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SUMMARY

Previous field tests have demonstrated the technical feasibility
and confirmed the commercial potential of underground coal gasification
(UCG).  However, groundwater contamination has resulted from some of
these tests, and concern over groundwater contamination may hamper
commercialization. When UCG recovery operations are terminated, energy
remains stored as heat in the adjacent masses of rock and coal ash, and
this energy is transferred into the coal seam. Coal continues to
pyrolyze as a result of the transferred energy; the products of this
coal pyrolysis are a source of groundwater contamination resulting from
uca.

A Tlaboratory simulator was developed, and six simulations of UCG
postburn coal pyrolysis have been completed. The simulations show that
the products of coal pyrolysis are the source of most contaminants
associated with UCG operations. Injection of water directly into the
UCG cavity can 1imit postburn coal pyrolysis and reduce the production
of contaminants by cooling the masses of rubble and coal ash in the
cavity. However, if the injected water forms channels as it flows
through the cavity, the cooling effect is localized and the benefit of
the water injection in limiting postburn coal pyrolysis is greatly
reduced. Water flow through the coal towards the cavity also limits
postburn pyrolysis and subsequent contaminant generation; however, steam
produced in the heated portions of the coal limits the rate of water
flow.

Simulation results indicate that UCG field tests should be operated
so that the flow of pyrolysis liquids and gases into the formation is
prevented and that the natural influx of water into the cavity is
allowed. This can be accomplished by minimizing gas 1leakage to the
formation during gasification, venting the cavity after the gasification
process is complete, and maintaining low postburn cavity pressures.






INTRODUCTION

A research program has been initiated to investigate the production
and control of groundwater contaminants following shutdown of in situ
energy recovery processes. The major uncertainties of these processes
are related to environmental problems. The key environmental problem is
the potential pollution of groundwater and the associated uncertainty
regarding the cost of groundwater restoration.

The general objectives of this research are to:

1. develop a laboratory simulator for investigating contaminant
production occurring after in situ thermal recovery processing
is complete,

2. shakedown the simulator and develop operational procedures for
simulation,

3. develop a numerical simulation for thermal behavior of the
resource to aid in predicting field behavior, and

4. provide data to determine the source of contaminant generation.

While this research program has potential applications to in situ
thermal processes for recovery of energy from coal, oil shale, tar
sands, and oil, the research focuses initially on contaminant production
and migration occurring after shutdown of underground coal gasification
(UCG) operations.

UCG is a process for producing energy from coal without mining.
UCG field experiments in subbituminous coal deposits have successfuilly
demonstrated the technical feasibility of producing gas from in place
coal (Covell et al. 1980; Hill et al. 1980; Ahner 1982). Economic data
indicate commercial potential for the process, but the uncertainty of
the environmental impact resulting from the process may hamper
commercial development. The contamination of groundwater resulting from
UCG is a key environmental concern (Cooke and Oliver 1985).

The source of groundwater contamination resulting from UCG is
believed to be the products of coal pyrolysis. During UCG operations,
these products are produced at ground surface and do not contaminate
groundwater unless the products escape into the underground formation.
After UCG operations are finished, coal pyrolysis continues and these
products become potential groundwater contaminants.

The apparent mechanism for postburn groundwater contamination is as
follows: When oxidant injection is stopped, combustion ceases; but
large masses of coal ash and rock remain at high temperatures. The
energy in these masses slowly dissipates with time by heat conduction to
adjacent portions of the resource. This conductive heating pyrolyzes
part of the adjacent coal resource, and the resulting liquids and gases
can introduce contaminants into the groundwater. Gradually, the high
temperatures in the formation decrease and coal pyrolysis stops. .
However, the pyrolysis products remain in the coal seam, and soluble



contaminants are transported from the cavity by the natural flow of
groundwater (Glaser and Owen 1986). The production of pyrolysis
products following shutdown of UCG recovery operations and the resulting
groundwater contamination have not been previously investigated. The
results of this research enhance the understanding of how the UCG
mechanism behaves and break new ground by testing hypotheses developed
to gasify coal underground in an environmentally acceptable manner.

The initial series of eight experiments is complete. Two of these
experiments were required to shakedown the 1laboratory equipment and
develop operating procedures for the physical simulations. The other
six experiments simulated (1) the reduction and removal of contaminants
and (2) the relationship between contaminants and water influx rates and
sources.

