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6c.0 Summary of Calorimetry
A summary of this work appears in section 6.0.

6c.1 Introduction .

This investigation is a2 part of the study s !9, 26, 27, 2z, 2, & conducted at
the Institute of Gas Technology to obtain the necessary 1nformat10n needed
to design an efficient coal hydrogasﬁmatwn plant. '

Until this 1nvest1gat10n was undertaken, the heatof the coal hydrogasi-
fication reaction was determined only by calculation. These calculations
became more precise as more data became available; however, no measure-
ments were made to check the validity of the calculated data. o :

In1t1a11y, in the absence o:f accurate pilot plant yield data, the hea.t of
reaction was estimated by assuming that coal and carbon were equivalent
and that the hydrogasification reaction could be approximated by-‘s’ 36

C +2H, » CH, ) ¢

Although very crude, this ‘approaCh could not be expecte& to provi&e an
accurate answer; it has proven useful to compare thermal eff1c1enc:i.es of
various gasification processes. '

- Ina Subsequent approach utilizing pilot plant data, 35 the heat of reaction
Was calculated from the heats of combustion of the reactants and products.
Accurate values for the heats of combustion of various coals could be cbtained
directly utilizing 2 Parr-bomb calorimeter, or calculated by the modified
Dulong formula; however, these techniques have two limitations. First, .
the calculation involves the difference between large numbers of the same
order of magnitude. As a result, chemical analyses of all reactants and
products must be very accurate, and pilot material balances must be quite
close to 100 percent or the balance must be forced. If the precision implied’
is not maintained, large errors can be made in the calculation. "As a result,
the calculated heat of reaction is dependent on the quality of the analy'tmal
data, 2nd on the method used to force the balance. .

To illustrate this point fu,:cther, an example is given below.

Aftp . . -
CaO +1/20, @ CaQO,

~AH, Keal/gmol  151.5:0.5 157.5+0.5  (2)
(25°F) B R
o AHE, = (H57.5+ 0.5)-—(-151-;5':1:.0'.5)'

R
= —6+ 0.7 Kcal/g mol |
The heats of formation for CaO and Ca0, were determined to within
0.32% of the NBS value?® *; however, the resulting uncertainty of the heat

.of reaction determined by the use of Hess' rule?® —a relatively simple
calculation —is about 12% for this case. :
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The second limitation is that the calculated heat of reaction is deter- ¢
mined for 25°C; therefore, no information is obtained on the reaction hecat
at actual reaction temperature. : -

Normally, if the heat of reaction could be determined at one temperature,
the heat of reaction at various temperatures could be calculated from heat
capacity data. Although some heat capacity data are available in the litcra- -
ture for coals and cokes, none are available for the particular coals used
here, which prohibits a mathematical projection.

For these reasons, therefore, in the IGT work, thermal data are deter-
mined directly, at the pressure and temperature where a reaction occurs.

In considering the heterogeneous reactions in which a gas contacts and
reacts with a solid thereby producing reaction products it is necessary to
consider all the factors controlling reaction rates. The heat of reaction is
not just a function of temperature and pressure but also a function of particle
size, feed gas composition and particle distribution. Therefore, other factors
to be considered are gas film diffusion, ash diffusion or the chemical reaction
to determine the controlling step. For this study the typical HYGAS coal
particle size ranging from —20 to +325 mesh was selected for testing and
hydrogen was used as the feed gas.

The results obtained from this investigation are sufficient for a specific
application but should not be used for general analysis or correlation for all
applications. To achieve a generalized correlation suitable for providing
design information to any coal gasification process, the following areas
require further investigation:

- Effect of particle size of various coals and chars on the heat of reaction,

- Various feed mixtures representing the compositions existing in the
coal gasification processes must be studied for the temperatures and
pressures in which they operate, and

- Feed particle residence time distribution must be studied becausc the
heat of reaction depends on the degree of gasification on each particle
because it is impossible to obtain uniform feed particle size.

6c.2 Instrument Description

6c.2.1 Heat-of-Reaction Calorimeter

The heat-of-reaction calorimeter is designed and constructed to measure
the heat of reaction for a temperature range of 100° to 1500°F, and a pressure
range of 0 to 1500 psia. The calorimeter can measure heats of hoth gas-solid
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and gas-liquid reactions. Means also are provided to take the gas sample
produced by the reaction. Figure 6c-1 is the assembly drawing of this
instrument, Figure 6c-2 is a photograph of the control console.

The calorimeter body (Figure 6c-1, item 7), in WhiCh. the reaction takes
place, is a pressure vessel of a super alloy which retains its strength at
high temperatures and pressures®. The body is surrounded by resistance
elements. The guard isplaced in a water-cooled outer can and al} _cav1t1es
. are filled with microguartz to minimize radiant heat loss. In E}ddrtmn, a
. partial vaccum is applied to the entire unit outside of the calorimeter body
to minimize convection heat loss. The heating elements are operatec?. by a
proportional controller; temperatures are monitored by platinum re_s_1sta;1ce
and/or chromel-alumel thermocouples. Figure 6c-3 shows the position of
all thermocouples. All operating instruments are remote controlled so, that
the calorimeter is shielded from temperature influence by the operator an§
the control console. :

Prior to reaction, the sample is stored in a cold zone (70° to 72°F) in
the neck of the calorimeter (Figure 6c-1, item 2). When the calorimeter
has reached thermal equilibrium with the heater guard and pressure has
stabilized, the sample is lowered into the calorimeter body. The temperature
change of the calorimeter body is monitored and related to the heat of reaction
by the calibration constant. - B

In order to prevent convection and conduction losses up the neck, a
transition heater (Figure 6c-1, item 9) is placed above the body. The heater
is maintained at a temperature which will keep the body temperature constant. .
Convection losses are further minimized by baskets of insulation (Figure 6c-1,
item 8); however, this insulation proved unnecessary after it had béen installed,
The sample is lowered into the body by a remotely-operated motor-driven
mechanism (Figure 6¢-1; item 1) which is stopped automatically by a cam-
operated switch. o

6¢c.2.2 Drop Calorimeter

The IGT drop calorimeter is designed to measure the heat capacity of
a solid., The calorimetet consists basically of a furnace to heat the test
sample, a receiver into which the sample is dropped, an isothermal environ-
ment surrounding the insulated receiver, a drop mechanism, the control
instrumentation and readout instrumentation, all contained in one cabinet.

The instrument assembly drawing in Figure 6c-4 shows the general
design features and the arrangement of the majo? coraponents. '

The furnace (Figure 6c-4, item 1) is a tubular, wound resistance element
surrounded by insulation and contained in an air-cooled shell, The furnace
is mounted vertically on a support post (item 2) which permits the furnace to
be rotated, providing access to the receiver (item 3). The furnace heating
element is wound in such a way that the unit provides a centrally located
constant ( £0.5°F) temperature zone 2 inches in diameter by 5 inches long.

" High-chromium/nickel/cobalt Uniloy N-155. .
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The radiant heat exchange between the furnace and receiver is mini-
mized by use of two shields (item 4) located directly below the furnace.
The heat leak from the top of the furnace is reduced by use of a ceramic
insulating plug.

The drop calorimeter is designed for use with either a water receiver .
or a copper receiver (item 3). The use of the water receiver is limited to
sample drop temperatures of approximately 300°F. Above this temperature
the sample causes violent local boiling as it penetrates the water surface,
thus losing a portion of its enthalpy in latent heat. This can cause appreciable
inaccuracies in the test data. The copper receiver may be used for all tests
from room temperature to 2000 °F; however, sample drops below 300°F gen-
erally cause a very small rise in the receiver temperature, leading to in-
accuracies in the test results. '

Either receiver can be placed directly below the furnace and contained
within an isothermal environment. Both receivers have provisions for
temperature measurement, either by means of a five- or ten-junction thermo-
pile or a differential thermometer. The water bath receiver can be fitted

with a stirrer, which gently agitates the water to maintain uniform tempera-
ture throughout.

A transition tube (item 5) located between the furnace and the receciver,
ensures that the effects of heat loss from the sample during its drop are
equal for all drops, independent of room drafts.

The receiver is surrounded by an isothermal environment. This en-
vironment consists of a double-walled container (item 6) and a cover plate
(item 7). The annulus between the walls of the container is filled with
water to dampen the effects of ambient temperature change, If severe
ambient temperature changes are encountered, ice water may be used in
this annulus to maintain the receiver environment at 0°C., The area inside
the container (item 8) and immediately surrounding the receiver is so sized
that it suppresses natural convection, thus reducing heat loss from the side
of the receiver. A convection shield covering the receiver opening eliminates
heat loss from the receiver cavity during a test.

The dropping mechanism (item 9) located above the furnace consists of
a double-pulley arrangement and a drop wire. The drop wire extends over
the pulleys and is guided along a vertical slide-rod (item 10) located adja-
cent to the furnace support. This system allows return of the sample to the
furnace after each test while offering a minimum of resistance to the wire
when the sample is dropped. ‘

The controls and readout instrumentation are located in the control con-
sole (Figure 6c-2) which also operates the IGT heat of reaction calorimeter,
This console contains separate controllers for each of the two IGT calori- -
meters. Two cables connect the drop calorimeter to the control console.

The readout instrumentation consists of chromel-alumel thermocouples
which measure the sample temperature in the furnace; a five- or ten-junction
copper/constantan thermopile or differential thermometer which measures

the temperature rise in the receiver; and a time-buzzer which indicates 30~
second time intervals.
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- The sample thermocouple and the receiver thermopile are both refer-~
enced to a raixture of ice and water at 32°F (Figure 6c-4, itern 11) and may
be read on a potentiometer, A jack at the front of the cabinet connects a
potentiometer to the thermocouples., A selector switch on the front panel
permits the use of the potentiometer to monitor temperatures of either the
sample thermocouple or the receiver thermopile without altering circuitry.

6c.3 .Test Procedures

b, 3.1 Heat of Reaction Calorimeter

Before power is supplied to the control consocle, all switches are turned
off.. After power is supplied, the vacuum pump and vacuum gage are turned
on, and the main vacuum valve is fully opened. If there are no leaks in the
vacuum system, the gage should mdlcate about 50 microns after 4 hours of
pumpmg -

The calor1meter is pressure-tested to 1500 ps1a for leaks usmg an mert
gas ‘such as N, or He. After pressure testing and venting, the calonmeter
is evacuated to 5 microns using the sample vacuum pump

All thermocouples are checked for contlnurty, and should read a'bout L
room temperature. The coolant water valve is then opened to permit a flow
of about 1 gallon per minute to circulate through both coolant and circuit
lines. The overtemperature control is set at 100 °F above the expected opera-
ting teraperature. The heaters on the guard are now ready to be tested. The
Digiset temperature controlier is dialed to 0 and the current limit on the power
supply, SCR, is turned full counterclockwise (a detailed discussion is pre-
sented in the instrument ma:aual) The controllier switch on the console is
switched to the "up'"' position; the guard voltage should indicate about 120v.
The ''reaction cal heater circuit' switch is placed in the ""down" position
causing the guard voltage to drop to a low level indicating a small current
on the ammeter. The controller is now dialed up slowly until the indicator"
needle swings through the null position to the left. If there are no shortcir-

cuits and the heaters are comaected properly, the voltage current ratlo should
be 2& ' . L

Durmg the beginning of the heatup, the voltage and current should not
exceed 60v and 25¢ on the guard and 50v and 8¢ on the transition zone.
Exces srve power input will cause a shortcircuit or burn up the heaters

When the calorzmeter has achreved steady' state, it is pressurrzed by’
the desired gas. Care is necessary, due to potential hazards if established
procedures are not followed and if work is not closely monitored. For
example, although a safety relief valve is set to release at 1600 psia; a gas
such as hvdrogen released into the laboratorv would be hazardous.

After pressur1zat10n, a penod of 4 to 6 hours must elapse before the
calorimeter reaches equilibrium. All thermocouples are closely rnonitored
throughout the stabilizing period. - The system vacuum may reach 75 to 100
microns as a result of hydrogen diffusion through the wall of the calorimeter.
If the vacuum is more than 100 microns, two checks must be made, one for’
1eaks and a second to determine that the vacuum - pump 1is functronmg properly.
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Two hours after steady state has been reached, the sample is lowered ”
into the calorimeter body. The temperature is then monitored by the thermo-
couples (Figure 6¢-3, items 6, 7, 9, and 13) and/or by the resistance thermo- -
meters (Figure 6¢c-3, Ry and R;). Readings should be taken every minute for
the first 3 minutes, every 3 minutes for the next 9 minutes, and every 10
minutes thereafter.

The experiment may be stopped at any time by lifting the solid sample
into the cold neck zone. The gas sample is collected in the sampling vessel
for analysis, and the solid sample is collected after venting off the pressure.

6c.3.2 Drop Calorimeter

When the proper receiver has been chosen (as described ir Section 6c-2),
it is placed in the internal container of the calorimeter.

The copper receiver contains a circular groove on its base which mates
with three Plexiglas support pins in the bottom of the calorimeter. The water
receiver is designed to rest in the area bounded by the three support pins.

Once the receiver is in place, the two, five-junction thermopiles are in-
serted, If the water receiver is used, the junction thermopile is inserted
into a glass tube before immersion into the water. The thermopile measures
the initial and final temperatures of the receiver as well as the time tem-
perature-change of the receiver. When the water receiver is utilized, the
stirrer and motor are placed on the calorimeter cover before the cover is
- Positioned. The differential thermometer then is inserted in the receiver,
passing through a hole in the cover,

The furnace is rotated into position so that alignment is ensured between

" the furnace, the sample protection tube, and the receiver. The sample support
wire — a high-temperature wire supplied with the instrument ~ is passed
through the furnace top cover and attached to a carefully weighed sample in
the transition zone, while the sample protection tube is temporarily removed.

The support wire is attached at the end of the slider located on the slide
rod which is attached to the support post. The length of the support wire
ABCD (Figure 6c-4) is measured so that the sample is resting at the receiver
bottom when the slider is at the top of the slide rod, and the sample is in the
central 2 inches of the furnace when the slider is fixed at the bottom of the
slide rod. The difference 'n elevation of the two positions described com-
prises the length of the "drop'. '

When the sample is in the center of the furnace, the radiation shield is *
closed and the sample protection is set into place. The actual series of
tests may now be performed.

