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INTRODUCTION 

Many recent studies have proposed that coal can be thought of as having a macromolecular 
network structure to which concepts of crosslinked polymers can be applied (1-10). These 
concepts have been employed to understand and model such properties of coal as: i) the 
insolubility; ii) the equilibrium swelling and penetration of solvents; iii) the viscoelastic properties; 
iv) similarities between the parent coal and products of hydrogenolysis, or mild oxidation; 
v) crosslinking during char formation (1 1,lZ); and vi) the formation of coal tar in pyrolysis (13-17). 
With the success of these concepts in describing coal properties, it appears logical to extend 
macromolecular network concepts to completely describe coal thermal decomposition behavior. 
This has been done by applying statistical methods to predict how the network behaves when 
subjected to thermally induced bond breaking, crosslinking, and mass transport processes (17-30). 

In applying network models to coal thermal decomposition, one considers the coal to consist of 
aromatic ring clusters linked together by bridges in some geometry designated by the coordination 
number (1 + u) which is the total number of allowable bridges per cluster. When the coal is heated, 
the bridges can break and new bridges can form. Various statistical methods can be employed to 
predict the concentration of single aromatic ring clusters (monomers) and linked clusters (oligomers 
of n clusters, 'n-mers") up to a totally linked network. By assigning an average or distribution of 
molecular weights to the monomers, the amounts of tar, extractables, liquids or char can then be 
defined from the distribution of oligomer sizes. The models vary in the assumed chemistry of bond 
breaking and crosslinking. in the definition of tar, extracts, liquids, and char and in the statistical 
methods used. 

Gavalas et al. employed statistical methods to predict the release of monomers from a randomly 
connected network (20). The model of Niksa and Kerstein employed percolation theory in a model 
called DISARAY (28) which extended their previous model built on chain statistics (2425). Grant et 
al. employed percolation theory in a model called Chemical Percolation Devolatilization (CPD) (30). 
Solomon et al. employed Monte Carlo methods in a network model called the Depolymerization, 
Vaporization, and Crosslinking (DVC) model (21-23,27). This was an extension of their previous 
model for linear polymers (17,ZO). The DVC model was recently combined with their Functional 
Group (FG) model (27,29) to produce the general FG-DVC pyrolysis model. This model is currently 
being applied to predict the fluidity of coals (31). Other statistical methods for network behavior 
have been employed in the polymer literature (32-37). 

In view of the importance of macromolecular network models to the accurate predictions of coal 
processing behavior, this paper assesses the assumptions and limitations of the proposed models. 
It appears that the way one performs the statistics (Monte Carlo, percolation theory, or other 
statistical methods) makes little difference. For example, we have substituted percolation theory 
methods for Monte Carlo calculations in the FG-DVC model and obtained comparable predictions 
for appropriately restricted cases. The important differences among models are in the assumptions 
for: 1) the network geometry; 2) the chemistry of bond breaking; 3) the chemistry of crosslink 
formation; 4) hydrogen utilization; and 5) mass transport. The paper compares the models and 
considers how the assumed network properties relate to behavior observed for coal. 

MACROMOLECULAR NETWORKS 

GENERAL PROPERTIES OF NETWORK - Figures 1 and 2 present the networks employed in the 
FG-DVC Monte Carlo calculations and percolation theory, respectively. For the FG-DVC Monte Carlo 
calculation, oligomers of c clusters of a molecular weight distribution defined by M, and deviation 
(shown as the horizontal chains of clusters) are linked by m, crosslinks per monomer (shown as the 
vertical double lines) (26,29). The crosslinks are the branch points in the network where more than 
two bridges connect a cluster. During thermal decomposition, bridges break, crosslinks are added 
and the molecular weight of the oligomers is calculated by randomly distributing these changes. 
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For the percolation theory, a Bethe lattice is employed (28.30.39). Lattices are characterized by the 
coordination number (u + I), which is the number of possible bridges per cluster. Figure 2 shows 
lattices for u + 1 = 2.2 and u + 1 = 4. The Bethe lattice has no loops, but it has been 
demonstrated that this lattice is a good approximation to a lattice of equivalent coordination number 
containing loops (39). 

