 presents the
specific coal analysis.

Experimental

Experimental tests of coal fluidity were carried out with a
FRICO Gieseler plastometer. Revolutions were monitored
every 1 min. Samples for the test were prepared as a rou-
tine sample of size distribution <0.425 mm and sample
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Table 1 Coals’ properties range

W4%  AY% VY%  F,/ddpm  t-,/°C  xmm  ymm CY%% HY% N%% RI% SI  MWO/kPa
min 0.4 55 1647 12 53 2 8 77.6 4.09 1.2 089 75 1
max 1.4 104 3262 29463 116 38 28 86.1 5.03 225 157 9 160
Tablg 2 Investigated coals’ W% A4 vy, ydaf/o al% b% F,./ddpm
specific properties

AU 1788 0.6 5.5 25.34 26.83 22 66 1032
Us 1789 1.0 9.0 23.40 25.72 21 138 1770
AU 1790 1.3 7.9 32.56 35.36 20 146 29,463
AU 1791 12 9.4 20.09 22.18 18 44 146
PL 1792 0.7 8.8 23.77 26.05 26 182 3052
AU 1793 0.7 7.4 22.15 23.90 20 42 324
Us 1794 1.4 7.4 32.62 35.22 22 129 6074
AU 1795 0.4 5.5 16.71 17.68 26 34 50
AU 1796 0.8 10.4 16.47 18.38 18 8 12
AU 1797 12 7.7 19.59 21.22 18 -17 14
PL 1798 0.8 9.1 17.88 19.67 19 17 30
PL 1799 1.3 7.4 30.40 32.82 20 62 2154

mass—35 g. The temperature increase was typical as provided
by the standard procedure—3 K min~'. Figure 4 presents
examples of fluidity development, which is not symmetric
in the scale of temperature. The fluidity increase period is
roughly 2/3 and the decrease 1/3 of the temperature range at
the condition of the Gieseler test.

A correlation was found between volatile matter con-
tent and the maximum fluidity. For the tested coals, it is
presented in Fig. 5. It is clearly seen that for coking coals,
higher volatile matter content is connected with higher maxi-
mum fluidity.

In addition, it was found concerning volatiles’ evolution that
there exists a relation between total volatile matter content and
amount of volatiles in the temperature of fluidity end. Figure 6
presents this. The observed trend can be explained as follows:
the coal undergoes pyrolysis and releases the volatiles before
achieving the softening temperature in an amount dependent
on volatile matter content. High volatile matter content coals
lose more volatiles before softening, releasing mostly oxygen-
containing species enriching in the same time in hydrogen
content, which stabilizes the formed radicals of lower molecu-
lar weight. On the other hand, low volatile matter coals when
heated release less volatile matter approaching softening tem-
perature and the radicals recombined due to lack of free hydro-
gen producing lower fluidity of the coal. Despite the differences
in fluidity, it is clear that the entire melting phenomenon takes
place at an almost constant value of the relative volatile loss,
which means that the metaplast M, that forms a liquid-like
phase can be assumed equal to 0.8V for all investigated coals.

@ Springer

On the basis of the obtained results, the following relation
was proposed (1):
M) _

M,

M(T)
MO

F(T)=F,, (a; - V™ +a,) 1

ax
where a, and a, are coefficients derived by regression of the
experimental data.

The proposed formula assumes that the ratio of observed
fluidity F(7) to maximal value F,,, of the sample is propor-
tional to the ratio of observed metaplast content M(7) to its
maximal value M,,.

Experimental data were used to find the best fit with coef-
ficients a; =0.366 and a,=—3.147. Table 3 presents the cor-
relation coefficient for real and calculated fluidity development
as well as mean square error.