The desired sample temperature is set on the temperature controller »
by dialing the Digiset to the corresponding electromagnetic force. The main
power switch is then turned on and the temperature controller guides the fur-
nace to the desired temperature.
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When the furnace reaches the desired temperature, the timer switch is
turned on and both the sample and the receiver temperature are monitored
for apprommately 10 to 20 minutes. At a time when the sample tempera-
ture is not varying by more than 0, 25%, the radiation shield is opened and the
sample is released. The sample is released by depressing the sample re-
lease lever, which allows the slider to pass freely. When the sample has
reached the bottom of the receiver, the radiation shlelds and receiver cover
are closed,

Once the sample is positioned in the receiver, readings are transcribed
at 30-second intervals, A sharp change in temperature immediately follow-
ing the drop and a gradual leveling off of the time temperature plot is char-
acteristic in the drop calorimeter test. The test is continued for about 1 hour
after the temperature plot begins to decline,

In the final step, the sample is reweighed, 1) to ensure the re11ab111ty _
of the initial measurement, or 2) to determine whether weight was lost during
the test. The pertinent information for each test is recorded on a standard
data sheet. A sample of the receiver calibration and a standard test ut111z1ng
an A1203 sample are shown in the sections which follow, - :

bc. 4 Calorrmeter Cahbratlon

- One of the experlmental difficulties introduced by the use of a h1gh-
pressure calorimeter is its large wall thickness. The thermal conductivity
of the super-alioy Uniloy-155 is about one-sixth that of brass. - This 1-in,.
thick wall and low thermal conductivity cause a large thermal lag which makes
the analysis of experimental results unusually tedious. :

There are a.number of methods to cahbrate the calorlmeter constant
termed the mass-heat capacity product, or me. More coramonly u_sed ‘
callbratmn methods include: K " < :

direct calculation from known mass and heat capacﬁ:y of calonmeter,
‘chemical reaction callbratlon,

drop method, and

electrical calibration.

BN =

All these methods were used in the calibration of this instrument and ar:e"
discissed in the following sections.  The background on calorlmetry is -
presented in Appende 6c-A.

6c 4.1 Direct Calculatlon from Known Mass and Heat Capacﬁzy of Calori-
. meter Material .

This cahbratlon technique is the poorest of the four employed because of
the large wall area and its thickness, and the poor thermal conductlmt'y' of the
metal, The measured calorimeter mCp does not match that obtained by calcu-
lation, especially at unsteady-state heat-transfer. Nevertheless, calculations
were made and the results can be used as a guide post.. The mass of the calori-
meter is calculated from the density and dimension. The heat capacity of
the calorimeter metal is determmed in the drop ca.lorlmeter and presented
in Figure 6c-5.
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Figure 6¢c-5. MEAN HEAT CAPACITY OF CALORIMETER
(From 70°F to Temperatures Indicated)

The calculated mCp are preéented in Figure 6c-~-6 and compared with
the mCp obtained with other methods. '

6c. 4.2 Chemical Reaction Calibration

This method requires the knowledge of the heat capacity (Cp) of reactants
and products, and an accurate mass balance, a composition analysis, and the
heat-of-formation (Hf) of all components, In this work, n-decane was used
with hydrogen at 1360 psia and about 1500°F. The results are summarized
as follows: ‘

Temperature of calorimeter body 1482°F
Temperature change due to reaction 5.27°F

Initial sample temperature 70°F

Mass of sample 9.18 g 0.0202 1b
Mass of container 13,97 g 0.0308 1b
Mass of basket 18.42 g 0,0406 1b
Cp n-decane 0.6 Btu/°F-1b

Cp glass container 0.26 Btu/°F-1b

Cp basket 0.12 Btu/°F-1b
(HR) heat of reaction based on H, 3223 Btu/lb

mass balance)
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The heat balance equation is:

[HR-(Cp AT) ] —(mCpAT)

msample sample container
= (mCp AT)ba.sket= (mCp AT)calorimeter
Solve for:
mCp = 5,66 Btu/°F (3)

calorimeter

This calibration was carried out at high temperatures for two reasons: 1) the
reaction does not take place at lower temperatures, and 2) the mass balance
was poor due to the deposit of carbon, However, this calibration serves the
following purposes: |

1) It tests the effect of an exothermic reaction,
2) It provides a check of the (mCp) calorimeter determined by the
other methods, by comparison of the heat-of-reaction of hydrogen and n-

decane, and ’

3) It indicates the sensitivity of the calorimeter and precision of mea-
surement,

6c. 4.3 Drop Method

This is the most widely used method to determine mCp

21,31,32,45 calo 1¥€1§t

The mCp calorimeter is determined by the tempéra c?lla'mge
of the calorimeter produced by the addition to the calorimeter of a known
material of a known mass and heat capacity. Although this method can be
used to calibrate for either an endothermic or an exothermic reaction, it is
far more accurate for the calibration of endothermic reaction in this case.
The results of this calibration are presented in Figure 6c-7. Al,0; was
used because the Cp of Al,O; is well established!® and is in the same range
as that of coal. (Detailed discussion is presented in Section bc, 7.)

6c. 4.4 Electrical Calibr.ation

With this method, a known mount of electrical energy is put into the
calorimeter and the resulting temperature change is observed. Electrical
calibration is used only in preparation for calorimetry involving an exo-
thermic reaction. The energy source should be a direct current source with
a constant voltage supply, so that the amount of current through the external

circuit remains constant regardless of the change of the resistance of the
external circuit,

The calorimeter constant is calculated from a heat balance on the calori-~
meter body, as expressed in the following equation:

(me & T)calorimeter X (me 4 T)heater - (Pt)in —L (4)

6c-14
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where ‘ -
(Pt).m= power input 3,413 IVt _ -
IV= volt amp input )
t= heating time

L= losses

The results of this calibration are presented and compared with other re-
sults in Figure 6c-6. The calculation procedures are presented in Appendix 6c-B.

6c. 5 Heat of Reaction of Hydrogen and Coal

The majority of work involving the heat of reaction of hydrogen and coal
was concentrated on the study of a high volatile content bituminous coal from
the Ireland mine's Pittsburgh No. 8 seam. Samples involved a size range
of —20 to +325 mesh, the pretreated coal, the residue from the low-tem-
perature stage of the hydrogasifier, and the residue from the high-tempera-
ture stage of the hydrogasifier. Some studies also were made on West
Virginia Sewell coal (Sewell No. 1 mine), West Virginia Block No. 5 coal
(Kanawha Mine), Illinois No. 6 coal, Colorado subbituminous coal, and North
Dakota lignite.

Because coals decompose when heated, the major problem encountered
is prereaction when determining the heat of coal reactions at high tempera-
ture and high pressure. Meaningful results can be obtained only if the coal
and hydrogen react at conditions at which the desired temperature and pressure
. are stabilized. Therefore, the method of introducing the sample to the reac-
tion condition is critical. ’

The coal must not react before the conditions are set, and the pressure
must not be disturbed when the coal is introduced.

The present method is to keep the sample at room temperature inside
the calorimeter drop tube so that the reaction will not take place prematurely.

Convection shields are installed to prevent a large heat loss from con-
vection, and to ensure that the sample is in a cold zone while the calorimeter
is being stabilized at the reaction conditions, The temperature of the sample
while it is in the drop tube has been monitored for a period of four days and
is established at 70° to 72°F, regardless of the temperature of the calorimeter
body.

It was necessary to establish a heat balance around the calorimeter in
order to provide sufficiently valid data with which to calculate from experi-
mental data. The heat balance could be calculated by the equation:

AHR:*- hin - (mCPAT)calorimeter + (meAT) shield + (mCPAT)chain (5)

* (mCPAT)basket * (meAT)coal
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Af-f = heat of reaction

h. = heat input from the neck heater
= mass

C_ = heat capacity

AT = temperature change

. Each term in Equation 5 must be established by calibration, or must
be accurately measured. For exothermic heat of reaction, the effectlve
mCp of the reaction calorimeter was calibrated by a constant heat input.
technique in a hydrogen atmosphere at 1000 psia and with temperatures
from 840° to 1460°F.

After the calorimeter constants were determined, the effective (mCpAT)'s
of the convection shield, the chain, and the empty sample basket wére cali-
brated in the calorimeter to determine the change of heat input with tlme,
as shown in Equation 6:

. | . e N . . l ) .
K(6) je (meAT)emPtY a6 = [3 [y, —(nCpAT) 04
calorimeter ' : o
A—(mCP‘.AT)chain —-(mCPAT)basket)] dé - NS (6)

where: K(8)= a cezistant dependent only on time
- € = time ’

Cembiﬁing equations 5 and 6, sve have:

Aﬁﬁ= (mCp AT) +(meAT)co;1 —K(6) - (7

calo'rimeter

Equatzo:o. 7 was used to calculate the heat-of-reactmn data reported in this
paper. - The heat transfer analysis of the Heat-of-Reaction calorlmeter is-
presented in Appendix 6c-C. :

Table 6c-1 presents the coal and char analyses of Ire].and Mme coal be-
fore the hydrogen reaction occurs, and of other coals in pretreated state.’

‘Table b6c-2 presents the heat of reaction of hydrogen and coal at 1300°F and

1000 psia (simulating conditions of the first stage in the HYGAS prlot plant
reactor). Table 6¢c-3 presents the results at 1500°F and 1000 psia (simu-
lating conditions of the second stage in the HYGAS pilot plant reactor). Table
6c-4 presents the heat of reaction of coals other than that of the Ireland Mine.

Data from a typical experimental run are shown in Figure 6c-8, and the
heats of reaction of hydrogen and coal chars at various percentages reacted
are presented in F1gures 6c-9, 6c- 10 and 6c-11.
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Figure 6¢c-12 compares the heats of reaction of hydrogen and coal ob-
tained from (1) the heat of formation data for C + 2H, ~ CH,, and from (2)
the pilot plant data, with those obtained from the calorimetry studies. Note
that the pilot plant data were based on a 77°F reference temperature, while
the present experimental data were obtained at operating conditions. More-
over, the experimental data were obtained from coals at four different stages
of reaction including raw coal, pretreated coal, low-temperature gasification
residue, and high-temperature gasification residue. Ash balances were used
to put these results on a common basis. The ash balance calculations yielded
the percent of carbon gasified in each coal or char. Raw coal was assumed
to have 0% carbon gasified.

Figure 6c-12 shows the general trend of the heat of reaction. Horizontal
lines connecting the data points indicate the percent of carbon gasified before
and after the reaction. Using raw coal as an example, the coal before reaction
has 0% carbon gasified, after the reaction, 52% of the carbon was gasified.

For the raw coal gasification, Figure 6c-13 shows the average heat of reaction
was about 1800 Btu/1b coal reacted.

Using the technique for the preparation of Figure 6c-12 the effect of tem-
perature on the heat of reaction of hydrogen and coal is shown in Figure 6c-13,

Accurate heat-of-reaction data are given in Tables 6¢c-2, 6c~3 and 6c¢-4.
Although the pilot plant data are considerably scattered, the average value
is not too different from that obtained by the other methods. The calorimetry
data also show some scattering, which is due to the heterogeneous nature of
the coal and the characteristics of the calorimeter and the sensing instruments.

Examination of the temperature measurement, the pressure measurement,
the temperature distribution in the calorimeter, the total mass balance, and
the calibration results obtained from the constant-heat-input method and the
" experimental runs on hydrogen and n-decane reactions indicate that the data

reporteg in Tables 6c-2, 6c-3 and 6c-4 should not have a deviation greater
than 10%. ’

6¢c. 6 Heat of Pretreatment of Coal

In order to avoid agglomeration, it is necessary to pretreat some raw
bituminous coals before the coal enters the gasification reactor. The coal
is pretreated in a reactor with air at temperatures between 700° and 800°F
(see Part VII of this report). The method used to determine the heat of pre-
treatment is the same as that used for the heat of reaction., The coal is kept
at 70° to 72°F while the air-filled calorimeter is being stabilized at desired
conditions. The coal is then dropped into the calorimeter after equilibrium
condition has been reached; therefore, the measured heat of pretreatment in-
cludes 1) the heat required to warm the coal from 70°F to the reaction tem-
perature, and 2) heat of pyrolysis, if any,

, During tests performed in the work reported here, little devolatilization
was noticed at 700 °F., but the coal devolatilized rapidly at 800°F, as shown
by the presence of tars. Thus, because a good portion of the coal weight
loss at 800°F resulted from devolatilization and not from the oxidation reac-
tion, the heat of reaction of the pretreatment of coal was also calculated for
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800°F, based on the data obtained at 700°F, and the heat capacity information
of both reactants and products, The results are presented as the dotted line
in Figure 6c-14 and in the data of Table 6c-5 where the analysis of coal after
reaction is also presented. One should note that, although these experiments
were carried out in a static-bed reactor, the IGT pilot plant pretreatment of
coal is carried out in a fluidized-bed reactor. At 700°F, the rate of the de-
volatilization reaction apparently competes with that of the oxidation reaction.
In the static reactor the poor gas~-solids contacting favors devolatilization,
while the intimate gas-solids contacting in the fluidized-bed reactor favors
oxidation. For a fluidized pretreater, therefore, the calculated values of

the heat of reaction at 800 °F more nearly approach the actual values,
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6c. 7 Pyro-Heat Capacity of Coal

Many authors have reported the heat capacity of coal and the experi-
mental methods used!»?:3,5,7,12,20,28,33,46 | 51though few investigations werec
conducted above 572°F (300°C).

The difficulties of determining the heat capacity of coal experimentally,
especially during heating and at high temperatures, have caused disagree-
ment among research workers. Some authors have found that the heat
capacity of coal increases with temperature3 % and some others have found
otherwise.»? The reason for this disagreement could be due to the method
one uses to obtain the heat capacity. Because coal contains up to 50 wt-%
of volatile matter, the weight of coal alters considerably during heating as
the volatile matter escapes. To further complicate the matter, if the coal
were allowed to oxidize during heating, one can be sure that the results would
not be the same. Even if one takes the escaped volatile matter into consider-
ation, the precision of the measurement will suffer because the treatment of
experimental data would depend on the material balance, analytical methods
and assumptions. '

The reason for the decreasing C_ at increasing temperature above 300°C
could be explained by the endothermilf reaction of so-called ""pyrolysis'' or
""decarbonization", or 'coking."?9:2%:46 Coal starts devolatilization quickly

at temperatures above 700°F. At 700°F or above, therefore, the experi-
mental measured value is:

a=C + AH
P e

where:

CP is the heat capacity of coal

AI—Ie is the endothermic reaction

If one wishes to determine the true heat capacity of coal, one must have
an accurate AH_value, Because coal is an extremely complex substance,
it is experirnen?a,lly impossible to determine AH accurately., As an example,

Agroskin and Goncharov!s2 proposed to determing the CP directly as follows:

1) heat the coal to the decarbonizing temperature until coking stops;
then,

2) measure the residue for Cp'

Obviously, this residue is no longer the coal one started with, and the mea-
sured Cp is, then, not that of the coal, but that of the coke.

In work performed at IGT and reported here, the AH was determined
as follows: ©
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1) Drop the cold coal into the hot calorimeter to determ1ne the C . and
H 'l:hen, .

:2) Drop the coke f:_rem the previous run'to determine the CP of the coke.

The analyses of volatile matter, coal and char must be very accurate
so that a close material balance can be achieved. If the heat capacities of
all the volatile matier are known, the heat capacity of coal can be deduced,
and the difference of these two runs is then the AH H,. This method has the
same flaw as that of Agroskin bécause there is no common base for these
two runs. In other words, the Cp of coke is not the same as that of coal.
However, one may consider muéE of this to be purely academic: From an

' engmeermg point of view, the "C fp + AI—I " term is the one that is needed
0

in dctual practice. If one plans use coal for any purpose at temperatures
above decarbonizing temperature, the effect with which he is principally

»

- concerned is "C_, + AI—Ie' 1 If coke is to be used, then the Cp for coke_ should

be substituted,

The reported mean heat capacity (Cpm) values at temperatares above
700°F include that of endothermic reaction; therefore, it is called the pyro-
hea’c capamty of coal..