The loop free geometry of the Bethe lattice allows for the number of free oligomers to be analytically 
expressed as a function of u and the probability p of bonds being unbroken. This is the feature 
which makes the percolation theory so attractive from the stand point of computer efficiency and for 
understanding the behavior of networks under conditions of varying bridge populations. In Fig. 3 we 
present calculations using percolation theory for three values of u + 1 for the monomer, the sum of 
oligomers up to 3, up to 10, and the sum of all free oligomers as a function of the number of 
unbroken bonds per ring cluster a, where a = 1/2 p (u + 1). If u remains constant during pyrolysis, 
the molecular weight distribution is a single valued function of a. For ring clusters of molecular 
weight 300 arnu, the sum of 1 to 3 oligomers corresponds roughly to the potential tar fraction (up to 
900 amu), the sum of 1-10 corresponds to the extractable fraction (up to 3000 amu). and the sum of 
all oligomers corresponds to the liquids fraction (all free oligomers). It can be seen that with 
increasing u, more broken bonds are required to achieve equivalent fractions of free oligomers. 
Also the relative amounts of tar, extracts, and liquids vary with u. 

NETWORK GEOMETRIES REPRESENTATIVE OF COAL - The three important parameters of the 
network are the average ring cluster size Ma , the coordination number (u+ l) ,  and the starting 
probability, po. For comparing networks of afferent coordination numbers, it is convenient to use a 
rather than p. 

Ring Cluster Size - Ring cluster sizes have been estimated from NMR alone (40), NMR and FT-IR 
(41), mild degradation (42), and molecular weight distribution of tar (15,16,29). Based on these 
results, the average ring cluster size for coals with less than 90% carbon is expected to be between 
2 and 3 aromatic rings or a total molecular weight per cluster including peripheral groups of 200-400 
amu. 

DISARAY assumes a value of 1400 amu for the monomer which can split into two 700 amu tar 
fragments. CPD does not specify the monomer molecular weight. For coals with less than 90% 
carbon, FG-DVC employs a distribution of monomers with an average M, of 256 amu. 

Coordination Number - Information on the coordination number comes from estimates from solvent 
swelling measurements of the average molecular weight between crosslinks, M, (2-9) and recent 
estimates made using NMR of the number of non-peripheral group attachments to the cluster (40). 
The M, determinations suggest that there are between 4 and 8 repeating units between crosslinks 
(or branch points). This indicates a value for u + 1 between 2.13 and 2.25. The NMR data suggest 
that there are between 2 and 3 bridge or loop attachments per cluster (see Fig. 8 of Ref. 40). This 
suggests u + 1 is between 2 and 3. Based on these two above measurements, the coordination 
number for the starting coal for describing the break up of the network by bridge cleavage should 
be less than 3, and probably between 2.2. and 2.5. A different value of u + 1 might be appropriate 
for describing crosslinking as discussed later. 

To model a high volatile bituminous coal, the different models used networks with (u + 1) = 3.25 
(DISARAY), 4.6 (CPD), and = 2.1 (FG-dVC). 

Initial Bond Population - The starting macromolecular network for FG-DVC is chosen to match the 
measured extract yield and molecular weight between crosslinks by picking two parameters: i) the 
length of the oligomer chain, f ,  ii) the number of initial crosslinks per monomer, m,. First m is 
picked such that m, = M /M, where M, is the average monomer molecular weight and M: is the 
molecular weight betweefirosslinks determined from solvent swelling (2-9). Then f is chosen so 
that when the molecule is randomly constructed, the weight percent of oligomers less than 3000 
amu matches the measured extract yield. There Is the implicit assumption that the extract yield is 
due to the unpolymerized fraction of a homogeneous network. Exinites and polymethylenes should 
really be treated as separate components but are not. The initial value of a is approximately 
((f - l)/f + mJ which for the Pittsburgh Seam coal modeled in Ref. (29) is a, = 0.95. This initial 
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value is indicated in Fig. 3a. 