TECHNICAL DISCUSSION

General

Data from the excavation of a UCG test (Oliver 1986) were used to
produce a simplified schematic of postburn in situ conditions. The
schematic illustrates a coal seam with an area that has been gasified
and partially filled with hot ash and rubble from thermally affected
coal and collapsed overburden (Figure 1). After injection shutdown,
both the rubble and the thin char layer surrounding the cavity are at
high temperatures. These postburn conditions are typical of all past
field tests of UCG.

Cavity conditions depend upon the geohydrologic environment of the
site and the UCG operating history. The cavity may be completely or
partially full of rubble depending upon the nature of the overburden.
If the overburden is consolidated material and has a high degree of
structural integrity, the cavity is likely to be only partially filled
with rubble. If the overburden is unconsolidated material and has no
structural integrity, the cavity is likely to be completely full of
rubble. The rubble mass in the cavity directly affects the amount of
heat available for postburn coal pyrolysis because the energy stored in
the mass is the energy source for that pyrolysis. The gasification
operating pressure history may have either inhibited or promoted water
influx into the cavity. The source of water influx can be the coal seam
and/or the overburden. In addition, the postburn pressure in the cavity
can be high or near atmospheric pressure depending upon whether the

process wells are shut-in or open.

The simulation of postburn pyrolysis is modeled by reproducing a
small cyclinder-shaped element of the coal and rubble at the boundary
between the rubble mass and the coal seam (Detail A, Figure 1). This
element is considered one-dimensional and, in conjunction with a time-
dependent temperature profile, will yield data useful for describing the
rate and extent of postburn pyrolysis. Those cavity conditions which
minimize the distance that the pyrolysis zone travels into the coal will
tend to minimize the amount of contaminants generated.
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Numerical Simulation

Model Formulation

Penetration of the pyrolysis zone into coal is modeled as an
opposed combination of conductive and convective heat transport. Drying
and pyrolysis zones develop in the coal as it is heated. Water involved
in the drying process comes from connate water and water injection or
influx. The model assumes that all water is vaporized at the wet coal-
dry coal interface (steam front). Steam flows through the dry coal to
the pyrolysis zone where it mixes with pyrolysis gases and reacts with
the high temperature char. These vapors flow through the pyrolysis zone
and enter the cavity, convectively cooling it.

Pressure drop is assumed to be negligible through the dry and
pyrolyzed coal regions. Because subbituminous coals shrink and crack
when dried and pyrolyzed, low resistance flow paths are formed in the
high temperature coal zone. It is reasonable to assume that pressure
drop through the pyrolysis and drying zones will be negligible and will
be equal to the system pressure maintained at the coal cavity. Since it
is assumed that the system pressure will be lower than the 1local
hydrostatic pressure, flow will be from the coal aquifer to the drying
interface.

The movement of fluids through the coal pore space and the
accumulation of liquids (component concentrations) within the space are
determined volumetrically. This technique is used because of the
assumption of negligible pressure drop in the dry coal and pyrolysis
zones and because water movement through the coal aquifer is specified
by a flux term boundary condition. The mass of material produced from
the pore space is the difference between the mass of material entering,
converted to volume, and the volume of material that can exist in the
pore, Vapor phase components are assumed to flow preferentially to
water through the pore space since permeability to gas is much higher
than that to liquid.

The following assumptions were made 1in order to simplify the
model. (1) The model is one-dimensional cartesian. (2) The system is
adiabatic. (3) Solid and fluid phases are at the same temperature.
(4) The effect of coal fracturing on thermoconductivity is not handled
explicitly in the model but is assumed to be compensated for by the
conductivity-temperature relationships. (5) All pyrolysis products are
produced in the vapor phase and do not condense within the reactor.

Model Equations

The model is formulated with conservation of mass equations for
each mobil component and for the coal solid. An energy balance is
written which accounts for heat transport through the solid and chemical
heats of reaction within the coal from devolatilization and steam-char
conversion, Convective heat transport of the mobil phases is also
considered in conservation of the energy equation.



Three mass balance equations are used to describe the mobile
components in the resource. Flux rates and masses of water, steam, and
pyrolysis gases in the pore space are determined volumetrically. First,
the total volume of material in the pore space is calculated by summing
the liquid and vapor volumes entering the pore space with the material
produced in the pore space from vaporization and pyrolysis. Second, the
volume leaving is the difference between the total water and vapor and
the maximum volume of material that can exist in the pore space at the
specified system pressure. The volume leaving is converted to a mass by
multiplying by the appropriate component densities. At the steam front,
only vapor is produced from the pore space, unless water movement into
the pore space exceeds the pore volume. Pyrolysis gas is the same as
vapor components from devolatilization and steamchar reaction. For
simplicity, it is assumed that no pyrolysis gas remains in the pore
space.