6c 7 1 Expenmental Work

In this Work two calorlmeters already described in detail were dsed
to measure the heat capacity of coal for temperatures from 600° to 1500°F
and for pressures from 0 to 1500 psia. Figure 6c-15 presents a simple ‘
schematic drawing of the drop calorimeter, which is suitable for operation
at temperatures lower than the decarbonization temperature. Figure 6c-16

' presents a simple schematic of the heat-of-reaction calorlmeter for operatlon

a.t hlgh temperatures

The dried coal sample is contained in a basket which is sus ended in the cold

neck zone of the calorimeter. .The calorimeter body is inside the furnace:
and maintained at a constant temperature. Aun inert gas is used to achieve
the desired pressure in the calorimeter. The sample is lowered into the .
calorimeter body after the temperature and pressure of the calorimeter have
stabilized for two.hours. The cooling rate of the calorimeter is measured |
by four thermocouples and two resistance thermometers distributed around .
the calorimeter body. The coal is analyzed before and after the: experiment;
and a gas sample is taken to be analyzed for the volatile matter which es-.
caped from the coal. Note that the volatile matter is contained within the "
calorimeter at all times and — knowing the composition, Welght, and other
variables of the gas and solid — the total matenal and ene:cgy balance can

be obtained. :

,;Esta.blis_hitng an energy balance around ﬂle‘calorimeter, we have: -

(m?p AT)calor'1:-'_:1(-zte'3.' (me AT)ba.ske‘fzs (me ArI.)coeyl . (8)
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The mCp (mass x heat capacity) of the calorimeter was determined by using
pure alumina for which the heat capacity is well established for a wide tem-
perature range!?, and the results of calorimeter calibration are presented in
Figure 6c-7,

The AT of the calorimeter is measured; the mCp of baskets is calibrated
as a function of temperature; the inifial temperature of coal and basket is
measured and the final temperature of coal and basket is assumed to be the
same as that of the final calorimeter temperature. The only unknown re-
maining in Equation 8 is the pyro-heat capacity of coal.

The composition of the coal and chars investigated is presented in
Table 6c-6. A typical experimental run is presented in Figure 6¢-17,
The results of this study are presented in Table 6c-7 and Figure 6c-18.
The general trends of the heat capacity of coal are that it increases with
increasing temperature, volatile matter, and moisture content, and that it
decreases with increasing ash content.

This behavior agrees with determinations by other investigators3»6712,1420
because the heat capacity of volatile matter (CHy, H,, etc), and of moisture!®
(H,0) are higher than graphite, and that of ash is lower than graphite. De-
tailed discussion may be found elsewhere. &7:14

The U. S. Bureau of Mines reported heat content of various coals!? for
temperatures up to 1000°F. The heat capacity deduced from this work
ranges from 0.2 to 0.5 Btu/lb-°F, and the general trend is that the Cp in-
creases with increasing temperature,

For comparison, the mean pyro-heat capacities of lignite, coal, pretreated
coal and chars are presented in Figure 6c-18 with the data obtained from this
work. Each curve is preceded by a number that indicates the weight percent
(dry) of volatiles in the various specimens. Each literature source is
identified in Figure 6c-18 by the author's name, which may be used to identify
the literature source in Section 6c.8, References Cited.

. N

"6c. 7.2 Correlation

Based on the data obtained from this work and that available in the litera-
ture, the heat capacity of coal is assumed to be a function of the volatile matter
content and the temperature. The change of heat capacity with volatile matter
content at a constant temperature, (3C,/3 V), is nearly constant for every
temperature. The heat capacity and temperature, (3C /3T)V__, are also
nearly constant for every constant volatile matter content within the accuracy
of the data. The (BCPI d3Vm)T was plotted against temperature. The inter-
cepts of the Viy versus T plot were also plotted against temperature. When

an equation is fitted to each of these two plots, the following generalized
correlation results:

= -4 - -6
Com ™ 0-17 +1L.1 X107 T+ (3.2 X1073+ 3,05 X 10 T)Vm (8)
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»

Cpfn = mean pyro-heat capacity in Btu/1lb - °F; base tempe'ra.turve is 70°F.
T = temperature in °F.
Vrﬁ = volatile matter, as-received prommate analysis, dry basis, in

. We1ght percent.

Equatmn 8 can predict all the heat capacity data of coal within the
experimental accuracy of the data. The largest deviation is about 10%,
while the average deviation is about +5%. A comparison of the predicted
values with the experimental data is shown in Figure 6¢c-19. To avoid
overcrowding, not all the literature values are presented. A nomograph
based on the eguation 8 is presented as Figure 6c-20.

True heat capacity of coal is also reported in literature. Experimental
data from this work were utilized to obtain the true heat capacity so that a
comparison on this basis could be made. Because the measured values are
mean heat capacities, whose relationship with the true heat capacity is,

. tz - ,
j; C_dt ,
CPm— =t B ‘(9_)-
and, acé‘brding to the Mean Value Theorem:
f(e);w s a<ec<hb ‘ o (10)

Assummg that the intermediate value of the argument is the average of its

extreme values, we have -

. 40 Q-0 B T,
C, =G~ Top S tan

there -

Q_is tl:;e. the amount of heat consumeé in heating .the coal = :C;mt o
C_ = 1_‘:ruev heat capacity - L

C_. = mean heat capacity

t- = temperature

B.a's‘ed o;a this me‘a:hod,ﬂ the true heat capéciﬁes .are calculated aja'd compared

with literature values.. The results are presented in Figure :§§-21 and in
Table 6c-8. : ' . :
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Table 6c-8. CALCULATED TRUE PYRO-HEAT .

CAP.ACITY OF IRELAND MINE COAL AND CHARS

" Raw

Coal

Pretreated
Coal

¢ Liow

Temperature

Residue

Iigh

. Temperature
" Residue

. .‘_Ql

tp t tve Cpm, ' Cpm, Q, ) : .Cp .
1540 1400 1470  0.557  0.557  857.78  779.80 0.56
1400 1300 1350 - 0.557 ~ 0.555  779.80 721.50  0.58

1300 1200 1250  0.555  0.552  721.50  662.4 0.59
1200 1100 1150  0.552  0.545  662.4  599.50 -  0.63
1100 1000 1050  0.545  0.531 599.5  531.0 0. 68
1000 900 950  0.531 0.513  531.0  461.7 - 0.69

900 800 850  0.513  0.490  461.7  392.0 0.70

800 700 750  0.490  0.465  392,0  325.5 0.67

700 600 650 0. 465 0.435  325.5  26L.0 0.65
1540 - 1400 1470  0.488 0.465 751,52 j651f0' 0.72
1400 " 1300 1350  0.465  0.448 . 651.0 . 582.4 .  0.68
1300 1200 1250  0.448- 0.432  582.4  518.4 0.64
1200 1100 1150  0.432  0.415  S18.4  456.5 - - 0.62
1100 1000 1050°  0.415 0.400 456.5  400.0 - 0.56
1000 900 950  0.400 0.382  400.0. - 3438 0.56

900 800 850  0.382  0.367  343.8  293.6 _  0.50

800 700 750  0.367 0,352  293.6  246,4  _ 0.47

700 600 650  0.352 0,335  246.4 - 201.0 - 0.45°
1540 1400 1470  0.395  0.376  608.3 - 526.4 -0.58
1400 - 1300 1350 - 0.376  0.362  526.4  470.6 . 0.56
1300 1200 .1250  0.362 0.350 4706  420.0. 0.51
1200 1100. 1150  0.350  0.335  420.0  368.5 0.52

‘1100 1000 - 1050  0.335  0.322  368.5 . 322.0 0.47
1000 900 950  0.322°  0.308 - 322.0 277.2 0.45

900 00 850  0.308 0,295  277.2  236.0 - . 0.41

800 700 750  0.295  0.282  236.0 © 197.% " 0:39

700 600 650  0.282  0.270 197.4 1620 0.35
1540 1400 1470 . 0.348  0.333 535.9  466.2 - - 0.50
1400 1300 1350  0.333  0.322  466.2 418.6 . D.48
1300 1200 1250  0.322 07310  418.6°  372,0 .. 0.47
1200 1106 1150  0.310  0.300  372.0 _ 330.0 0.42
1100 1000 1050  0.300 0.288  -330,0 - 288.0 ©0.42
1000 900 950  0.288  0.277  288.0  249.3 " 0.39

900 800 850  0.277  0.266  249.3  212.8 0.37°

800 700 750 © 0.266  0.256  212.8  179.2 . 0.34

700 600 650 ° 0.256  0.245  179.2  147.0 C0.32

A7506 1646 -
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APPENDIX 6c-A

Background on Calorimetry
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 In order to find a calorimeter for the measurement of the heat of reac-
tion of hydrogen and coal, a survey was made of the then-current technique
and equiprnent, Although none of the existing calorimeters seemed suitable
for this work, many design concepts were helpful in constructing the present
< calorimeter. f

= An apparatus in which the energy change of sample can be determined
is called a calorimeter. When the heat transfer medium is a liquid, the
instrument utilized is termed a fluid calorimeter; when the medium'is a
solid, the instrument is termed a dry calorimeter,. If the sample under
study flows continuously, the instrument is termed a flow calorimeter;
when the sample is static, the instrument is termed a batch calorimeter.

~ Additionally, an adiabatic calorimeter is one that has no heat transfer
between the calorimeter and its surroundings during an éxperiment.” A
constant environment calorimeter is one which maintains constant tem-
perature of all calorimeter components during an experiment. ~Both the -
adiabatic and the constant environment types of calorimeters-are commonly
used because the correction factors are much less rigorous than with other
types of instruments, although they are by no means simple, Other types
of calorimeters are anisothermal4, Bunsen ice calorimeter??, diphenyl ether
calorimeter?, flow calorimeters?®25, and rotational calorimeters!®®. A
number of heat-of-reaction type calorimeters were presented by Tai®,

_The ‘present calorimeter is designed to be operated either adiabatically
or isothermally, although it is easier to operate isothermally. The iscthermal
operation follows Newton's Law of cooling or heating!®., In order to use this
method, the temperature distribution in the calorimeter must be uniform at
all timmes., This is easier said than doune, but with proper design, instru-~
mentation and calibration, temperature tniformity can be approximated
within acceptable limits of error. o

' Referring to Figure 6c-Al, the calorimeter is inside an isothermal
can at ternperature T . Neck heaters are instalied to assure.that the calori-
meter is at temperature T, which is dependent on time only.

Y

f : VACUUM
T Tg

. A-ra-ing

Figure 6c-Al. CALORIMETER AND ISOTHERMAL CAN"
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The energy balance of this apparatus gives: i

dT _ d
vop $5- 98 4 o -

where: MCp g_fg_ = rate of heat accumulation in the calorimeter due to the
mass-heat capacity MCp.

'%99' = rate of heat generation due to reaction or calibration
heaters. '

9 “rate of heat input due to neck heaters or can heaters

q, =rate of heat loss due to conduction, convection and radia-

tion

If the rate of heat input from the heaters is constant, q. is constant, The
heat loss due to convection and radiation is kept at miniumu by placing the
calorimeter in a vacuum jacket, and inserting (installing) convection shields
as well as heaters in the neck with this modification for small T-Tg, the
convection, q.» and radiation, qy,; losses may be represented by,

9.+ a, = Ik (T-T,) (a-2)

" where k is a2 constant during the period of experiment, The conduction loss
is, '

© nt
qq = kg [1+2Z p_(T) 6 (2 cos nT—1)] (T-TS) (A-3)
1

where L is the gap between the calorimeter and the can, and ¢ is the thermal
diffusivity of this gap and the exponential term approaches zero in this case,

qq = k; (T-T) (A-4)
Combining equations
dT _ dQ _ :
MCP W a Tk (T-Ts) (A-5)

where, k = k; + k,, and q; and T, are constants, then

dT d
MCp g7~ = """d‘el =~ k(T ) (A-6)
q.
- 1 3 f—d = =
where T0 sl if 9= 9, 0, then Ts To'

6c-A2



for the case Jg- = 0, it becornes the Newton's Law of Gooling,

at _ o o N
¥ - K (T-Te) @7
_ _k
where K_.__.._MCP

 In actual cases, very few calorzmeters follow Newton's Law of coohng
because the thermal leakage, k, and equilibrium temperature,” TO, may or
may not be constant during the entire period of expenment In addition,
there are problems such as time lagging in sensing instruments, non-uni-
form temperature distribution in the calorimeter, and unsteady temperature
environment. All these factors must be accounted for éither by detailed
analysis and/or calibration. Detailed discussion of calorimeéter analyszts
may be found in Appendlx 6c-C. S
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APPENDIX 6c-B

Calculation Procedures ’
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Based on the dlscusswn in Appendix A, an energy balance can be
established either for calibration runs, heat of reaction exper1ments or
heat capacity measurements.

6c-B. 1 Calibration Runs

For calibration of exothermic reaction, the calorimeife_f constant,
MCp is calibrated by an electric heater as shown in Figure 6c-Bl.": °

_Llle

Aj%4‘l|2()' o
Figure 6c-Bl. ELECTRIC CALIBRATION

The calorimeter temperature and pressure are first stabilized. A
measured amount of enérgy is then put into the heater for a known period
of time. The temperature rise of the calorlme’cer is then measured
An energy balance yields, ‘ P

4T _ 4 -
Mcp S = S+ 9 — 9, (5-1)

. where MCp dr = rate of heat accumulation Whlch for a given timeé:

1nterva1, is equal to:
(_MCPA T)Caiorimeter + (MCPAT)heater + (MCpa T)sl_'li_eldé + (M?P'A_T)gas

le}

5 = rate of heat genefation; for this time the power g
 is turned on, it is equal to P/6.
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Equation (B-1) then becomes:

(MCPM)Calorimeter + (MCPAT)heater * (MCPM)ShieldS

P
+ (MCpAT) ., = 7 + q; ~ q (B-2)

Because stablized temperature is achieved for at least two hours before
each run, and the power input period is very short, it is assumed that
;=4 for the period of experiment. Also the M of calorimeter is much

greatér than that of the heater, shields and gas, it is safe to assume
that

(MCpa T)Calorimeter >>> [ (MCpAT)

shield T
(Msz.\.’I)g‘.iS ~ 0.]
Equation (B-2) is then reduced to:
(MCPAT)heater+ (MCPAT)Ca.lorimeter = P/6 (B-3)

where P = VI in watt hr
1 watt hr = 3.413 Btu

6 = time in hours

V = measured voltage in volts

I = measured current in amperes

Example:

V = 29.5683 volts

I = 2.56283 amps

8 = 20 min= 5l-hr Btu

P/6 = 4 (29.5683 X 2.56283) X 3. 413\773.—tt'hr = 86.21 Btu
(MCP)Calorimeter = PB - (MCPAT)heétér
= 86.21 Btu
AT ‘Btu — 0.751b X 0.29 B

for AT = 19.0°F,

Btu,,
(MCP)Calorimeter = (M _ 0. 221) Btu/°F= 4.316 [°F.

19

>
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6c-B.2 Heat of Reaction

Let gq;

—q, = K(€)
‘where q; = rate of heat input to calorimeter
' q, = rate of heat loss from calorimeter
K(f) = the calibration constant dependent only on time.