In DISARAY, u + 1 is set equal to 3.25 and po is set equal to 1 (a, = 1.63). This is illustrated in Fig. 
3b. 

The starting macromolecular network in the CPD model is chosen by picking two parameters: i) the 
coordination number u + 1, picked to match the average number of attachments (bridges and 
peripheral groups) per ring determined by NMR (30.40); and ii) po the starting probability of 
unbroken bonds. For the high volatile bituminous coal simulated in Ref. (30) u + 1 = 4.6, 
a., = 1 /2 p, (a + 1) = 1.36. This initial value is indicated in Fig.3~. 

PROCESSES CONTROLLING THE NETWORK DECOMPOSITION 

BOND BREAKING AND HYDROGEN UTILIZATION - Both the FG-DVC and CPD models ssume 

2.6 x l O I 5  exp-'55.m/RT, sed' for CPD. Both models employ rank independent kinetics. The FG-DVC 
model rate was determined in experiments in which particle temperatures were directly measured 
(43). The rate was recently confirmed within a factor of 2 by Fletcher et al. in a second experiment 
which directly measures particle temperatures (44). 

There are some minor differences in FG-DVC and CPD assumptions for bond breaking. The 
FG-DVC model includes three kinds of bonds: labile bridges, unbreakable bridges, and crosslinks. 
For each broken labile bridge, FG-DVC requires that hydrogen be available to stabilize the free 
radicals. It is assumed that all the donatable hydrogen (aliphatic plus hydroaromatic) is located in 
the labile bridges, so that only half the labile bridges can break with the other half becoming 
unbreakable with the donation of their hydrogen (i.e., there is a 1:l ratio between bond breaking and 
the formation of additional unbreakable bridges). The weight fraction of the initial bridges in the 
chain of length which are labile is given by the parameter W,; the rest are assumed to be 
unbreakable bonds. W, is a fitting parameter chosen to make the model fit the pyrolysis data. 

In a similar manner, in CPD, there are both unbreakable bridges with probability c, and labile 
breakable bridges with probability$, ($ + c,, = pJ. As pyrolysis proceeds, the labile bridges can 
break and react by two possible routes to form unbreakable 'char' bridges or broken bridges. CPD 
assume a 0.9:l .O ratio for the ratio of bond breaking to char bridge formation. That assumption is 
almost identical to the FG-DVC 1:l ratio required for hydrogen availability. 

The DISARAY model assumes a bridge disassociation rate of 6 x 10' exp-"~m/nv sec'' t which can 
produce monomers. The monomers subsequently decompose at 1.4 x IO' exp''3'~m/Rv sec" to 
form tar. These rates have activation energies which appear to be too low to describe chemical 
processes. 

CROSSLINKING - CPD does not assume any crosslinking processes. The char forming processes 
are only those occurring as one possible end of the bridge breaking reaction. 

DISARAY assumes char formation occurs at a rate 2 x 10' e ~ p ~ " ' ~ ~ / ~ ~ .  Char formation is assumed 
to occur by monomers attaching to the original lattice or to each other. 

FG-DVC assumes two independent crosslinking reactions, in addition to the unbreakable bond 
formation accompanying hydrogen donation. One occurs at low temperature (below that for bond 
breaking) for low rank coals and is associated with oxygen functional groups (COOH or OH) and 
probably CO, evolution (1 1,12,45). Crosslinking also occurs at moderate temperatures, slightly 
higher than bond breaking and appears to be associated with the evolution of CH, or other 
peripheral groups (e.g., ethyl, propyl). 