Fluidity modelling

Coal plasticity is a phenomenon directly affecting the creation
of coke structure [31, 32]. It is very much a time- and tempera-
ture-dependent transformation of the coal matrix, which allows
changing the physical phase from solid to liquid and again into
solid of different properties. The kinetics of this transforma-
tion are complicated considering the detailed coal chemical
structure. In this work, a macro-kinetics approach is applied
that results in effective kinetic parameters, i.e. pre-exponential
factor and activation energy. The coking process, particularly
in a plasticization temperature range, can be considered as a
non-isothermal reaction at a constant heating rate.
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The critical observation, which can be used for the
kinetic model solution, is coal fluidity. According to
Lloyd et al. [13], it can be assumed that fluidity magni-
tude is proportional to the share of the plasticizing com-
ponent in coal. Referring to the concept of van Krevelen
[26], the basic reason for coal melting within a certain
range of temperature is a content of primary bitumens or
y-components [11], which, when turned into the plastic
state, is called metaplast and accounts for the observed
coal fluidity. It is postulated in this work that the original
content of metaplast (M) is a part of volatile matter that
melts under the effect of temperature. The coal sample
can melt steadily with the temperature increase, achiev-
ing the maximum fluidity (F,,,,) when the total amount of
metaplast available turns into the plastic state. This takes
place at #,,,,, measured by the standard Gieseler test [1]. At
temperature greater than ¢,,,, a plastic phase starts to turn
into solid phase by the initiation of a solidification reac-
tion. Assuming that metaplast properties are very simi-
lar for each coal, which discloses plastic properties, and
the difference in fluidity can be attributed to the different
contents of metaplast, one can derive a general relation-
ship between coal composition and its fluidity. According
to metaplast theory, depolymerization of the coal matrix
leads to metaplast formation (P), which represents the
part of coal that becomes like fluid. It is postulated that
metaplast has its origin in the volatile matter content and
constitutes a fraction of its content (M,)). The coal fluidity
(F) is proportional to the ratio of plastic phase (P) present
at the considered temperature to the content of solid phase
composed of fixed carbon with ash (K) and still not plasti-
cized metaplast (M) or already solidified plastic phase ().

This means that the formal mass balance of the sample
under consideration in the range of the plastic state can be
expressed by the following mass balance equation:

K+M+P+S5=1 2
in which metaplast contributes to the three components:

My=M+P+S 3)

The assumption of proportionality allows expressing the
fluidity of the sample in terms of the defined components.
Fluidity (F) in all mathematical formulae is expressed as
the common logarithm:

P

D= rsvm @

Table 3 Correlation results for

Sampl 1788 1789 1790
real and calculated fluidity amp’e

1791 1792 1793 1794 1795 1796 1797 1798 1799

R? 090 096 0.99
MSE 0.56 021 0.02

079 098 094 086 032 0.02 081 092 094
088 005 043 018 043 090 019 037 0.07
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and, respectively, for maximum fluidity:

Pmax
FTom) = R e + 5 ®

max

where C in both equations presents proportionality constant.
Taking the above-presented equations, one can derive
a fluidity ratio @ as:

_ F(T) _ P 1_szﬂx
CF(Tpy) 1P P 6)

max

A general scheme of the postulated mechanism is
described below.

is followed by the solidification reaction. This can be
considered the independent reactions model.

e The primary volatile matter is being released, and the
remaining amount is equal to 0.8 V% as metaplast turns
into plastic phase starting at ¢; and at the same tempera-
ture starts competitive solidification reaction. This can
be considered as reactions in the series model.

Pictorial presentations of both models can be seen in
Fig. 7.

COAL (Mo + 0.2V% + K)

Coal composition ‘

Primary metaplast (Mo = 0.8V/%)

Solid phase (K)

Metaplast starts to plasticize ().

Metaplast plasticizing

Metaplast solidification

Metaplast fraction in Metaplast fraction in
. . Solid phase
the plasticized form the non-plasticized
(K + Mo)
(P>0) form (S=0)
Coal maximum fluidity (fmax)
Metaplast max.
o Metaplast fraction in
fraction in the o )
o the non-plasticized Solids (K + S)
plasticized form
form (M)
(Pmax)
Metaplast completely solidified (t3)
Metaplast is totall
P y Solids
solidified
(K+ S =K+ Mo)
(S = Mo).
Coke

Considering the presented scheme of coal behaviour
while it is being heated, the following mechanism can be
distinguished:

e The primary volatile matter is being released, and the

remaining amount is equal to 0.8V as metaplast turns
into plastic phase starting at ¢, and ending at #,,,. This

@ Springer

Kinetics of fluidity development: independent
reactions (Model A)

The first kinetic model assumes that the plasticization of coal
is related to the metaplast transformation into a fluid-like state.
This takes place from ¢, to #,,,,. Next, the fluid-like phase is
transformed into a solid one in the temperature range ., to t;.
Both reactions are independent. Such a model can be presented
as follows:
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Fig.7 A scheme presenting the
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Assuming this model, the expected maximum plastic
phase fraction takes the value of M, and by a transforma-
tion of Eq. (6), one can find the formula for the plastic frac-
tion content:

DM,

P= 1= My(1—-®) 0

Applying this formula, a plastic phase content can be cal-
culated at any stage of transformation providing that experi-
mentally derived data are available for @. This comes from
the tests performed on various coals described above.

