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Abstract e

-

Hydropyrolysis is the thermal fragmentation of high molecular weight compouhds

in the presence of high pressure hydroéen. When coal is hydropyrolysed, the

volatile matter is simultaneously released and upgraded to light hydrocarbon lig-

uids and gases, leaving a solid char. The hydropyrolysis of Alberta subbituminous

¥ Coox ¢
coal has been investigated at the Alberta Research Council. In those experiments,

" char was the single major product representing 37— 74% of the total yield. In order
P

_ to ensure efficient utilization of the char. its combustion properties were evaluated

%

in the preéent work to determine its suitability as a makeup fuel in a utility boiler.
v r . . . ' o . |
The chemical oxidation reactivities of several chars were measured by ther-

. mogravimétri_c analysis at 60Q — 650K. The intrinsic reactivity of the chars was
unaffected by hydropyrolysis conditions. However, residual volatile matter present

in some chars had an order of magnitude higher oxidation reactivity than the car-

bon residue.

]

-

The combustibility of chars was measured in an entrained flow combustor,
operated at 1025 -%1335K. Chars with volatile matter content higher than 15%

burned as rapidly as the parent coal. Chars with low volatile matter content also

\



burned rapidly if a large internal surface area was developed during thopyroly is’
“ | | .

Detailed surface characterizati\on of several chars showed that sufficient internal

surface area was only develobed in chars processed ‘at the'highest corfditions of

» 0

hydré’pyrolysis temperature’:"'hydrogén pressure and residence time. ”

It was conclud‘i from the combustibility data thap some chars may be suitable’
as makeup fuels in a utility boiler. The suita'i)le chars would have volatile matter
content in excess of 15%, or they would contain hlgh internal surfa;e area on which
the oxidation reaction could be initigted." Furth\er char comBu#tion testing at larger

“scale in experimental units representative of full scale boilers was recornmended

in order to validate these conclusions.
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Chapter 1°

Introduction

Hydropyrolysis is the thermal fragmentation of high molecular weight compounds
in high pressure hydrogen. ‘When’ coe‘xl is hydropyrolysed, carbon enriched char
_and f:ydrogeh enriched volatile matter are produced. The volatile matter consists
of light oils. heavy aromatic tars. hydrocarbon gases, carbon oxides and water.

Chakrabartty and du Plessisi1]! suggested using the hydropyrolysis process. for

Alberta coal to extract valuable light oil products from the coal and to burn

A

the remaining solid material in a utility boiler. As char is a major product of
coal hydropyrolysis, it must be utilized in order to ensure the economic viability

- - -~
and thermal efficiency of the protess. To technically evaluate t}}is process as it
pertéined to Alberta coal utilization, a study of the reactivityrof Alberta’s coals

under hydropyrolysis conditions and characterization of the combustion properties
bl

of the char product was required.

_'Numbers in the brackets designate references



This thesis is concerned with the characterization of the combustion properties

~

of the char product. Before detailing the experimental procedure and results ob-

tained in this evaluation, a description of char properties pertinent to combustion

and a review of previous char combustion studies is presented. In addition, the

fundamental mechanisms of gas/solid reactions related to coal char combustion

p— :J/J
are déscribed. '
o Lo

.

L

the Highvale mine in Alberta. A. description of%
results of this unit is available in pre\'iou§ reports|2,3.. The coal Qaé pulverized in
. ,
a hammer mill and mechanically sieved to obtain a —100 + 200 mesh (74 - 149 pm)
particle size fraction. The —100 ~ 200 mesh sizé fraction was loaéea into a hopper
and pressurized at the start of each run. The coal was fed with an auger into a pre-
heated hydrogen stream.and entrained with the gas through an externally heated
tubular reaFLor. The evaluation conditions were temperatures of 600 - 800 C.
hydrogen pressures of 3.5 — 10.0 M Pa and residence time from 0.5 - 5.0 seconds.
After reaction at the preset test conditions. the char was separated from the gaé
stream in a-cyclone and collected in a char pot. The cyclone was heated to 400°C

to prevent tar recondensation on the char surface during separation. After each

run, the char was removed from the char pot and stored in glass jars for further



N Ven!

Coal '
| Hopper j

GC
Screw [System
Feeder
3
@Dﬂh ' 1 ]_(D 1
o- |
1 1 F | —Im t [13:1
_.‘ [ v | ] | ot
~ Praheater gﬁ:cal:; | |
Furnace _
* Icompfnsor [

clone
Cyclone er ﬁ— ﬁ—J vent
Helium Hydrogen

Condensers
iChav Pot
; Flow controf vaive & _ Back pressure requlator ® Pressure gauge
ﬂ Front pressure regulator m Flow meter @ Thermocouple

N

Figure 1.1: Schematic of the Hydropyrolysis Bench Unit

characterization. The yield range is shown in Table 1.1 for the major product
groups. The Nght oil yield which predominately consisted of benzene, toluene. xy-
lene and naphthalene, was the most yaluable product from the process. The light
oil yield increased from 0 to 11% by weig'ht of the dry, ash free (daf) input coal as
hvdropyrolysis severity? increased. The C,-Cs hvdrocarbon gas yvield, which was
predorﬁinah iv methane and ethane, also.inyeased with process severity from 6 to
20% by weight daf. The increase in light h_\‘f\drrocarbon oil and gas yield coinci~ded
with a d.ecrease in heavy oil yield from 13 to 2%. Water, carbon monoxide and

carbon diox;de accounted for the remaining volatile matter of 18 to 28%¢ by weight

of daf coal.

2Severity is defined here as the extreme high temp‘r/ature, pressure and residence time condi-

tions used during the hydropyrolysis process.

hd



Table 1.1: Range of Hfdrm)y’rolysis Product Yields

Product Yields

wt( dry, ash free

Char 7540
Tar 13 2
f Light Oil - 0 11
Hydrocarbon '(';;15 6 20
CO. CO, | 6 10

Water 12 IR

't

At all process conditions. char was the single major product accounting for

40 - 75% by weight of the input coal. The char yield was minimized at the most

*
#

severe hydropyrolysis process conditions where most of the volatile matter had
been stripped from the coal.

The effect of hydropyrolysis temperature, hydrogen pressure and residence time
on product yields were studied simultaneously using a Box-Behnken test matrix
approach 4. Fifteen experiments were performed at various process conditions

and the vield data were fitted to a quadratic response surface model of the form:
y= B) + BgI] - B;;Ig - B4I3 -+ B;,I)Ig - 861'11'3 > 871'21'3 b 85111713 (]l)

where y was the product yield expressed as a percentage of the daf coal feed. 1,

was the temperature >C . r; was the pressure ‘MPa and r; was residence time s
) Y ) .

Least squares regression was used to estimate the coefficients B, through B, in

, {



a

[

L
e

, this model for any specific product of interest. This technmique resulted in a set of

iy

empirical relations to predict the product yields for hydropyrolysis at temperatures

),

3

“a from 600 to 800°C, hydrogen pressured from 3.5 to 10.0 M Pa and residence time

from 0.5 to 5.0 sec, )

The effect of hydropyrolysis test conditions on char yield is shown in the three
gmphs of Figure 1.2. Each graph is a plot of char yield versus gas pressure and
residence time (at 600,700 or 800°C) produced from Equation 1.1. The quadratic
response surface model for char yield had a least s;quaros regression value of 0.90
indicating a good fit of the polynomial Equation. The higher reactor temperature
always favoured lower char yield as demonstrated from the change in the upper
and lower bounds of the ordinate in the three plots. The hydrogen pressure and
residence time had a complex affect on the char yield. At 3.5 M Pa, the char yield
passed through a minimum at 3 seconds, suggesting that some tar repolymerization
Was 0Ccurring on the solid surface at longer residencsﬂmes. At 10.0 M Pa, the char
yield continued to decrease with residence time above 3 seconds. The high pressure
hydrogen preventing tar recondensation nn the char or char yield reduction by
direct metha;lation. was significant at the higher pressure. The residence time
reversed the apparent eﬂc'{t of pressure on the char yield. At 0.5 seconds, higher
pressure increased the char yield as a result of inc‘omplete devolatilization. At
5.0 seconds, devolatilization was complete at all pressures and the higher presysure

£

favoured the further reduction of char yield by direct methanation.
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1.2 Chemical Proﬁertieé of .Char Pertinent to -

%

3
o

~~*. Combustion _
. ol | . R
| Tl :\\

1.2.1 Evaluation Criteria

N e

»

' Befofe testing a new coal in a boiler, several laboratory analyses are performed
: b : '

e . ‘ .
4 {'; A - . . ) . . !
to characterize the chemical structure of the fuel. This informatiomn is used to

AY

~ determine a suitable boiler design with minimal dperational problems. Proximate

-

analysis is an ASTM standard test (ASTM D 3172M) to determine the moisture.. -

ash and volatile matter content of the fuel. The moisture and ash content of the

”

fuel are importént because they are a non-combustible portion. Ash is also critical

~

to the design and opesation of the boiler. If not properly considered, buildups on

the furnace walls, floor and in the convective tube-banks may reduce the heat

\

" absorbed by the unit and increase energy loss. Selective components in the ash

_may corrode and erode boiler tubes eventually causing a shutdown of the unit for

cleaning and maintenance:5. High temperature viscosity measurements are made

. @,
[V . :

on ash componers to evaluate the slagging tendency on boiler firewalls.. The lower

the viscosity at a given temperaLure; the greater would be the tendency to have -

Y

slagging problems. A sintering test is performed ‘to determine the compressive

strength of sintered ash depos&"ts". “The lower the sintered strength, the lower is

the tendency to have strong deposits. *Various formulae‘base‘d on the elemental

composition of the ash have bqeﬁ used to p‘rec‘]ict the fouling and slagging tenden-

k> 3

.~ cies of coal ash. The base to acid ratio is an empirical value determined from the

o #
. ’
.

a
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weight.fraction of components in the ash and is proportiona] to the tendency for

a coal ash to slag“and foul a boiler. The ratio is!5!
0 ,

Ratio . 8203~ Ca0 -~ MgO ~ NaiO + K,0 1.2)
alio = e 1y
g (B Si0; ~ Al O3 ~ TiO . {

SN

{

s

The volatile matter content of the fuel has been related to the ease of fuel.

~

combustion. Coals with more than 30% vohg}i!g matter are generally more easily
ok

&
- B,

combusted than lower volatile cc;als. Volatile matter is released and burned in the
boiler in .less th;m 0.1 sec:6,7,89. In ‘g,omparison the char burnout may require
up to 1.5 sec due to the slower rate of hetzrogeneous,reactiqns and the depletion
of oxygen i}] the boilevr. As‘the volatile matter may contain up to 50% of the
energy content of thie fuel. the energy release rate 1s high in the early stages of

combustion of high volatile.coals. This phenomena ensures that coal particles
. ” -

~

are rapidly heated to reaction temperature and a flame front is stabilized near
[ : o,

the burner quarl. This allows the fuel input to be turned down by up to 75%.
. : e b €

. 4 | ’ [

- i . y . )
without increasing the risk of extinguishing the flame in the boiler. Coals with

less than 20% voletile matter‘ are usually fired in a refractory lined arch type
furnace to limit‘heat loss durjng the early stage of combustion thereby improving
flame stability’10 . Otherwise, a‘suppAlementary fuel may be rgqufred to maintain
the flame' 7. - o .

- The prediction of cbrﬁbustion performance is not based solely on v’o]a‘tile matter |
cor‘ldtem.' Chars remaining aftef devolatili?ation h'ave a wide rangetvlin combustion

reactivity which would influence the overall particle burnout rate'11 . Combustion -
i ' -

reactivity may be influenced by differences in chemical reactivity of the solid or

o
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the extent.of surface available for reaction. Since both of these parameters are a
complex function of rei‘xction' conditions, the reactivity of devolatilized coals are
normall‘y'measured in simu’lated combustion ‘tests described in Section 1.4.

" Ultimate analysis is a standard ASTM test (AéTM D 3176M) used to meqs’ure
the carbon, hyd}rogen, oxygen, nitrogen and sulphur content of the fuel. This
measurement 1s nécessar_v to determine stoichiometric air r'equ_ir.ements and the

[

flue gas composition. The latter has important implications to gaseous emissions

'

from coal flames. Sulphur emissions such as SO; and SQj are directly proportional

to the sulphur content of the fuel and nitrogen emissions are strongly, dependent
< * v ’ ‘ .

on fuel nitrogen content. ’ . '

1.2.2 Hydropyrolysis Char Properties

“ . . - . . t .
The ultimate and proximate analyses of Highvale subbittminous coal and typical

'hydropyrolysis chars are shown in Table 1.2. The effect of hydropyrolysis is to

‘_ increase the carbon and nitrogen content of the solid while reducing the oxygen.

~ sulphur and hydroge'n. The chars have an elemental composition of 81 ~ 94% car-

bon. 3.9 - 2.5% hydrogen, 0.9 - 1.4% nitrogen, 0.0 < 0.3% sulphur and 13.3 - 1.2%

~ oxygen. As a result of this distribution, the boiler flue gas from char combustion

&

would have a similar composition to low volatile bituminous or-anthracite coal

.

combustion. Volatile nitrogen components, which have been shown to ?referen-

$ 2 -

-

tially form NO, emissions'12,13). and most sulphur compounds are removed in’

hydropyrolysis. Therefore, lower emissions would be expected from char combus-



Table 1.2: Variation of Hyidrop.\'rolvysis Char Analyses

" Property Weight % daf
Proximate
Ash (dry) 14 - 24
Volatiles (daf) .10 - 28
. ~ ~Fixed carbon (daf) 90 - 72
Ultirg;te' (daf)
C 81 - 94 |
H 25 -3.9
N 09-1.4 *
S 00-03
| 0] l.-2 - 13.3

CV (kI ’kg) -

26.300 - 28,900

10
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tion. Also the lower sulphur gas and water vapour content of the flue gas would
reduce fouling and low temperature corrosion problems.
The calorific values (CV) of the chars was calculated from their elemental

‘romBOSition using Dulong’s formula 14 :

CV = 33.830

\ O *
+ 144,281 (H - ) + 9,4208 (1.3)

wh‘ere carbon, C, n‘ltr6gén, N, oxygen, O\, hydrogen, H and sulphur; S, referb to
daf values for the solid fuel sample. This is an accepted formula which is used
to predict the CV of coal and other carbonaceous solids withiﬁ 5% of the é\
m‘easured using a bomb calorimetey. The calorific values were converted to a daf
basis by mul.tiplying Equation 1.3 by (1-ash weight fraction) where the ash conteﬁt
“was determined from the proximate analysis. As shown in Table 1.2, the CV of
chars on a dry basis was 26,300 ~ 28,900 kJ/kg which was typical of a medium
volatile bituminous coal. The CV was yp to 20% higher vthan the original coal due
to selective removal of oxygen and sulphur from the solid. As a result, less tml
solid fuel w;ould need to be fired in a utility boiiér to obtain the same fherma]

, _ 7
load. The CV" decreased with increased hydropyrolysis process conditions due to

1

higher ash contents of the chars. -

Since all of the coal ash remained. in the -solid residue, the ash content of the

N,
kN

char was up to twice that of the parent coal. This could result in a proportional
" increase in boiler fouling assuming that all ash properties were unaffected during
hvdropyrolysis. Since hydropyrolysis temperature was always less than 800°C and

metal cations within the ash do not volatilize below 1050°C, this was probably a
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valid assumption.
, -
The volatile matter was reduced from 41% on a daf basis for the coal to 9 - 28%%
for the chars. The low volatjle matter content may inhibit ﬂame‘stlﬁi\ity due to less
rapid energy release in the early stages of combustion. However, this conclusion
must be verified experimentally since the chars may have significantly different

physical properties and chemical reactivity than the parent coal which may affect

the combustion.rate.

1.3 Char Surface Characterization

1.3.1 Description of Measurement Techniques

Sevér‘al.ana‘l"ytical measurements are necessary to fu]iy characte.rize the ‘microp-
orous structure of char‘.parti'cles. The particle "size must be analysed in order
“to calculate the aero‘dynamié and heat transfer prope}rtties of the particles in a
combustion flame, and to u’nderstanding the eﬂ'ect‘of high temperature flame con-
ditions on particle morphology. The pore volﬁme distribution must be measured to
provide information on internal pore surface properties. These m‘easu’rements may
be used to calculate the extent of available surface for oxidation in a combustion‘
environment.-

The density‘ 3{ ‘th'e pa‘rtic_lgg is classified by its true, pr, and apparent. pu.
values. »;I‘he true density is the _wéighi of a unit volume of the pore freehsolid.

%

Since helium is the smallest molecule available, it could penetrate a solid particle
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more deeply than any other molecule providing the most acceptable measure of the

"‘s'olid volume. Therefore, helium density has become synonomous with true density
although it is not cqmpleiely ¢ffective in penetrating the particle. To calculate the-
helium density of a solid, the difference in volume of helium occupying a vessel in
thq presence and absense of a known weight of sample is measured.

The apparent density is the weight of a unit volume of the solid including all its
p‘ores and c;acks. The most common method of determining apparent densit;v is by
miercury displacement. To calculate the apparent density, lhq difference in volume
of mercury 'occupying a ‘vesse] in the presence ‘and absen‘se of a known weight
of sample is measured. For tl}is meaéurgment, t'he sample must be pressurized to
approximately 0.4 M Pa to ensure that interparticle voi@s are filled by the mercury
and the volume of the particles is accurately determinedilS,th.

The mercury displacement is also a useful technique to calculate the volume in

pores of a given radius, r. From Laplace’s equation of capillarity 17}, the maximum

pressure, P, required to force mercury into a pore of radius r with circular cross-

R Y

section is given by the expression: T -

2+ cos © .
_Hees T : (1.4)

WA

PHg =
S ' r

~

where 7 is the surface tension of mercury and O is the contact angle between the
mercury and the solid. For coals and chars it has been shown that 4 is 480 dyn/cm?
and © is 130216 . The mercury displaced in a solid is measured at increasing

intrusion pressure. The change in volume displaced from an increment increase

in ‘pressure is related to the volume in pores of a given diameter by Equation } 4.
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The technique has been shown to be valid up to a pressure of 69 M Pa at which
‘point the compressibility of the solid becomes significant'16'. The 69 M Pa limit
corresponds to a pore size of 180 A
Although most of the pore volume is located in pores larger than 180 A, most

of the internal surface area is located in smaller pores. Surface area and pore

volume distributions in pores smaller than 180 A are commonly measured by

. "
140adsorption of gases. Adsorption is an interaction between a solid and a gas

whereby a gas molecule striking the surface l;ses its kinetic velocity and remains
on the surface for some fiﬁite length of time before leaving the.surface 18]. The
average length of time that any molécule remains on the surface is a precise value
for the solid-and gas under a given set of conditions. Describing this process in
terms of-condensation* and evaporation, Lang‘umir;ig] proposed £hat the rates of -
t};ese two processes must be in equilibrium. If the surface is assu;‘ned to consist
of a number of sites N for which N, are occupied and N, are free, the rate of
evaporation is proportional to N, (equal to kyN;) and the rate of condensation

-

. _
is proportional to the free surface. N,, and the total gas pressure, [ (equal to

ko PyN,). At equilibrium:
ki Ny = koPyNo = ko Py(N = Ny) | (1.5)

Assuming that all of the surface is covered by a monolayer of gas. then N may
be replaced by v,.. the volumetric monolayer capacity of the surface, and N, by

v, the volume of gas adsorbed at the given gas pressure, P,. Equation 1.5 may be



rewritten in the form:

Vo= (1.6)

where b = ky/ky. If adsorption ocvcurs as a monolayer, then the surface area of
a solid could be related to the monolayer capacity by the cross-sectional area of
the adsorbed molecules. However, most solids adsorb gases in'a multilayer which
v_complicates the calculation of v,, from the Langmuir fofmulation. Brunauer. Em-
mett and Teller extended Langmuir’s approach to multilayer adsorption resulting

in the well known BET -Equation 19.20 .

vtm C 1 -
v (1-z)(1~(C-1)1) . - (1.7)

where 7 = P/P, and C = ezxp (@1~ Qu)/RT is afactor relating the adsorption in
the first layer to the heat of vaporization for all successive layers.” In this expression.