Equation (B-1) becomes,

. or

where,

dQ =

daT dQ

MCp = = &g +_K(6.) ' Coe ) (B'4).
MCpdT = dQ + K(g)de (B-5)

MCptiT = -MCpAT) ;. 14+ (MCpAT)cham+(MCpAT?baSket
+ (MCpA'I‘)gas + (M(:p./}T)(:oal o . (B-6)
Aﬁr, the heat of reaction - _ - (B-'i)

and K(6)d8 is obtained from the cahbratlon of the convectmn sh1e1d
chaln, empty basket and the gas.

Equation (B-5) is then,

Example:

- AI:fr = (MCpAT)

+ (MCpAT) K(g) (B-8)

“‘calorimeter coal

Run 22, Pretreated Coal.

(MCpAT) = (7.05 But/°F)(0.46°F) = 3.24 Btu

calorimeter .
: 4/08. g Btu 0T _ A 92 Tl
(MCpAT) .1 = 753 5924 —TiE (0.4 7% )(1200°F) = 4. 23 Btu

K(6)d6 = 2.96 Btu (Froﬁl Run 20)

Btu

—Hr = 3.244+ 4.23 4+ 2.96 = 10 43 Btu (= 2476~

6c-B3
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APPENDIX 6c-C

' Heat Transfer Analysis of
Heat of Reaction Calorimeter




6c-C. 1 Introduqtion

Because the calorimeter is very thicl::,' there is thermal lag in

' temperature measurement. The time-temperature cooling or heating does

not follow Newton's law of cooling. In order to interpolate the experimental
results, an analysis pinpointed the temperature difference for the deter-
mination of the calorimeter constant and heat of reaction data

6c-C.2 Overall Heat Balance

Rate of (Heat in — Heat out) = Rate of Accumulation — Rate of Generation
+ Unaccounted for Energy ’

Rate of Heat in= Rad{iant heat input from Can
' ~ EpTAR(To — T'g)
T = Can temperature
Tgr = Temperature of Reactor

Rate of Heat ouzx = Loss through the neck of Reactor
dTRr :
~ kA —— :
dx . neck.
- T Vo dTR.- ‘
Raj:e of :accqmulatlon in vessel = I o OVCPVT d};
where the integration extends over the reactor

. ' dT
Rate of accurnulation in gas (H;) = IZg pgcvg_égﬁ_dx

o o dT
Rafce pf .a;ccqz‘nul.a.tlon 1‘11 heatgr = mHCPHE—

y ‘ o o 4aT
.Rate of accumulation in convection shield ~ scp dt

Rate of heat generation by electric heater = E(t) * I(t)
Unaccounted for terms = Heat los§ through the neck in the gas, _étc.f' :

6c-C.3 Steady-State Operation Before the Calibration Run

. Assuming that the terms for unaccounted are simall, t}ﬁ‘e heat balance is:
dTr =0
dXx neck

eRTAR (T4 — TR) — kA

It is desireable that if steady-state is not present, these terms cancel
each other. To investigate this, use the approximation: _ -

6c-Cl1




dTR TR —Ts
dX T TAX

where Tg is the temperature of the surrounding coolant temperature on the
neck.

Assume that the temperature of the reactor is raised to TH (TH - TR ~5°F)
T‘i{ = T4R + 4Ti{ (TH - TR)
Sdbstituting into the above balance and as suming that T remains constant:
€ERTAR (T‘& —(T§ + 4T§(TH—TR))
—%A- (TR—(TR—-TH) —Tg)="?

or

4__ 4 — T _T
ERTAR(TC TR) — kA RAXS

kA
- GR TAR‘}T% (TH - TR)-ZT(- (TH— TR) =?
‘ correction terms
One maysee, the 4, that the correction terms are addictive rather than

compensating (o1 canceling). Because the magnitude of these terms has

not been determined, it is difficult to estimate the error introduced by
the correction terms.

6c-C.4 Process of Heat Transfer During Calibration

The process of heat transfer during calibration is assumed to take
place in the following manner. Two typical temperature profiles are shown
in Figure 6c-Cl as a function of time. One temperature is measured at
the top of the reactor, the other at the bottom. * The temperature profile
is divided into five regimes. These regimes may be described with reference
to Figure 6c-C2. The heater is turned on at time 0 but thermocouples
will not sense any temperature rise until heat reaches them. Heat is
transferred threugh the gas by conduction and convection. Then heat is
transferred through the metal reactor until it.reaches the thermocouple.

The time delay in the metal has been estimated to be less than 0.08

minute. Because the total time delay is about 2 minutes, we conclude that
most of the delay occurs in the gas, Further, most of the heat transferred
in the gasto the solid is assumed to be transferred by convection. This
assumption could be checked by determination of the thermal diffusivity

of hydrogen K. Unfortunately, however, this quantity has not been measured;
it should be estimated, but this will not be done here. If the quantity:

k.2 min
—— < 0.01

* These data are taken from run l, Pages 1, 2, 3, 4, and 15 of unpublished
data book 1. :
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where £ is the distance between the heater and the reactor wall, oﬂe could
conclude that the effect of conduction is negligible and that convection
predominates. '

Assuming that the conduction in the gas is small, heat transfer takes
place by passing from the heater to the gas next to it. This gas is heated
and consequently begins to.rise to the top of the vessel., When it reaches
the top, it begins to transfer heat to the vessel and consequently cools
down and begins to fall down along the side of the vessel contlnually losing
heat to the vessel walls. Thus, a stable circulation pattern is set up. The
top portmn of the vessel is always exposed to the hotter gas while the lower
portion is exposed to the cooler gas. This effect explains the divergence
between reactor top and reactor bottom temperature curves in Flgure
6c-C1 during the heating period.

After the heater is turned off, a certain amount of heat is still in the
heaters and a certain amount of delay is observed. The penod is almost

.equal to the delay perlod at the start of heatmg

After these three penods the vessel has an unequal temperdture
throughout; and the gas circulation has ceased with the higher temperature
gas at the top. The temperature in the vessel is now redistributed principally
by conduction on the metal so that the temperature at the bottom'increases
and the temperature at the top decreases. :

Throughout these first four periods, heat has been lost to the
surroundings, principally by the mechanism of the correction term’
prevmusly described.

correction term = —epTART: (T —T;) —&(T —T.)
_ : ERTVSRML kY Sl |

Where T. is the initial temperature of the vessel and T is an average
temperature ‘at any time.

- " After the first four permds, this is the predomlnant heat transfer .
mode; the effect caused the negative slope of both temperature curves in
the last period, in Figure 6c-Cl. Because the slope is very small, it is
assumed that the heat loss throughout the first four perlods is small and
may be neglected ' :

From this analy51s, it is seen that the total heat release from the
heater in the first two periods is approximately equal to the heat gain by -
the system from time= 0 to time =75 minutes, - Because the temperature

: throughout the system is approximately a constant at each of these times

is constant, the overall energy balance can be integrated very easz.lty to
obtain:

(Vy oy Cpv + Vg pg Cyg+ mH Gopf+ ms CpS) (T(75 min) — T(O min))

= [, B Uat
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- [L RTAR4TR (T(t)— Ty + 52 (T(t)-T;)]at

75
+ ﬂ, unaccounted for terms
t

Because we will neglect the last two terms, and because the voltage and
current are held constant,

_ E.I.20 min
MCpp = (VP va + Vg Pg Cvg + ™y Cppg + My CPS) ~ T(75 min) — T(0 min)

where mCP is the total heat capacity.

6c-C.5 Maximum Error

An estimate of the error incurred in using T(75) — T(0) may be obtained
by extrapolating the temperature slope in the pure conduction region to the
beginning of the heating period to obtain a A’I’E. This extrapolation is
indicated in Figure 6c-C-1 and indicates that a maximum error of about
30 percent could be involved in using this value of AT = T(75) — T(0).

It is felt that use of AT + ATE will give a better estimate of mC "
However, if T(75) — 7(0) is used in the calibration and in the expBrimental
runs, the error in AT will tend to cancel if _I-_IE{ is closeto E-1I.1t.

6c-C. 6 Determination of the Heat of Reaction of an Experimental Run

In this case, the total heat of reaction (HR) may be calculated quite
simply as

Y =j: Hp (t)dt = (V0 Cpy + Vg pgCug + Wiy Gy + W Co ) (T() — T(0))

pPs
where t is the time required to go through the first four periods, and
mHC Py is an average of the coal, ash, and holder.

It should be noted that with this simplified analysis it is not possible
to calculate the heat release as a function of time. Only the total heat of
reaction can be calculated.

Many assumptions have been made in the previous development.
Fortunately it is possible to check the most important one. This as sumption
is the existence of the redistribution of temperature. This is done in the
following section.

6c-C.7 Time After the Maximum Temperature {s Reached (Redistribution

of Temperature)

It is apparent from the previous statements that a temperature distribution
will exist in the reaction cell after the heater has been turned off. This
distribution is.due to free convection. For order-of-imagnitude purposes, one
may consider this temperature distribution to be a linear function of distance
with the maximum temperature occurring at the top of the cell and the
minimum occurring at the bottom.
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In order to test the hypothesis that the decrease in temperature
measured by the top thermocouple results from the redistribution of the
heat in the cell walls, the cell walls will be appro:nmated by a slab with a
linear temperature distribution with no heat loss or gain from the surroundings.
The temperature at’ the center of the slab is assumed constant because
the problem is symmetrical about the center and the following boundary
value problem may be formulated (see Figure 6c-C3):

T (t X)
0T ¢T
P ot = Koz
T(O,X): (Tmax— Tavg) T +Tavg

, 'Tavg—_- (Traax + Togin) (2)
T(t,0) = T;vg
T(t. £) = Tpax
'I'he sdlutiqn to this pl;oblem isv gl}ven in Carslaw ari'd Jaeger'as-' .

2k © —KnPrt

T”TTavg _ = 2= % ) e 12 (n‘ITX')
T1::13,:>;"Tavg T on=1 " osin 4

Graphical results for this equation are presented in Carslaw and Jaeger,
page 98. The temperature'T (t, £) is given in terms of T= =Kt K=k

In this application:‘ . ‘
K: 7 Btu ‘ . . ) K ‘ 1 hr :
C hr ft °F - 31b 0.103 Btu 12 m. 60 min. .
T X b°F =g ft : o
= . 315 m? .
min
t = 44n.2 T= 517 min
.315 in. 2 ‘
min

jThe temperatures at the top, bottom and m1dd1e of the reactor are plotted

in Figutre 6c-C4 and are seen to correspond quite well to the only: experlmenta.l
temperature profiles available. In partz.cula:c the time required for
redistribution of the temperature is in good agreement. In the absence of

any further experlmental measurement of T(t, —4), HYGAS researchers
concluded that the propos ed mechanism is reasonable
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6d.0 Summary of Kinetics of Coal Gasification

A summary of this work appears in section 6.0.

6d 1 Introduction

A general mathe:matlcal model was developed from experunental studies
by HYGAS researchers and other laboratories that quantxtatwely describes -
the kinetics of pertinent gasification reactions of selected coals in gases
containing steam and hydrogen. The purposes for developing this model
were to help interpret test results obtained in laboratory and pilot-scale -
experlmental studies and to provide a basis for rational design of inter--
mediate- or commercial-scale reactor sy’stems.

'I‘he HYGAS-associated expenmental information used in the develop-—,
ment and evaluation of the model includes certain of the fluid- and mova.ng-
bed test results reported in this report, as well as test results obtained in
an experimental study sponsored by Fuel Gas Associates that was conducted
from 1966 tec 1970. Here pilot-plant~scale fluid beds and a 1aboratory
thermobalance were investigated. .

The results obtained with the thermobalance were particularly useful
for developing a quantitative kinetic model for coal gasification, as gasifi-
cation rates could be measured at constant, well-defined gaseous environ-
mental conditions. Such measurements could not be conveniently made with
integral fluid- or moving-bed gasification systems where significant. gas
conversion occurred. Test results from the integral systems considered -
were therefore primarily evaluated by comparing total gasification rates,
determined experimentally, with predicted gasification rates that were. _
computed from the model developed. The predicted rates required reason-
able assumptions of gas and solid flow configurations in individual system s.
This allowed us to evaluate local rates of gasification throughout a given
system, and thus the net rates of gasification for a system as a whole.

Additional selected data available in the literature were also used to
develop the model and to quantitatively evaluate parameters in the corre-
lations derived from the model. Investigators at Consolidation Coal Company
obtained the literature data used most extensively, using an experimental
system that permitted estimation of differential gasification rates of char
with steam-hydrogen mixtures in a fluid bed. :

In the following discus sion, the thermobalance and the type of data ob-
tained with it are described first. Then the overall model of coal gasifi-
cation adopted in development of quantitative correlations is generally
described. Development of the specific kipetic correlations is then dis-
cussed. Finally, the consistencies between the predictions of the corre-
lations and test results obtained in various experimental systems in Whmh
significant gas conversion occurred are demonstrated.

} .
/

6d.2 Laboratory- Scale 'I‘hermobalance Apparatus

During the past several years, an extensive expenmental program at
IGT has used a laboratory-scale thermobalance apparatus to obtain kinetic
information aboiit coal gasification. Since a significant amount of this
information was used in the formulation of the kinétic correlations de~
veloped, it is pertinent to generally describe this experimental system. The
details of the thermobalance have been described earlier.!
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The thermobalance is an apparatus capable of continuously weighing a
coal sample undergoing gasification in a gaseous environment of desired
composition at constant pressure. Temperatures can either be kept con-
stant or varied (10 °F/min - maximum rate). ’

The nature of gas-solid contacting with this apparatus is shown in
Figure 6d-1. The coal sample is contained in the annular space of a wire-
mesh basket bounded on the inside by a hollow stainless steel tube and on
the outside by a wire-mesh screen. The thickness of the bed is only 2 to 3
particle diameters when using —20+40 USS sieve size particles to facilitate
mass and heat transfer between the bed and its environment. With this
system, gas flow rates can be used that are sufficiently high (relative to
rates of gas evolution from the coal samples used, 0.5-1.5 g) so that gas
conversion is negligible. In many of the tests conducted, the wire-mesh
basket is initially in an upper cool portion of the reactor in which downward
inert gas flow is maintained. During this time, desired temperature and
Pressure conditions are established in a lower heated portion of the reactor
in the presence of a flowing gas of desired composition. A test is initiated
by lowering the basket into the heated reaction zone. It takes about 1 minute
for the bed to heat up to reaction temperature. Figure 6d-2 shows typical

weight loss with time during gasification of low-temperature air-pretreated
coal char. !

6d.3 General Description of Overall Kinetic Model

In the development of a quantitative kinetic model of coal gasification
suitable for use in engineering application, overall reactions that occur
rapidly should be distinguished from those that occur much more slowly.
Blackwood and McCarthy,? for example, have proposed that gasification of
coal with hydrogen is a two-stage process in which hydrogen initially reacts
very rapidly with the volatile constituents in the coal, followed by a compara-~
tively slow reaction of hydrogen with the residual carbon. These investi.
gators further suggest that these two reactions may be considered as con-
secutive stages and independent of each other, Similarly, Feldkirchner
and Linden® have postulated that during the initial period of hydrogasification
of coal, pyrolysis rapidly occurs, resulting in devolatilization of the light
components, which then undergo hydrogenolysis. This period is then
followed by the much slower gasification of the residual char formed.