Now, first-order kinetic equations are adopted for both
reactions, resulting in the following formulae:

-1 T -E,
=1- —k, — |dT
e P [ m ./Tl exp( RT > ] ®

and for solidification:

residuals, being the squared difference between experimental
P (Eq. 7) and the model one calculated from Eq. 8, the kinetic
parameters can be evaluated. The same is repeated for the next
region when solidification starts. In this case, the solidified
phase fraction is calculated by the difference of M|, and P.
In both cases, fractions of P and S were used that apply the
normalization formulae:

_ P

ap = M_o (10)
_ S

s = _Mo arn

M, equals 0.8V as previously presented.

Kinetics of fluidity development: reactions in series
(Model B)

In this case, we consider consecutive first-order reactions
such as
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kls k2s
M—P—S

The respective rate equations for the three components
and non-isothermal system are:

dm 1

™= g7 = _Zkls(T)M (12)
dP 1

= T Zku(T)M — ky (T)P (13)
ds 1

s =97 = Zkzs(T)S (14)

This set of equations cannot be solved for the non-iso-
thermal case because the variables are not separable. The
following steps were taken to find a solution:

e The kinetic constant needs to be assumed as a guess val-
ues before the set of equations is solved.

e The equations are solved numerically assuming as start-
ing values M=M,,, P=0 and S=0.

e The maximum of P can be found, which is necessary to
calculate plastic phase content along the reaction path
according to Eq. (5). In this case, it is not necessary to
take the value of M,

e The P calculated and finally @ obtained by model calcu-
lation need to be compared with the experimental values.

e If the mean standard error of @ was less than 1% (5),),
the assumed kinetic parameters are considered correct. In
addition, the 7,,, experimental and calculated was com-
pared, and the results were accepted with the difference
not greater than 3 K (,).

e Usually, it was not the case, so to find the solution that
fulfils the assumed criteria, a factorial design was used.
The kinetic parameters found by the trial-and-error
approach were used as a starting point. The four factors
(E\s ko1s Eog and ky,,) were taken at two levels, practi-
cally in the range of 0.001 for frequency factor and 0.007
and 0.002 for the energy of activation. The 2k experi-

Fig.8 The fluidity versus (a) 5
temperature. a Low-volatile
coal 1798 (V% =17.68%) 4 o
and b high-volatile coal 1799 . .
(Viaf=32.82%) 5 3 .
< .
£ 2 .
1 L]
0 .
700 720 740

Temperature/K
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mental runs are based on the 2k combinations of the + 1
factor levels. This results in 16 runs.

e The obtained data were analysed in terms of ¢, and §,.
If the required conditions were met, the results were
accepted; if not, the best solution was taken for the next
step runs design and calculation. Usually, after two loops,
the final results were obtained.

The computation was conducted in the Mathcad environ-
ment applying MinErr solver with respect to four kinetic
quantities. The course of relative fluidity development was
approximated by functions interp and cspline, which allow
interpolating real results with a piecewise polynomial func-
tion. Computation of the set of differential equations was
conducted applying rkfixed solver.

Analysis of results

A typical course of fluidity (In F) is presented in Fig. 8a, b
for low and high volatile matter content coals, respectively.

These primary data collected in 12 experimental runs
performed for various coals were used for the data normali-
zation according to formulae (7) and then (10) and (11),
obtaining conversion fractions for both reactions in a trans-
formed form (Fig. 9a, b).

The first approach to the analysis of the data shows that
the temperature of maximum fluidity, ¢,,,, follows the
changes in primary metaplast content, which is directly
referred to the volatile matter content (Fig. 10).

The same can be said about maximum fluidity (In F) as
presented in Fig. 11.