Q, and Q. are the heats of adsorption in the first and each successive layer.

&

respectively, R is the universal gas constant and T is the particle temperature.
N

* For most surfaces the value of C is very large so that Equation 1.7 reduces to:

v = | (1.8)

The BET Equation has:become a’standard. for calculating surface area using
N, adsorption data at 77 K 16,. Sévéral_ studies summarized by Mahajan'16 have
shown that the valﬁe of v, for coals and chars may be calculated accurately from
Equation 1.8 over the relative pressure range, z. from 0.0;5 to 0.30. The equation
predicts too little adsorption at lower pressures anci too much adsorption at higher

\

pressures. ’ \



16

Having calculated v,,, the surface area of the solid is determined from the
expression:

¢

SN, | Um €N, (1.9).

where ¢ is the number of molecules per unit volume at the standard test conditions
and v, is the cross-sectional area of each molecule assuming that the molecules -
are hexagonal close packed on the surface.J For nitrogen, x;, is -assumed to be
16.2 Az,*moleculcilﬁi.
Nitrogen adsorption is squitable to measure surface areas in pores as smallb as
12 A in cross-sectional diameter, but in smaller pores the diffusion of nitrogen is
too slow at 77 K to be completed in a reasonable length of time. There is also
.some question as to whether layer by laver filling as assumed in the BET Equation )
is applicable to pores smaller than 12 Ain cross-sectionalddiameter since capillary
condensation may predominate. Several investigators }lave reviewed this prob&ém
and determined that the adsorption of CO; at 298 K gives a reasonabie measure of
total available surface area for pores as small as 5 A:15,16,2]:§. At a temperature of
298 K, CO» would not condense and vapourize as suggested by the BET Equation.
Therefore, to relate adsorbed volume to total volume of the soljd, the potenﬁal
theory is usedi2‘2t. This theory which was first formalized b‘y Polanyi 22 , suggésts
that a potential field exists on the surface of the solid such that the adsorbed gas
density decreases away from the adsorbent. For a gas in adsorption equilibrium
with a surface,‘there must be no net free energy change when moving from one

'

region to another. If e, represents the work done by adsorption forces when a parcel

°
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of gas is brought to a position, r, from the surface, then there is a corresponding,
” -

increase in compression free energy according to
. R

P,
e, / Vdp (1.10)
F

)V
where P, is the vapour pressure in equilibrium with the adsorbed phase. Assuming
~that the adsorbed phase may be approximated by a multilayer condensed film. then

the thickness of the film, r, is related to the adsorbed liquid volume. v, by

R Sco; T o (1.11)

where v, is the molar volume of the gas (24,320 cc 'mol), v, is the molar volume of
the liquid and sco, is the surface area of the solid. The potential ¢, at r required -

to cause condensation on the interface is

£, = FT In (g) | (1.12)

where P, is the saturation pressure of the adsorbate. Equation 1.12 has been
related semi-empirically by Dubinin'23’ to the volume of gas adsorbed by the

equation: g

U= Uy eXp (—'dsi) (1.13)

for extremely small micropores in which overlapping of thp potential fields of op-
posite pore walls is prominent. In this equation, d is a constant and V,, is the

monolayer capacity of the solid. Combining Equations 1.12 and 1.13 gave:

P\’
Inv = Inv, — dR*T? (ln ﬁ) (1.14)
g
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¢
Calculation of the volume of gas adsorbed at several gas pressures, P, should

vield a straight line on a log v vs dogP,iP,* plot with an intercept of log t,,.

Assuming. further, that most of the internal particle surface area is located in
pores large enough for only one CO2 molecule to condenseythe total surface area
b

siay be calculated from the expression

Bt
W

R

SCo, Um VY00, (1.15)

- S 2 .
where ¢, the cross-sectional area of a CO,; molecule, is 25 AY In practice,
the reported total surface area as measured by CO, adsorption gives only a rel-
ative measure of effective internal area, since the assumption of adsorption in a

monolayer cannot be tested.

1.3.2 Coal and Char Surface Structure

The surface structure of several Alberta subbituminous coals has been character-
ized by Parkash 24 . The true density ranged from 1.37 to 1.46 g/cc on a daf basis
and the apparent density ranged from 1.1 to 1.3 g. cc. The total porosity, 8. of the

coals calculated from the expression:

i

6 = 100 (1 P ) (1.16)

pr

ranged from 10 to 20%. Total open pore volumes, calculated from the same data

according to:

1 1
vp = — — — (1.17)
Pa PT -

were 0.1 to 0.2 cc, g for Alberta subbituminous coals. The nitrogen and carbon

dioxide surface areas were 2—9 m*/g and 75 - 300 m® ‘g, respectively. These values
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al pore volume density and surface area are within the range of results reported
by Gan et al'15 for similar American coals.
p
; | ‘ ,
The effect of pyrolysis and hydropyrolysis conditions on the surface structure
of Alberta coals has not been previously investigated. However, it is known that
these coals hehave as thermosets and do not soften on heating up to 1600"C. For

thermoset type coals the removal of volatiles resuits in an increase in porosity and

solid surface area. The surface structural changes of Montana and North Dakota
. v

®
I

lignites, both of which behave as thermosets, during atmospheric pressure flash py-
. | )
rolysis was investigated by Nsakala et al.25 . The pulverized coal was dovolatilizo.d
at various residence times in an entrained flow reactor maintained at ‘965"(,', The
particle true density increased with residence time from 1.5 to 1.7 g.cm” in one
second and the particle apparent density decreased from 1.3 t0 0.9 ¢ e in 04
seconds. The particle pn.rosity increased from 127 to 507 in approximately 0.5
secondst The nitrogen surface area increased from less than 1 m?;gto 30 m* g
and the carbon dioxide surface area increased from 200 to 370 m? /¢ in one second.
Ashu 26 using the same (ievolatilization apparatus. measured the surface areas
of chars from selected high pressure coal conversion processes which were rapidly
heate;d to 800°C in nitrogen. The gasification chars used by Ashu had nitrogen and

carbon dioxide surface areas in the range of 200 — 470 m?® g and 520 ~ 775 m* ¢
respectively. Gasification chars used by Wells 27 prepared from American sub-

bituminous coal in the Occidental atmospheric pressure flash pyrolysis process

had nitrogen surface area of 200 - 300 m?/g and porosity of 55%. Johknson 28

<
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gasified American lignite and subBtummous conls in hydrogen at a pressure of

135 atmospheres and 925 C using a fixed bed reactor. He found that char €O,

.

curface area increased from 500 to 750 m? ¢ as carbon conversion increased 1o
N w

2007, The surface area remained constant during further gasification. Total pore

[
volume increased from 0.4 cc g for the coal to 0.45 cc g for the char at 40°C carbon

-

Y
conversion and decreased at higher conversion. The gasification reaction rate was
+

correlatead with total micropore surfa e arca suggesting that gasification occurred

on all internal pore surfaces. Therefore, most of the increase in pore volume was

*

/
caused by gasification in the micropores. ¢
From these results, it may be concluded that processing thermoset ty pe coals

in high pressure hvdrogen tends to increase the carbon dioxide surface area appre-

ciably compared to low pressure processing,. The reported range of (‘arb(i}sl dioxide

. -’

surface areas for chars processed at atmospheric pressure was 200 370 m oy

Ll
[

compared to 500 5 m®: g for chars processed at high pressure. No results on
the nitrogen surface area have been reported for chars processed in high pressure

hydrogen, although the reported range in surface area data cited for low pressure

» ot

pyrolysis (30 -~ 300 m* g) indicate that the results are highly variable. The wide
range could be attributed to variations 1n process conditions, reactor configura-
tion and fuel handling. However, without a systematic investigation of the effect

of process conditions on char surface properties it was not possible to quantify the

extent of the influence. ’ .

L]
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1.4 Evaluation of Coal and Char Combustibility

a

1.4.1' Pilot Scale Experiments '

Major boiler manufacturers undertake several combustion tests to evaluate the

3
Al

, éombus‘tibility of coals. These tests rang.e from t_hermog'ravirnetric analysis utiliz'—’
ing microgram quantity coal samples through to 50,000 tonne sample, full s;:ale
bu-rn tests. :I'here is_c_onégnsus in the industry that a full s-calé burn test is a prereg-
disi'te to establjsh the performaﬁce of a coal in a%pégiﬁq full scale b‘oiler. However,
smaller scale combusti(;n tests. are esSeﬁtial during the preliminary characteriza-

: .y .
tion of the fuelwt,%?esign the boiler and to minimize the risk of poor performance

<

in the'full scale burn. Organic heterogeneity, ash complexities and a lack of under-
standing of the coal combustion process all contribute to the un;)'rediciabilit)" and

-~

costly testing of a new coal. The testing is further complicated by the possibility

of variable coal combustion behaviour throughout a coal deposit resultiﬁ"g in poor

e

,

' cqmbustion performance at some time during the mine life. - ;
R _ \

As elaborate coal comtg%ustion testihg is generally required to evaluate any new

coal,»;"gfletailed testing would certainly be required for a new fuel such as_hydropy- :
rolysis char. Significant changes could have been induced to the fuel rendering

conventional combustion tests results for the parent coal inappropriate or mislead-
, N .
ing with regatd to hydropyrolysis char combustion performance. Unfortunately,

it is extremely costly to produce sufficient quantities of char for full scale char

- combustion tests at the process development stage. This explains, in part, the

ixn
-~ , . )
. _ }

\
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' Table 1.3 Operating Conditions for Select Coal Conversion Processes

1
N

U o

Process Residence Reaction Pressure Flow
Time - Temperature of(MPa) . Configuration

) () :

ARC 05-50  600-800 ’ 0550 (Hy) - Entrained
, Bigas 3 1100 - 1200 - 5.0 (N/CO;) +  Entrained
Rockwell ~ 0.06 - 0.6 900 - 1000 0.7 (H,/H;0) - Entrained
Occidental |, 2 00— 800 0.1 (,/CO)
Toscoal | 900 ~ 1800 523 0:1 (}frodu\c-ts) ~Moving i¥<'<l
FMC-COED 7200 400 - 900 0.1":(;\'2,!(:02,'}120) ;‘}llid Bed -
TN o ‘

limited amount of char combustion.daid in the litérature.

- The results of only two full scale burn tests using éhars from coal conversion
processes have been reported. In 1974. Foster Whéel:ar Energy Corporation con-
ducte.&a ’fqll scale burn Lést of a gasiﬁcation char frct)m“ Utéﬁ King mine high
volatile bituminous coal generated from the F;‘\1¢-COED process'29,. In ‘Lh_is pro-

cess, coal was injected into a fluidized bed reactor at 400 - 900°C with a mixture of |

A% 1

atmospheric pressure nitrbgen, carbon dioxide and stearn as the fluidizing medium
(see Table 1.3). The cc. . acted in.the bed for two hours ,bjfore it was removed.
The low char volatile matter content (3.2 - ]Zﬁ% -as received) and the high.car-

bon content (93% daf) prompted Foster Wheeler Energy Corporation to evaluate
. _..‘2" .
R

o~
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the éhar in a 50 MW thermal. arched, downward fired furnace designed for low

volatile, anthracite coal. The chaT was successfully fired with satisfactory burner

and flame stability over a turndown ratio of .3 to 1. The char burned hotter and

. more efficiently than anthracite indicating that the char was a suitable boiler fuel

in a downward fired furnace. o

-

The Oceidéntal Research Corporation evaluated the combustion properties of

1

pyrolysis char in a commercial scale combustor{30 . Occidental char was produced
by pyrolysing pulverized coal in an entrained flow reactor with a preheated mixture

of nitrogen and carbon dioxide at a temperature of 600 — 800°C and ht}gospheric

pressure (see Table 1.3). Aftertwe-seconds residence time, the char was separated

from the gas stream in, a heated cyclone to prevent tar recondensation on the

BN 4

particte surface. in combustion tests, a Wyoming subbituminous coalschar v\;_'ihh

-

13.7% volatile matter and 15% ash performed as well or better than the parent
coal in the full scale boiler. The results of the Occidental char combustion tests

showed that the low char volatile matter content did not hinder combustion per-
formance. thereby contradicting the conventional thinking on the importance of
. , ’ .

volatile matter to flame stability'10. The ability of this char to burn in a conven-
4

tional pulverized boiler- designed for high volatile coal suggested that chars could
: | ‘ \ ~
displace some or all of the coal fired in existing units.

Despite successful demonstration scale char combustion tests, there remains

)

some doubt regarding t@mtablhty of chars as boiler fuels. There is contradic-

- '.?5\(
tory evidence from pilot scale experiments whether chars required special boilers

g
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designed for low volatile fuels or could be fired as a makeup fuel in an existing

P

boiler designed for the parent coal. Three chars produced from the Toscoal py-
rolysis process were combusted in a 0.4 MW (thermal input) boiler to evaluate

combustion behaviour 10. In the Toscoal process, coal was pyrolysed with at-
o

mospheric pressure pyrolysis gas product for 15 to 30 minutes in a moving bed
at a t;zfnperature of 70Q K. The c_hars‘con‘taine‘d‘ only 17 - 28% volatilc matter
but burned eas‘i]y in the pilot scale combustor. These results spggestod that the
" chars could be Burned in~existing boilers designed for the parent coal with no
modification to the burner or the combustion chamber.

The combustibility of five chars prepared in the Bigas, Rockwell. Occidental.
_ A N . . a4
~ Toscoal and FMC-COED processes were evaluated in the laboratory scale com-

)

bustion unit at Brigham Young-University (BYU)'9.27 . The chars were separated
into two distinct groups of combustion performance based on their abilily to burn
with or without additional ﬁamﬁ‘lsupport from a gas flame. Chars produced ffo!ll‘

thermosetting western American coals in the plental and Toscoal processes
L

were able to burn without flame support. These ere the same two chars burned

. . &, . o

. | Lo . . N e

in the Foster Wheeler and Occidental demonstration scale tests 29.30°. The au-
. . , )

thors concluded that these chars would be suitable as makeup fuels in existing
utility boilers. Chars produced from thermoplastic, eastern American coals in the

Bigas, Rockwell and FMC-COED processes could not.be bdrned without flame

v

suppbrt.

There_were sev/ecal major differences between the two groups of chars. First,

' a
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‘the combustion performance was separa.ked according to parent coal type. Thez-

. _‘
mosetting type coal chars could be combusted- without flame support whereas the

thermoplastic coal chars coul_d‘ not. High combustibility cha;s were produced in
the Occidonte;] and Toscoal processes which were both low temperature-and ‘low
. ’ ‘

pressure prdcess_es. In contrast, two of the three low combustibility chars were gen-
erated in high t;emperature (900 ~ l]OOZ’C). high pressure (0.7 -5 M Pa) hydrogen
systerﬁs (see Table 1.3). As the third low combustibility char was produced in
the low pressure, loQ temperature FMC-COED process, combustion performance
may be miore sensitive to parent coal type than process conditions.

Char properties may also have ‘been important in the combustibility evaluation
tests at BYU. The ultimate and pfoximate ahaly:sis and nitrogen surface area were
the only commor;ly reported measurements made o'n these process chars (see in
Table 1.4). The Occidental vand Toscoal c'hars had volat.iie matter contents of 14

and 17% dry weight compared to the Bigas, Rockwell and_COED chars which had

volatile matter contents of 4, 5 and 9% by weight, respectively. On this basis the

authors concluded that the volatile matter was essential to the high combustion

pe;fornbnce in their reactor.

‘Earliejr combustion tests conducted by Cogoli§33; in a laminar flow, labora-
tory scale combustor were performed on chars prepared from tﬁe AExxon, Bureau
of Mines and FMC-COED coal conversi\én processes. | The Exxon and Bureau of
Mines processes were proprietary and no information was available on their oper-

’

ating parameters. However, it is known that American subbituminous and high
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. Table 1.4; Ultimate and Proximate Analyses and N; Surface Area of Select Chars

Processes Ultimate (daf) Proximate (dry) N; Surface
C H N 8§ O Ash VM FC Area(m?/g)

Bigas 96.7 09 0.7 17 00 183 44 7713 225
Rockwell 945 1.1 1.2 22 09 198 50 752 15
Occidental 87.4. 1‘.4 ‘1’.5 0.7 9.0 156 14.1 704 ., 298
Toscoal ~ 83.6 33 19 0.6 106 172 1747654 o
FMC-COED 920 20 20 32 08 135 91 774 115
Exxon 1  98.7° 0.9 06 28 - H0.2 §0 518 324
Exxon2 958 11 06 2.7- - 243 138 61.9 372
" BOM 040 11 16 06 26 133 51 8L e

%)
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volatile bituminous coals from the Wyodak and lilinois yflines, respect_'}vely were
testeé in the Exxon process and are designatled as Exxon 1 and Exxon 2 processes, .
respectively in Table 1.4. A Utah high volatile bi;uminous coal from the King m/ne
was testéd in the Bureau of Mines process. Tﬂh’e ultimate and pfoxima.t.e analy-
ses anci N, surfa‘ce areas of thse chars are shown ianablte_ 14 The combustion
performa;lce of these chars was separated into two groups. Chars produced in the
préprietary' Exxon process t;urned as well as Pittsburg bituminous coal whereas
Bureau of Mines and VFTv’iC-COED chars burned as poorly as anthracite. Cogoli
showed that combustion ;;erformanc_e could not be adequately correlated with ‘the .
vo.latile matter content of the char or the parentcoal type. In these studies if was
found that the extent of gasification and the porosity of the char had the mos.t
pronodnced effect og combtlxstion performance. Exxon chars, which were seyerely
gasified, had a large vplume in pores greater than 130 A in diameter. La;ge pores
may be e§sential to rapid burning of pulverized char particles. Coéoli, concluded
that Exxon chars may be suitable as makeup‘f’uel for a utility boiler.

The combustibility >of chars generated frc;m t?-he flash pyrolysis‘of Australian
subbituminous coal was tested in an entrained flow combustor at 723°C 31,32..
The chars were prepared by rapidly heatir;é coal in a fluidized bed‘ reactor at
atmospheric preséure and bed terhperature from 500 to 800°Ci33j.‘ In general,
the chars were shown to .burn as well as brown and bituminous'AustralliaYn coals’
suggesting ‘that they would be suitable as makeﬁp fuels in a utility boiler. These

s A

chars had volatile matter contents which decreased with pyrolysis temperature
. W

’
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~ from 28% dry weight at 540°C to 8% at 800°C. The loss in volatile matter lowered

Y

the reactivity by 43%.
The contradictory conclusions regarding the suitability of chars as nimakoup
fuels in utility boilers may result for several reasons. As already discussed, the
) 4 |
~ wide range in coal types from Australian brown coals.to western and eastern
American coals used in these experiments makes correlatio\nsof the effect of process
conditions on char combustibility difficult. At the same time, the wide range
In process coﬁditions rﬁakes predictivé correlations of the effect ‘of\ coal type on

\

char combustibility equally difficult. Compounding the problem a\ro the widely
. . . . \’/
different combustors used in the experimental tests. The apparati vary from a
laminar flow entrained flow reactor used in the Australian char studies'31', to a
s ) ) i . ; :
0.1 MW pilot combustor in the Occidental tests 27 and a 0:4 MW pilot combustor
used in the Toscoal tests 10. As all of the tests were comparative, the nature of
the combustion process and the configuration of the units may affect the relative
combustion behaviour of the process chars and coals. Therefore, it-is essential to

obtain more fundamental data on the combustibility of these fuels in order that

differences in the reactor configuration may be properly assessed.
{

1.4.2 Lgborétory Scale Experimen-t's

To compare the combustion behaviour of char ‘and coal the reaction regime must
be known in order to assess the relative advantage of one fuel to another. The

oxidation rate of a particle may be limited by diffusion from the bulk stream to
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the particle external surface or from the external particle surface to internal pore

surface. The rate may also be limited by the chemical reaction rate of the sur-

-~

face (more will be discussed on this subject in“Section 1.5). In order to separate
the effects of mass transport and chemical reaction, 1t would be nccessary"to' per-
form experiments under conditions where one mechanism was dominant. To study
the differences between chemical reactivities of chars, the experiments should be

-J

performed under conditions of chemical control/41;, (ie at a relatively fow temper-

ature). The temperature below which the reaction of a solid is operating under
. .