MASS TRANSPORT - A combination of chemistry and mass transport controls the production of 
the tar in pyrolysis. The motivation for including mass transport processes in tar formation is the 
observation that tar yields are strongly influenced by external pressure (29,46,47). 

t both FG-DVC and DISARAY employ distributed activation energy expressions. The rates quoted 
above are for the center of the distribution 

similar (within a factor of 3) bond breaking rates, 0.86 x exp@.m/Rv sed' for FG-DVC B and 
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In FG-DVC, the Monte Carlo calculation is employed to determine the molecular weight distribution 
in the decomposing char. Then a mass transport equation is applied to determine the probability of 
the light n-mers evolving as tar. The transport equation assumed that a molecular weight dependent 
vapor pressure controls the appearance of these molecules in the gas phase and that they escape 
the coal particles by convective transport of the gas (29). Tar is thus the light end of the molecular 
weight spectrum, i.e., those with sufficiently high vapor pressures. This produces tar with number 
average molecular wights of 300-400 amu and maximum weights of 800-1000 amu. Thus in 
FG-DVC, tar is approximately the sum 1-3 in Fig. 3a. Extractable material is defined as all molecules 
up 3000 amu (sum 1-10) and liquids are defined as all molecules not attached to the starting 
molecule. 

In DISARAY, tar is defined as half the monomer, and the monomer is taken as 1400 amu. So the 
tar would be defined as some fraction of the monomer curve in Fig. 3b. 

No transport equations were employed in CPD. Tar was defined as all molecules not attached to 
the infinite lattice. Thus tar is represented by the highest line in Fig. 3c. 

One advantage of the Monte Carlo method over the percolation theory is that when tar is produced, 
molecules can be removed from the network. In percolation theory, there is no mechanism for 
removing molecules from the network. If there are crosslinking events, as in FG-DVC, all the small 
molecules can reconnect to the network. CPD avoids this problem by excluding any independent 
crosslinking which would reconnect oligomers. This presents the limitation that independent 
crosslinking and mass transport cannot be treated with the exact percolation theory expressions. 

EXAMPLES OF MODEL CALCULATIONS 

FORMATION OF PYROLYSIS PRODUCTS - The evolution of the macromolecular network in the 
CPD model is illustrated in Fig. 4. Figure 4a shows the percolation theory predictions for the total of 
unattached oligomers (defined to be the tar) as a function of a. The coal is represented at 
a, = 1/2 po (u + 1) = 1.36. During pyrolysis the labile bridges form either broken bridges or 
unbreakable char bridges in the ratio 0.9 to 1 .O. Figure 4b shows how a changes during pyrolysis. 
Pyrolysis proceeds until amln is reached where a,,,," = 1/2 (u t 1) (c, t (1.0/1.9)&) = 0.83. Thus 
the change in a during pyrolysis was 0.53. 

The evolution of the macromolecular network for FG-DVC computed using the Monte Carlo method 
for a bituminous coal is illustrated in Fig. 5. Figure 5a shows the calculated extract yield as a 
function of a. The initial probability of unbroken bridges, Q, starts out at close to 1.0 to produce the 
measured extract yield (30%). Figure 5b shows the computed value of a with its contributions from 
the initial crosslinks m,, the conversion of labile bridges to broken bonds and unbreakable bonds 
and the added crosslinks. For the bituminous coal, the added crosslinks are almost all due to CH, 
related processes. Note that a goes back up in the FG-DVC model to resolidify the lattice. This is 
necessary to model fluidity effects (31). 

Results of the FG-DVC model applied to a lignite are presented in Fig. 6. The formation of CO, 
crosslinks prevents Q from being reduced and no additional extract is produced. 

UTILIZATION OF DONATABLE HYDROGEN - As discussed above, W,, the initial fraction of labile 
bridges is a parameter of the FG-DVC model. This parameter is related to the fraction of donatable 
hydrogen by H(d) = 2/28 W,; i.e., there are two donatable hydrogens per labile bridge. This 
parameter has a strong affect on a,,,," and hence the yield of tar, extracts, and liquids. 