The models proposed by Blackwood and McCarthy and by Feldkirchner
and Linden are similar in that it is assumed that methane could be formed
rapidly from the reaction between hydrogen and volatile coal constituents.
Although it is not clear whether this reaction is considered to occur in the
vapor phase or in the coal substance itself, such an explanation implies
that only a limited amount of carbon can be gasified to form methane via
this route, since the amount of volatile constituents in a given coal is limited.
There is, however, experimental evidence that the total carbon that can
be gasified rapidly to methane during the initial reaction stage increases with
increasing hydrogen partial pressure in such a manner that, at sufficiently
high pressures, virtually all of the carbon in the coal can be gasified to
methane. Such behavior has been observed experimentally by Moseley and
Paterson,? and is suggested by results described by Zahradnick and Glenn. 3
Similar behavior has also been observed in experimental studies at IGT with
the thermobalance.
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Moseley and Paterson,and Zahradnick and Glenn have proposed similar
three-stage models of coal gasification to describe their results. It is
assumed that concurrent with the complex phenomena that occur during
devolatilization of coal even in an essentially inert gas atmo sphere there
occurs, when gaseous hydrogen is present, a hydrogen-activated decompo-
sition of some element in the coal structure, which gives rise to an active
intermediate that is responsible for the transient high reactivity of coal for
methane formation. This reactivity is transient since the active inter-
mediate can also deactivate, possibly due to crosslinking or some poly-
merization process. Both of these processes are considered to be inde-
pendent of hydrogen partial pressure, although they likely are activated
by the presence of small hydrogen concentrations. Methane formation is
catalyzed by the active intermediate, the rate of this step being proportional
to the hydrogen partial pressure. The two models proposed differ in that
Zahradnick and Glenn assume that the active intermediate is also consumed
in the methane formation step, whereas Moseley and Paterson assume that

.1t is unaffected by this step. Zahradnick and Glenn also assume that the
formation of the active intermediate is very rapid compared to its subsequent
removal via polymerization or due to methane formation, whereas the corre-
lation developed by Moseley and Paterson is consistent either with this
assumption or the assumption that the rate of polymerization is much more
rapid than the formation rate of the active intermediate.

A significant characteristic of the three-stage model described above
is that, at sufficiently high hydrogen pressures, carbon conversion can be
virtually complete before the active intermediate is deactivated. Because
of the consistency of experimental results now available with this behavior,
including results obtained with the thermobalance, such a model has been
adopted in the overall development of a quantitative model described in this
report. The following three reaction regimes assumed in our model can
then be briefly described as follows:

Devolatilization: An extremely rapid process at elevated temperatures,
involving the thermal decomposition of coal into devolatilized char and gases
containing CO, CO,, H,, H,0, and CH, as well as higher hydrocarbons, oils,
and tar,

Rapid-Rate Methane Formation: Also an extremely rapid process at
elevated temperatures, occurring essentially concurrently with devolatili-
zation whereby methane is formed in the presence of hydrogen in the gaseous
atmosphere at rates much greater than methane formation rates obtained
with the char resulting from devolatilization.

Low-Rate Gasification: A relatively slower process than those described
above, wherein steam and hydrogen interact with char containing negligible
volatile matter to form carbon oxides, hydrogen, and methane.

Although both devolatilization and rapid-rate methane formation are
considered to occur concurrently, for most practical purposes low-rate

gasification can be considered to take place after these rapid processes
are essentially completed.
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In the development of the model adopted in this study, it has. been
assumed that the carbon in coal-containing volatile matter is of two distinct
types: volatile carbon and base carbon. The volatile carbon is associated
with the carbon that can be gasified solely from thermal treatment of the
coal. Although it has been observed that this quantity can vary somewhat
for extreme values of heat-up conditions, a reasonable approximation of
this quantity pertinent to conditions anticipated in many coal gasification
processes can be made based on standard coal analyses. Specifically, if —

CT = total carbon in the feed coal, g/g feed coal

CB = carbon remanung after standard devolatzhzahon, g/ g feed coal
then — ..
dv = volatile carbon in feed coal, glg feed coal
=Cp—Cp

With this definition, Cpg represents the base carbon content of the feed coal.
It is assumed that at temperatures above about 1500 °F, all volatile carbon
is rapldly gasified within the devolatilization regime. Base carbon gasifi-
cation is considered to occur within the rapid-rate methane formatlon and’
1ow—ra,te ga szflcatzon regimes.

The definitions given above are consmtent with the following 51mp11f1ed
view of coal structure. The coal structure can be considered to be comprised
of base carbon to which side chains are attached. These side chains contain
essentially the components of the volatile matter in the feed coal (including
volatile carbon). Thus as coal is heated in a hydrogen-containing atmos~
phere, pyrolysis reactions cause gasification of the side chains (devolatili-
zation); concurrently the carbon in the base structure is gasified (rapid- -
rate methane formation) in the presence of the active intermediate which
is both formed and deactivated in the base structure. When deactivation of
this intermediate is-effectively completed, then carbon in the base structure

‘is further gasified relatively- slowly within the low-:cate gas'ific':ation regime.

Cons:.stent with the description above, the follovnng defmltlon of base
carbon conversion fraction applies when all volatile carbon has been gasified.

X=(Ce—Cy)/(Cz—Cy) -1y
where '
X = Ease carbeh conversion fraction
Cg = total carbon gasified, g/ g feed coal

- This ‘definition is used in correlations in a later section, to describe
carbon gas:uﬁlcatmn kinetics in ‘.:he rapid-rate methane formatlon reglme and
the low-rate regime. . : : :

' The results shown in Figure 6d-2 can be interpfeted in.terms of the
three reaction regimes defined above. Curve A corresponds to a testin
wluch a low-temperature, air-pretreated bituminous coal char is exposed to
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a nitrogen atmosphere at 500 psig. During the first minute when the sample
is heating up in the thermobalance, weight loss corresponds to evolution of
volatile matter. After this period no further significant weight loss occurs.
The total weight loss of about 26% corresponds clo sely to the volatile matter
in the feed coal as obtained by standard proximate analysis, Within the
context of the reaction regimes defined, weight loss in this test is considered
to occur entirely in the devolatilization regime where all volatile carbon

has been gasified and all base carbon remains in the devolatilized char. When
the char resulting from this test is then exposed to hydrogen at 500 psig
(Curve B), there is further weight loss due to reaction of the hydrogen with
base carbon to form methane. This reaction, which takes place at a much
lower rate than devolatilization, is considered to occur in the low-rate reac-
tion regime. With this particular sample, there was no reaction in the rapid-
rate methane formation regime because the active intermediate responsible
for this reaction was deactivated during prolonged exposure of the sample

to nitrogen. '

Weight loss due to reaction in the rapid-rate methane formation regime
is evident, however, for Curve C, where a sample of the original coal char
was exposed only to hydrogen at 500 psig with no initial exposure to nitrogen.
There is a weight loss in this test during the first minute or so that is
considerably more than the corresponding weight loss obtained during this
period when the coal char was exposed to nitrogen (Curve A). The difference
in weight loss between Curves C and A during the first minute or so is
considered to be due to gasification of base carbon in the rapid-rate regime.
It is seen that weight losses of the magnitude exhibited by Curve B during
this period are negligible, which justifies the assumption that base carbon in
the rapid-rate methane formation regime and in the low-rate gasification
regime can be considered gasified consecutively. As will be indicated in
a later section, more than 90% of the base carbon to be gasified via the
rapid-rate reaction is completed for air-pretreated coal char after about
3 minutes. Thereafter, base carbon is primarily gasified in the low-rate
gasification regime.

Curve D is qualitatively similar to Curve C, except that is a greater
weight loss from rapid-rate methane formation due to the higher hydrogen
pressure. Generally, there are also greater gasification rates in the low-
rate gasification regime for higher hydrogen pressures, although this is not
clearly evident for the curves shown in Figure 6d-2 because of the relatively
short time periods employed.

6d. 4 Rapid-Rate Methane Formation Kinetics

The gasification kinetics of base carbon in the rapid-rate regime
have been treated both in terms of the total amount of base carbon that can
be gasified via this route (when deactivation is completed at specific reaction
conditions) and in terms of the rate of this reaction prior to deactivation of
the coal. Generally, for tests conducted at temperatures greater than 1500°F
most of the rapid-rate base carbon is gasified during heat-up of the coal
in the thermobalance, so a reasonable definition of actual solid temperatures
could not be made. For such tests, the total base carbon gasified via the
rapid-rate reaction was estimated by correcting the total weight loss after

2
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about 3 minutes for volatile matter weight loss and the usually small amounts
of base carbon'gaSLflcatmn that could be attributed to reaction in the low-- -
rate gasdz'lcatmn regime. -Corrections for reaction in the low-rate gasifi-
cation regime were based on kinetic correlations developed for this regime,
which are discussed in a later section. Generally, after about 3 min, de~
volatilization is complete for the temperature considered, Weight loss

due to devolatilization was assumed to bé equal to the volatile matter in

the feed coal as determined by standard proximate analysis. Actual values
of carbon gasified were computed from total values of weight loss, using
empirical correlations that define values of other coal components, par-
ticularly hydrogen and nitrogen which are gasified along with base carbon.
These correlations were based on analyses of solid residues from tests

in which devolatilization was essentially completed. Specifically, these
correlations permitted definition of H/C and N/C ratios in char re sidues

as a function of gasification temperature for temperatures greater than ;
1500 F. : :

Tests were also conducted on the thermobalance in the range of 700° to
1500 °F to obtain a more detailed picture of rapid-rate gasification kinetics
since, for these conditions, rates of both devolatilization and rapid-rate
methane formation could be specifically measured, Interpretation. of weight
loss measurements at these conditions, however, in terms of base carbon
gasified required a more detailed procedure to define -evolution of other
coal components, not only as a function of temperature but of tlme

6d. 4.1 Rapid-Rate Methane Forma‘aon Kinetics Above 1500 F

Results similar to those Lllustrated in Figure 6d-2 have been obtauled
for a large number of tests conducted on the thermobalance with three =
partlcular coals. The analyses of these coals are given in Tablé 6d-1;

The results of these tests have generally shown that for a partlcular coal
and above 1500°F the base carbon conversion fraction due to rapid-rate
methane formation, Xy, is a function only of hydrogen partial pressure.

This relationship, however, applies only where rapid-rate methane for-
mation is completed and the coal is deactivated with respect to reaction

in this regime. Specifically, results have been correlatéd with the follow;.ng
form of expressmn

% oxp (0969X% dx :' .
M(X )_fo (1_X)2/3 ~kltpH2_ . o ) : (2‘) .
where . - .
k= kinetic .pa.r.amveter dependent on coal type, atm-! ,
PI—I = hydrogez_z partial pressure, atm

The empirical form of thls correlation was suggested by equatlon forms
used to describe kinetics in the lower-rate gasification regime, which -
are discussed in a later section. It is significant, however, that the func-
tion, M(X,), is for all practical purposes equal to the function, —1ln (1-X,),
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for values of X, as high as 0.99, although M(X,) approaches a finite value
of about 5.8 as X, approaches 1, whereas —In(l — X,) approaches infinity
at this same limit. Empirical trends of Equation 2 invite comparison with
correlations proposed by other investigators to describe total carbon con-~
version fraction attributed to rapid-rate methane formation as a function of
hydrogen partial pressure. Such equations proposed by Zahradnick and
Glenn® and Moseley and Paterson? for this case are as follows:

Zahradnick and Glenn®

= —-——————apnz
1+ apy,

Moseley and Paterson?

X, =1-exp(—bpy,)
where

a,b = kinetic parameters dependent on coal type, and temperature,
atm-!

Table 6d-1. COMPOSITIONS OF COALS EXTENSIVELY USED IN THERMO-
BALANCE TESTS

Bituminous Coal North Dakota
Char¥ Bituminous Lignite
Pittsburgh Coal (Mercer County
No. 8 Montour District
Material (Ireland Mine) No. 10 Glenharold Mine)

Composition(dry), mass &

Ultimate ‘
Carbon 71.1 78.3 66. 4
Hydrogen 4.26 : 3.46 4. 48
Oxygen 8.85 9 99{ 19. 63
Nitrogen 1.26 ) 0.78
Sulfur 3.64 1.01 0.79
Ash 10.89 7.24 7.92

Total 100. 00 100.00 100. 00

Proximate
Fixed Carbon 60.7 ‘ 75.2 48. 5
Volatile 28.4 17.6 43.6
Ash 10.9 7.2 7.9

Total 100.0 100.0 100.0

*®
Air-pretreated at about 700°F.

AT7506 1647
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The empirical trends of these correlations are compared in Figure 6d-3.

In representing the equation proposed by Zahradnick and Glenn, values of
X, are plotted against 0. 683 a PH,: in order that a value of X,. = 0. 5 results
When :

0693 apy, =bpy, =k, py, = 0.693

Figure 6d-3 shows that the particular form of correlation adopted in this -
study (equation 2) is v:.rtually,r identical to the relationship proposed by
Moseley and Paterson,.since M(X, )T —in(l - X ), although significant
differences in empirical trends are predicted by the correlatmn form pro-.
posed by Zahradnick and Glenn, -

The parameter k_ in equation 2 was found to be 1ndependent of. tem-
perature above about I500°F, which is consistent with behavior observed
by Blackwood and McCarthy,? although Zahradnick and Glenn® suggest that
a comparable kinetic parameter, "a'", used in their correlation, is tem-
perature -dependent.

In Figuré 6d-4, values of M(X_) are plottéd versus p H, for a series
of gasﬁlcat’lon tests conducted with air-pretreated Ireland Thine bituminous
coal char in hydrogen and hydrogen-methane mixtures. The value of k
computed as the slope of the line drawn is 0.0092 atm™!, The same value
. of slope corresponds to the line drawn in Figure 6d-5 for data obtained
with Montour No. 10 bituminous coal with hydrogen. - An average value
of k. for North Dakota 11gn1te based on three duplicaté tests in hydrogen
at 500 psig and 1700° F is 0.0087 atm™.

_ Flgure 6d-6 shows a plot of M(X;) versus p H, for tests conducted
‘with the Ireland mine coal char in steam-hydrogen mixtures. The stralght
line drawn in Figure 6d-6 was constructed with a slope of 0. 0092 atm~ _
Since this line reasonably represents the data, there is no apparent effect
of steam partial pressure on the rapid-rate reaction.. It is sigmficant
that no rapid-rate reaction occurs in pure steam, as mdlcated in Figure
6d-7. Results obtained with hydrogen-methane mixtures included in '
Figure 6d-4 also indicate neghglble effects of methane partial pressure
on this phenomenon. .

6d. 4. 2 Rapid-Rate‘ Methaiie Formation Kinetics Below 1500°F .