* kinetic control may be obtained from experimental data. If the reaction rate of a
solid is calculated over a wide range of reaction temp;eratures and plottéd in Arrh(;-
nius form, a graph of the form _shown in-Figure 1‘.3 would be produced. The slope
of the curve is the activation energy of ihe reaction. Reactions operating under
ki‘netic"control would have a higher activation e.;lergy and t}‘ler'éfore a steeper slope
on the plot. Carbon oxidazion has an activation energy of 30,000 - 40,000 cal . mol.
As temperature increases, the reaction shifts to pore diﬂ:usior? control. resulting in
a lesser slope with an activation energy of 20,000 cal/mol. At the highest temper-
ature shown on the graph, the reaction shifts to bulk diffu.sion co‘ntro] where the
activation energy is -t)'};ically 5000 cal, mol.

Researchers have 'St\.xdied the reaction of chars at low temperature to eliminate
diffusion limitations and to understand their chemicai nature usi'ng a techniqﬁe

called thermogravimetric analysis (TGA). In this method, the fuel is placed in a

pan suspended from a balance beam. The pan is immersed in a heated environment
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Figure 1.3: Arrhenius Plot Showing Regions of Kinetic and Diffusion Control

of fi‘q)}'ing reacting gas and the loss in weight of the sample is recorded With respect
to time‘.ﬁ Since the sample temperature may be carefully cont,.rolle(\l the rate of the
particle o;(:igiation may be n:le%sured.

The low tempéragure thermogravime%ric analysis has been used extensively to
study the eﬁect"\"of process conditions on the kinetic ;I;echanisms of char oxidation.
For gasification chars prep'ared a£ a'temberature of 850 - 950" C, a pressure of
2-7MPain hydrogen-me}hane. hydrogen-steam or oxygen-steam atmospheres,

char reactivity depended more on gasification conditions than the parent coal type

_used in the study 39,40 Coal which was rapidly heated (> 10® °C/s) produced

i

a char which was generally more reactive than char prepared by slow heating.

The most reactive carbon atams were located at the edges of basal planes and
¢ o

their abundance increased as the crystallite(sizé decreased 41 . Rapid heating
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tended to limit the crystal growth of the char by limiting the time for carbon
atom reordering[42', a process similar to annealing,

Higher pyrolysis temperature reduced the char reactivity by a process of re-
ordering. the #€tive carbon sites into a more stable ring system. Tseng and

Edgar'43 modelled the deactivation process after the equation proposed by

Blackwood 44 .

B ex
P p

: E, (EI'T - Elf” | (1.18)
where F, was the thermal deactivation energy and k,, and k, were the intrinsic
kinetic rate constants of char pyrolysed at T, and T, respectively. They found the
thermal deactivation energy of lignite char was 17 kcal ‘gmole. In additién. this
parameier was a strong function of coal type and char preparation atmosphere.
ranging from 9 — 18 kcal /gniole.

The atmoSphere in which chars were prepared affected oxidation reactivity.
Chars prepared in a hydrdgen atmosphere by slow heating at at‘mosphg_ric pressure
had an oxiéation reactivity six times lowér thgn char pfepared in nitrogen 45.. The
lower reactivity for hydropyrolysis char was attributed to a more thorough removal
of the oxvgen from the coal and also to a fraction of the active carbon sites being

covered with hydrogen.

It has been well established that selective components in the coal ash, particu-

larly calcium, sodium and potassium, catalyse the oxidation reaction§41,42,46,47,481.

Calcium, which is present in low rank coals as exchangeable cations on carboxylic

~acid groups, is finely dispersed in the solid after pyrolytic decarboxylation and kv:

»

may provide a highly dispersed active catalyst. Differences in reactivity of up to{ .

4 -
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three orders of magnitude were found by varying the calcium loading on a treated
lignite char{48'. Improved reactivity with calcium loading may be limited to low

i

temperature experiments. The catalytic activity’ of the ash constituents would
i ‘ !
be significantly reduced due to sintering 42 and the carbon oxidation reaction
“
would be accelerated at high temperature. However, catalytic Lactivity has been
used to explain the discrepancy in oxidation reactivity tests made at low and high

temperature.

Ashu'26 studied the reactivity of Exxon. Bureau of Mines and COED chars’

(see Table 1.4) in a thermogravimetric an.alyser with air heated to 500" C. It was
concluded that char oxidation reactivity decreased with increasing process temper-
ature due to thermal deactivat‘i(—)n of tho‘carhon. Coals which were ;apidl_\'vhoatod
during gasification produced chars with a_l\h‘igher reactivity. The higher heating
rates producéd a therﬁé/shock inﬂth(b‘ coal which limited chemical reordering of
thu carbon in the char énd resulted in great“er surface area for oxidation to occur.
The chars used by Ashu 26 were the same as those used byk(,‘o"éoli 34 in
“high temperature, laminar flow combustion tests. A (lwofold increase in oxidation
reactivity measured by TGA. corresponded to an order of magnitude decrease in
- the ignition time on the laminar flow com‘or. Essenhigh 6 concluded that
these results showed that extrapolation from one set of conditions to another was
not possible. The re;ctivity measured on exj ~iments at 500°C using TGA were

not representative of conditions found in the flame and could not be used to predict

high temperature combustion behaviour.
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Radovje 35 studied the reactivily of chars produced from the Occidental,

Toscoal, COED, Rockwell and Bigas processes using TGA. The char reactivity de-
\

creased substantially with increasing processing temperature and residence time.

Occidental char. produced at 600°C and atmospheric pressure (see Table 1.3) was

A

200 times more reactive than R()(vall chars produced at 900°C, and hydrogen-
t

pressure of 0.7 MPa. Also an’increase 1n residence time from 60 to 600 ms for

chars produced in the Rockwell process resulted in a twofold decrease in reactivity.

The loss in reactivity with increasing process temperature and residence time was

correlated with a decrease in the number of active carbon sites. Active carbon sites

were measured. somewhat arbitrarily. by chemisorbing oxygen onto the surface of

a char sample at 1027 C for twelve hours 36 . The temperature of the sample was

v

raised to 950°C for three hours to remove all CO and CO,. The rate of weight.

loss during TG A could be equated to the number of carbon active sites but could
not be equated to the total internal surface area available for reaction. Since the
number of active carbon sites may change substantiallyywith process conditions.

Y .

the chemical reactivity may also vary.

The chars investigated by Radovic were the same chars studied in the pilot "

scale combustor at Brigham Young University 9,27". The Rockwell, Bigas and
COED chars which had the lowest TGA oxidation reactivities, could not pro-
duce a stable flame in the pilot scale combustor. In comparison the Occidental

and Toscoal chars, prepared at low pressure and moderate temperatures had the

highestf reactivity on the TGA analysis and produced stable flames in the pilot

L]



34

S, : . .
combustor. Although the TGA and pilot scale combustion test results indicated
'

similar relative char oxidation reactivities, it was concluded that TGA could not
be correlated with high temperature reactivity, The relative high temperature re-
activity varied by only a factor of two compared to the low temperature reactivity

which varied by a factor of 200. The chars with a higher porosity had a greater
4

high temperature combustibility. This observation was in substantial agreement
with conclusions made in other work 34 . Despite the wide range in feed coal and
process conditions used in these studies. the authors were able to conclude that

the high temperature reactivity was dominated more by physical char properties,
e} .

namely the volatile matter content and porosity. In contrast, TGA char reactivi-

ties were dominated by pyvrolysis process conditions. Therefore, chemical kineties

measured at low temperature may have little influence on particle reactivities at

high temperatyre.

1.5 Combu n ;Mechanisms

The observed differences in reactivity at low temperature and at flame tempera-

tures may be explained by the changing controlling mechanism between the two

.

temperatures. The combustion of a char particle involves the following steps.
1. Bulk diffusion of reactant to the particle surface. .

2. Intraparticle diffusion of the reactant. ’
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el

3. Dissociative adsorption of the reactant7 species on active sites on the particle

"

surfac_e.
% Desorption of adsorbed products. ’ A
5. Intraparticle diffusion of the products. '

£

6. Bulk diffusion of product away from the particle surface.

s

Any of these steps may control the reaction rate depending on experimental condi-

N

tions. At low temper,atur'e (ie < 500°C) the reaction is chemically controlled!37.38'

by steps 3 and 4. Above this temperature and up tc flame temperatures, it is
_now generally agreed that the reaction is chemically and pore diffusion con:rolled

steps 2 through 5). At very high temperatures or at extremely low reactant ccn-
p g ’§ p

™~ _ . »
centration. the reaction is controlled by bulk diffusion (steps 1 and 6) Therefore

J

~ observed differences in reactivity at 500°C may only partially account for differ-

!

ences in reactivity at ﬂame}er‘np‘e’ratures. If there are large differences in the char

pore structure, then intraparticle diffusion may be vastly different for chars with

+

" similar chemical reactivities, thus affecting particle burnout rates.

1.5.1 Oxidation Reaction

The kinetics of the ¢carbon-oxygen reacsion haye been studied extensively although

, ! :

there is no‘agreement on :\the g(}verning mechanism. Oné#.proposed mechanism
T T Q

reported by Laurendeau 37’ is
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b

) 0,-2C == 2C'(0) . (1.19)

' )

' kg ‘
C'(0) c(0) (1.20)
c(0) = co+cC (1.21)
c'(0) <% CO+C (1.22)
| , C'(0) = C'(0) &% CO,~C | (1.23)

-

where C~ was an active Icarbon’sj)te, C' w~as a carbon which hés formed a complex
with an oxygen atom and k3 to kjo were the reaction rate constants.

Reaction 1.19 is dissociative chemiso‘rption of oxygen on actjve carbon surfaces.
Reactions 1.20 and 1.22 des—cribe the surface migratién o. intermediate b\ondedi
oxygen (weak surfa‘ce_bonds) to stronger chernical bonds. The difference Bétwuen
the two is that reacti(;n (1.22) agcougts for .rapid conversioﬁ of intermediate bonds
o CO at low temperatures. Reac‘tjxo\“n (1.21) is conventional desorption of the

chemically bonded CO complex to CO gas. Reac’tio.n (1.23) accounts for direct

conversion to CO. gas although it would be of little consequence in most coal

.

combustion processes.

Af:te-r extensiY'e':manipul&fion“‘of these Equations assuming that the reaction
proceeded at steady :_st‘ate conditions, Laurendeau 40, showed that at.low temper-
atures, mobile site desorpt';on was controlling and the chemical redction rate, RR.

4 o
-,-was given by:

"RR = TZ—"ic-;kg | (1.24)

where m was the mass of carbon per active site and C", was the number of active -
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sites per unit surface area. ‘Notice that the reactivity ‘was independent of the
oxygen concentration (zeré order reaction). At .intermediate temperatures, site

migration was controlling and the chemical reaction rate was:

[EIE

L . k 1
KRR = m¢ ‘C' kg (El) (C02)2 . : (]25)
10 o '

a half order reaction with respect to oxygen partial pressure. At high temperatures,

_ dissociative chemisorption was controlling and the chemical reaction rate %a.s given

O

by:
RR = ch k7 :‘C-‘;'ZCQ: ) (126)

-

a first order reaction.

' q

The above model is not definitive. but iltustrates that the order of reaction with

-
o

respect to oxygen partial pr?ssure could vary over the temperature range of interest

from zero order at low temkerature to first order at high temperature. Also. the

. L. . ¢ .
controlling mechanism of carbon oxidation may change with temperature. The.

chemical reactivity is dependent on the active carbon surface at all temperatures

with second order dependence at High temperature. Therefore, evaluation of the -

~ -

chemical reaction rate of a group of chars atglow temperature would indicate the

=N

difference in active carbon surface and may be important in evaluating the chemical

ré" 4
N

reaction rate at a hlgher temperature. However, the mechamsm of oxidation may
;2 . N

L

change.so that the chemtcal kinetics derived at oOO°C may not be apphcable 1f

-

: %xz‘rapol\ated tq;ﬂaﬁlélémperatures.
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1.5.2 Diffusion Effects
Extrapofat'gon of data from experiments conducted at low,temporatu.re to flame
te.mperatures may also be corﬁplicatedvby diffusion limitations of‘ox_\'gen inside the
_ _porous hetwork of the char. Three mechanisms govern the transport of reactant
specles in a porous solid particle: bulk, Knudsen and activated éiﬁusi(‘)n.-ﬁ) . When
the pore diameter is larggr thah th\e mean free path-of a diffusing reactant gas then
gas to gas. molecular collisions are more frg'quent than gas to pore wall collisions.
In this case bhlk d]ﬁum?n of ,oxygen predominates. Bulk diffusi(;n 1s (Iiescribed by

L "s‘;')_,«jﬂ_
. Ly

& > R . . .
Fick's Law w}zﬁgﬁ.&ﬁt”’;é;ipherical particle is given by:

JA o ‘DABVCA

: DAB(CA. - (‘A\‘) ) :
4 = Lo Rt 1.27
: R;,_ (1.27)

o~

where J4 is the mass flux of A4 to the surface, Dap is the mass diffusivity. ca,

and ¢4, are the concentration of species A in the free stream and on thﬁti(lo

7

surface. respectively, and Rp is the particle radius. P

When the pore diameter is smaller than the mean free path of the gas, gas to

: ‘ . s
pore wall collisions are most common and Knudsen diffusion of oxygen donxinatesu\}j@.

The mass flux of oxygen in a spherical particle controlled by Knudsen diffusion.

is given by:

‘]A;.\-,t!
© Jag = < DeVes
D, d dea o "
S = [ RP S 1.28
R dR ( dR) o ( N y

where R is the radial distance from the center of 'th;a—fiiftiglq, cx is3he reactant

.
/

\
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concentration on the particle surface and D, is the effective diffusion coefficient.
. ' ) !

Smith 54’ showed that the eflective diffusion coemcent may be calculated from_

-

D, - [ i : ]_l (1.29)
“ |Dka8 - Duas '

where 0 is the particle porosity, 7p is the tortuosity (a value between 2 and 7 to

0

account for pore geometry complexity which is assumed to equal 2 in this work)
and Dkn the Knudsen diffusion coefficient. The coefficient for Knudsen diffusion

is given by the expression:

i v [§RTp
D n = - /‘i
K 3\ M,

Ty . ,
= 9700r/ - (1.30
. Q r\’ MA \ \ - ( )

A

where r is the pore radius, Tp is the particle temperature, R is the universal gas

constant~and M, is the molecular wei'gwf]t of the gas. When pore size~is similar to

the molerylar diameter, chemical interaction between the gas and solid dominates

.o + il

and the process is defined as activated diffusion. Activated diffusion is extremely

sensitive to the pore size and very small changes can alter the diffusion mechanism

from activated to Knudsen diﬁusion'{'t’;{)‘i. Activated diffusion is much slower than
’ ¥y

either Knudsen or bulk diffusion and is neglected in tﬂis work as a useful component’
of the oxidati(?n mechanism 51 . However, activated diffusion will be reconsidered
'n‘1 the discussion on surface area development during reaction in Section 3.2.1.
S_ev.eral fnodels have been developed to account for gaseous diffusion in porous
coal chars. The models may be classified into either macroscopic or microscopic

types. Macroscopic models assume that an effective diffusivity may be defined for
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.+ the entire sphere based on known information of the solid pore structure. One

such model used extensively by Smith et al'53,54' was based on the work of Mehta

N
<

and Aris 55 . The diffusion inside a porous particle (Equation 1.28) was equated

to the chemical reaction rate per unit volumeé, R Ry defined as:

. | - RRy = Ak.S.ca

e o
\ pasiy izi—d—-i?[R JAhf-i'I".;- . (]3])

where k. is the chemical reaction rate constant which has an erhenius type tem-
perature dependency, S, is the apparent surface area per }Jni@ volume and A is the
stoichiometric mass ratio relating carbon reaction rate to oxygen cbnsumption.' If
the primary reaction product was carbon monoxide, A was equal to 1.33 “and if the
primary reaction product was carbon dioxide, A \:\'as equal to 2.66.

Substituting into Equation 1.31 the expression:

CA' B f(R) | '
C—; = g5 . (1.3?)

where ¢ 4. was the reactant concentration at the particle external surface yielded
k)

d*f Ak S, f(R)

—_— = et 1.33
dR?* - D, . : ( )
integrating twice and bacf(substituting Equation 1.33 gave:
) _ R» sinh(y/2%:3« R
. A 2P Vo A - (1.34)

ca. R sinh(/%5 Rp)

where Kp was the particle radius. Substituting Equation 1.28 into 1.34 gave:

i

1 Ak S "AK.S. R
= - “=2 coth [/ —— R 1.35
RP \ De ° (\/ De P)} ' ( ))

' JAH,, = DcCAg
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At the surface of the particle Ja,, = Jasp- “Therefore, Equation 1.27 was

substituted into Equation 1.35 to eliminate Cy4, finally yielding

D, ca,

AT - G P ~ 0 coth @) ‘

where the Thiele number, ¢ was a dimensionless ratio of the chemical reaction

Q
rate to the pore diffusion rate expressed by:
. - Nk.S. «
' b = R 1.37
VD, (1.37)

If there were no pore diffusion restriction, then all of the internal particle surface

could react and the total reaction rate would be given by:

J. = AkCSa CA‘,RP .
AT 3 ] %

(1.38)

¢

Division of Equation 1.36 by 1.38 gave the effectiveness, n, of the internal

. Coge

k-]

surface to react: o
Z¢cotho—1
r’ jasd

D 4 _ :
- _ 1 Dm‘l ¢ coth ¢

(1.39)

Most réported resu'i}‘s have ngglected bulk diffusion limitations in the above
analysis (DAB' >> D.) so that the effectiveness was equal to the numerator of
Equation 1'-.39. The nature qf Equation 1.39 with the d—er;dminator set equal to
unity is shown in Figure 14. As the Thiele number increases to a value in__vexcess
of unity, the eﬁectiven‘ess of the internai surface to react decreases rapidly. For
Thiele number in,.excess 9:f>10, the effectiveness of the internal surface is reduced to

less than 0.15. Howey- - reaction on only 15% of the internal surface still greétly

increases the total availzle surface area over the external surface area of a coal
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. . .
particle. Far example. a 100 um diameter parficle has an external surface area
(Sezt = 3/R) of less t.han 0.1 m* ¢g. Examination of porosimetry data indicates
thét the internal surface of char p'art';cles in even the largest pores may exceed the

external surface area by one to two orders of magnitude. Therefore, it is importan{

to consider the reacting internal surface area when interpreting combustion results.
) .

’An average value for D, and S, were also required in Equations 1.36 and
1.59 to calculate char reaction rates‘. Both D. and S, are a function of pore
radius which varied from 5 ~ 20,000 A for the chars considered. To evaluate the
effective diffusivity, De.,. used in Equations 1.36 and 1.39, an average pore radius

was required.