Kinetic analysis according to Model A

Kinetic analysis of Model A delivers both activation energy
and frequency factor for two specified steps of the reaction.
It appears that the frequency factor has a linear relation in
the form

In(ky,) = A + BE,

(b) 8 e
° L]
L]

6 . x

. —_
3 L4 .
. LLE 4
L] E 2 e
L]
2 . °
° L]
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. 0l e
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This type of relation is called a compensation effect
and generally shows that the greater the value of the fre-
quency factor is, the greater the value of the activation
energy. The activation energy of the first step is in the range
of 200 to 380 kJ mol~!, which can be considered already
a rather high value. The values for the solidification step
are much higher approaching almost 1000 kJ mol~!. The

Fig. 12 The linear relation between frequency factor and energy of
activation for the plasticization reaction

corresponding value of the frequency factor falls in a range
of 1.2x10"-8.75 x 10%. Both show the effect of volatile
matter content expressed by metaplast content (Fig. 13).

The data fall into two distinguishable groups. The first
is represented by low-volatile and related mesophase con-
tent (M;<0.21) and the second by high-volatile coals
(My>0.25). It seems that there is a different mechanism for
fluidity phenomenon, which can be related to the different
composition of the remaining volatiles due to much lower
condensation and more side chains related to higher oxy-
gen content. However, the higher the metaplast content is,
the lower the value of the frequency factor and energy of
activation.

A much better relation can be seen for the second step
presented in Fig. 14a, b. It appears that in the solidifica-
tion step, there is the same mechanism of the reaction, and
metaplast content affects the reaction path in the same way.

Analysis of the data shows that frequency factor values
are at least two orders of magnitude greater than for the first
step. The same relates to the energy of activation, which
takes values in the range 550-1050 kJ mol~!. In general,
this may be expected because the reaction requires a higher
temperature. The linear relation between frequency factor
and energy of activation is almost perfect.
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The agreement between experimental measurements and
model prediction is shown in Fig. 15a, b.

The reaction rate constants are presented for discussed
cases in Fig. 16a, b.

It may be concluded that the reaction rate for the second
step is faster than for the first one in both cases. This shows
that the plasticization of coal takes longer than solidifica-
tion, independently of coal rank. In the case of low-volatile
coal, the same reaction rate can be achieved at a higher
temperature.

Kinetic analysis according to Model B

In Fig. 17, a solution of the set of differential equations
according to the described algorithm is presented. It shows

Fig. 13 The effect of metaplast (a)
content on frequency factor and 60
energy of activation of the first

step of the reaction 55 o

50

45 L

In(k,)

40
35

30 %
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Fig. 14 The effect of metaplast (a)
content on frequency factor 250
and energy of activation of the

second step of the reaction
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150 °
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Fig. 15 The comparison of
experimental data with cal-
culated ones according to the
developed model
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three different runs chosen from a factorial template. The
reaction of metaplast transformation into the plastic phase
is represented by falling lines, and rising lines represent
solid phase formation. The resulting parabolic lines are the
plastic phase content.

The final solution must meet the criteria by stepwise
correction of starting values of the assumed kinetic param-
eters. In this specific case, M, was equal to 0.141, and
calculated P, =0.112. In the case of high-volatile coal,
P,..x can be as high as 90% of M. This means that the
solidification reaction starts before the maximum avail-
able amount of metaplast can be transformed into a plastic
phase.

In this model, neither the frequency factor nor the activa-
tion energy shows a clear relationship with the content of
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Fig. 16 The reaction rate constant versus reciprocal of temperature for low- and high-volatile coals
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Fig. 17 Solutions of the set of differential equations for run numbers
1, 8 and 16 according to the 2k-factorial design (low-volatile coal)

metaplast. They show some correlation between themselves,
but it is not linear, as was the case in Model A. The trend
towards linearity can be observed for the second reaction.
Comparing the data obtained with Model B, it can be
concluded that both kinetic parameters take smaller values
than in the previous model. In particular, the value of the
frequency factor is almost tenfold smaller than in Case

Fig. 18 Frequency factor versus
energy of activation for both
reactions 8

5.5
5

65000 70000 75000 80000 85000 90000
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A for the first reaction. The activation energy in the first
step ranges from 65-80 kJ mol~! and, for the second, from
520-600 kJ mol~!. The last one is in the range of Model
A findings.

However, given that the value of frequency factor and
activation energy represents big numbers, the differences,
particularly between the results obtained for the second
reaction, are not so substantial. The smallest and largest
values of activation energy differ by a maximum 4% from
a mean 560 kJ mol™'.

In Fig. 19a, the results of the model solution in com-
parison with experimental data are presented. The respec-
tive residuals are shown in Fig. 19b. It is clearly demon-
strated that the residuals for the solidification reaction are
negligible, but this is not the case for the plastification
step. In this step, complex reactions of devolatilization and
regrouping of coal structure do not allow precise descrip-
tion by the model. In general, the peak temperature value
was precisely computed, and the mean deviation does not
exceed 5%.