There are two ways to estimate the amount of hydrogen donated. During pyrolysis, the donation of 
hydrogen converts two aliphatic or hydroaromatic hydrogens into a donated aliphatic hydrogen plus 
a newly formed aromatic hydrogen. We can measure both the increase in aromatic hydrogen in the 
pyrolysis products and the increase in aliphatic hydrogen in the tar using quantitative FF-IR analysis 
(48,49). The results for a Pittsburgh Seam coal are summarized in Fig. 7. They show that the 
aromatic hydrogen in the total pyrolysis products increased from 2.1 to 2.4% or an increase of 0.3% 
on a starting coal basis. This increased aromatic content is all in the char. The aromatic content in 
the tar remains about the same. The tar, which is approximately 30% of the starting coal increases 
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its aliphatic hydrogen content by about 1% or 0.3% on the starting coal basis. The two numbers are 
thus consistent; 0.6% donatable hydrogens in the coal are converted to 0.3% new aromatics plus 
0.3% donated aliphatics. If it is assumed that a monomer has a molecular weight of 300 amu, then 
one breakable bridge per monomer with four aliphatic carbons is 1.33% donatable hydrogen. Half 
the bridges can break (0.67%) and the other half can donate hydrogen (0.67%) in reasonable 
agreement with the experimentally estimated value of 0.6% hydrogens actually donated. The value 
assumed in FG-DVC for H(d) for the Pittsburgh Seam coal is 0.67% (29). 

The value of H(d) has implications for the CPD model, if Aa is limited to 0.33 rather than 0.53, then 
the value of u + 1 would have to be reduced to match the data. Also, the average molecular weight 
for the unattached molecules is too high to be identified as tar. If a more reasonable definition of tar 
is used (e.g., the sum of oligomers up to 3) then u + 1 would have to be reduced still further. 

COMPARISON OF MONTE CARLO CALCULATION WITH PERCOLATION THEORY - To further 
illustrate some of the differences between the FG-DVC Monte Carlo model and percolation theory 
calculations, the extract yield calculated for a case similar to that in Fig. 5a, but with tar evolution not 
permitted is plotted in Fig. 8 along with the predictions of percolation theory for several values of a. 
The FG-DVC Monte Carlo predictions are not a single valued function of a. As pyrolysis proceeds, 
the increase in extract yield follows u t 1 = 2.2 while the decrease in extract yield follows u t 1 = 4. 

It is important to know whether this result is an artifact of the Monte Carlo calculation or a real 
feature of pyrolysis. Based on what is happening in pyrolysis, the result does make sense. For a 
bituminous coal, the initial process occurring in pyrolysis is bond breaking. This occurs by breaking 
bridges in the network described by u + 1 between 2.1 and 2.5. No crosslinking is occurring initially 
as the solvent swelling ratio is observed to increase during this period (45). Eventually crosslinks 
start forming, resulting in an increase in the coordination number and in a. The network thus cannot 
adequately be described by a single coordination number. There is a coordination number for labile 
bridges and a separate coordination for crosslinks. This observation motivated the development of 
a more general percolation network with two coordination numbers discussed below. 

LATTICE MODEL WITH TWO BOND TYPES 

Two-u Model - In order to deal with a structure with a time dependent coordination number, we 
consider a Bethe lattice with two types of bonds, with coordination numbers and probabilities of 
occupation given by u, + 1, p and u2 + 1, q for the two types, respectively. Such a lattice for u, = 
u2 = 1 is illustrated in Fig. 9. The analysis can be carried through using the same procedures as 
Fisher and Essam (39) or Ref. 30, but with extensions to deal with the extra variables. The 
probability F,,,(p,q), that a site is a member of a cluster of n sites with s type 1 bridges and u type 2 
bridges is given by 

F*,"(PJl) = %," Pa (1-P)' q" (1-4" 

where 

n = u + s + l  
7 = (u, + 1 ) n - 2 s  
v =  ( u 2 + l ) n - 2 u  

and 7, v are the number of broken bridges of type 1 and 2, respectively, on the perimeter of the 
cluster, and a,, is the number of different ways to form such a cluster. Following the same 
procedure used by Fisher and Essam, we can derive an expression for the configuration coefficient 

51.u - - (g#&y) (3 ( U : " ) ( u + s + l )  (3) 