" Smith used the expression developed by Wheeler 52 who assumed that the
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pore structure could be adequately described by pores of a singlé diameter, ¥,
4

according to:

AL (1.40)

Smith and Tyler 53’ also extended Wheeler's unimodel pore size model to a bi-
model pore size model to determine the.inﬂuence of pore sizé distribution on the
Thiele number and effectiveness calculations for a burning coal particle. They
ap.proximated the pore size distribution as a group of macro and micropores and
calculated the Thiele number for each. They concluded that there was little dif-
ference between the unimodel and bimodel povre size models on calculatgd Thiele

1

numbers and effectiveness factors.;
Although the macroscopic models are suitable to define global poreldiffusion
limitations. they do not provide specific details of the process occurring in indi-
vidual pores. This information is ﬁecessary to urrderstar;d the chaﬁges in pore
diameter, pore volume and surfaee area during reaction. Recent microscopic mod-
els include those of Simons’et al'56,57,58,59/, Perlmutter et a1160.61.622, Srinvas
. 4 o
and Amundson;63,, Gavalas!64.65, and Hashimoto and Silvestoni66 .
The Lewis and Simons!56 model considered that t'ﬁ}é porous char structure was

made up of a series of pore trees in which a pore whic'hviyhtersected the external

surface of the particle was . tree trunk and the smaller pores branched off of the

’

feeder system. The tree system was modelled usinig a pore distribution function.

The diffusion limitations-were calculated-for each individual tree system and com-

bined with all other model pore trees in théiparticle to obtain the overall particle

+
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diﬂ\lv;sion r;;to.

“ifhe mgaels of Srinvas and Amundson and Hashimoto and Silveston used a
dichtpntial equation to describe tho change in pore size distribution as a func-
tion of time. This equation ;vas integrated with respect to time and related to

the solid reaction rate to obtain pore structure characteristics as a function of
conversion. The models had several parameters which were estimated frorm the
combustion resul;s so that the model was not suitable to predict the combustion
rate of particles. ..

Bhatia and Perlmutter 60; and Gavalas/64' independently proposed a random
pore. mode:i to account for diffusional effects and structural changes during com-
bustion. The model of\ Bhatia and Perimutter is developed in full in the following
di}écussions. This model will be used to interpret combustion data in Section 3.2.1.
Bhafi.a and Perlmutter considered a reacting solid with a pore size distribution
G(r t) where G(r t)dr waé the total length of pore surface per unit pore plus solid
volum? having a radius between r’and r - dr. They defined the total length, Lg,

surface Sg and volume Vg of a non-overlapped system of pores by:

B

Lg = [ G(r.t)dr : (1.41)
Sg =27 [ rGr, t)dr {1.42)
Vg =7 [ rtG(rt)dr (1.43)

A mass balance of the change in size distribution for reacting pores gave: .

oG 0 dr :
L2 le=) = : 1.44
ot Or (G dt) 0 1.44)



If reaction rate was proportional to total surface area (generally only possible
under kinetic reaction control) then the change in pore radius could be expressed

by:
dr ki-c” (1.45)
- 3 . e Y]
dt Pa

where k.- was the chemical reaction rate constant, ¢ was the reactant concentration

and n was the reaction order. Combining Equations 1.44 and 1.45 gave

0 koot (1.46)
ot p., Or 0

Integrating with respect to r and knowing that G(0,t) = G(oc,t) = O gave

< 9G b .
/' Et‘ dr~0 - (]41)

Substituting Equation 1.41 and ‘using Leibnitz’s Rule for differentiatiortunder
the integral sign they found:

e _ 1.48

; o
r"/‘ )

Multiplying Equation 1.46 by 27r. integrating with respect\to r and inserting

definitions 1.41 and 1.42 an equation for total surface was obtained.
N\

dSE 2m k(~ c" LE \
= 1.49
dt Pa . (1.49)

Also, multiplying Equation 1.46 by nr*“and integratiné with respect to r and

using Equation’' 1.43. an expression for the total open pore volume was obtained.

dVe ke Sg
- 1.50
7 . (1.50)
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Combining Equations 1.48, 1.49 and 1.50 gave:

k '('" IJ 3 {
St Sg, + 2nm ‘ ks (1.51)
Pa
, , koo™t kee™t :
Vi Vi, + Sp v rm Ly, ( ;
/’.1 ‘ [)ﬂ.

where Lg . Sg and Vg, were the initial pore length, surface and volume, respe

tively. Bhatia and Perlmutter used the expressions:

Vo1 - exp( Vi) '(l'ml
S - Sp(1 V) (1.54)
L Leg(l V) {1.55)
to relate volume, surface gnd length of the pore system to the corresponding vol-

umne surface and lengths in the absense of any pore overlap. Substituting Equa-

tions 1.53-1.55 into Equations 1.51 and 1.52 gave:

PV ke et ‘
— e S ~2x L, -t 1.56 “*
L3 S (156
S, (- 7L, [keet)’
1 V - 1 pes l 3 v‘ —_— 1 PO — ( P ( R ) l""
n( ) n( ) T U (1.57) ,

Squaring Equation 1.56 and substituting in Equation 1.57 they obtain

5

‘ S 1.V [ darL(1-V) . (1-VaY" s
, J e 1 - =" < > (1.58)
SV - V,

B

Q.

Su and Perimutter 61' successfully correlated this model with chars prepared from
anthracite and high volatile bituminous coals from the Eastern United States.
Gavalas'65, using a similar model, successfully fitted the data of Mahajan et
al§k4‘/c'>f and i)utta and Wen 40} but with limited information on the porelstructure

of their chars.
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The results of the model suggested that the internal structure of chars particles
changed substantially during reaction. Su and Perlmutter concluded that changes
in pore structure may have been primarily responsible for the changes in reaction
rate observed during the oxidation of coal under kinetic control. Pores enlarged
and eventually coalesced during reaction resulting in significant changes in the

internal surface of the particle.

1.5.3 Controlling Mechanism

The behaviour of a particle surface during reaction is dependent on the reaction
L ). , » ‘ ,
conditions as well as the chemical and physical properties of the solid. If reaction
is slow, all pore surfaces will oxidize and all pores will increase in size until they
coalesce. ‘This behaviour is typical of oxidation at low temperatures where the
process is kinetically controlicd At flame temperatures, bulk or pore diffusion
may be rate controlling in which case the larger diameter pores close to the surface
will oxidize preferentially. The particle would burn in a partial shrinking core

mechanism as the reaction proceeds inwards to the unreacted core. This behaviour

indicates the importance of a well developed pore structure with a significant

. N " - R

fraction of larger pores. These pores will enhance the tr&ﬁsﬁport%of:pxygen‘ to the, é“ B
‘ - , : ) e ‘
. . . . . g < b * L o Tas b . 4 4’\‘;)’ L) &
particle interior causing the solid to oxidize evenly increasing the rate of zarbon =~ .. *

N a

burnout per unit volume.

Proper account of the influence of pore structure will: determine, to a: lar
TR PV e

extent. the agreement between intermediateand ﬁﬁramé t_e%ﬁpéﬁratf\i“ré determinations®

i N N .
g - Yy )
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of particle combustibility. If a particle has an extensive microporous structure
but limited larger (transitional pores), reactivity may be high at intermediate
temperatures but poor combustibility may result at flame conditions. Proper
evaluation of the factors contributing to particle burnout would reduce the risk of

extrapolating results at one set of test conditions to another.

Y

1.6 Objectives of the Research Q

The overall objective of this research was to determine the suitability of hyvdropy-
rolysis char from Alberta subbituminous coal as a makeup fuel in a utility boiler.
To attain this objective. several sub-objectives were defined. These were:
1. To characterize the surface structure of the chars and evaluate changes which
¥ o
occurred at different h_\'(,dropyrolysis conditions.
2 To measure the oxidation reactivity of chars under kinetic control in order
to (‘;'alua(,e chemical changes induced in the solid during hydropyrolysis.
7 To measure the combustibility of chars at flame conditions.

4. Relate the results of objectives 1. 2 and 3 to evaluate the suitability of Alberta

subbituminous coal char as a substitute fuel in a utility boiler.

]
J

A ‘ &{2

] . i L e L

1.7 Point of Departure

A systematic investigation on the effect of hydropyrolysis conciitions on Alberta

subbituminous coal char physical and chemical properties has not been reported

in the literature. Combustion tests have only been performed on a small number
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N

' of chars prepared from widely different coals and convé,féion processes. Therefore,

.

-the effects of process conditions and coal type on char tombustibility have been

[

difficult to conclude. In the present work, the combustibility of chars generated
from a single Alberta subbituminous coal, hydropyrolysed in the Alberta Research.

-, Council hydropyrolysis bench unit.overa wide range of temperature, pressure and

‘5 . residence time was studied. These tests provided a comprehensive set of data
f t . } '

to indicate the effect of process conditions on Alberta subbituminous coal char

.

physical and chemical properties and combustibility. ..



Chapter 2

‘Method Development

i

2.1 Suiface Characterizat;

\ - - i .
To characterize the physical structure of the char particles, all of the analyses

described in Section 1.3 were psgd;'name-ly, the true density, mercury porosimetry,
- - ' g 4o : '

nitrogen and carbon dioxide surface areas. True densities were measured using
the automated Micromeretics Instrument Corporation, AutoPychometer 1320. A
-schematic of the device is shown in Figure 2.1. To measure helium density a

dry sample of char was weighed and loaded into sample chamber A. After the
. . 1
system was evacuated and heliyn was introduced, the system was pressurized

through pistons D and E. If chambers A and C had the same volume and the
~ compression was carried out isotherfnally, then the pressures in chambers A and C

measured at the differential pressure transducer B, must have been the same.

)

Because chamber A contained the sample, the gas volumes would not be the same

and compression would cause a press

A

-
oy ¢’.,-> \50{

ure differential. The chamber C volume v«;as

] s

I

A4
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Figurs 2.1; Schematic of the AutoPychometer 1320 .

-

. : N
decgeased using a gear assembly and the change recorded on a microcomputer

using an incremental encoder. The compression was removed and the procedure
s

repeated approximately five to ten times until a compression stroke did not cause

.a differential pressure in the twe safnple volumes.  The amount that the volume
of chamber C was reduced to minimize the differential pressure was equal-to the

volume of the sample. The reported accuracy of sample volume measurement was :

Ed

de T ' G : :
+ 0.02 cc or approximately 3% of the density measurement.

P

Mercury porosimetry was completed using a Micromeretics Instrument Corpo-
B ’ Q ‘
ration, Model 9300 porosimeter.. The procedure used to measure the pore volume

i N q
distribution was to load a sample of coal or char into the penetrometer, seal and

or ’ >
weigh the assembly. A sketch of the penetrometer is shown in Figure 2.2. The
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Side View Top View
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]

Insulator
. Retaining

» clips

Figure 2.2: Schematic of the Mercury Penetrometer

\ i . ,
sample weight was calculated from the known weight of the penetrometer. The

penetrometer was fitted into a low pressure chamber where it was degassed to .

1.5 X 1073 torr at room temperature for apE‘roximately 2 hours and then filled

with mercury. After the penetrometer was filled with mercury, the pressure was
. . .

increased in increments of 6 ~ 12 kPa. As mercury penetrated interparticle voids

and solid pores, the amount of mercury in the penetrometer stem decreased. The
. . T g

amount of mercur\f Upenetrating the particle was calculated from the change in

capacitance of the penetrometer stem. The capacitance was linearly related to the

[

volime of mercury in the stem and therefore, could be related to the penetration

of mercury into the particles. The mercury pressure was increased to atmospheric

(90 k Pa) after which the penetrometer was removed from the low pressure appa-

ratus and installed on the high pressure apparatus. The pressure was increased in
57

\,

0.1 MPa increments up to 0.6 M.}-’d,"in 1.5 MPa incremests up to 7 M Pa and -

in 7 M Pa increments to a maximum pressure of 70 M Pa.
v - ‘ 4 %:um ‘

- . . S A .
Changes 1n capac1tang{%§%ereiﬂconverted to mercury volume displaced by a pre-

,';y/é

¢

i =48 43
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Figure 2.3: Mercury Intrusion Gfaph

RS - s .
‘f};,:.k‘g«avnous‘cahbratlon of the instrument>The result of this procedure was a change in

{
¥
s

«

the volume of mercury penetrating the sample at i‘ncreasing pressure. A plot of
the vo]ume of mercury penetration with sample pressure is shown in Figure 2.3.
The pressure of the mercury was related to the volume in pores of a given radiué
using the Washburn Equation (Equation 1.4). The data ;ould ,alsg‘be related to

the surface area in pores of a given radius based on thermodynamic considerations.
« h%o
gy y o iy

The work required to force mercury into the pores of a solid dW WOUJId equal PdV |
which could be equated to the area, S, of the char in contact with the mercury by

"the expression|69 :

dW = - PdV = v cos ©dS (2.1)
b

where v 'was/t}cswface tension between the liquid and the vapour and © was

A’



tHe contact angle between the mercury and the char. Integrating this expression

o
—

4 over an incremental pressure range gave:
\ : .

N | 5. - /‘ PdV
\

/

e . 2.2
' ALy cos © o (2.2)

The surface tension of mercury at room temperature was 485 ‘dynes/cm' and the

contact angle for char was assumed to be equal to 130°‘€24'j. At any given pressure,

the pore ra’dius was known and the incrementalnihange in volume, V. from P, to
AN N

P.., was known so that surface area was calculated directly from Equation 2.2.

An example of the data obtained using the Model 9300 mercury porosimeter for

a hydropyrolysis char is shown in Table 2.1.

No commercial Vinstruments were availéble to measuré the nitrogen and carbon
dioxide surface areas of the chars so that an instrument was developed for t’his
purpose. The technique used was based on a procedure first proposed by Nelson
and Eggertsén{GS: and refined by Haley 70 to determine adsorption curves using a
continuous gas flow method. In the procedure t}.le adsorbate was adso 7 the

sample at the temperature of interest from a gas stream containing the adsorbate in

helium flowing over the sample. The adsorbate was eluted by heatinwg the sample

s
-

to a temperature at least 100°C in excess of the adsorption temperature. The

volume of gas eluted was measured using a thermoconductivity cell on a standard
: t

gas chromatograph. Haley concluded that the adsorption isotherms developed
by this method were comparable with isotherms obtained by the conventional

pressure-volume method of adsorption measurement and the surface area values .

showed good agreement. .

'

ﬂfi ‘i’.\ 1



Table 2.1: Typical Mercury Porosirﬁetry Data for Hydropyrolysis Chars *

Pressure Diameter‘ Cumulative
(MPa) (um) Pore Volume

(cc/g) '

0.01 180.0000 0.0000

0.03 36.7347 0.1111
0.08 16.5138  0.7020
N 0.34 3.5618 0.7408
: 0.48 2.5526 0.7458
1.00 1.2374 0.7585 -
210  0.5894 0.7767
3.78 0.3283 0.8013
723 01717 0.8357
13.84 0.0897 0.8706 .
27.79 0.0446 0.8947
55.23  9.0225 10.9090
76.53 00162 09114 -

Y
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The adsorftion apparatus developed for this study and shown in Figure 2.4, was
similar to the apparatus used by Haley. The adsorbate entered the unit at 0.7 M Pa
and was split into two parallel streams. The pressure of stream 1 was reduced to

’ i‘ﬁéar atmospheric, ﬂowed‘sed the reference arm of a thermoconductivity cell
from a Hewlett Packard Company, Model 5830 gas chromatograph and vented to
atmﬁsphere. The pressure of stream 2 was reduced to an adjustable intermediate
pressure using a gas regulator, R2, and passed over the inline sample. The pressure
was further reduced to near atmospheric at R3, passed over the measuring arm

of the thermoconductivity cell and vented to atmoéphere. A sample valve was

(.

" installed between the sample and R3 %o allow known volumes of adsorbate o
be injected into 4he system in order to calibrate #he volume of gas eluted to
the detector response of the thermoconductivity cell. The flowrate of the gas in

streams 1 and 2 were balanced using flow restrictbrs, FR1and FR2,at 30 ml/min.

The cvhar sample was held in a straight 6 mm stainless steél tube between £w0
pyrex glass wool plugs (see Figure 2.4). Before a Lest; the char sample Would be
outgass?d at a temperaturé of 150°C and pressure of-10 kPa to remove surface
m‘o'visture. The dried sample ’ould be weighed and installed in the unit imme-

v

diately before a surface area measurement was made to avoid recondensation of
water vapour on the sample surface.

For nitrogen surface area measurements, a standard calibration gas sypplied

) by Matheson Gas Products Canada containing 9.78 = 0.2% hitrogen in helium was

¥ 4
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Figure 2.4: Schematic of the Surface Area Apparatus

A

used. A char sample weighing approximately 0.1 g was connected to the adsorption
apparatus in the conﬁgura‘tion shown in Fiéure 2.4. The sﬁrpple was immersed
in a Dewar flask filled with liquid nitrogen (temperature equal to -196°C) for 30
minutes with gas flowing over the sample. Aftér 30 minutes, additional adsorption

could not be detected for the char samples. The liquid nitrogen was removed and

the sample was immediately immersed in water at a temperature of 20°C. The’
’ " '

nitrogen adsorbed on the sample, eluted over a period of 5 minutes, cauding an
inbalance in the nitrogen concentration in the gas stream which was converted

to an electric signal by the thermal conductivity cell. This signal was linearly

related to the concentration of additional nitrogen in the samp]e’;&%e volume of
o T A

gas eluted was measured ahd recorded on a Hewlett Packard integrator, model

18850A. Figure 2.5 shows a typical desorption peak for a hydropyrolysis char.

)




-

After the sample was desorbed, 1 ml and 3 ml samples of pure nitrogen were
alternately injectéd into the gas stream. The volume of gas desorbed, recorded
as-an area‘ count by the integrator, was calculated ‘by dividing the area count
for the desorption peak by the area count for the 1 ml sample of nitrogen. The
fact that the area count for the 3 ml sample was a factor of 3 larger than the
count for the 1 ml sample proved that the detector response was linearly related
to t}')‘]:e additional nitrogen copcentration over the volume of interest. Dividing by
the Jl:tnown sample weight yielded the volume adsorbed per unit sample weight.
The volume adsorbed was ﬁonverted to nitrogen surface area using Equations 1.8

and.1.9. The barometric pressure, P,, was recorded daily and the nitrogen partial

“ ‘pressure was calculated using the expression

A
LM

Px. = 0.0978 (P, - P,) (2.3)

L
i

A

where P, was the sample gauge preséure measured using a test gauge (P on Fig-

ure 2.4).

m—
N

To test the validity of the single point N, surfz;ce a’re~a technique, a series of
primary-surface area standards suppl‘i‘_ed by Quartachrome Corp. were tested. The
standards had certified surface areas of 2.6, 7.8. 48.6 and 233 m?/g covering the
expected surface area range for coals and chars.A Several tests were performed for -
each sample with 23 tests conducted in’ total. The measured surface areas aré
plotted against the- true surface area in Figure 2.6. The accuracy of the technique

*was evaluated by applying a linear regression curve fit to the data in Figure 2.6.
The fitted curve had a slope of 0.985 and an intercept of —0.24. Sin;e the in-

1
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Figure 2.5: Desorption Peak for Nitrogen Surface Area
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Measured surface area (m?/g)
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. p . ' 5 .
Figure 2.6: Comparison of Measured and True N, Surface Area

tercept should equal zero if the measured and true surface areas are equal, the
significance of the non-zero intercept was evaluated using a t-test. As shown in
Appendix A. there was very little evidence to suggest a non-zero intercept. and
,Lherefore, it was neglected. If the measured and true surface areas are equal, then
the slope of the line should equal unity. As shown in Appendix A, the slope of
the line was one standard aeviation less than unity, and therefore, the measured
surface area deviated from the true value. The variance in the relative error be-
tween the tfue and measured surface areas was calculated as 10%. Assuming a
normally distributed variation in relative error, the 90% confidence in surface’area
measurements was = 17% of the true value. For  .gle point measurements, this
was considered acceptable.