The volume of material flowing through the coal pore space plus
material previously in the pore is given by:

V01wg = (ng At) /Ax + (Lv At)/ax + Pug (1)
Vo]pg = (Fpg At)/Ax + rec At/ySc + (rd At)/yd (2)
Vo]w = (Fw At) /ax + o ¥ W (3)

The mass of material remaining in the pore space is determined
volumetrically. Two cases are used for the concentration terms:

Case 1:

(Water volume 1less than total pore volume. All available water
fills the pore space. No movement of water from the pore).

P, = Vo'lW \ (4)
=0 (5)
®pg
pwg = (¢ - Volw) ng ' (6)
Case 2:

(Water volume greater than total pore volume. No vapor remains in
pore space. Excess water flows from pore).

Py = ¢ Py (7)
Pog = 0 | (8)
pwg =0 (9)



The material Teaving the cell is now the total amount in the space
minus the accumulation: ‘

ng = (VO]wg ng - pwg)’(Ax/At) (10)
Fpg = (rSC + rpg) AX (11)
Fw = (Vo]w Yy " pw) (ax/at) (12)

The volume and mass flux of pyrolysis gas (vol.., F.,) are the sum
of the gases produced from devolatilization and segam—gﬂar reactions.
An averaged devolatilization gas composition from previously acquired
Hanna coal pyrolysis data (Miknis 1986) is used.

In the model, coal is assumed to be composed of four weight

fractions: fixed carbon and ash (W.), volatiles (W), and water (W ).
The weight fraction of ash is deterﬁined by differeXce. The coal h¥at

capacity (Cp) and density (p) are mass-weighted sums of solid, volatile
matter, water, steam, and pyrolysis gas components. The equation
relating total heat capacity and density is as follows:

oCp = (1-ww) P CpC + (pw pr + ppg Cppg + pwg prg) (13)

Depletion of the volatile matter and char reduces the concentration of

the coal solid (p.). Kinetic expressions are used to describe the
devolatilization (Britten 1986) and steam-char (Taylor 1976) reactions.
The expressions for change in coal concentration are given by:

g = Py * P (14)
9p
v - -
=t - ry (15)
apc
5t = - rSC (16)
where,
rg = 198x10° o ¢(-9070/(T+460)) (17)
ro. = 9-386x10% o (PYw)'s o (-39852/(T+460)) (18)

The energy balance equation for the coal resource involves
conduction from the rubble into the coal, vaporization of water, heats
of reaction for devolatilization and steam-char reactions, and
convective heat transport from the produced vapors and injected water.
The energy equation may be written as:

T _ 9 oT oH
oCp o3 = = (k =t gt (ar) e * (qr)y + Q (19)

6



At the steam front, the steam flux is determined by doing an energy
balance with the quantity of steam vaporized being equal to the net heat
transferred at the front:

_ 1 aT

Ly = ay kg 33 [ * (K

The mass and energy balance equations are coupled by a convective
heat flux term (H) which is the sum of the enthalpies times the
respective mass fluxes of liquid and gas phase species flowing through
the pore space. An averaged-molecular-weight and temperature-dependent
enthalpy function is used for the pyrolysis gas products, and steam
table data are used for liquid water and steam enthalpies.

o (20)

Coal thermoconductivity (k) has two forms in the model: a constant
value for wet coal (below vaporization) and a temperature-dependent
conductivity for dry coal.

Numerical Solution

Equation 19 is solved as an initial value problem by using the
method of lines (Sincovec 1975). Initial values for temperatures, water
fraction, volatile fraction, and fixed carbon fraction must be
specified, as well as water influx rate. The resource is divided into
evenly spaced nodal points, and the temperature derivatives are
discretized spatially using three point-centered differences, as are the
convective term derivatives. The integration technique used is an
implicit Euler's scheme. When the temperature at a node reaches
vaporization temperature, it is maintained there until all of the water
is vaporized. The rate of water vaporization is determined using
equation 20.

The model outputs temperatures, liquid water pore saturation, gas
pore saturation, the fraction of coal devolatilized, and the fraction of
fixed carbon reacted.