. The experimental results described above suggest that equation 2 .
adequately defines the effect of hydrogen partial pressure on rapid-rate
methane formation, which oécurs relaﬁvelyf rapidly when solids are heated
to temperatures greater than 1500°F in a hydrogen-contammg atmosphere
At temperatures less than 1500°F, the rapid-rate phenomenon is more -
complex Results obtained on the thermobalance at temperatures from
800° to 1500 °F indicate that in this temperature range methane forms during
more extended periods of time — at least for the —20+40 USS sieve size -
particle of axr-pretreated Ireland mine bituminous coal char used. This

_behavior is shown in Figure- 6d-8, where total coal char weight loss is
plotted versus tlme for a series of tests conducted at 35.5 atm. The
curves were computed from correlations discussed below. For tests con-
ducted at temperatures below about 1280°F, negligible low-rate gasification
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' contributes to coal weight loss for test periods of about 1 hour. Above this

temperature, however, some of the weight loss is due‘to low-rate gasification.

. The effect of pressure on base carbon gasification in hydrogen at these
1ower temperatures is illustrated in Figure 6d-9. The difference in weight
loss exhibited by a given curve, relative to the weight loss at zero hydrogen .
partial pressure,¥ refiects the base carbon gasified. The upward trends
which the curves exhibit at temperatures greater than about 1300°F are
indicative of the onset of low-rate gasification of the base carbon. Never-
theless, it is seen that there is a significant effect of hydrogen partial
pressure on base carbon gasification at all temperatures employed

Effects of prior treatment conditions on rapid-rate methane formation
at lower temperatures are shown in Figure 6d-10. At temperatures greater
than about 1000°F, prior treatment in nitrogen tends to deactivate the coal
for subsequent rapid-rate methane formation in hydrogen. At temperatures
greater than 1500 °F, the treatments used result in total deactivation, and
base carbon conversion is due solely to low-rate gasification. =

Data obtained for rapid-rate methane formation with Ireland mine bi-
tuminous coal char at temperat‘ures above 800 °F have been correlated from
the following model, It is asstumed that an active intermediate is formed
at conditions conducive to devolatilization and this intermediate ¢an simul-
taneously deactivate in a manner suggested by Zahradnick and Glean®, or by
Moseley and Paterson. % It is also assumed that base carbon gasz.flca.tmn
rates are proportional to the concentration of this transient intermediate,
as well as to hydrogen partial pressure. The pertinent reaction steps assumed
can be represented as follows:- :

R,~ R¥ , _ (Stép A)

R¥> R - . (Step B)

These steps are essentially the same as those suggested by Moseley and
Paterson, although our kinetic description of these steps, dlscussed below,
is quite different from then's :

v_It is assumed that steps A and B are essentially activated by hydrogen
but become independent of hydrogen partial pressure at relatively low pressure.
The species R, is assumed to convert to the active species R¥ via a first-
order reaction, but the activation energy for the first-order rate constant
corresponding to this reaction is considered to vary for different members
of the total family of the R species. ‘With this assumption, the rate of
step A can generally be repre sented by the followmg equatlon

AN, ) r t R
) T = —Ng , f(E)k , exp (—-fokAdt) dE | (3)

Tests conducted in nitrogen.

6d-13
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I

where —

E
k, =k} exp (“ ;)

and

f(E) = function characterizing distribution of activation energles ’
' (R B, Where R gas constant) such that

f f(E) -dE=1
0 .

-_NR = concentratlon of R species at any time, t, moles/mole base-
© ' carbon o .
NOR = initial concentration of R species, vmoles/mole base carbon
: o . : : . .

t = tirhe, min

T = -absolute temperature, °R
k, = rate constant, min~?!
kz = preexponential factor, m_in"l

E ' = (activation energy)/R, for Step A, °R

The rate of step B, which is assumed to occur via a flrst-order process,
is described by the expression.

=k, N% . _ X (4)
where —
NR = concentration of R species at time, t, moles/mole bése carbon
Nﬁ = ' concentration of R¥ species at time, t, moles/mole ba.se carbon
kB = rate constant, min-! ‘ s '

-The rate of step C is as sumed to be described by the follomng equatmn

’dT= kcpH,NH(l—X)WaNBexp(—o.sssxz) S (8)

X = base carbon conversion fraction, moles/mole initial base ‘carbon
'k _ = rate constant, .gin-!, atm!

Py = hydrogen partial pressﬁre, atm

S Hy

NI—I = concentration of species, H, on coal, moles/mole base carbon -
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The concentration of the species H is assumed to be constant in a hydro-
gen atmosphere. When no prior treatment of the coal is used, then Ny = Nf.
When the coal has been heated, however, as in, for example, nitrogen, then
the value of Nyy is less than the value of N%, as described below.

Equations 3, 4 and 5 can be solved subject to certain assumptions to
yield the following expression for base carbon conversion as a function of
pertinent conditions for the case of varying temperature, and constant hydro-
gen partial pressure.

X exp (0.969 X2) Ny { 403/2 f‘”
- k 1- —E.)2
fo A-n7 X Ny P Va ),

" exp[-«(E - E,)?] - [exp(—k‘k j: - exp (— %)dt)] dE} (6)

" where —
] Lod
- ENNE, (63)
kg
3/A2 E-E 2
f(E) = o™ ( 1) exp [~a(E - E,)?],for E =E, (6b)
Va
and —
f(E) =0,forE<E, . (6¢)
where —
E, = constant, characteristic of distribution of activation energies, °R
o0 = constant, characteristic of distribution of activation energies, °R~2

In the derivation of equation 6, it was assumed that k >> k, at any
temperature and for any value of E, and that the ratio kc kB is témperature-
independent.

For gasification of coal in hydrogen at constant temperature, where no
prior nitrogen heat treatment is employed, equation 6 can be reduced to the
following form:

J’x exp (0.969 X?) dX
o (1-X)8

4(!3/2

k. pg, {1" e IEI (E—-E;)?exp[- «(E - E,)?] - exp [— kS, exp (— ,IE,:-) t-l dE} (7)
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This equation was used to correlate data from thermobalance tests with
hydrogen, which are’ shown in Figures 6d-8 through 6d-10. The curves in
these figures were computed from the following evaluation of parameters in
equation 7: - '

k= 0.0092 min~!, atm=?
o =1.352 (1077), °R~2
E, = 16,400 °R

Other information was also used in computing the curves to account for
sample weight loss due to devolatilization. For this purpose, the volatile
coal components were divided into three groups: hydrogen, carbon, and
residual (oxygen + nitrogen + sulfur). The hydrogen and residual compo-.
nents were assumed to gasify according to the simple reaction: R

A (solid)-» B (gas)

The reaction is assumed to be first-order but, again, the activation energies
for the first-order rate constants are considered to vary for individual
members of each family of components., Thus, assuming distribution function
of the form given in equation 6b to describe variations in activation energies,
the concentration of hydrogen or the residual component is represented by
the expression — o : '

_Ne, - 4a®/2 [=

ARV

(E ~E,)? exp[~a(E - E,)?] - exp [- k°A_r

Bi1 [¢)

(-] = @

N AS concentration of hydrogen (or residual) component in coal at
any time, t, g/g base carbon o

"N A = concentration of hydrogen (or residual) component in feed coal,
g/ g initial base carbon ' : :

'kz = preexponential factor, min-!

Values of the parameters in equation 8, which were used to corrélate
data obtained with Ireland bituminous mine coal char, are given in Table
6d-2. Results of devolatilization tests conducted in a2 nitrogen atmosphere
indicated that the amount of volatile carbon component gasified is approxi-
mat ely proportional to the amount of residual component gasified; it was
assumed that the proportionality constant obtained in nitrogen was also .
applicable for devolatilization in hydrogen. - The value of the proportionality
constant obtained with Ireland mine bituminous coal char is as follows:

volatile carbon gasified
residual component gasified

=0.73 glg.
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The value of ky obtained to describe experimental results for gasifi-

cation below about 1500 °F is consistent with results obtained above 1500 °F, -
since equation 7 essentially reduces to equation 2 at the higher temperatures
for times greater than a few minutes. .

The effect of nitrogen pretreatment on subsequent rapid-rate methane
formation was accounted for, assuming the reaction step —

H —H (Step 1)

This reaction is assumed to occur only in the absence of hydrogen, according
to the following rate expression:

at = -kpNy (9)
or —
t
Ny = Ny exp (— fokndt) (10)
where —
° ED
k= k9, exp T . . (10a)

For tests in which the coal is preheated in nitrogen for a period 1» followed
by treatment in hydrogen at constant temperature for a period ,, the follow-
ing equation applied to describe base carbon conversion:

X exp (0.969 X?) dX o E
-k _ o _Zp
.L 1-X)" Py, €Xp [ fokDexp( T)dt]

4a%/2 (> | ' E
-{1—\/;f (E—El)zexp[—a(E—E1)2]'exP[‘kerxP("‘T')'ez]dE} (11)

E

Table 6d-2. KINETIC PARAMETERS USED IN DEVOLATILIZA TION
CORRELATION (Ireland Mine Bituminous Coal Char)

Solid o NA, g/(g feed
Component Ky min-? E,, °R o, °R72 base carbon
Hydrogen: 12

In H, atm 3.564 (10 ) 30,339 1.31 (10-9) 0.052

In N, atm 2.572 (1013) 30,339 1.31 (1079) 0.052

Residual 2.064 (10'%) 49,684 4.69 (107%) 0.217
AT506 1648
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This equatlon was used to calculate the curves given in F1gure 6d- -10 us:mg
values of k and ED given below: .

kg = 105 min-?

.ED = 25,632 °R

Tests with the thermobalance using pure steam, steam-hydrogen, and
hydrogen-methane mixtures determined the effects of concentrations of gaseous
species, other than hydrogen, on rapid-rate methane formation below about
1500°F. Results with steamn and steam-hydrogen mixtures are given in
Figures 6d-11 and -12. The curves drawn were computed with the corre-~
lations described above, assuming that rapid-rate methane formation is de-
pendent only on hydrogen partial pressure. ‘ :

ln computlng values for the curves drawn in Figures 6d- i1 and -12,
correlations developed to describe low-rate gasification were also used for
temperatures greater than about 1200°F. These correlations are described
in a later section, The results show, however, that the rapid-rate step does
not occur in pure steam and that, in steam-hydrogen mlxtures, steam does -
not inhibit the reaction. -

Results' with hy’drogen-methane mixtures are given in Figures 6d-13
and -14 where, again, the curves drawn were computed from the assumption
that methane does not inhibit the rapid-rate step. Although the data obtained
at 35.7 atmn were somewhat scattered, these results do not indicate any
obvious systematic effect of methane concentration on rapid-rate methane
formation. If should be noted, however, that the closest approach to equlhbnum
with respect to the reaction —

C (graphite) + 2H, = CH, | ‘ (12) .

studied with the hydrogen-methane mixtures (given in Figure 6d-14 was
obtained for a methane/hydrogen ratio of 0. 506 mol/mol at 35.7 atm and"
1370° F The equilibrium constant for the above reactlon is about 0.084 -
atm™! at this condition, whereas the experimental pc / PI—I ratio is about
0.021 atm=~!. Attempts to make tests with higher me fane hy'drogen ratios
were complicated by carbon deposu:lon in the coal bed and on the wire mesh.
basket at long exposure times. This is shown in Figure 6d-15, where for -
both tests the methane-hydrogen compositions were such as to promote a
potential for carbon to deposit according to the reaction given above. .In
Table 6d-3, experimental weight losses are compared with values calculated
from the correlations developed. These data assume no effect of methane
concentration on rapid-rate methane formation. They are at relatively
short coal residence times where it may be reasonably assumed that only’ a
small amount of carbon deposition occurred. At a coal residence time of
10 minutes, calculated and experimental values agree closely, indicating
that even when a carbon deposition potential in hydrogen-methane mixtures
(graphite formation) exists, rapid-rate methane formation is unaffected by
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K

methane partial pressure. This is of particular practical importance since
large~scale gasification systems can be designed to permit gas-seclid con-
tacting times that are sufficiently long to favor rapid-rate methane for-
mation but which are much too short for the slower graphrte deposition to
occur. This can then result in methane concentrations in the product gas
from an integral reactor considerably in excess of the methane concen-
tration corresponding to equilibrium for the graphlte—hydrogen methane
system at reaction bed temperatures :

Table 6d-;'3 ‘COMPARISON OF CALCULATED W’ITH EXPERIMENTAL WEIGHT
' LOSS IN ME TI—IANE HYDROGEN MIXTURES

Welght Loss Fractlon After 10 Mlnutes‘

Gas Composition ) , o Calculated
Temp, Press., H, CH, ‘ - Base'C No Base C.
°F - - atm _mole & Experimental Gasifn ‘Gasifn -
1380 8.5 66. 5 33.5 0.325 - ..0.318 . -0.286
1&50 8.2 69.1" 30.9 0.326 0. 32& o '0 290
| A7506 1649

6d 4.3 Conszs‘cency of Correlation for Rapid-Rate Methane Formatlon
v , and Other Data :

Data. obtamed by Birch et al. ® for ga51f1cat10n of brown coal with hydro-
gen in a continuous fluid-bed system at about 1570 °F was analyzed using the
correlations developed in this study. Values of total base carbon gasified, X

were estlmated from the available data accordlng to the expressmn —_

>X= Beow, ~ Ty . (13) ‘
1—-n, —ngo, —Nesm, o R
where — ‘

"nCH = total moles methane formed/mole carbon fed =

- 4 N . .

no1 = moles of carbon in oil fornied/ mole carbon fed

n-5 = total moles carbon oxxdes formed/mole carbon fed

%HX= estimated value of moles of methane formed due only to de- -
y-N

o volatlhzatmn/ mole carbon fed

The above expression assumes that the volatile carbon in the feed coal
gasifies to form oil, carbon oxides, and some methane. Although the oﬂ.s
and carbon oxides are reported directly in the run data available, the valué °
of n%H was estimated from methane yields obtained at low hydrogen pressure
and where mtrogen was used as the feed gas.

< .
In F1gure 6d4-16, values of — M(X) =f ezp ((0-969 ;S:)3 dX
~ e’ oo ), 7T a=x
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are plotted vs. values of 1/F where —
F = DAF feed coal rate, lb/hr

Straight lines are drawn through the data at roughly corresponding hydrogen
partial pressures in'the product gas, which are extrapolated to values of

1/F=0

to obtain values of M(X) = M(X,) at a condition where low-rate gasification
is negligible compared to rapid-rate methane formation. Extrapolated
values of M(Xr) at 1/F= 0 vs. average hydrogen partial pressure are
plotted in Figure 6d-17; the straight line drawn corresponds to a value of
k. = 0.012 atm~). This value is reasonably close to the corresponding
value of k. =0.0092 atm~! obtained for Ireland mine bituminous coal char.