£y

Examination of the error between measured and true surface areas in Figure 2.6



wbet}w&cn m(‘abur(\d and true values was

1‘1* (\»,J

p)‘ .
obtained for samples wnh surface area in exces't »0f mO m mﬁw oy
L v.@.

i

N

PR

b o I N
For carbon dioxide surface area measurements. two st:.an,!d‘ar‘d:‘(tallhrawm gaso;
b ;

. ' . S s

supplied by Matheson Gas Products Canada _cont,aining !10; ().10‘}/{ and.ﬂ:iO:l(‘)‘* S

S ’?" . Qe

+ 0.20% COy in helium were used. The same char samples used for N, bllr,de(' ar{;d -
- \\% r‘*'ﬁm‘.q
measurement were dried, weighed and installed in the adsorpnon appardtt‘l‘w &r}m

°

Y %
sample was immersed in a Dewar flask filled with water maintained # 25°C for 45

4

[

minut._os. After this time, no detgctablc increase in COj adsorption was measured
for‘the chars considered here. After adsorption was complete, the sample was
immersed in a flask filled with mineral oil heated to a temperature of 150°C.
The eluted carbon dioxide caused an imbalance in the CO; content of the two gas
streams and was recorded as #desorption peak on the integrator. One and three m!
samplés of pure CO, were alternately injected into the stream 2 to determine the

*

volume of CO, desorbed. A plot of the integrator response is shown in Figure 2.7.
The desorption of CO; from the sample was generally complete in 5 minutes.
The CO, surface areas were calculated using Equations 1.14 and 1.15. Unlike
o
the N, surface area, the technique for measuring CO, surface area involved extrap-
olating a line from experimental data, to the intercept on a log volume adsorbed
versus [log P, P'? plot. In this case, multipoint measurement was required to

obtain acceptable accuracy from the extrapolation. A typical CO; surface area

plot is shown in Figure 2.8. Approximagely twelve desorption points were taken to
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- Figure 2.7: Desorption Peak for CO, Surface Area
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,of llog?ﬂ /P‘ was 1dent1call) ‘equal for 5% C02 in hehum gas at a pressure ‘of:

. abscissa -\"f’alue‘ot" 6.2) Fdr all chars the. volume of gas adsorbed was equal at Lhe
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o Frgure 2.8: ’Iyplcal Dubinin- Polanyr Plot for CO, Surface Area

construct the curye fit usmg the Dubmm Polanvr Equatron in the plot wrth four '

porrlts at each of three CO, partral pressures »

The adsorptron ’desorptron sequence was completed at 0.1 and C. 3 M Pa sample

-
. -

| gauge pressure for each.of Lhe.two gases. This procedure was chosen to allow an

overlap in test results f,or"t'he 5_".and 10% GO, in helium test /g;'alses, Tlle' value -

N}

PR

0 3 M;Pa gauge and lO% G()z gas in helrum at a pressure Qf 0 1 MP&"gauge ( '

-

¥ b

X e R IR ER 2

: overlap pomt provmg Lhat ;he adsorptlon was not dependem on‘%he fra.ctron of -

¢ v . E »

v ’ ' e . e

COg in thg{zst gas Thrs procedu“re requrred two days to complete dueto t.he’long

ook R Loowe Lt . s e
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" No standardi_ were ,cornmercially available to calirbrat.e the CO, surface area
technique so: that the results on the CO, adsorption technique are presented here
without veriﬁ‘cation. To‘test the precision of the mea:sured surface area, a non;
linear regﬁ_régsii‘on analysi‘s was applied to the data of multipoint measurements. The S
range in standard deviations friom the calculated CO2 surface areas, summarized in
Appendix C, was =3 — 13% Therefore assuming a normaﬂy dlstnbuted varlahon

.

in percent err6r the range in the 90% confidence mterval fof(IOQ surface area

measuréments was +9 — 22 % of the measured value. »
. N 3 %‘ 5 -
o . . ' .\} . S a ‘.ﬁ‘

VAN REEY N
& ap" ’ ’»‘v-- ~ Q@: ..
A4 ‘3 R @

2. 2 In’trlnsw Ox1dat10n Reactwnty Thermograw-

‘metric Analysis

v
B )
f P

To evaluate the oxidation reactivity of"hydropyrolysis- chars:_prepared in. this lab- -0

. oratory a Lechnique was developed using~a thermogravimetric analyser (TGA)

/.

o mJectmg air at 4 ﬁowrate of 70 ml/mm The furnace operatmg Lemperature was @ T

"flanufactured by D m.qt Instrdments Mode] No. 951 ’ﬂ ochematrc og the unit is
%:‘J:ﬁ. uzg‘v uj‘“ - 5 «!f /"'
given in B gure 2 Q '

p .
. A standard analytrcal techmqu-e was adopted to measure the bxrd\(\ron reactiv-

»

- o ) oy

y :
_ |ty of char samples Orrgmal]y, a 10 mg sample of char was placed in a platmum

forl pan on the end of a quartz balance beam connecte&to an electromagnetnc

‘S. B i1 ,a

balance The sample was heated m hehum to its operatmg temperature ‘before '

N »

«t"‘
. top - . o

v, . )Z; v rm. r-la

1ncrea.sed from 30°C at 4 rate of’ 10°C/mm until the sample was burnev,out As™ QE
. ," » ,, .1 ;z ) 'WQ @5 “‘- Fy
[) : : L " ' o . ‘? ﬂ?%‘ . )gb S v’i
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e

the sample reacted, the weight loss as a function of tinte was recorded on a Dupont
“Instruments, Model 1090 microprocessor. The data were used to calculate the rate

.of weight loss and conversion vs time plots shown in Figure 2.10.

.

During preliminary testing, a maximum rate of weight loss of sample was ob-

served even though the gas temperature continued to rise. This occurred at 20%

& ’ |

conversion of the sample. Since rate of weight loss should increase exponentially .

with temperature acéording to” Arrhenius kinetics, the.reaction was suspected to

L]

be controlled by diffusion limitations. A simplistic model of‘the sample in the pan

N

with gas flowing over the surface of the pan was formulated and the limiting rate of

-
-~

oxygen diffusion to the’samp]e surface was calculated. It was found that the't‘heo- -
. ~ s

. s : \
retical limit of oxygen diffusion to the surface agreed with the observed maximum

_reactivity o.f.the sampie. These c,a.lc'ula;tions, feprp‘duced in Appenabc B, conﬁr.med :

- th@ai the reaction of thesé sa;ﬁle’sc cpuld be limited by diffusio,r} at fémperaﬁures (

? , &Well.b;lgw 500°C.y 'i‘he Iimit corr,esponded tg 72 ‘rr\zg/hr of char ch’s,x;é‘xp'tio-;(In or-
..'dler to limit 't}:e effects of’o‘xygén diffusion and to élimir'l‘ati'teﬁ';pe“‘rht:ire lgrei;iien,té
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Figure 2.10: Rate of Weight Loss and Températuyg for Initial TGA Tests -

/
/
o

\/ﬁ/m,mn?:—m of two hours to complete each run This was considered excessive as

" onhne/deL storage for realtime data col]e.ctlon on the microprocessor was limited.
. _ & ,
To reduce the run time length, the sample size was reducéd to 3 mg so that a

- single run ‘could be éompl;t{ed in one hour. ) -
The effect of gas flow on the'rate ofke sample oxidation was tested. Gus flow
waiavérj'ed from 50 to 1000 ml/min at’ ?denti‘cal test _conditions.” The ré‘suilting
- fate of weight ]_oss versus gas @ow dat’gvis shown jn Figure 2.11_; At gas ﬂe\wrén,ej\

L
.

below 100 r’ril/min, the rate of oxidation was limited by diﬂ'usipn of oxygen to the

fes A

4

sémple_. Above,200 ml/mz'n the rape of.weight loss was independent of gas flowrate.

T
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Figure 2.11: Effect of TGA Gas Flerate on Reaction--»Ra‘\‘té ’

Howeyeg at gas ﬂow exceeding 500 ml/mm the gas would not be adequately

M A

prehea’ted'bebre reaching the sample. This was apparent feom the dxscrepancy
‘ ' el L

@

&
and the thermocouple posmoned dlrectly abo% the sample Wltgxout equal gas

\ A F&

and furnace ‘element temperature, the sample temperature would be dlfﬁcult to’
) oo . ¢
evaluate. Therefore, a comprise in gas ﬂowrate of 200 ml/min \@és chvosen,,tﬁwhere
) . l . .' ‘."1 . ’ " . h‘-" o . - . . - - ‘
Lemperature gradients and diffusion limitations were minimized. . "_@ ,

(\

%

&
‘in tempeasature measured from ﬁ‘*thermocouple located near the heating elemems '

s S

L

., ,
L'smg 'hehu/r‘r\l to preheat the sample was a problem in that the difference of -

~thermal capacnt) between hehum and air caused a larger reduction in thermal load -

LI

when the hehum‘was replaced wrth air during an oxndatnon test. Upon swntchmg
.o v . '

from helium to air, the furnace temperature controller would require at least 10

P
¢ . . -

"9}
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o b ) B N, N
AL A . . e
' . minutes to equilibrate at the same temperature. The unsteady temperature made

during this time. To eliminate temperature fluctuations, the sample was preheated

4r
with nitrogen. Since the tests were all conducted below 700 K, the nitrogen was

assumed to be inert. With this modiﬁcation, the furnace temperatuﬂi"would not

change upon, switching from nitrogen to air.

P
-

The effect of oxygen diffusion within the sample on the pan was’ tested by

. ' . p : ‘ \
performing como{rative tests using the conventional pan or a 400 mesh stainless

b
EY
N

steel screen which would allow oxygen access #o the ghar from above and below the
< B E R Y

2%

sample. The rate of weight los_s was

\lype of sample container

"~was not a problem. This

. sample droppe@$® i;_ Y ﬁinless steel screen during the test suggestin‘g that both

containers were § e 'for‘the reactivity tests. The stainless steel screen had a

. N 1 . !
“residual benefit in that the low frontal area to the gas flow eliminated fluctuations -

. " ) . . B , )
in th:medsured Weigiit from the‘pan The net effect was to make the | ug reading

'steady whereas the 10\);19 readiﬁ‘as the lowest useful digit when using the pan:.

. R , -
Therefore, the stainless steel screen was adopted for all reactivity testS.
. # - C
The final Qrofedure adopted for all oxidation reactivity tests was: - '
» :; ) ' t “: : ’ .

. -

1. A3 mg&ample‘fof char\qu spread evenly across a 400.-mesh stainless steel

‘screen and placed on the quartz balance beam of the TGA. -
2. A.q%ﬂz tube was installed around the balance beam and'the evn'tire assembly
o C »)_' . S e e ! )

oyt

e

analysis of the data compiicatcd as the rate of weight loss could vary signiﬁcantly ’

wn



.- o e
®
was positioned inside the TGA Yurnace
. ) o :
3. Nitrogen was mtroduced into the tube at a ﬂowrate of 200 ml/mm
L

4. The furnace temperature was raised at 100°C/min to within 15°C of the pre-

determined reaction temperature. The heating rate was reduced to 10°C/minute
¥ s R 2
] b * . ¥ H‘.' . o

until the reaction temperature was reach’é'd; then held constant for 10 min-

utes. . R

5. The nitrogen was replaced with air at a flowrate ‘of-200 m!//min and the

temperature and weight were recorded on the m_ieroprdcessor as a functiqn’

. | o » N

of reaction téne | : N \% | *w
6. After. completing the reactnvnty test the sample temperature was rarsed by 3

#
!

200°C to burn out the residual carbon and to measure the ash content of the
2V ' \
Since the oxidation reactivitﬂests began, no further changes have been made to

. o ~ : »

sample.

the experimental procedure. o v
]

The reactivity of the sample was determmed {rom the recorded weight loss vs

- »

,ﬁj,rne data. The overall char reaction kinetics {8 correlated with the expression:
o1 d L ' '
RR = - —— =X = K, (2.4)
s 1 - x dt |

i3

where ¢, was the ambient concentration of the reactive gas, n was the apparent

!

. . : W
order of reaction with respect to reactant par;lialﬁes'sure, K, was the azparent " &
) : -
overall rate coefficient and x.iwas the conversion of organic matter in the char. The

reactivity, RR could 5\% related to‘the,reac,t"i‘vit_v based on the availablé internal $W

T
.

surface area by the-expression: ‘ o m ,

, . a Sy . - T ' .‘v t P
e RR = qs. k€ i (2.5)
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the effectiveness factor of the particle approach unity.

70
If the reactivity was slow enough, the eflectiveness factor would approach unity
(n — 1) and the ré%tant gas concentration on the internal surface could be
m .
equated to the free stream value (¢, = ¢,). Equating Equations 2.4 and 2.5 gave:

/

°

s ' ) - K, = s, k. (2())

where the observed overall reaction rate was related. to the chemical reaction rate
< .‘

- Sy
! i

cqnstant, k., by the total internal surface area of the particle. Therefore, calcu-

lation of the c}\eniical reactivity of the particle from observed rates required that

3

_ Several investigators 26,39,43,35 have used thermogravimetric analysis to cal-

« " gulate the chemical reactivity of coals and chars. All of the studies involving char

PR KXY >,
BN A ! e, Lo

S gk 8
ol >

oxidation were perfOfmed at temperature léssm"than.BSO K. This was to ensure

st g
‘!'* .

that the system.was reacting under kinetic control. However, early investigators

#® .

utilized large samples in confined pans which could have res,trict.ed the reaction
] A - ’ v :

by limiting bylk diffusion of oxygen'to the particle surface. The large samples

*ould also ré,ult in significant temperature differences between the char and the

researchers limifed their sample sizes to less than 10 g

thermocouple located above the sample. In early experiments, Tseng & Edgar 43

reported that significar cot centration and temperature gradients existed in the

»

boundary layer above the sample when 30 - 40 mg samples were used. They later

reduced their sample size to 2 - 9 mg to minimize the gradients. After 1982, most

-

A

e ™ ’ . ’ 3 .
The extent of diffusion fontrol of the reaction may also be affected by the total

reactuion rate and the physical nature of the sample Radovic & Walker 35 studied -

—
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the reactivity of Saran char using TGA. This char, which contained essentially all o R

micropores, provided less access to oxygen on the internal surface than typical coal

chars oxidized under similar conditions (ie the Saran char had a lower effective-

ness factor). The investigators concluded that below an observed reaction rate of
A}

-

3 g/g - h, the process was chemically controlled. Therefore, investigators studying

chemical reaction of chars should maintain their reaction rate at less than 3 g/g-h
A

as a conservative estimate of complete kinetic control of the reaction. This upp?
¥

limit for reaction rate was adopted-in this work.

.

¥

- -2.3 Combustibility - Entrained Flo;v Combustor'

e
" "'f?:‘jﬁ’. :J 53

. Development
W ” Lo

. .
L1y . h % - ‘.’ﬁ
. ) . .

» B

’.“\ ({ s

ﬁ,&
.

#12
?

R i
- ¥ 14
. .

# 15 To measure the combustibility of hydropyrolysis chars at conditions approaching

«
G —
‘;j» those found in a utility boiler. an entrained flow. combustor (EFC) vus/develbped 7

$

[ ' .
Y ) . 2 L. .
, ' and used. The use of entrained flow combustors for combustion tests was pioneered
. r ‘ “ | . '\ ’ | '
. - by Field'71.72_ who used this t?})e of apparatus to show that char burnout was
- . }( ’

strongly dependent on the opiginal coal type. Smith and coworkers 31.32,53,54

o, S T . .
& 3 . .
K, X

«.>- refined the combustor des"\in and were successful in using their own apparatus to-
: v - : . . b

g o :
’ understand the n&ture of pore 6xidation during char combustion. -Entrained flow i

Y
' .

.- combustors are now widely used by boiler manufactuser. as a boiler design tool
, N .

. with excellent success 73,74 T/he purpose of entrained flow combustors is to study

. . o ; *
P d

the behaviour of a particle gas suspension at carefully controlled conditions of

°
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reactor temperature, particle residence time and gas composition. Generally, coals
or chars are injected into a preheated gas stream to raise the particle temperature
rapidly. The par'ticle is reacted for a known length of time then quenched in a
probe. The stoichiometric,air ratio is maintained at‘a value in excess of 5 llp ensure s
that gas composition remains constant during combustion and that the oxidation
reaction does not significantly raise the gas temperature. If these conditions are
met, the reactor may be suitable for detailed kinetic studies of char oxidation at

Ld

conditions relevant to pulverized coal combustion boilers.

®

A schematic of the final apparatus conﬁguragon used in this work is shown in
. i
Figure 2:.12" The apparatus consisted of a solid feed system, an isothermal high

temperature reactor and a solids collection filter. A fluidized bed feeder, deve¢loped

by Knill 70, was used to feed the char (see Figure 2.13). The feeder was a long~

) : -

cylindrical vessel constructed of pyrex glass. A sintered glass disc was fitted near

- . ' E

_the bottom of the feeder which was used to support the coal or char particle bed.
. - 14

Air was injécted from below the disc through a Kovar fitting, manufactured by
. 3 . B ‘ . - - ot

Ace Glass Ir’ to fluidize the particle bed. This gas exited the feeder through a
. ) L

. 5

filter at the top. A 1.5 mm stai’nlesﬁﬂsteel tube integfséétgd the particle bed 15 mm
above the fitted glass d:sc A 1 mm hole was drilled in the tube and p_ositionbed.;
facing up in the center of the bed To feed char, transport air was passed through
Uwvlube at a flowrate of 0.5 { mxnhto.carry char particles to thfa high temperélure
‘ rea’ct'or The fluidizing gas flowed at a‘rate of 4 { run through the particle bed.
\ shght resigiction on the lnidizing gz;s &7‘2\1{ caused tho bed to‘f;)‘rbcgsur"\ze shghtly.

-~

v - -
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Figure 2.12: Schematic of the Entrained Flow Combustor
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This press;rv caused some fluidizing gas and pérlicles to flow into .t,]'w transport
tube where they were entrained with the primary air. By adju;;t:mg the restriction
on the fluidizing gas exit, the particle flowrate could be accuratel; ckmtrolled ‘ow‘r
the range of 0.02 - 0.10 ¢ ‘min. The feeder was positioned on a Mett‘lér. Instruments’

)

: T
Corp., Model PE 1600 balance to continually measure the weight of the char and .

;\ mm O.D.

m O.D. by

feeder.

* The reactor was a 25.4 mm stainless steel tube fitted with

v

by 3.2 mm 1.D. w\ix‘ter cooled injector probe at the top. and
3

'
-

6.4 mm I.D. collector probe at the bottom. The reactor wa inside a three

I3

;ﬁ‘ a"ﬂ;
zone Lindberg Model 54287-S furnace, manufactured by Geheral Signal C3rp., ca-

: uz
pable of heating the reactor to 1200°C. The reactor design n@shown in Figure 2.14.

The probes were constructed from three concentric stainless steel tubes. The cool-

»

ing water entered the probe through the inner annulus and exited from the probe
through the outer annulus. The flowrate of water was adjusted to maintain its
exit temperature near the-boiling point. This procedure minimized the heat loss

from the reactor through the probes. The probes were fitted with conical caps
. 4 - o Ln
to minimize flow disruption during injection and collection of char particles. The

-

entire probe assembly was welded together except for the hitting between the inner

and outer tubes at the back of the probe. ~As there could be severe temperature

-

gradients between the inner and outer tubes, this joint was allow~d to rotate freely

in a fitting to prevent thermai stresses from rupturing any of the welded joints.