Model Verification

The model will be verified by comparing its predicted pyrolysis
zone penetration with actual data from WRI's contaminant control
reactor. A heat loss term will be added to the model to facilitate
comparison with laboratory data. The heat loss algorithm will not be
used in field simulations since operating conditions there are near
adiabatic.

Comparisons of the numerical model results with the experimental
data will be performed using data from future experiments. Future work
is currently scheduled that will inciude the verification of the
numerical model after the heat loss term was added.

Information regarding numerical model nomenclature and parameters
used is provided in Appendix A.



Physical Simulation

Postburn coal pyrolysis was simulated in a laboratory reactor using
Hanna, Wyoming, coal samples taken parallel to the bedding plane. The
samples used for testing were approximately 3 inches in diameter and
one-foot long. Each sample was placed in the reactor vessel (Figure 2),
allowing for simulation of the differential element on the cavity
sidewall (Figure 1).

Reactor Design

The coal face is heated with hot inert gas plus a controlled
quantity of oxygen injected through port H and exhausted through ports B
and C (Figure 2). When the reaction temperature 1is achieved, a
combustion zone develops at the coal face, and the hot-gas injection is
terminated. Controlled cooling of the rubble zone simulates the heat
transfer which would occur in the field. The rubble zone temperature is
controlled by circulating hot gas through the tubing coil around the
circumference of the rubble zone. Ports Hy and Hy are the coil inlet
and outlet, and ports A and W are used to inject wager into the coal and
rubble zone. Thermocouples placed in the coal monitor the movement of
the pyrolysis zone away from the simulated cavity sidewall during
cooldown,

The laboratory reactor is designed to test the range of water
influx conditions that can be encountered in a UCG field test. Both
influx rates and sources (locations) of water influx can be varied. In
addition, the pressure in the rubble zone and at the outer boundary of
the coal can be varied. The control of water influx from each source
and the control of pressure allow for the simulation of a variety of
postburn conditions and potential operating procedures.

Reactor Material Selection

The selection of construction materials for the reactor is based
upon the following temperature and pressure criteria: The designed
maximum sustained temperature in the rubble zone is 1800°F (982°C), and
the designed maximum pressure in the reactor is 250 psi. The heat
exchanger in the rubble zone is assumed to maintain a constant 1800°F
(982°C) temperature at the face of the rubble. The refractory is one-
jnch thick. Assuming that heat transfer from the outer surface of the
reactor is by natural convection, the calculated skin temperature is
1167°F (630°C). The materials selected for the reactor are based upon
the calculated skin temperature and maximum pressure. The shell of the
vessel is constructed of 8-inch schedule 40, 304 stainless steel (SS)
pipe. ANSI class 600# 304 SS flanges are used on both ends of the
unit. The reactor vessel has an inner length of 36 inches. The process
piping is 1/2-inch diameter 304 SS tubing (0.35-inch wall thickness).
The thermocouples are 1/16-inch diameter 304 SS and are installed in the
vessel through 1/4-inch NPT schedule 40 304 SS couplings welded to the
shell.
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Reactor Controls and Instrumentation

The piping and instrument diagram illustrates all manual and
electrical controls for the reactor as well as the data acquisition
requirements for the system (Figure 3). Temperature control of the
rubble zone is achieved by circulating hot flue gas from a SS methanol
burner (B-104) through the SS heat exchanger in the refractory
surrounding the rubble zone. An electro-pneumatic control valve is used
for adding nitrogen to the flue gas in order to achieve the desired gas
temperature.

Another methanol burner (B-103) injeCis hot gases, with excess
oxygen content, directly into the rubble zone and thus initiates
combustion of the coal and subsequent development of the char face.

Water injection into the coal or the cavity is manually controlled;
either constant flow (NV-50405 NV-503) or constant pressure injection
(PR-505) is possible. Rotometers (FI-504 or FI-503) are provided to
measure injected water flow, and pressure transducers (PT-504 or PT-603)
monitor the injection pressure.

An automatically controlled volume of nitrogen (FCV-402) can be
added to the product gas stream for the dual purpose of attemperating
product gas temperatures (TC-608) and providing a means of checking the
measured product gas flow (FT-611).

Gas cleanup is achieved by a single-pass, shell-and-tube heat
exchanger (H-600) and a demister tank (H-601) installed after the
product gas is expanded by flow through a backpressure regulator (PR-
609). Produced water and pyrolysis 1iquids are collected and analyzed.