Considering the reaction rate, which is determined
by the reaction rate constant, it can be concluded that
they align very well, showing relatively good agreement
(Fig. 20).

(b) .

- 88 .
86 =
84

82

In(Kyg)

80 '

78
520 000 540000 560000 580000 600000

E,4/kJ mol~!

@ Springer



M. Sciazko et al.

Fig. 19 The results of model (a) 1
computation and residuals * Fealculated
of model prediction for coal 0.8 " Fmeasured

VI =26.05% (AU coal)
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Fig.20 Kinetic rate constants versus temperature for two reaction
steps and two models

Plastic phase viscosity

Several factors contribute to the fluidity of coal in the plastic
state, and this results in numerous correlations for viscosity
calculations. One of the most comprehensive is the approach
of Mooney [33], described in detail by Solomon et al. [34].
In this model, the volume fraction of the solid phase, @,
was calculated from the model developed in this work. The
other parameters were assumed as in the above-mentioned
article. The results of viscosity changes with the temperature
rise are shown in Fig. 21 for high and low volatile content

Fig. 21 Viscosity of plasticized (a)
coal versus temperature. a 40
V4=35.4% and b V*'=20.9% 35
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coals. It can be noticed that the minimum of viscosity for
high-volatile coal is lower than for low-volatile coal. In addi-
tion, the minimum is shifted towards higher temperature.
In Fig. 22, the experimental results of Duffy et al. [35] are
compared with model prediction, showing very good agree-
ment considering the predicted range of minimal value of
viscosity.

Conclusions

In the coal during the coking process, complex physico-
chemical changes take place. The most important phenom-
enon from the point of view of the formation of the coke
structure is the formation and solidification of the plastic
layer. The effect of this phenomenon together with the phe-
nomenon of pyrolysis is the formation of an expansion pres-
sure inside the coal charge, which in the form of coking
pressure is transferred to the walls of the coking chamber.
As a result of this work, a kinetic models of fluidity devel-
opment of coking coals were elaborated. The models were
validated with several coals of different origins and proper-
ties performing TGA and Gieseler tests. It allows predicting
fluidity changes on the basis of volatile matter content.

In result, it is possible to calculate the formation and
solidification rate of the plastic phase of any coal and its
plasticity depending on the volatile matter content of the
coal.
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Fig.22 Comparison of model and experimental data obtained by
Duffy et al. [35]

Based on the experimental research presented in this
paper, the following conclusions can be made:

e There exists in coal a substance called metaplast, which
has the ability to plasticize.

e From the point of view of the mechanism, the process
of coking coal pyrolysis can be described by means
of subsequent metaplast plastification reaction and
primary devolatilization, followed by solidification of
metaplast in semi-coke/coke and secondary volatile
component evolution.

e Two different mechanisms of fluidity development
show that the final kinetic parameters align quite well.
This means that the reaction models of plasticity devel-
opment and solidification are based on solid considera-
tions.

e Coal plasticity is related to the coal chemical structure,
which determines the degree of plasticity of coal.

e The kinetic rate constants for Model A were in the range
of In(k,)=-3.8+-7.5s"" and

e In(k))=—4.1--8.6 s~! for plasticization and solidifica-
tion, respectively. For Model B, the rate constant was
very much alike in specific ranges of temperature. The
results are in line with those presented by Gerjarusak
[30] considering limited range of coal used and simpli-
fied assumption of theirs model.

Considering the presented scheme of coal behaviour
while it is being heated, the following mechanisms were
distinguished:

e The primary volatile matter is being released, and the
remaining amount is equal to 0.8 V¥ as metaplast turns
into plastic phase starting at ¢, and ending at ¢,,,,. This
is followed by the solidification reaction. This can be
considered the independent reactions model.

e The primary volatile matter is being released, and the
remaining amount is equal to 0.8V%! as metaplast turns
into plastic phase starting at ¢, and at the same tempera-
ture starts competitive solidification reaction. This can
be considered as reactions in the series model.

The developed models can be used for the prediction of
the viscosity of the plastic state of coal, which in turn can be
further used for the prediction of coal behaviour in a coking
chamber, particularly coking (wall) pressure development as
proposed by Duffy et al. [35].
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