%

f‘ghtene{\cqzslructed from a 10 mm thick
/

4 \ S - -/

&

The injector was fitted with a flow stra

/

s
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- : . 7 5 . .

disc of stainless steel with evenly spaced 1.5 mm-holes drilled! through. The flow

straightener, was used'to ensure that the secondary airflow was evenly distributed
. . T ) L] o . )

* I

across the full cross-section of the reactor.

The-'injéﬁor and collector ‘were fitted into the 25.4 mm reactor as shown in

"‘Figure,2.143.. The secondary air was preheated in a 6.4 r‘nm'.O.D. stainleys',s steel

H

- . . .

‘tube wrapped around the reactor tube and injected into the reactor above the flow. -

“straightener. Gas temperature was measured from the 6.4 mm suction’ pyrometer

af n E -

ports welded to the reactor at 50. 130, 210 and 290 mm downstream from the .

injector. ‘For temperatures exceeding 1000°C, radiative heat transfer from a bare
thermocouple to the walls of the reactor maintained at a different temperature

becomnes appreciable 75°. To reduce the effects of radiative heat transfer and to
measure the correct gas temperature, the thermocouple must be shielded from

—

~ radiative heat transfer with other bodies. This was accomplished by ihsta‘l!ing

a radjation shield around the thermocouple tip. At the same time, the convec-

~

tive heat transfer to the thevrmocohp]e tip may be increased. by aspirating hot
, : . ‘

- gas across.it_at a high velocity. In this way. a close approximation of\the,t\rue

gas temperature may be attained. Suction py‘rometers‘ were constructed from a

3.2 mm O.D. stainless steel tube covering a 1.6 mm, unshielded Chromel-Alumel -
(k-type) thermocouple (seev Figure 2.15). To measure gas temperature, reactor

air was aspirated. through the tip of the probe and across the unshielded thermo- .
couple. The flowrate of air was adjusted by a valve located before the aspirating

pump and was measured using a calibrated rotameter. To obtain the true reactor

hl

/

~
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+ all subsequent gas temperature measu/rements.

Ktype -~ Swagelok o A . :
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Figure 2.15: Detailed Suction Pyrometer Design
‘ 3 : .n
~ gas temperature, the aspiration rate was increased untrl there was no change in -
. K

gas temperature at higher gas ﬂowrates A plot of the suctron pyrometer measure-
. : ¢ . _

ments at the two temperdture statio'ns along the re_actor is shown in-Figure 2.16

for a reactor wall temperature of 1100°C. Above a gas flowrate of 300 ml/mzn no

-

appreciable change in gas temperature was recorded This ﬁowrate was used for
: The residencetime‘in the reactor,zvas adjusted by varying the distance between
the ‘injector and the collector: I.n these tests, the.- position was fixed and the _
collector was positiohed accordingly. Reaction zone lengths ‘coul'd be’ adjusted
, » ¥ . .
from 100 to 350 mm.
‘ln the tests conducted here, the coal was injected wi.th transport air at a

flowrate of 0.5 I/min. This “primary stream ‘was mixed with the secondary air ,

which was introduced in the annulus between the injector and the reactor at a

1

flowrate of 4 I[/min. An isothermal reaction zone temperature of either 760 or
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Figure 2.16: Effect of Aspiratign Rate on Gas Temperature Measurement

1050°C was attained for all char runs’ 'This isothermal zone was obtaingd by

adjusting the temperature setpoints of the three zones of the Linbergh furrace. -

{

Because of the position of the water cooled. }nj tor, the top furnace elgment had
to be élperated at a temperature of 900.or i200?’C. T.herefore. the.secondari} air
_wo“q.ld_ente'r the reactor at the higher temperature and cool down to the re:-idion
setpoinﬁ as it passed.through the flow straightener‘\ /S

The velocity of the coal enterinbg t.he reactorvwas 4 'm/s%rénd of the_ s;econdary
air was 1 m/s. This caused the coal to enter in the form of a jei and spread
evenly across the reé%o(r_ Efoss-section, mixing rapidly with the preheated sec-

ondary streamn. The jetting action also ensured that the particles were injected

“‘d,i\rectl7' into the isothermal reaction zone increasing the particle heatup rate.

n\
N



Distance from injector (mm)

Figure 2.17: CO; Tracer Measurement in the EFC

A

a

.The ‘rate of mixing-of the primary and secondary air streams was measured

v

by injecting CO, through the injector at a flowrate of 0.4 [/min and air through
N ,

the annulus at a flowrate of 4.0 //min. The radial concentration of CO; was mea-

¢

sured at the suction pyrometer ports. The concentration distribution is shown

in Figure 2.17. Mixing was not appreciable until the second pyrometer station,
3o . .

‘1:‘30 mm from the injector and was not complete until 210 mm from the injec-

tor. Assuming that heat and mass transfer processes are similar (ie. Lewis No.

E

1) the radiaJ temperature distribution of the gas stream should not be uniform

3 .
until 210 mm from the injector. ‘Indeed, this was observed in thé temperature

profiles measured during testing. The temperature 50 mm from the injector was

consistently 30 — 60°C less than the temperature recorded at all other stations.

-
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Figure 2.18: Temperature Profile in the EFC

ot

A profile of the temperature distribution in the reactor for,various zone lengths -

is shown in Figure 2.18. The iemperature could be maintained within a ZSCC?

window throughout the reaction zone  Better control was not attempp%d as this
profile was con.s\idered acceptagle.

The parlticles were collected in a Balston, filter connected to the end of the
collector. The residue in the ﬁlter was removéd aﬁd it‘s‘ash content was deter-
mined. The particle conversion was calculated from an ash balance of the feed

) g - . | . '3
char, ashcy,,, and the residue, ash,.,. Assuming that all ash remained in the par-
ticle, the mass of ash in the char and residual particles were equal. This equality

‘was related to the carbon conversion according to the expression:. g

1- ashchar/ashrea

Xdaf = (27)

1 —ash.har

W



N | |
< "ation and loss from the particle, which changed rapidly along the length of the
: : ; :

‘\‘/
82

&

where !x;,,, wes the eonversion-;,of organic matter in the char on a daf basis. Sig-
nificant errors could have occurréd from this method if the‘ particle temperature
exceedea 1300°C due to volatilization of certa'in ash components'76. However, in
‘the tests reported here, the particle temperature did not exceed 1300°C so that
these errors were neglected. | | |
/’Evaluating solid reactivity using an entrained flow System required calculetion

.

of the particle temperature. Particle temperature depended on the heat gen’er-

%

,co‘mbusftor. Therefore, a numerical mode] was developed to evaluate the temper-

N

. b * ’ . '“, . B ) -
ature, based on the experimentally measured rate of particle burnout. Also, the

4

residence time of the particle was calculated frorh kﬁowledge of the gas and solid
vélocity, both of which depend on the combustion behaviour. \

Tdevel"u“ate‘the éartitle pe'mperature and rESider;ce time, the tonservation equa-
tions of mass, momentem, energy were solved along with assumed chemical kinet-
cs. Since particle Re&nolds number wes always less} than unity, particle velocity
was calculated assurr;'ing that the perticles moved in the stokes flow regime. The
conservation equation was: , , |
| d],; uv

=g AV | (28
dt =Y 2RI, 28

<&

where Rp, v, pa were the particle radﬂius, velocity and densi ively, u was

the gas viscosity and g was the gravitational constant.”
The particle temperature was\xalculated from a balance of heat generatlon due

to internal reaction, heat loss due to radiation to the furnace walls and convection
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to the su’?rounding gas.according to:
dT 12 H dxrc TS 4
dt - cp 1- XTOT dt - Q (TP ) o2( P Tw) (29)

£
L

" where cp, xrc, xror, H and Tp were the particle specific heat. fixed carbon

conversion, total conversion, heat of reaction and temperature, respectively. T,

and T, were the gas and waH temperature and.®, and ¢g were heat translfer '

- /

N

'factors due to convection and radiation, respectively. Convectlve heat transfer
was calculated assuming that the Nusselt number was equal to 2. The radiative

. S . )
heat'transfer was calculated assuming that the particles behaved as grey bodies

o

with an emissivity -equal to 0.8. The speci.ﬁc heat was a functionr of the ash and

v

~ organic content of the solid as well as the temperature. A suitable expression

for the generation of-heat required a knowledge of the combustion products. For
g q g Y

- all chars, the carbon cbntent was 81 - 94% with the remainder being hydrogen,

i _oxygen and nitrogen. Most of the hydrogen and oxygen would be concentrated in

h
/
/

“the volatile matter. and would be released prior to combustion of the solid residue. ’

Therefore, the resickué may be assumed to be composed entirely of carbo;%vilh

little error.

Either CO or CO; may be primary products of combustion. The heat generated
within"the particle with CO, as the on.Iy product would be 7900 cal/g and with CO
as the only product would be 2340 cal/g. At high temperature CO would be the

majér product of combustion which would oxidize to CO, away from the particle

so that it would. not contribute—d-&ree-e& to heat generated within the particle.

J
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i

Mulcahy 28' showed the expression: ‘ R

T (2.10)

I'= {1 + 2500 exp <— 12400)

RTp

where ' was the fraction of primary oxidation product as CO,, agreed with the
measured products in a combystion furnace. The factor I’ was used to determine

the heat generated in the particle.

¢
m—

The rate of weight loss of char was assumed to »& WW by the expression: n
' et BoSE . B
TN v

(3 e

.dxrc 3 Krorco,
dt -Pa RP

ay

(2.11)

for a first order reaction with respect to oxygen partial pressure where the total

reaction rate Kror was represented by the equations:

L4

K. = k. (1~ xrc) o (2.12)
2rD 4
Ki = = R"B (2.13)
: 1 1\ -
Kror = (7{;*;;) _ (2.14)

¢

———

~ An expression for the rate of volatile evolution was developed from devolatilization
experiments conducted‘on Alber’;a subbituminous c;a1{79} and incorporated into
the model.

The radius and density of the particle changed with exhten’t of combﬁs_tion and
néed‘ed to be evaluated for Eq“uatic;ns 2.8, 2.9, 2.11 and 2.13. Smith|22 developed

the expressions:

i
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and convection loss from the gas according to: '

85

‘where o and 3 were experimentally determined exponents used to. express the

B

N B . - n v .
density and size changes that occurred with combustion and the subscript 1 referred

to initial conditions. The exponents were interrelated by the equation:

e

'

3a ~ 3 = 1 o (2.17)

The increase in gas temperature from combustion was also incorporated into the

model with allowance made. for the radiation loss from the particles to the wall

g g

" e r
IR mep AT, = ¢" - gg - qcony - » (2.18)
. P

where ¢", qg and qrony were the heat generated, heat transfer by radiation and

by convection, respettively and AT, was the change in gas temperature flowing at

»

a rate, m.
These ordinary differential equations were solved simultaneously using a Ru_nge-

Kutta routine. The particle and gas temperatures. distance along the combustor
A ‘

and conversion of the solid were calculated.



Chapter 3

Results and Discussion

3.1 Char Surface Characterization \ ’Q

Thé chars used in this investigation were designated al;:habetical]y from A to H.
The char pracessed in the least severe hydropyrolysis condition was designated as -
char A and the char processed under the most severe condition was designated
. as char »H. A summary of the process conditions for chars A-H are given in Ta-

ble 3.1. Char H was only used in the TGA analysis described in Section 3.2.2.
‘ -
Chars A-G, representative of the range of experimental test conditions studieddur-

ing the hydropyrolysis program, were characterized using helium density, mercury

porosnmetry, CO; and N, gas adsorptlon techniques. The surface characteristics

of' coal and chars A-G are lnsted in Table 3.2.

The true densities for all chars were within a narrow range from '1.38 to

1.56 g/cc compared to 1.47 g/cc for the ongmal coal. There was no correlation
) 3

between the process conditions and the true densities. Char G had the hlghest

@
0

Y86 | %
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" Table 3.1: Hydropyrolysis Char Process Conditions

Process Conditions

Char Temperature  Pressure  Residence
Designation (°C) (MPa - H;)  Time (s)
A 600 3.5 2.7
B 600 6.7 5.0
C , 700 3.5 0.5
D , 700 o 6.7 2.4
E 00 10.0 5.0
F 800 _ 6.7 5.0
~ G 800 10.0 27
H 800 10.0 5.0
. - -
-



Table 3.2: Surface Characteristics of Hydropyrolysis Chars

]

L]

Char Type

[P

Coal

A

Sur%ace Area

88

Average

True  Apparent Open Pore
Density  Density Volume Co, N, Pore Size (A)
(g/cc) (g/cc) (cc/g) (m*/g) (m?/qg) macrgil; micro
1.47 1.25 0.12 205 23
1.50 0.87 0.48 ‘4~35 16.7 527 31
1.48 _ 1.09‘ 0."24 332 4.2 320 20
1.43 0.69 01.76 ' é69 22.0 797 80
1.38 0.68 075 317 131 161 67
1.52 0.69 0.79 237 10.5 666 95
1.48 0.53 1.21 427 33.6 968 80
. 1.56 0.57 405 28.5 757 77

1.11
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Figure 3.1: Effect of Hydropyrolysis Temperature-on Char Density
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/ density of 1.56 g/cc followed by char E (1.52 ¢~ cc) jnd char A (1.50 g/cc). This’

observation showed l\hat reactive gas may affect density.compared to thermal ef-
fects alone since Nsakala{ZS} showed a gradual increase in true density from 1.5

to 1.7 g/cc with increasing residence time for American lignite chars pyrolysed
in nitrogen at 808°C. Perhaps the hydropyrolysis test conditions were sufficiently

narrow such that true density would not change appreciably compared to the test
e
conditions used by Nsakala.

A summary of the mercury porosimetry experimental results is included in.
Appendix C. The particle apparent densities decreased with hydropyrolysis tem-
. ! - '
perature from 1.09 g/cc for char B to 0.53 ¢ cc for char F.-(see Figure 3.1 and

Table 3.2). The apparent densi‘ty was insensitive to other hydropyrolysis process

conditions. Chars C, D and E,‘which were all processed at 700°C but widely



“different pressures and residence time had identical apparent densities.
The apparent and true densities were used to calculate the total open pore

vg)hxme of the coal and chars according to Equation 1.17 (see Table 3.2). The

I

N
J

~ open pore \;o]u‘mes increased rectllmearly with hydropyrolysis temperature from
~0.24 cc/g for c'h‘ar\ B to 1.21 ‘cc/g for char F compared to 0.12 cc%or the original-
coal. The decrease in apparent density thh;mcreasmg hydropyrolysis severity was
also found by Cypres et al! 77] and Johnson[281 Cypres et al. gasified devolatllnzed
. Belglan coal at 900 C to various conversion levels between 40 and 80 wt %: daf.
#?ITh’ey showed that internal v<‘)lulme increased with the greatest change occurring in
pd;es pf d.iame‘ter 600 to 5000 X JQIh,nson showed tha.t the total pdré volume for
a subbitumvir?ous‘coa‘tl char at. SO%X cohversion‘ was 1.5 cc/g‘ v_vhiéh ;azas consistent

with the pore voliumes in the work reported here. .
: . \: - . .

.

The porosimeter was operated up to a pressure of 69 M Pa corresponding to

. ~ ’ )
‘mercury penetration into pores 180 A in diameter. A plot of the pore volume

distribution, presented as dV/d(log r}, versus the logarithm of pore diameter ‘for-
- chars B, E, G and the origina) coal is shown in Figure 3.2. The effect of increasing
hydropyrolysis severity was to enlarge the volume in pores over the entire range

from 200 to 10,000 A'Adiameter. The largest increase in pore volume occurred for

pores in the range of 2000 to 10 000 A diameter mdlcatmg that smaller pOres were’

V
enlargmg to pores of thlS size range.

Thesurface area distribution’ in all pores ca'lci};iated using mercury porosimetry
and gas adsorption data are shown in Figure 3.3. The surface area in pores larger

k]

®
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than 180 A lnCreased from 5 1 m“/g daf for char B to 22 m?g for char G. Assuming

fi“,

these pores to be cylmdrlcal the average macropore dlameter could be calculated

N
€

from the exgjressiqn: 4
- o PR

. i) 4‘ ‘ m = S— (3-1)
o " ‘ ' M . i

The average“.macrop'pre d)iameters are given in Table 3.2 for selected chars. The

N

average macropore diameter increased with temperature dnrmg hydropyroly51s

from 320 A for char B ;o 968 A for char F. This was probably a dlrect result of

4

lower char yleld at higher gas temperature. Thea average macrOpore drameter also

\

increased with lower hydropyrolysis pressure. This result ‘could not be related to
char yield alone. However at lower pressure, hydrogasrﬁcatron should be deccel-
erated since it is a ﬁrst order reaction and the drffusron rate of-hydfogen to the

reacting surface would be higher. Both of these condrtjons’ 'Wo'uld tend to increase

-

the reaction on the 1nternal surface of the partlcle thereby enla.rgmg the average

- pore drameter 2

i

0

The mtrogen surface areas of the seyen chars are lrsted in Table 3. 2 The N,

\
4

‘surface area increased with hydropyrolysls sevérlg from 4.2 m?/g for char B to

33.6 .m?/g for char F. For chars B, Dand E there wab no difference in thq&erface,
\
areas measured by N, adsorptlon which included pqres as small as 12 A diameter

£

and mercury porosnmetry v»hlch measured pores as s

mall as 180 A drameter OnI)
chars A and C pyro]ysed at a hydrogen pressure of 3\15 MPa and chars F and
G pyrolysed at a temperature of 800°C had surface area in pores between 12 A

and 180 A as measured by N, adsorption. This result supported the-conclusion
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that chars fnust be hydropyrolysed at low' pressure or high temperfmture to open
‘
" significant internal particle surface area.

The carbon dioxide surface;.areas of the chars afé a.l.so listed in Table 3.2. The
C“Og surface area increased from 205 m?/g for coal to 237 - 435 m? g for the
ch;xrs. The surface area was higher for chars pyro]ysed at low pressure. Ch;r A,
pyrolysed at pressure of 3. 5 MPa, had a’ surface ‘area of 435 m’/g compared to
char B, pyrolysed at 6.7 MPa whlch had a‘.:;urface area of 332 m? g. It was

N _
concluded that at lower process pressure more mtemal particle surface area was
opened. The COg_ surface area also increased with hydrppyrolysis tempéra(ture.
For chars B, D and C, all pyrolysed ;xt a pressure of 6.7 M Pq and two different
residence times, the surface area increased fr’;om 3’32 and 317 m?/g at 600 anfi
700°C pyrolysis temperature to 427 m?/g at 800°C. The CO, surface areas were
lower than the éurfacé areas reported by Johnson‘.{28{'} for gasification chars prepared
from American subbituminous coals. Those chars, prepared at a temperature of

925°C, had surface areas of 600 — 800 m?/g. Perhaps temperature in excess of the
range-studied here may result in significantly higher total particle surface area.