Note that for u = 0 (no type 2 bonds), this reduces to the quantity nb, in Ref. (30). To determine 
the probability, F, (p,q) that a given site is a member of a cluster of n sites, i.e., the fraction of 
n-mers, we must sum Eq. 1 over all possible values of s and u that give an n-site cluster: 
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The total fraction of sites, F(p,q) in finite clusters is the sum over all s and u 

m m  

where p* and q* are obtained by finding the least roots of 

p* (l-p*)m" (1-q*)&2+1 -p(l-p)m-l (1-q)@" 

q* (1-q*)@2-' (l.p*)m + ' - q(l-q)&2" (1-p)d + 

= 0 

= 0 
(6) 

The critical point, where an infinite lattice begins to form (Le., F(p,q) begins to decrease) becomes a 
critical curve which divides the p-q plane into two regions. Note that for q = 0, the equations all 
reduce to the single u case given in Ref. 30. 

Application of Two- Model - Figure 10 presents a comparison of the prediction for pyrolysis 
assuming the FG-DVC chemistry using: a) the Monte Carlo calculation, b) the twos percolation 
calculations (ul = 1, u2 = 1) and c and d) two cases of the oneu percolation calculation (u = 2.2 
and u = 3.2). The calculations are made under the assumption that no tar is evolved. The tar 
values in Fig. 10 are the sum of 1-3 n-mers remaining in the char. The Monte Carlo calculation in 
Fig. 10a is matched best by the two* model if liquids are assumed to be the sum of the first 100 
n-mers (is., up to 300,000 amu). The twou model has a reasonable value for the initial extract yield 
but predicts slightly more initial tar. Neither of the oneu cases is a good match. Use of u= 2.2 is 
good at low temperature but over predicts the maximum values of extracts and liquids. Use of 
u = 3.2 does a much better job on predicting the maximum values but the initial ratio of tar to 
extract is not consistent with what is observed for coal and the rate of increase of n-mers is too 
slow. It thus appears that the two-u model can be used instead of the Monte Carlo calculations 
when no tar is evolved, while one-a calculations are less accurate. 

The real test, however, is how well the models fit the data for coal. A comparison of tar yield is not 
a sufficient test since (I, and BO! can always be selected in conjunction with the network geometry to 
fit the data. A critical test requires a careful comparison of how a, and a(t) match with measurement 
of functional group changes in the char (e.g., the transformation of hydrogen functional groups and 
bridges), solvent swelling behavior (i.e., crosslink density), and the complete molecular weight 
distribution as reflected in the amounts of tar, extracts, and fluidity. 

COMPARISON OF NETWORK MODELS 

A summary of the processes predicted by the three recent network models, CPD, DISARAY and FG- 
DVC is presented in Table I. All the models predict their primary objective, the-variations in tar and 
gas yield with time and temperature. All three are capable of predicting variations of tar yield with 
heating rate, but CPD has not yet done this. All three models are capable of predicting the 
complete molecular weight distributions of fragments, but only FG-DVC uses this information to 
predict the extract yield, the tar yield and the tar molecular weight distribution. DISARAY uses only 
the prediction for monomers (defined as tar precursor) and CPD uses only the prediction for all 
oligomers (defined as tar). In a paper presented at this conference, the total oligomer population 
computed by the FG-DVC model is used to predict coal fluidity behavior (31). Only FG-DVC 
employs a mass transport equation which is necessary to predict tar molecular weights and the 
variations of yield and molecular weights with pressure. Only FG-DVC predicts the solvent swelling 
ratio. 

CONCLUSIONS 

1) The extension of macromolecular network concepts to describe coal thermal decomposition 
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appears to be very successful and versatile in allowing the prediction of tar, extract yield, and 
total liquids. 

2) A complete model requires a description of: i) labile bridge breaking with hydrogen utilization; 
ii) rank dependent crosslinking processes; and iii) mass transport. 

3) Monte Carlo methods for computing the network statistics are the most versatile but are 
computationally demanding. 