Data obtained by Hiteschue et al.” for batch gasification of a high-
volatile "A" bituminous coal with hydrogen in a fixed bed has also been
analysed in terms of the model developed in this study. For this analysis,
values of base carbon conversion, X, were estimated from the following
expression:

X_AW—V - (14)

where —

AW = total weight loss fraction of coal, g/g-feed coal

V= volatile matter in feed coal, g/g-feed coal (from proximate
analysis)

Fc = fixed carbon in feed coal, g/g-feed coal (from proximate analysis)

Figure 6d-18 shows values of M(X,) vs. py, for tests conducted at 1470°
and 2190°F. Since only values for the hydrogen2 partial pressure in feed
gases were available for use in evaluation of the correlation, the trends
exhibited are approximate. Data for solids '""time at temperature' of 30 min
were used for gasification at 1470 °F, since low-rate gasification would be
negligible during this time. Data at ""zero' residence time were used for
results obtained at 2190°F, since low-rate gasification may be significant
at this temperature. (“Zero' residence time corresponds to the situation
where a sample is heated up to temperature and then is immediately cooled.)

Figure 6d-18 shows that data obtained at both temperatures are con-
sistent with the correlation. The value of k_ corresponding to the line drawn
is 0.0105 atm~!, which again is quite close to the value of k, obtained for
Ireland mine coal.

Hiteschue et al.” also pretreated the "A" bituminous coal with helium
for 2 hours at ITI0O°F, then tested the resultant char at 1470°F. The data
obtained in gasification tests with this char are given in Figure 6d-19,
where the line ,drawn corresponds to a value of
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k Ny
N%

= 0.0057 atm !

If it is assumed that the value of k_ applicable to gasification of the char is
the same as that for gasification of the coal from which the char was derived
(kr = 0.0105 atm~!) where Ny = N2, then the value of NH/N0 obtained with
the char is 0.54. This value is about 30% greater than a vallte of 0. 41
computed with equation 10 using values of the kinetic parameters obtained
with bituminous coal char.

6d.5 Low-Rate Gasification Kinetics

For practical purposes, char can be considered to undergo low-rate
gasification only after devolatilization and rapid-rate methane formation
reactions are completed. Results obtained on the thermobalance have
indicated that at temperatures greater than about 1500°F, the char reactivity
in the low-rate regime is substantially the same, whether the devolatiliza-
tion occurs in nitrogen or in a gasifying atmosphere at the same conditions.
This behavior was illustrated in Figure 6d-12 for gasification in hydrogen
and in Figure 6d-7 for gasification in pure steam. Figure 6d-8 shows that
there is no rapid-rate reaction with pure steam. Also shown is that weight
loss vs. time characteristics are virtually identical for a test in which the
coal is first devolatilized in nitrogen, and then reacted with steam, and in
a test in which the coal is devolatilized in steam prior to low-rate gasifi-
cation of the resultant char. )

Therefore, the approach taken in this study to develop an overall model
for the gasification of coal has been to treat low-rate char gasification as
a process essentially independent of the devolatilization conditions, with
one important exception. This exception is the temperature of devolatiliza-
tion, since it has been shown in this study, as well as by Blackwood et al. 12
that the reactivity of a char at a given temperature, T, decreases wi
increasing pretreatment temperature, T°, when T°> T. This effect is
quantitatively represented in the correlations discussed in this report.
The model adopted does not, however, account for pretreatment effects
on gasification rates during the initial stages of char gasification, which

have been observed particularly at gasification temperatures less than about
1600°F. ‘

A number of experimental investigations have been conducted to study
char-gasification kinetics. In most studies, carbon gasification rates, R,
are defined in terms of the expression —

dX
- Sa-x (15)
dt
where
X = carbon conversion fraction, mol/mol carbon initially present
t = time

The use of this form of expression, in which R is sometimes referred
to as the '"specific" carbon gasification rate, implies that the absolute rate
of carbon gasified (moles of carbon gasified per time) is proportional to
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the 'amount of carbon present at any time. The reason for this approach
is that specific carbon gasification rates have often been found to be reason-
ably constant over limited initial ranges of carbon conversion, ‘when constant
gasifying conditions are maintained. An approach often taken in this cir-
cumstance for analysis of carbon gasification kinetics has been to determine
the effects of gasifying conditions such as temperature, pressure, and gas
composition on experimentally determined specific carbon gasification -
rates. . The following example illustrates this approach: - '

=—/(1-X)= . (16)
- dt ( ) = kps, : S
where . '
X = carbon conversion factor
't = absolute temperature
P = hydrogen partial pressure
and ' '
k=k” exp (— -'}.'-) ' T (16&)
Hei‘e, o ' | S

T = ghsolute temperature
'k°,E = kinstic pavameters

- It has’also been recognized, however, that specific carbon gasification
rates are not constant over a wide range of carbon conversions but tend to -
decrease significantly at high levels of conversion. A typical effect ob-
tained by Zielke and Gorin® for fiuid-bed gasification of Disco char with
steam-hydrogen mixtures is shown in Figure 6d-20. Although these in-
vestigators characterize their results in terms of specific carbon gasifi~
cation rates, these rates are empirically represented as functions of the
carbon conversion level. " : : o '
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. - In thé HYGAS-associated study reported here, a different approach was
taken to characterize the effects of carbon conversion on gasification rates
based on information obtained with the thermobalance and on the analysis of °
the differential gasification rate-information obtained by Zielke and Gorin,?®. .
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and Goring et al.!%!! In the model adopted, the conversion rate, dX/dt, is
represented by an expression of the form —

£=k(1_x)2/3 — x2 \
" exp (- pX?) (17)

Experimental justification for this form is presented below. The term
(1 — X)?/3 is considered to represent the effective internal surface area of
elements within a coal particle, and the term exp (— B X?) the reactivity
per unit of effective internal surface area. The term k is a kinetic parameter
dependent on a number of factors such as temperature, pressure, gas com-
position, coal type, and particle temperature history, but is independent of
carbon conversion fraction. The term B has been correlated with gas com-
position and pressure.

The term (1 — X)?/3 is equal to the relative surface area of a symmetrical
volume element undergoing shrinkage in such a manner that the outer surface
at any time remains parallel to the original surface. This model is some-
times referred to as the shrinking core model and has been applied to kinetic
-description of iron oxide reduction with hydrogen and/or carbon monoxide,
using the following form of expression:

dy ' (18)
— k —_ 2/3
o 1-Y) _
where —
Y = iron oxide reduction conversion fraction

k

kinetic parameter dependent on temperature, pressure, gas compo-
sition, iron oxide type, and particle size

Equation 18 is analogous in form with equation 17 with the exception of the
exponential term. It is noteworthy, however, that iron oxide reduction

of granular particles usually begins at the outer surface of a particle,
forming an interface between an inner core of iron oxide and an outer shell
of reduced iron oxide that moves inwardly into the particle as reduction
proceeds. In such a situation, the parameter k is inversely proportional to
the particle diameter, demonstrating that reduction rates increase with
decreasing particle size. Essentially no effect of particle diameter on carbon
gasification rates has been observed with coal particles under conditions
where mass and heat transfer between individual particles and the exterior
gaseous atmosphere do not affect overall gasification kinetics. Instead,
gasification of base carbon in coal occurs essentially uniformly through-

out the interiors of individual particles., This implies that if, indeed, coal
does gasify via a shrinking core mechanism, coal particles consist of a large
number of internally dispersed subelements that individually gasify via a
shrinking core mechanism. Although gasification rates would then be in-
versely proportional to the initial diameter of the sub-elements, such rates
would not depend on the overall particle diameter. With this model, the
effective diameter of the sub-elements would then be reflective of one mode
that characterizes the overall reactivity of a particular coal.
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The suggestion that gasification rates are proportional to effectrve
internal surface area of the reacting carbon i 1s consgistent with experi-
mental results obtained by Blackwood et al.,'? who estimated effective
surface areas of pretreated chars by estlmatmg saturation (CI—IZ) coverage.
A direct correlation between char reactivity, varied by varying pretreat- -
ment temperatures, and estimated reactive surface area was obtauzed

: Results obtained on the thermobalance for gasification of Irela.nd mine
bituminous coal char, devolatilized Montour No. 10 bituminous coal char,
and a North Dakota lignite in pure steam have been correlated with an ex-

‘pression of the form given in equation 17, but where g8 = 0. . For this con- '

dition, equatmn 17 can be integrated with respect to time to yield the
expression —

3‘[1—(1—X)_1/8]=kt | o (19)

Flgures 6d-21 and -22 show some examples of experlmental results ob-
tained where values of 3 [1 — (1 — X)!/ 3] are plotted vs. time, t.© The
significance of the apphcablhty of the correlation, even at high values of
carbon conversion, is illustrated in Figure 6d-23, which compares the
different trends predicted by the use of a correlation assummg constant
speczflc conversion rates'to that given above. :

The correlatlon form given in equation 19 does not describe eip‘en-
mental resulis obtained on the thermobalance for gasification of char in

hydrogen or hydrogen-steam mixtures. With hydrogen-contalnmg gases,

conversion rates decrease more severely with increasing conversion than
is accounted for by the term (1 — X)?/3. This effect has been interpreted
as corresponding to a decrease, in the presence of hydrogen, of the reac-
tivity of the reacting interface. It is represented quantitatively by the
term exp (— g X?). > .
~ Equation 17 can be rearranged to
aX
dt

' _lnm=lnk—ﬁxz - .. :.'.(20)

'I'hls equation has’ been used to correlate results obtained by Zlelke and

Gorin?+8 and Goring et et al.!! for fluid-bed gasification of Disco char with

steam-hydrogen mixtures at pressures of 1, 6, and 30 atm -and temiperatures

of 1600° and 1700°F. Figure 6d-24 shows examples of the apphcab111ty

of equation 20 to describe results of these investigators at various conditions.

In the graph, the intercept of a given line at X = 0 corresponds to the value
of k in equation 20, and the slope of the line’ corresponds to’ the value of B-

. An 1ntegrated form of equatlon 20 was used to correlate data obtamed
on the thermobalance; that is — o

exp (BX?) dX ' :
MEX) = fo—il—x)?/a——.-kt K . _. (21)
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Figure 6d-24. CORRELATION OF
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F1gure 6d-25 shows plots of M(X) versus time t for data obtained with the - -
thermobalance using steam-hydrogen mixtures. In computing values for
M(X), a value of B = 1.69 was used for tests conducted with steam-hydrogen
mixtures at high pressures, and a value of § = 0.969 was used for tests con-
ducted with pure hydrogen. These values are consistent with a correlatlon '
developed from the data of Zielke and Gorin’® and Goring et al.,':as well -
‘as data obtained on the thermobalance, whlch relates the value of ‘B to steam :

and hydrogen partial pressure.
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Equation 22 is represented graphically in Figure 6d-26, which shows that
only slight variations in values of B8 are exhibited at elevated pressures with
stearn-~-hydrogen mixtures. Although the value of B = 0.969, for pure hydro-
gen, is consistent with experimental results, equation 22 does not apply in
pure steam or at very low hydrogen pressures since the value of B must
approach zero as the hydrogen partial pressure approaches zero, consistent
with results obtained in pure steam. This condition, however, is not of
practical interest.
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The gasification data of Zielke and Gorin®s® and Goring et al.,!! as well
as a bulk of data obtained in HYGAS-associated studies with the high-pressure
thermobalance and pilot-scale fluid beds, were used to evaluate parameters
in a quantitative model developed to describe char gasification kinetics over
a wide range of conditions. Three basic reactions were assumed to occur
in gases containing steam and hydrogen:

H,0+C=CO +H, Reaction I
2H, + C=CH, Reaction II
H, + H,0+2C 2CO + CH, Reaction III

Reaction I is the conventional steam-carbon reaction, which is the only
reaction that would occur in pure steam at elevated pressures,*or essentially
with gases containing steam, but at low pressure. Although, due to thermo-
dynamic reversibility, steam conversion is rarely sufficiently high to de-
crease significantly the rate of this reaction, the reaction is severely in-

hibited by hydrogen. Some investigations have also noted inhibition by
carbon monoxide and methane.

.

* Although some methane has been detected in gaseous reaction products when

gasification is performed with pure steam, it is uncertain whether this
methane results from direct reaction of steam with carbon, or from second-

ary reaction of hydrogen produced from the steam-carbon reaction with the
carbon in the char.
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- Reaction I, which is the only reaction which would occur in pure hydro- -
gen or in hydrogen-methane mixtures, has been found to greatly depend on
hydrogen partial pressure. .Many investigators have found that, at elevated -
pressures, the rate of this reaction is directly proportional to hydrogen:
partial pressure. 3,14 - ' :

The stoichiometry of Reaction III, limits its occurrence to systems in
which both steam and hydrogen are present, Although this reaction is the
stoichiometric surn of Reactions I and II, it is considered in this model to
be a third independent gasification reaction., It was arbitrarily assumed
to occur in the development of this model to facilitate correlation of the
data, although Blackwood and McGrory'® suggested that this type of reaction
was required in such a system. Curran and Gorinl!é also assumed this A
reaction in order to correlate kinetic data for gasification of lignite at o
1500°F in steam-hydrogen containing gases. '

Tnitial development of the model was made from data obtained with
hydrogen and steam-hydrogen mixtures where the gaseous reaction products
CO, CO, and CH, were not present, and where pretreatment temperatures
of the chars used were equal to the temperatures at which the chars were
subsequently gasified. The correlation forms developed are described
bélow:- - : B

ax '- S |
= = ke - X) exp (- X5 © o (23)-

where —
kp=k; +ky+ 2%y S (232)

 Heére ki, kg1, and Kyq1 are rate constants for the invididual reactions
considered. If is assumed that each of the three reactions occurs inde- -
pendently, but that the rate of each reaction is proportional to the same
surface area and surface reactivity térms. These assumptions are in-
herent to the forins of expressions given in equations 23 and 23a.