3.2 Char Intrinsic Oxidation Reactivity

3.2.1 Nature of the TGA Oxidation

Seventeen hydropyrolysis char sémples were oxidized under conditions of kinetic

control using the TGA. The oxidation\procedure' was described in Section 2.3 and
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b?rnout_plots oi; the form shown in Figure 3.4 were brodUCed. In general, oxidation
was complg#ed at rates of 0.3 - 3.0 g/g- h at a temperature of 310 to 400°C. '
The-oxidation rate was expressed in \terr;nsv\of the reaction rate, (RR), from
Equation é.4 by dividing the instantaneous rate of weight loss by the mass of
unburned carbon. When pl;tted with respect to conversion, the reaction rate for'
all chars studied had two c{;aracteristic forms as-shown in Figure'3.4. The,ﬁr\st set
of curvés, 'label.led ‘1’ had a réte which remained reasonably consta.nt/up to 60%
~conversion with a slight minimum at 10 — 30% conversion and decreased at higher
coﬁversion. This curve was characteristic of the reéctivity for Highvale coal as well
a$ hydropyroly;is chars with oxygen content in excess of 10% and- large volatile
.matter contents. The second set of curves, labelled,*2’, had a noticeablé maximum
-in rate between 50 - 80% conversion. The second curve was characteri;tié of high
severity process chars whi’ch typically ‘had oxygen conteht§ of less than '4%.“
The hig}?initi_al LeaCtién rate of curvé 1 could not be due to devolatilization -
o.f-the char sample on the. TGA #pparatus becéuse‘;he sample was oxidized at - ,\
_ several hundred degrees lower temperatl;re thantin the hydropyrolysis process. As
devolatilization was esseniial]y a ;hermal- brocess, no additional weight loss would
be expected during TGA tests except for drying. It is po-sjs‘ible that the initial high

-rate was due to the oxidation of reactive hydrogenated and oxygenated sites on

the char. Jenkins|78] reported that chars with a high hydrogen content were most_

reactive due to the preferential oxidation of hydrogenated sites within the char. In

these test results, the minimum.in the reaction rate cutve probably correspended
=
) ' o+
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to the depletion of hydrogenated sites.
Although the reaction rates of coal and low seéverity hydroi)yrolysis chars did

not increase significantly to a maximum at 50— 80% conversion, their reaction rates
‘ ‘ /
e .
were higher than the rates for other hydropyrolysis chars. The higher oxygen and

-

hydrogen content of these chars may have resulted in the higher rates.

The ratio of the iniial. to the maximum reaction rate varied between a fac-

.

tor of unity and four. The chars prepared under the most severe‘hydropyrolysis

conditions had the largest increase in rate. This effect has been attributed to the

opening of ‘ultramicropores’ above 10% conversion and the development of pore
surface area during oxidation|50]. A large fraction of internal char surface area

/

exists in the ‘ultramicropores’ which are approximately 5 }A in diameter and are

probably atomic voids within the char structtire. Oxidation jn ‘ultramicropores’

'

would have been controlled by activated diffusion which was a very slow process.

Walker|80| using the Lennard-Jones (6-12) pbtential for dispersive and repulsive

.t

energies concluded that activated diffusion was controlling when pore diameter

was less than the sum of the kinetic diameter of the diffusing species plus 16 A,

Also, he showed that since the repulsive power varies inversely with the twelfth

¢ .

power of distance between the diffusing species-and the surface, small increases in

. pore size would produce a larger reduction in the activation energy of diffusion.

Once the pores had been enlarged to the critical size where activation energy of

diffusion decreased, diffusion rate and mass reactivity would increase.

The surface area developed during oxidation probably reached a maximum

r .

P



- iiitisfy the observed increase in reactivity.

v

x g

between 30 — 70% conversion-after which the pores begin to coalesce. Coalescing

¢

~ would have caused a rapid decrease in available surface area and mass reactivity,
/ , . ° .

This development of internal surface area with reaction is reported by investigators
in other reactivity tests|28,61'. However, the small samples used in the TGA
experiments conducted here prevented detailed surface examination of the partially
oxidized samples.

N :I‘o determine whether surface structural changes were enti.rely responsible for
the variation in char reactivity during oxidation, the.data} were fitted to the model
ofVSu and Perlmutter[60,61',62_§. Recall from Section 1.5 that a single equation
(Equation 1.58) was used to’model Lhe change in\surface ar.ea at any conversion as
a function of the ?nitial éurface area, pore volume, reaction ra;te and reactant gas

concentration at the external surface of the particle. Assuming that reaction rate

changes were due entiely to surface area changes, Equation 1.58 could identically

e

—-—

Bhatia and Perlmutter|(60; showed that a particle reacting in the regime of

kinetic control could be related to the pore volume and reaction rate by:

1-V koent)\?
l-x=—— {1~ 3.2
X l_v‘( paRPl) ( )

Defining a nos-dimensional pore structural parameter, ¢ = 47 L,(1 - 6,)/S% a

e

particle size parameter, 0 = Rp S,/(1 —6,); and a dimensionless time, 1

~

k.c"S,t/(1 - 8,), Equations-1.58 and 3.2 could be combined and written in'the

form:

S d-x o[ 1-x ",
e ] s MRS
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The pore structural and pz;rticle size parameters, ¥ and o were calculated from
the known pore volume distrill;l;tion, V (r) which was used to oBtain L;and S
according tc: Equations 1.41, 1.42 and 1.43. To calculate the dimensionless time,
the values for the reaction rate c'pnstant, k. and the true .reaction order n needed
to be afscertained.‘

The value of n was obtained for a single char by measuring the reaction rate at
a given temperature over a wide range of oxygen partial pressure. The char was ox-
idized using & carrier gas of 1, 5, 21 and 100% oxygen in nitrogen. Three react ivity
tests at different temperatures were used to 'calcul;t—e the reactivity plot for each of
the gas compositions. The data were interpolated to obtain the reactivity of each

3 , . ,

oxyégn partial pressure at a reaction temperature of 62§ K. Solving Equation 2.4
for knbw‘n valueé of oxygen P;%ssure and reactivity, should give the reaction order,
n. The data were plotted on a log reactivity versus log oxygen pressure w here the.
slope of the line was tnhe reaCtit‘)ﬁ order (see Figure 3.5). Ti]e data were best'ﬁt
by a reaction order equal to 0.62 with a correlation coefficient equal to 0.99. This
calculated reaction order was In agreement with other published data for TGA
reactivity tests'43], however, the value contradicted the presently accepted zero
or one-half order rez;ction expected at low or intermediate temperatures w here
TGA reactivity tests were conducted (see Equa;ions 1.24-1.26). | More research
is required to underst:;md the fund-ameﬁtal mechanisms of the calrt.>on~oxygen re-

. action. - Knowing the reaction order, the reaction rate, k., could be calculated

knowing that ;1-& = %Sg which was easily obtained from experimental T-GA

]



o

Log reaction rate (h™')

9.1 = +—

1 10 100

Oxygen partial pressure (%)
Figure 3.5: Reaction Order fo.r the TGA
data. This informatiori was sufficient to calculate 7. -

The parameters for the pore structure deveiopment model ;veré calculated for
chars A to G from surfac‘e characte\rizatioﬁ d‘ata and TGA results. This informa-
;Lion is shown in Table 3.3. The pore lengths per unit volume calculated from.the
pore volume distribution data ranged from 5.6 » 10'? to 14 » 10!? c‘m/cm‘”’ for
all chars. ;I‘he calculated surface area per unit volume varied from 1.7 » 10° to
4.3 > '10% cm?/cm3. The'higﬁest values of L, and S, were only 2.5 times greater
than the lowest values. The small variations in L, and S, were expected since t'}-l'e—
micropores, which. contribute most of the surface area and essentially é]l of the

pore length in coals and chars 62, did not vary by more than a factor of 2.5. The

" pore structural parameter, ¥, varied from 5.3 for char A to 10.3 for char E. Chars



100

Table 3.3: Hydropyrolysis Char Pore Structural Parameters

Char Type L, x 107 S x 10°¢ v o T

(em;em®)  (em?/em?)

A 14.0 4.3 5.34 37.069 5.2 :
B 13.0 4.0 7.44 27072 4.0
C 6.6 2.1 9.22 21,875 6.2
D 7.8 2.5 801 25510 6.1
E *~ 56 L7 1032 18889 6.7
F 8.2 2.6 561 36,111 8.3
G 8.1 2.5 5.85 33784 8.1

with lower CO, surface area tended to have higher values of ¢ .
The ratio 7/0, necessary for Equation/3.3. was always very much less than
: { .
unity even at the longest residence times used during the TGA tests. Therefore,

Equation 3.3 could be reduced with little error to:

s e o
¢ = (=x)yl1-win(l -y (3.4)
1 ) ,U‘

Where changes in the surface area of the solid 'were only a function of the conver-

sion, x. and the pore structural parameter, .

The change in surface area with conversion for a wide range of values of v
‘is shown in Figure 3.6. For ¢=0, the surface area decreased monatonically with

conversion. ForA>=100, the surface area increases by a factor of 4 at 40% conver-

sion before decreasing as pores coalesced at high conversions. The highest vhlues
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Figure 3.6: Effect of v on Surface Area Change with Conversion

of ¥ were calculated fo‘r'chars with the smallest micropore surface area. There-
fore, chars with alow microp,ore surface area would tend to have a larger ratio of
maximufn reactivity to initial reactivity.

The change in surface area with conversion predicted by the Bhatia and Perl-
mutter model using measured char structural properties was compared to the rate
of TGA o>'(idation for chars A through G. The results are plotted in Figure 3.7.
For chars D-G, the ch’ange in the theoretical surf;;ge‘-area and change in rate of
weight loss were similar. ‘Both 'c?rves rise to a maximum value between 30 and
40% conversion and decline gradually at higher conversions. The model underpre-
dicts t}:xe change in reaction rate by 12 — 30% for chz;rs D-G. However, the chl;ars

which had the highest measured increase in rate of weight loss were predicted to

have the highest increase actording to the model. For chars A-C, the model did

»

LT



Figure 3.7: Comparison of Char Reaction Rate and Surface
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not fit the data well. These chars h.ad a continuously decreasing rate of weight loss
with conversion although the model pre(‘liicte_d that the rate should rise 20 - 45%.
These chars had a high proportion of volatile matter which could have an oxida-
tion reactivity higher than the non-volatile matter. As reaction proceeded and
reactive volatile matter was consumed. the rate of weight loss for chars A-C ma.\.'
have decreased. The pore surface modoll could not account for this behavioy,.,
Therefore. the change in rate of weight loss during oxidation could be explained

by developing pore surface for completely devolatilized chgrs procés‘:s'"i?d under the

most severe hydropyrolysis conditions. However, the lower severity chars with high

-t

volatile matter could not be adequately fitted by the model.

3.2.2 Intrinsic Char Chemical Reactivity

The maximum mass reactivity of the chars varied by a factor of ten. These chy,
reactivities were normalized by dividing each char maximum mass reactivity hy
»

“the coal maximurﬁ mass reactivity at a reaction temperature of 625 K. This ratio,
defined here as the relative maximum mass reactivity, (R Rmaz) varied from 0.3 4,
2.9. ."1?7?,,,“ was plotted against char volatile matter content as shown in Figure 3 x.
For chars with less than 15% volatile matter, R R, varied within a narrow range
from 0.32 to 0.47. For char with more than 15% volatile matter, R\Rm, Varied
from 1.53 to 2.86. » )

Having evaluated RR,.,, for the chars. the intrinsic relative reactivity. RR,

could be calculated by dividing RE ., by the™total surface area of the char and

v
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Figure 3.8: Effect of Char Volatile Matter.'on TGA Relatjvé Reactivity

1

" the partial pressure of oxyge.n;\_ to the power, n (see Equation 2.5). All 6fﬁthese

-properties were'known from experimental data for chars A-G except the reaction
A . ) N .

order which was measured at 0.62 for a single char. The intrinsic relative reactivity
for chars A-G at a reaction temperature of 625 K is plotted against char volatile

matter in Figure 3.9. For chars with 9% volatile matter, RR, was equal to 0.07.

The value of —IWZI.- exceeded 0.6 for chars with more than 20%'v01;xtifle matter,

-

however, the results were more scattered. This may be due to the wide variation

in process conditions for chars with more than 20% volatile matter. The value

of FE, only exceeded unity for char C, produced at the shortest residence time

-

studied (0.5 s). From these results, it is concluded that v§latile matter in the char
and coal had a higher oxidatjon reactivity than the fixed carbon by about one

order of magnitude. In the case of char C, the rapid removal of a portion of the

¢
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volatile matter from the coal in 0.5 s appeared to activate the remaining volatile

’

matter, resulting in R R, exceeding unity.
For chars A-C, the continuously decreasing rate of weight“ loss during oxida-
tion prbbably corresponded to the removal of the most reactive volatile matter.

However, the point at which the volatile matter would be completely oxidized was

v

4

difficult to ascertain from the rate loss plots.

The temperature débendenc’e of the intri‘i’isic rate 'cc-)nstant,»kc, was determined
from the expression k. = Acexpli—Ec/RT] by calculating k. at various tempera-
tures. Plotting the logarithm of k;‘v”ér‘sus the inverse temperature gives an Afr-

rhenius plot (see Figure 1.3) with slope proportional to the activation energy, E_,

.and y-intercept equal to the frequency factor, A.. The Arrhenius plot for coal and
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chars A-G are shown in Figurek3,.10. The activation energy was in the range of

30 ~ 37 kcal /mole for all chars compared to 33 kcal /mol for the coal. This acti-

vation energy‘was typical for the oxidation of impufe carbons and corresponded

to a kinetically controlled reaction 48] S

Most of the ‘ac.tivation energy-calculgtions were made‘from curve ﬁtting of
two or three boints. Thi§ resulted in very wide or unmeasurable error bounds in
the éalculated value of EC\\ To test, t};e accuracy.of the three point mé)thod and
tlo obtain an activation energy with a h‘igh confidence level, 12 TGA runs were
conductedv on char H which was ﬁroduced under the most severe hydropyrolysis

G

process conditions. An Arrhenius plot of ‘the results is shown in Figure 3.11.7 The
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R-square coefficient was 0.9988 for the fitted rate equation:

\

| RR = 3.19 ~ 10" exp ( 339};()-()) | (3.5)

_-The standard deviation on E. was +900 and on the frequency factor was 2.2 10"
~The standard deviation in activation energy was assumed to be the t-rue value for
all other TGA tests and was use@\to calculate error bounds oﬁ measured TGA re-
action rates from 3 point mgasﬁrements. The measured activation energy was sim-
4illar to values reported in the lité;ature f_or coal gﬁé@;s as summarized by Smith'11] .
The measured TGA rates for Alberta subbituminousv coal chars were sir»nila‘r to
reported TGA reactivitiesq for Occidental subbituminous coal c.hars by Radovic

i

and Wal‘ker:35j».
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3.3 Char Combustibility

The entrained flow combustor (EFC) described in Section 2.3 was used to evaluate
the combustibility of hydropyrolysis chars at flame conditions. The; chars were
© mechanically sieved vto obtain the —140 + 170 mesh (90 — 104 um) fractivon in
order that particle temperature measurements c§uld be calculated accurately and
changes in particle radius with burnout could be measured. ’I_‘he char was fed to
the reactor through a water cooled injector at the rate of 3 é/hr. The char was
entrained in the trans;)‘()r»t air ﬂbwing at 0.5 €/min and entered the reactor where :
it mixed with-a large excess of secondary air flowing at 4.0 ¢/min.

%

Chars B, C, E, G and the parent coa& were tested at gas temperature of 1035 and

i

1335 K, oxygen partial pressure of 9 and 21%, and reactor lengths of 10, 15, 20, 25
-

and 30 cm corresponding to a residence time of 0.06 to 0.45 s. I:’he burnout
versus residence time results for the case of combustion in gas at a temperature
of 1035 K »a"re shown in Figure 3.12. In the 9% oXygen atmospﬁere, the order of
decreasing .combustibility was char B, C} G, E. Chars B and C had 18% volatil—;
matter content.compared to 7% for chars E‘and G. The high oxidation reactivity
ofilvolatileA matter, noted in Section 3.2 was proBabmly responsible for the rapid
burnout of these chars. A similar order of reaétivity was observea for the tests
conducted ‘using 21% oxygen as the reactant gas. In this case char C was slightly
more reactive than char B.

It was interesting that char E and G, which had very similar volatile matter

contents and chemical reactivity had strikingly different behaviour at the higher
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temperature used in the EFC. Char E did not burn at all iﬁ the 1035 K ‘gas
environment with 9% oxygen compared to 21% burnout of char G afte; 0.32 s, The
burnout of char E in a 21% oxygen atmosphere after 6.32 s was only 25%.compared
to 86% for'cAhar G It ;vas postulated that the pore St)ructure developed during
hydropyrolysis may have had a major influence on the discrepancy in combustion
rate data for chars E and G. Char E had % lower surface area in the macropores
v:hic}h"‘ may have lifnite‘d the access o'f"(')xygen to the interior of the pérticle. This
hypothesis is tested in Section 3.4. |

The burnout.ver.sus residence time results for coal an¥ c{mr_ combustion in gas at
a‘temperature of 1335 K are shown in Figure 3.13. In the 9%'oxygen atmosphere,
all chars had a lower conversibn than‘the parent coal at any given residence time
but the rate of char combustion between 0.06 and 0.3 s equalled or exceeded
the rate of coal combustion. The large differences in conversion at 0.06-s were
attributed to coal devolatilization. The coal.conversion during the first 0.06.s was
equal to its volatile matfer cq’naent. For chars B, C and G, the burnouts at 0.06 s
were greater than their volatile rhatter contents suggesting that heterogeneous
reaction of the char was occurring in the first 0.06 s. As was fhe case at lower
temperature, char E had a delayed ignition. Conversion was not detected until
the second sampliﬁg location after 0.12 s residence time. The delay in combustion
of char E at 1335 K gas temperature may also be due to the poorly deve'loped

internal char structure. However, once ignited, char E burned at a rate similar

to all other chars. Perhaps, the internal-surface developed rapidly as combustion

L2
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proceeg]ed such that all>chars would have ‘simila.rcombust‘ion characteristics after )
.ignition. This hypothesis would need to be tested by samplin‘g ‘partiallvy c’om'l.)ust‘ed
} samples from the EFC ‘;nd characterizing their surface structure. =~ — =
-In the 21% oxygen atmosphere, chars B, C, G and coal had very similar burnout
| pripfiles. These fuels were burned out 60 — 70% in tue first 006 s This‘ value
correspends to 71% of phelbulk diffusion limit-of oxygen transpo-r{ to tue particles.
This was calculated using Equation 1.27 with theﬂ'oxygen eoucentration on the
particle surface set equal to zero.’ At these reacter conditions, a minirﬁum of 43 ms
are requir‘ed, to burn out a particle comp@tely. The rapid char burnout suggested
that during ehe early s‘tages.of combustion in a utility boiler where 21% oxygen
1s available? either char er coal would combust at similar rates close che bulk
diffusion Iimit of o;ygen treusport. Therefgre, both fuels would have similar heat
flux profiles an.d similar ﬂeme stability. However, char E burned well éuvay from the
bulk diffusion limit as the conversion was only 38% in the first 0.06 s. It was not
possible to ascert:e.in from these tests whether the lower combustibility of char E
would be significant in a full scale boiler. However, its lower initial combustibility
(Wouid be a source of concern to boiler designers interested in substituting coal
with hydroPyrolysis char.
Maximum carbon burnout levels in the coal and chars were correspondingly
high. At a gas temperature of 1335 K and oxygen concentration of 21%, the

carbon burnout always exceeded 96% in 0.25 5. The burnout of residual carbon in

the coal and chars should not be affected by hydropyrolysns conditions since the
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combustion Pprocess was much more severe. The equivalent burnout rates for coal -
and char supported this conclusion. Therefore, carbon burnout.behaviour in a

utility boiler should be similar for the coal and its hydropyrolysis chars. If carbon

burnout was not a problem for the original coal, it should not be a problem for

the char.

3.4 Comparison of TGA and EFC Results

The effect of surface lstructure on char combustibility could be evalluated using
the surface area and pore volume distribution data. As noted in Section 3.3,
surface structure zna;r' have had a significant effecT on the different Feactivities
from thermogravimetric analysis (TGA) and entrained flow combustion (EFC)

4

tests.

The macroscopic model described by Eéuations 1.27-1.39 was used to calculate
the reaction rate and eﬁectiv'eness factor of hydropyrolysi; char particles burning
over a wide range of combustion temperature. Three chars (B, D, G) werechosen in
the simulation, represenfative of the full range of hydropyrolysis test conditions.
These three chars were processed at iptermediate pressure and residence time
and 600, 700 or 800°C, respectively. The value of kc. used in the Thiele number
calcul;ition was extrapolated.from TGA data for the three chars according to
Equation 3.5 where E, the activation energy, was set equal to 31,000 cal/mole.