4) The use of percolation theory is computationally efficient and helps provide insight into network 
behavior, but the use of a fixed coordination number may be inadequate to accurately describe 
coal thermal decomposition. The network appears to require a coordination number between 
2.2 and 2.5 for labile bridge breaking and greater than 3 for crosslinking. 

5) An expanded percolation theory for a network with two coordination numbers was developed. 

6) When the two-o percolation model IS applied using the FG-DVC chemistry to cases in which tar 
is not removed, it gives results which are comparable to the Monte Carlo calculation. Applying 
percolation theory to cases where tar is removed requires additional approximations. 

7) Of the three models which were compared (CPD, DISARAY, and FG-DVC), FG-DVC is the most 
complete in treating the molecular weight of network fragments and vaporization and mass 
transport to define tar, tar molecular weight distribution and extract yield. 

8) Of the three models, FG-DVC is the most closely related with the previous concepts of coal as a 
macromolecular network by requiring that the network predict the coal and, char solvent swelling 
ratios and measured extract yields. The assumption which define the parameters of the starting 
network are open to question and must be explored. 

9) Future effort should focus on identifying the chemistry for the processes of bond breaking, low 
temperature crosslinking, moderate temperature crosslinking, and hydrogen utilization. 
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Unbreakable Bridge 

. 
Chain of 1 Monomers 

Figure 1. Macromolecular Network Used in Monte 
Carlo Simulation. 

0 + 1 = 2.2 
a 

Figure 2. Bethe Lattice for a) Coordination Number 
2.2 and b) Coordination Number 4. 
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Figure 3. Percolation Theory Predictions for Pyrolysis 
Products (monomers, tar, extracts and total liquids) for 
Three Values of the Coordination Number (a + 1). 
ala + 1 = 2.2, b)a + 1 = 3.25 and e) a + 1 = 4.6. 
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Figure 7. Distribution of Hydrogen in Coal and Pyrolysis Products. 
Pyrolysis Produced Approximately 53% Char, 30% Tar and 21% Gas. 
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Figure 8. Comparison of Extract Yield in FGDVC 
Model with Percolation Theory for o = 1 , 2 , 3  and 4. 
FG-DVC is for Pittsburgh Seam Coal Heated at 
450"Clsec to 936K with No Tar Evolved. 
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F i g u r e  9. Bethe Latt ice for Two-o Mode l  
with o1 = 1 (shown as single bonds) and 
0 2  = 1 (shown as double bonds). a) Fully 
L inked  Case (p= q = 1) i s  L i k e  One-a 
Model with o = 3. b) With M o s t  Double 
Bands Representing the Crosslinks N o t  
Yet Formed t o  Represent t h e  Start ing 
Coal. The Latt ice i s  L i k e  a One-o Model 
with a = 1, L inea r  Chains. 
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F i g u r e  10. Comparison of Distribution of n-mers for f irolysis 
a t  450"C/sec to 936K a) Monte Carlo Calculation, b) Two-o 
Model (al= 1, a2= l), c) One-a Model (o = 1.2) and d) One-o Model, 
o = 2.2. 

Table 1 - Comparison of Network Models. 

CPD DISARAY FG-DVC 
Monte-Carlo 
or 2 e 

Relevant Model Process 

Tar Yield vs Time Yes Yes Yes 

Extract Yield vs Time Noa No Yes 

Gas Yield vs Time Yes Yes Yes 

Tar Yield vs Heating Rate Not Yet Yes Yes 

Variation of Tar Molecular 
Weight with Heating Rate 

Molecular Weight of Tar 

Tar Yields vs Pressure 

Molecular. Weight vs Pressure 

Solvent Swelling of Char 

a All oligomers are defined as tar 

No No Yes 

No No Yes 

No No Yes 

No No Yes 

No No Yes 

Bond breaking 

Bond breaking 

From peripheral groups 

Relative rates of bond 
breaking and crosslinking 

Relative rates of bond 
breaking and crosslinking 

Mass transport Limitation 

Mass transport Limitation 

Mass transport Limitation 

Crosslinking 

1291 