. The total gasification rate given in equation 23 is equal to the sum of
formation rates of methane and carbon oxide, which can be individuall
represented as follows: : -

i 7 mol ' S :
R - = . ’ — 2/38 —_— 2 . . 24
cHu (mol initial carbon — time ) Hg+ k) (1 - X) =P (=§X ) S (24) |

mol initial carbon — time

chb, ( o ) = f(k; +Ekm) (1 =X) 2/3 exp (._‘_ ﬂxz) | (25) |
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According to this model, then, the following relationship exists: v

Rcm - ky+ky (2 6) g
Reo, + Rey, ky
v
indicating that the ratio Rc /(RCO + Rcpg,) should not vary with increases -
in base carbon conversion Eﬁaction at constant temperature, pressure, and

gas composition. Although the data of Zielke and Gorin?s® and Goring et al.!!
do exhibit a consistent variation in the value of this ratio (Figure 6d-27),

in evaluating kinetic parameters from their data we have assumed that the
value of R,/ (RCOX + RCH4) at X = 0 applies for all values of conversion.
This as sump%ion was made primarily because subsequent use of the quanti-
tative model developed to predict methane and carbon oxide yields in inte-
gral fluid-bed gasification tests was generally successful. The possibility
that variations in the Rgy J (RCOX + Rcy,) ratio with increasing conversion
was due to a catalytic reaction that occurted at some point downstream of
the fluid bed employed by Zielke and Gorin and Goring et al. (promoted by
certain ash constituents in coal particles blown out of the Fluid bed) has
recently been suggested. '® In particular, iron in the ash is capable of
catalyzing the reaction:

CO + 3H, - CH, + H,0

at the lower temperatures that would exist downstream of the fluid bed em-
ployed. It is reasonable to conclude that the observed experimental ratio of
'RCH4/ (RCOX + Rep,) at low carbon conversions would be more representative
of the ratio Fesulting solely from char gasification, since char fines would

be expected to accumulate and have a greater relative effect with increasing

time.
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" Values for k‘-)[If were determined from results of tests conducted by
Zielke and Gorin’ in pure hydrogen, at pressures from 10 to 30 atm and

at ternperatures from 1600° to 1700 °F, using the graphical approach illus-
trated in Figure 6d-24. An average value of § = 0.969 satisfactorily de-
scribed these data, and intercept values at X = 0 were interpreted to be .
equal to kif at a given hydrogen pressure and temperature. Values of kyif,
so ob’camed were correlated with hydrogen partial pressure us1ng the
followulg form of correlation: - :

eg=kgpgu1+xﬁmg ng@n

where k and K 1 are temperature~dependent parameters emplrzcally corre-
lated m%lg temperature based on results at 1600° and 1700°F using Archenius
forms of expressions. The form of correlation given in equation:27 has been
suggested by Zielke and Gorin? and is consistent with a form suggested by
Blackwood. 17 He developed thls form based on the follow1ng s1mp1e model

(adsorption site on . (adsérbed species on carbon surfacef— T

H, (gas) + 6 carbon surface) 2H, may also be CHradical)

. Hy +H, (gas) =CH, (gas) + &

A relationship of the form given in equation 27 can be derived from
the above miodel. - It is interesting that this mechanism predlcts the experi- .
mentally observed phenomenon that, when tempera.mre is suddenly raised
from one level to ancther in a system in which ¢har is being gasified, there
is a transient period at the higher temperature when the char reactivity
decreases from some relatively high level to a steady-state level ¢haracteris-~
tic of the higher temperature. Conversely, when temperature is lowered
to some level, a transient period exists during which the char reactivity
increases to a level characteristic of the lower temperature. It should be
noted that characteristic reactivity of the char at the lower’ temperature:
will be less when the char has been exposed to a higher temperature than
when the char has not been exposed to a higher temperature because of
the temperature history effect discussed prevmusly

. By assuming that in steam—hydrogen mlxtures values of ka are un-
affected by steam partial pressures, we were able to compute values of .
ka corresponding to the conditions of the tests conducted by Zielké and -
Gorin®® and Goring et al.!! with steam-hydrogen mixtures, using the
correlations developed from results obtained from gasification with pure
hydrogen. .By  simultaneous solution of equations 24, 25 and 26 we were
then able to compute va.},ues for the parameters kIIIf and kIf for each test
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made with steam and hydrogen. These rate constants were correlated with
steam and hydrogen partial pressures using the following forms of equations:

f- kg
fk, = : (28)

K 2
@+ ‘+mpm)

Puo Pr.0

fko p1/2 szO

tky =
m (1+ Kppg,'’?)

(29)

where k?, K; Ky, kfn, and Kyp1 are kinetic parameters dependent on tem-
perature. 'I’hese parameters were empirically represented as functions
of temperature using Arrhenius forms of expressions.

The quantitative predictbns of the correlations developed in terms of
total gasification rates are consistent with the results of a variety of

tests made on the thermobalance at temperatures from 1600° to 1900°F and
pressures up to 1000 psig. Values for the overall rate constant f - kp were
obtained from thermobalance data based on graphical representations
consistent with the expression —

X 0.969 X?) dX
J exp ( ) =f kgt (30)

(1-X)%/®

o

Values of the term fk, obtained for the particular chars used in thermo-
. balance tests, were generally consistent with the predictions of the corre-
lation, although a characteristic value of f was required for each particular
type of char used. The materials used most extensively in the experimental
program, whose kinetic behaviors were consistent with the trends predicted
by the correlations, included Ireland mine coal char, Montour No. 10 coal,
and North Dakota lignite, and, to a lesser extent, an Illinois No. 6 coal char.
Results obtained with these materials, as well as results of just a few tests
conducted with each of about 10 other coals of varying properties, have
suggested that the correlations developed appear generally applicable to
bituminous coals as well as to one lignite tested. However, results obtained
in several tests with a Southwestern subbituminous coal indicated that the
kinetic behavior exhibited by this particular material is more complex than
that described by the relatively simplified model considered. Although the
kinetic behavior exhibited during initial stages of conversion of this coal
was reasonably consistent with the predictions of the correlations, at cer
tain critical levels of conversion, depending on the gasifying conditions
employed, reactivity for gasification suddenly diminished more rapidly

than that predicted by the correlations. This decrease in reactivity was
more severe with increasing hydrogen/steam ratios. This observed ex-
ception emphasizes the necessity to experimentally determine the appli-

cability of the model developed to predict kinetic behavior of any particular
coal. '
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The effects of pretreatment temperature on gasification rates have
‘ been studied by comparing the overall rate constants obtained with a particular
¥ coal in a gasifying atmosphkere at constant conditions, but where the coal
has been pretreated in nitrogen at various temperatures. Typical data ob-
tained are shown in Figure 6d-28. The decrease in reactivity with in-
. creasing pretreatment temperature was interpreted as a decrease’ in the .
parameter f. This effect was empirically correlated with the expression —

.' " E . ‘ " . ) A A
f=1f, exp (—E) SR €2
TP RN
where —
fO- = react1v1ty factor dependent on inherent nature of coal ‘
Tpf = maximum pretreatment temperature prior 'co gasaflcatlon ;
EP. = kinetic parameter = 8467°R
'o._z _ : ' A
wELAD .!_3:332 co wm,/ L o—1
| i
o4
0.09
o2
[Xerg
D - R R e
E‘ o.cs -l
2 . —t
¥ oo : o
f| mammmmem|
0.02 —
» -
SLOPE8437 "R
. 0.0 -
| .. . 40 - 44 42 43 44 45
- . . ) IO‘IT’ ..ﬂ-’ A-N782
. Figure 6d-28. EFFECT OF COAL-PRETREAT-
MENT TEMPERATURE ON KINETICS OF

“ SUBSEQUENT GASIFICATION

6d-37



The value of £ obtained with the coals tested in this study compares
very well with a'vai)ue of E, = 7848 °R reported by Blackwood et al. 13 from
the gasification of coconut and brown coal chars with hydrogen.

The effects of carbon monoxide and methane partial pressures on the
rates of the three gasification reactions assumed were characterized using
results of tests with the thermobalance at a variety of conditions and,
somewhat, using results of integral fluid-bed tests. In the thermobalance
test program, tests were frequently conducted at conditions in which the
total gasification rates exhibited could be primarily attributed to gasifi-
cation reactions postulated. In this way, the quantitative effects of carbon
monoxide and methane concentrations on the individual rate parameters
could be estimated. Preliminary quantitative representations of these
effects were then evaluated based on consistency of the resulting corre-
lations with integral fluid-bed results in which methane and carbon oxides
vields could be directly measured. Deviations between predicted and cal-
culated results were then used as a basis for modifying the effects assumed.
The final correlations developed were generally consistent with both results
of thermobalance tests as reflected by total carbon conversion values and
with integral fluid-bed results as indicated by carbon monoxide and methane
yields.

The quantitative expressions finally developed are summarized as
follows:

dX 8467 '
_=foexp( ) (1 - X)?3exp (—BX?) - ky (32)
dt T,
Ky =Ky + ky + 2k, (32a)

su80 { e 270} (1 - Zosbr)
‘ P08y

k,= - min ! (33)
44787 1 2’
{1 + [exp(—22.216 + )]——- +16.35 28 | 435 p°°)}
T Puzo Pu.o P a0
33076
16.5 p%, [exp(— T )] (1 - ——-——SCZE)
= Py, 8g _min~! (34)

997
{1 + Py, [exp(—10.4520 + 1 T 6)]}
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CALCULATED BASE CARBON CONVERSION

N sa5an\ ) beore
P1/2 B [ezp 11.8794 — - )] (1 - coPoE; . .

minTt (35

ky= ‘ '
g : 15198 27
{1 + [exp(—6.6696 +- )] (p B2 +0.85pg, + 18.6 —Egg"—)}
B= 0.969 + 0.’103 Pir,”” pH;o S :(;"36)
) 1 +0.187 pg,*pyyo o
Whéré ‘— :
_ KI . KII’ KIII = equ111br1um constants for Reactions I, II anc'l I, con~

sidering carbon as graphlte
T = reaction temperature, °R '

- PH PI—I o’ Pco’ pCH = partlal pressures of H;, Hz0, CO, and CHA, atm
. T_ = maximum temperature to which char has béen exposed pnor to .
gas1f1cat1on, ‘R

(z£ iTP < T, then a value of 'I‘P T is used in, equatlon 32. )

Values of £ obtained in this study were. based on the deflna.tmn that
£, =1 for char ct’:le:mved from Ireland mme coal, : :

+ The cons:tstency‘ of the expressions given above with :cesults on the
thermobalance for gasification of Ireland mine bituminous coal char with
gases containing steam, hydrogen, carbon mono:nde, carbon d10x1de, and”
methane is illustrated in Figure 6d-29. ' R
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6d. 6 Consistency of Kinetic Model with Moving- and Fluidized-Bed Data

The consistency of the predictions of the correlations developed, with
pilot-plant-scale moving- and fluid-bed data obtained in experimental pro-
grams associated with HYGAS, are illustrated in Figures 6d-30 through -32.
In making estimates of carbon oxides and methane yields for these inte-
gral systems, it was necessary to assume models for the physical nature
of gas solids contacting. For the moving-bed systems, gases were fed
to the bottom of the moving bed at a point where the solids left the reactor.
Gases moved upward countercurrent to the downward moving solids leaving
the bed into a dilute solids phase zone above the bed where solid particles
rained down from a solids feed point at the top of this zone. The gas
exited from the reactor at a point near the top of the dilute solid phase zone.
In the moving bed, it was assumed that both gas and solid were in plug
flow. In the dilute solids phase zone, the gas and solids were also assumed
to be in countercurrent flow. It was further assumed that, when coal or
coal char containing volatiles were the feed, both devolatilization and rapid-
rate methane formation occurred in the dilute solids phase zone above the
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moving bed, and that only low-rate gasification occurred in the moving bed
itself. In making predictions, we estimated devolatilization yields from
empirical correlations based on statistical averages of ylelds obtained in .
several of the tests conducted. Estimates of coal conversions due to rapld-
rate methane formation were based on the correlations discussed previously
for reaction in this regime; coal conversions in the moving bed were ‘esti-
mated from the correlations developed to describe low-rate gasﬂmaﬁon o
kinetics. '

A similar procédure was used to estimate behavior in fluid beds, except
that ideal gas and solids mixing were assumed to occur in the fluid bed itself.
The assumption of gas mixing was verified with experimental observations.
In éach of several tests, gas samples taken at various points in the fluid
bed were essentially of the same composition, but product gas analyses for
a given test showed a significantly different composition from that in the
fluid bed. This was interpreted as the result of apparent devolat111zat10n
and rapld rate rhethane formation primarily above the bed.

For both moving- and fluid-bed systems, the hydrogen partial pressure _
in the product gas was used to compute rapid-rate methane formation, since
hydrogen part1a1 pressure does not change significantly in the space above
the bed. This is due to the compensating effects of hydrogen evolution from
the coal resulting from devolatilization and hydrogen reaction to form methane.
It was also assumed in all calculations that the water gas shift reaction was
in equilibrium at 1eac’c10n temperatures. -

. Forx the snnphﬁed models assumed to descnbe gas-solids contactmg
in the moving- or fluid-bed systems, the irnportant conditions characterizing
a particular test include: coal (or char) feed rate, coal (or char) compo-

- gition, particle residence time in the bed, bed temperature and pressure,

and feed gas composition and flow rate. Reactivity factors used to compute .
the low- and rapid-rate gasification regimes were experimentally determined
from te sts on the thermobalance with the particular coals used.

The results in F1gu1-es 6d-30 through -32 show generally good agreement

between calculated and experimental rates. It is of interest that the movmg-
bed data in Figure 6d-30 has been prev1ously analyzed by Wen and I—Iuehler

© 64-41



in terms of a kinetic model in which mass transfer between gas and solids
was assumed to be the rate-controlling factor. The large amount of experi-
mental kinetic information obtained with the thermobalance since that previous
analysis was made, however, indicates that the assumption of mass transfer
rate control is not valid, particularly since the same data considered can be
well predicted using quantitative correlations developed from data in which -
mass transfer was definitely not a rate-controlling factor.

The correlations described above for low-rate gasification were also
used to predict carbon oxides and methane formation rates obtained by May
et al. !? for batch gasification of Disco char in a fluid bed. Again, in computing
values for carbon oxides and methane yields, it was assumed that the fluid
bed was completely backmixed with respect to gas and solids. The reac-
tivity factor for Disco char determined from data of Zielke and Gorin®:? and
Goring et al.!! was also used in calculations., Figures 6d-33 and -34 show

the generally good consistency between computed and experimental results.
06
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Although the model developed appears applicable for kinetically de-
scribing gasification behavior for a variety of coals in steam-hydrogen
containing gases, systematic variations between predicted and calculated
methane yields have been noted when oxygen is used in the feed gas. Al-
though carbon oxides yields have been adequately predicted for the systems
examined, experimental methane yields obtained by May et al.!9 as well -
as in HYGAS-associated tests, are generally higher than predicted. Whether
this is due to some activating process that occurs when char undergoes
combustion with oxygen,or whether it is due to some experimental difficulty -
in defining fluid-bed temperature in such a system has not been determined.

. The assumption of Reaction III in the model proposed results in in-
teresting behavior of gasification systems in terms of the methane yields
predicted under certain conditions. Frequently it has been noted that the
PCH4/P2H2 ratio in product gases from integral fluid-bed systems for gasifi-
cation of coal or char with steam-hydrogen containing gases is.greater than
the equilibrium constant for the graphite~-hydrogen-methane system., This
has often been interpreted as corresponding to a situation in which the coal
or char has a thermodynamic activity greater than unity with respect to gra-
phite. The model proposed in this report offers two explanations for this
phenomenon. When coal is used as a feed material, a rapid-rate methane
reaction occurs; the methane yield resulting from this step is kinetically
determined, independent of methane partial pressure., Under certain condi-
tions, then, values of the ratio PCI—IA/ p?y, greater than that corresponding
to equilibrium with respect to the gfaphi%e-hydrogen-methane system can
result. Values of the pcg /PPy, ratio greater than that corresponding to
the equilibrium considered can’also occur during low-rate gasification of
coal char according to the model. This is illustrated in Figure 6d-35,
where gas yields in a hypothetical fluid bed for char gasification with a’
pure steam feed gas have been computed using the model developed. The
reason for the behavior illustrated is that at intermediate values of hydro-
gen partial pressure, the rate of Reaction III, which produces methane,
is greater than the rate of Reaction Il in which methane is consumed when
a potential for carbon deposition via this reaction exists. The partial pres-
sure dependencies defined in the correlations developed are such, however,
that at sufficiently high hydrogen partial pressure Reaction II dominates,
and equilibrium for this reaction is approached.

The qualitative trends exhibited in Figure 6d-35,and even the magnitudes
of these trends, bear a striking resemblence to a similar plot given by
Squires?’ to correlate activities of coals and chars for equilibrium of the
char-hydrogen-methane system with temperature and pressure. '
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