This activation energy was an average value for all TGA char reactivity tests.

Therefores k. was set T>y adjusting the preexponential factor, A., to match TGA
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data. The vilues of A, for chars B, D and G were 171869, 30967 and 23375 cm/ s,
respectively. The factor of six variation in A. was due to the wide range in TGA

reaction rates for these chars.

3.4.1 - Average Pore Radius Model

An average value for D, and S,, were also required in Equations 1.36 and 1.39
to calculate char reaction rates.“ To prwer]y account for the pore structure in
determining particle reaction rates. 'wo :iothods of calculating D, and S, were
tested and compared. First, an average pore radius, 7, was calculated acmrchng
~
to Equation 1.40. This method has been used extensively by Smith! 153,54 and
coworkers to evaluate Australian char combustion data. This average pore radius
was used in calculations of thz ‘;#ective diffusivity (Equation 1.39) and the Thiele
number (Equation 1.37).
(.

The results of this analysis are summarized in Table 3:4 for a particle temper-
at.ure of 1800 K. The average pore size increased with hydropyrolysis te'm'perature‘
from 20 A for char B to 77 A for char G. UsingihAis_value to calcxlx.late D, resulted
in a Thiele number from 1370 for char B to 132 for char G. Although the effec--
tiveness was highest for char G, its burnout rate was only equal to cha; D and wag
lower than char B.

The sensitivity of the overall particle reaction rate to chemical reaction rate

was tested by assuming a single k. for all chars. Assuming that A, was equal

to 23375 em/s for all three chars, then the reaction rate for chars B, D and G
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Table 3.4: Calculated Char Reaction Rates Using the Average Pore Size Model

Reaction Rate and Thiele Number
A, = constant A. - TGA value
Char Type Rate Thiele Rate Thiele

(9 ‘em®s) Number (g’e¢m?s) Number

B 70 x 1073 157 1.9 » 10 ? 1370
D 1.4 « 10°° 84 1.6 x 10 ? 175

G 1.7 « 1072 88 1.7 x 1072 132

would have been 7.0 ~ 10°°.1.4 » 10" and 1.7 + 102 g/cm?s, respectively af‘
1800 K. Therefore, pore size distribution may have a significant effect on reaction
rates if the chemical_reacti\'ities per unit voluine are the same. However, the
large differences in chemical reactivity measured at low temperatures influenced

the overall calculated reaction rate at flame temperatures.

§ —— e

|

3.4.2 Distributed Pore Size Model

b

The assumption of an average sizg for the pores of a coal char did not agree with
physical reality. The average pore size model proposed by Wheeler 52 was fairly
insensitive to differences in surface area distribution with pore size. Chars with
similar total surface areas had widely different Rore size distributions, particularly
in pores larger than 180 A in diameter.

To determine the influence of pore surface area distribution on reaction rate,

Equation 1.36 was solved incrementally for each pore size. The pore size range
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was divided into twenty segments between 5 and 20, OOO;A diameter, corresponding
to available data from gas adsc)rptiorx‘techniqlies and mercury porosimetry. The
eﬂecﬁ;/e diffusion coefficient, calculated from Equation 1.29, was solved for each
segment using an average pore‘\diametor calculated as the numerical average of
the pore size range. The surface area for each pore size range was equal to the

incremental change in surface area measured from mercury porosimetry and gas

adsorption data. Solving Equation 1.36 for each segment, the total reaction rate

was the sum of all reaction rates over the entire pore size range. 3
Y~ rmaa
Jane = 2 Jawsar (3.6)
r=0

where Jay. - refers to mass flux in pores of a given .size.

The model was solved first using cons'ant/chemical reactivity for all chars.
To%al reaction rates were calculated over the temperature range from 600 K to
1800 K for chars B, D and G. The reaction rates and eﬁectiven’ess féctors are
shown in Figures 3.14 and 3.15 respectively. At temperatures less than 650 K.
the Thiele number was less than 1 and the effectiveness factor was greater than
0.98 for all chars. This result supported the conclusion that TGA reactivity data
were taken at conditions 5f chemical control since all TGA &ata were measured at _
temperature well below 650 K. As témperaiure increased above 650 K, the Thiele
number and reaction rate increased rapidly. At 1200 ‘K, the Thiele number was
30-50 and the effectiveness facu')r was only 7—-10%. At 1800 K, the Thiele number

r

exceeded 100 and the effectiveness factor was 1 — 4% for all challs‘ These Thiele

numbers were much different than the values calculated using an average pore

¥

1
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'
diameter. Because thése chars had a significant surface area in pores larger than
200 A, the pores were able to contribute to the particle reactiqn rate at the‘highest
temperature investigated. This was in contrast to the average pore diarr;;ater model
which w&:;;ngly affected by increasing temperature aﬁd chemical reéctivity. At
1800 K, char B.had an overall reaction rate 2.5 times less than char G using the
average pore diameter model but the rate was only 1.4 times less 'using the surface
~ area distribution mode}. The{efore, surface area in the large.pores of all chars
tended to increase their ¢alculated reaétivity at high reactipun termperatures.

The analysis was repeated using the®themical reactivity based on TGA data

where the preexponential factors for char B, E and Gewere 171869, 23505, and

e
¢

; ! 3 . h
23375 cm/s, respectively. The total reaction rates of the three chars were calcu-
lated for a 90 um particle diameter and 9% oxygen concentration. The reaction

rate and effectiveness factors are shown in Figures 3.16 and 3.17, respectively. ‘

The reaction rate of char B was an order of magnitude greater than all other-

-
<) .

chars at 600 K t{.‘lt oply a factor of 2 and 1.2 at- 1200 K and 1800 K respgctively.
The loxlv ;urfa‘ce area of ;:har B was résponsii;lejdr the decreasing reaction rate
wi'tﬁ increasing ;Le;mperature‘relatiVe to.all other coal chars studied. However,
the‘(‘nder of rﬁagnitude higher chemical reactivity of char B measured on the TGA
maintained the calculated reaction rate of char B higher than all other chars. This
agreed with the experimén”tal combustion burnout data from theb EFC operated at
1325 K gas témperature'show_n in Figure 3..1.3. Char B had the mos‘t rapid burnout

followed by char G and char E. The particle temperatures, calcuiated from an

-
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Table 3.5: Comparison of Calculated and Measured Char Combustion Rates

éas Calculated Measured Calculated

Char Type Temperature - Particle“Temp. Reaction Rate Reaction Rate

K (K (g/em? s) (g/em? ).
B . 1150 1400 00040 0.0033
1390 1600 ~ 0.0q52,, , 0.0057
E 1023 1023 00000  0.0001
1390 . 1513 00029 , 0.0023
G | | 1097 1142 0.0009 " 0.0005
. 1335 1420 o 0.0016 o.obzg

{
energy balance of the burning particles and the measured particle reaction rates
. \ . . .
per unit external surface area are shown in Table 3.5 for chars.B. E and G. The
calculated reaction rates from the pore diffusion model are also shown in Table 3.5.
Agreement between the predicted and measured particle reaction rates was very
- =/ R |
good. The percent error was always less than 45% with.very close agreement for
four of the six tests.
These results highlighted the importance of pore diffusion limitations on the
reaction rate of particles studied on the EFC. The’y also show that chars with a
. - 5:,’ .
low internal surface structure may still l& high overall reaction rates due to high
chemical reactivity as measured by TGA and could burn as wel] as the ’original

<
coal,
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"

There were no adjustable parameters in the pore diffusion model to predict
combustion rates, however, two significant assumptions were necessary; namely,
constant pore structure during .cémbustion and'acceptability of TGA chemical
reactic;n Prates extrapolated using Equation 35 to lame temperatures. The sen-
sitivity of comk;ustion rates to pore structure has been described throughout this
section. It is probable that significant changes in pore structure would occur
during combustion, thereby affecting combustion rates. These changes should be
quantified in future research work.

" The acceptability of using a chemical reactipn raté based on TGA data was
dependent ony"the activation energy measured at 600 K remaining constant up to
1800 K. To test the importance of this assumption, the sensitivity of total reaction
rates to chemical activation energy was calculated using the pore diffusion model.
The total reaction rat{es’for chars B, E and G were calcilated u% activation
‘ energies of 25‘000,.31,000 and 37,000 cal/mole. Thg exgrefne'ation energies
were approximately :éO% of the average ’l‘i”‘rrﬂlqgas_ured on the TGA. The values
of A. were adjuste;ﬁ“to“’&mpéngte for the variable' activation energy so that the
chemical reaction rate at 650 K was equal for all three values of E.. The valu’es.of

] - .
A for chars B, E and G with E. equal to 25,000 cal/mole were 1647, 225 and 224

r 4

cm/s, respectively, and with E. equal to 37,000 cal/ﬂi;)le were 17)9 ¥ 10%, 2.45 »
10°and 2.44 x 10°cm/s, respectively.” - ’

The eflect of variable E. on total reaction rate for chars B. E and G at a

particle temperature of 1500 K is shown in Figure 3.18. Calculated reaction rates .
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are very sensitive.to activation energy. A 20% decrease in assumed activation
energy resulted in a 4 - 6 times lower total reaction reaction rate ;and a 20%

increase igrassumed activation energy resulted in a 2 times higher rate at 1500 K

particle temperature.

Al

The good aggreement between measured and calculated total reaction rates

Using E, equal to 31,000 cal/mole (see Table 3.5) suggests that this is a reasonable

estimate up to 1500 K. A 20% variation in assumed activation energy would result

in a poorer prediction of measured burning rates.
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3.5 C parisori with Previous Work

The high cor}nbustibility of hydropyrolysis chars generated from Alberta subbitu-
minous coals was similar to earlier results. Subbituminous coal chars combusted by

Occidental Research Corporation 30}, BYU 9,27, Cogoli|33] and Young'34' were

N .

also shown to have high corhbustibility with no flame stability or carbon burnout

problems. However, all previous subbituminous coals were pyrolysed at atmo-
roly:

spheric pressure. The present work sugggested that process conditions did not

have a significant influence on the combustibility. ", .
. ' )

Although this was true for subbituminous coals, severe process conditions had

a detrimental affect on the combustibility of bituminous coals. The thermoplastic
.k : -3
behaviour of bituminous coals was probably responsible for the poor combustibil-

%

ity of those chars. Withont volatile unatter or significant internal surface area,

3

the oxidation would be restricted to the external surface of the bituminous char

particles. As suggested in Section 3.4 this would lead to much lower combustion
' @

rates. :



Chapter 4 e

Conclusions

LN
L

The following conclusions were made regarding the experimental procedure.

i - - \

4

1. A systematicMnvestigation of the physical structure, chemical reactivity and

combué.tibility of hydropyrolysis chars from Alberta subbituminous coal was

coinpleted.

2., A CO; and N; gas adsorption technique was developed for samples smaller

J
7

than 1 g and used to measure CO, and N, surface area of char samples.

3. A technique was d veloped to measure the chemical reactivity of hydropy-

rolysis chars using thermogravimetric analysis.

4. Anentrained flow combustor was designed and operated to measure the com-
bustibility of hydropyrolysis chars at coal flame temperature representative

of a utility boiler,

124 —_
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) Based on the experimental work completed, the following conclusions on char

p - e

structure and combustibility may be made.

1. Hydropyrolysis processing had a significant effect on the physical structure of
hydropyrolysis chars. Pore volume increased with hydropyrolysis tempera-

’ N v r |
ture, pressure and residence time. Surface area increased with hyd\{opyrolysis

temperature and residence time but decreased with hydropyrolysis pressure.

2. Char intrinsic chemical reactivity was unaffected by hydropyrolysis condi-

A)

tions if the char volatile matter content was less than 10%. However, residual

volatile matter in the char had an intrinsic reactivity one order of magnitude

»

higher than the fixed carbon.

3. The combustibility of coal and chars with more than 15% volatile matter or .

a well developed pore structure was similar.

4. Neither carbon burnout nor flame stability should be a problem for hydropy-

A

rolysis chars used as a makéup fuel in a utility boiler. On this basis, it is

r

- expected that hydropyrolysis chars generated from Alberta subbituminous

coals would be suitable as makeup fuels in a utility boiler.

-
!



Chapter 5

Recommendations
\ -

1. Combustion tests on hydropyrolysis chars should b(; conducted in a self-
s'upporvted flame experimental rig with 15% excess air. These tests could
be used Lo~test the conclusions made in this report; narﬁe’ly, that the flame
stabilit_y and carbon burnout of hydropyrolysis chars would be similar to the

original coal.

2. Based on the eﬁcoura}ging' results of the pore diffusion model it should be
incorporate;d into a global char combustion model. The pore diffusion model
should also be refined to account for pore growth and coalescence during
particle burnout. This modelling could bel supported by measﬁ{ing the pore

structure of partially burned coals and chars.

3. The chemical reactivity of chars at flame temperatures should be investigated
to determine whether the activation energy remains constant up to 1800 K.

This work would be used to support the pore diffusion model presented here.

126
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Appendix A

(

Statistical Analysis of Nitrogén

Surface Area Technique ' ’

/ 9
’/

i
/
/
;

The nitrogen surface area techniquéwas calibrated by running five different pri-

mary surface area standards supplied by”Quantachrome Corp.. The standards
' -

had surface areas of 2.63, 7.44, 49.1, 199 and\233 m?/g. This range in s‘urface
) ~ . i .
area covered the expected range in surface area of hydropyrolysis chars. Twenty-

“

three surface area measurements were made and the comparison between true and

measured surface areas was shown in Figure 2.6.

~

The data were fitted using linear regressiog according to the Equation:

Sy, = A-Sn. . .+ B - (A1)
where the coefficients, A and B, were adjust. The final va.lues for the coeffi-
cients are shown in Table A.1. The slope of .- - was one standard deviation

less than unity. The y-intercept was very close to zero. This value should equal

138
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Table A.1: Statistical Parameters of the Surface Area Test

~ Coeff.  Final Standard T Value Significance

Values Efror Level
A 098 00 114 67.99 0.0001
B -0.240 1195 -0.20 0.8428

Table A.2: ANOVA Table for Surface Area Test

Source Sumof B.F. Mean F Multiple
\

Squares Square Value R?
Reg. 89401 1 89401 4622 0.995

Res. 406 21 19

zero since the line should pass,thf?ug“h the origin. The t-value fqr this param-
eter was so low (0.2) that the significance level of the y-intercept was 0.84 and
the'refore, it could be lneglecﬁ'ed in the Equation.

The significance of the linear fit was véry high as shown by the F value in
Table A.2. For 21 degrees of freedom on the residual and one degree of freedom
on the regressign, the F value was 4622 corresponding to a significance level of
0.0001. The R? regression value was 0.995 which also ihdicated a very good fit to

4
8

the data. The residuals were plotted against the true surface a‘to determine
whether there was systematic error in the surface area measurements. As shown

in Figure A.1, the residuals were sufﬁcien%ly scattered to suggest that systematic
! l.f‘\
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error could be ignored.

True surface area (m?/g)

I

~-

140



Al.ppen)dix B

Oxidant Diffusion Limitations in

the TGA

T}}e limiting rate of oxygen diffusion to a char sample contained in a pan on the
arm of the thermogravimetric analyser was approximated to determine whether
the limit in rate of oxidation observed on the TGA was diffusion controlled. The
rate of diffusion was modelled assuming that oxygen (A) diffused into the sample
and carbon monoxide (B) waslthe major product. Therefore. the molar flux of A,
@ 4, was ore-half the molar flux of B. @g. The sample temperature was assumed

to be 950 K with an oxygen concentration in the free stream of 21%.

The rate of reactant diffusion, Q4. was given by:

Qa = "%QB | ‘ (B.1)

dIA

= —c¢r Dap o TA(Qs ~ Q) (B.2)

cr Dap dzg4

l1-1z,4 dz

141
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where cr was the total concentration of gas in the free stream and I4 was the

fraction of oxygen in the gas phase. At any given distance above the particle

—

surface, Q4 = constant so that:

-0 (B.4)

d (CNTA D g dz 4 )
\

dz \1+z, dz
Assuming that ¢r Dap was independent of z, Equation B.4 was integréted

twice to obtain:

ln(1+1',,) =Ciz + C, (BS)
with the boundary conaitions:
al 2= 46 : xpa=1,4
(B.6)
at z2=0 : z,=0

Solving Equation B.5 with the boundary conditions gave:

(1~ z4) = In(1 ~ IA,,)E | ____ (B

Differentiating Equation B.7 and applying the definition for mass flux (Equa-

tion B.3) gave:

crD
Qulmo = =~ =5 Infl ~ 2,4 (B.8)

At a gas temperature of 950 K the binary diffusivity of oxygen in carbon

7’

monoxide was equal to 1.94 x 105 gmol/cm - s. Assuming a boundary layer

N\
N~

above the sample of 5 mm, the mass flux was equal to:

Qalieg = —386x 107 In(1 - 1, ) (B.9)
\ .
During initial TGA experiments, the flowrate of ajr was maintained at 70 m/,/ min.

Therefore, the total molar flowrate of oxygen, Qa,, was 8.4 x 1075 gmol/s. The
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mole fraction of oxygen in the gas stream was given by:

. Q"T : o Q:‘r-

< e e S . e [;lo
4'76QA7‘ . QHT 476QAT + 2QA ‘S ( )

where Qp, was the total molar flowrate of product and S was the cross-sectional

area of the sample pan. Solving Equation B.9 gave the maximum possible mass

flow to the surface:

) mol
Qal, , = 59«10 % 92 (B.11)

;
cme - §
For a pan size of 3 mm radius, the diffusion rate was related to the carbon oxidation

rate by the molecular weight of carbon. M., according to:. .
’

me - MeS-Qa % 7 (B12)

- 1.2 mg‘)mz‘n X (B.13)

\

This calculated maximum carbon oxidation rate according to diffusion limitations,
was within a factor of two of the measured maximum oxidation rate equal to 1.9

mg/min (see Figure 2.10). Therefore, it was concluded that the sample oxidation

rate was limited by diffusion of oxygen to the sample.



Appendix C

Surface Characterization Data

Results of the surface characterization of seven hydropyrolysis chars re\?resemative

of the full range of hydropyrolysis conditions are contained i'ﬁ this Abpendix. "The
: i ,,.,;:s - wop

results for all nitrogen and carbon monoxide surface areas are given in '{able C. 1

l! E C V,l‘-.-
and for the mercury poroelmetr} test are given in Tables C. 2: C 9 . L

N . .

The mercury porosimetry measurements were made at PetrQCE’hédé labi‘irétd— L
‘\ e ; A ‘,t;‘.-, oo

ries in Calgary to which the Author is thankfu There is an eTror m the ca,tgulatjon

.,)

of surface area in the mercury poros:metr) data sheets All sumface area mea.sure—
¥ " RS

ments should be multiplied by.the sample weight to obtain Lh§ tr shr'faée,é,reas

e

of the chars. This problem in the software was later rectxﬁed
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Table C.1: Nitrogen and Carbon Dioxide Surface Area Measurements

Char Surface Area
Type N, CO,
(m* gdaf) (m* gdaf)

A 6.7 435 - 47
.B 4.2 332 - 30
C 22.0 269 ¢ 16
D 13.7 4» 337 - 41
.
124, =
- E 10.2 237 = 24
8.9
12.3
F 34.0 427 - 20
350
¥ 51.9
G 28.7 405 = 49
27.2

-



PAGES 146 - 153 have been removed due to
unavailability of copies of acceptablé
print quality. These pages included

, Tables C.2 to C.9 ‘inclusive.

.

Cat