Experimental Procedure

The following experimental procedure for the physical simulations
was determined after the two shakedown experiments using the laboratory
equipment:

1. The rubble boundary 1is heated to a predetermined
temperature. An initial rubble boundary temperature of 1800°F
(982°C) was selected in order to prevent damage to the
laboratory reactor.

2. Air is used to ignite the coal and is then injected into the
rubble until the coal core reaches a temperature in excess of
1800°F (982°C).

3. When the core reaches the desired temperature, the air
injection is discontinued. The conditions are adjusted to
match the selected simulation conditions and water injection.

4. The desired temperature versus time profile in the rubble zone
is maintained during the physical simulation which lasts 24
hours or until the temperature at the coal face is less than.
500°F (260°C).

10
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5. Coal samples are taken for analyses after the simulation
reactor 1is shut down, cooled, and unltoaded. Samples of
liquids produced from the reactor are collected during the
experiment. If water is injected during the experiment,
samples of the injected water are taken during the water
injection period. Also, hourly samples of the gases produced
during the experiment are analyzed using gas chromatography.

Sampling and Analyses

A minimum of four coal samples are taken for analyses: initial (as
received) sample, char sample, pyrolyzed sample, and unaltered sample.
These coal samples are analyzed for proximate analyses, ultimate
analyses, and water-soluble phenol concentration (Appendix B). Produced
liquid samples are analyzed for a minimum of phenol concentration,
sulfate concentration, ammonia concentration, and boron concentration.

If the quantity of produced liquids is sufficient, a full suite of
analyses is performed on injected water samples and on produced liquids
(Appendix B).

RESULTS AND DISCUSSION
Shakedown

Construction and installation of the contaminant control reactor
were completed in August, 1986. An eight-hour trial test was completed
for the purpose of testing equipment operation, process control, and
process data acquisition. Two subsequent shakedown experiments were
completed to test simulation procedures. In the first experiment, the
rubble boundary was heated to 1800°F (982°C) and the coal face was
ignited. The reactor was insulated and the rubble heat exchanger was
shut off. The experiment lasted six hours after termination of ignition
at which time the temperatures in the coal core were all below 500°F
(260°C). No water was injected into the coal or rubble during this
test, and the rubble zone was shut in. In the second experiment, the
rubble was heated to 1800°F (982°C) and the coal was ignited. No
insulation was placed on the reactor, but the rubble heat exchanger skin
temperature was maintained at a temperature of 100°F (38°C) below the
rubble temperature. This experiment lasted five hours after termination
of ignition at which time the temperatures in the coal core were all
below 500°F (260°C). Again, no water was injected into the coal or
rubble; but, in this test, the rubble zone was vented to atmosphere.

The results of these shakedown tests confirmed the operability of
the laboratory equipment, but the short duration of these dry
experiments resulted in only a small amount of pyrolyzed coal. To
increase the amount of pyrolyzed coal, it was decided to maintain the
rubble heat exchanger surface at a temperature of 100°F (38°C) above the
measured rubble temperature. For the remaining six experiments, the
heat exchanger surface temperature set point was manually adjusted every
half hour.
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Initial Series of Physical Simulations

The initial series of six physical simulations for UCG postburn
coal pyrolysis was designed to determine the effects of three variables
on postburn coal pyrolysis and the subsequent contaminant generation and
migration:

1. Pressure gradient direction in the coal seam: Pressure
gradient direction is important in determining fluid transport
in or out of the cavity.

2. Water influx rate through the coal seam: Preliminary
numerical model indications show that the rate of water influx
through the coal is a key factor affecting the pyrolysis zone
penetration. Water influx through the coal is also important
in the containment of generated contaminants.

3. Water influx into the cavity: Water influx into the cavity
should result in lower cavity temperatures.

After the first two trial experiments, the remaining six
experiments were conducted with varying conditions. The first three
evaluated water injection into the cavity, and the last three evaluated
water influx through the coal (Table 1). For the cavity water injection

Table 1. Postburn UCG Coal Pyrolysis Physical Simulation
Experimental Conditions and Pyrolysis Zone Penetration

Rate of Max.
Water Injection Test Conditions Penetration Depth
0.1 cc/min. Cavity Water Injection- 0.53"

Cavity Shut-in

1.0 cc/min. Cavity Water Injection- 0.38"
Cavity Shut-in

1.0 cc/min. Cavity Water Injection- 0.59"
Cavity Vented

4.0 cc/min. Water Injection through Coal- 0.21"
Cavity Vented

0.16 cc/min. Water Injection through Coal- 0.31"
Cavity Vented

1.60 cc/min, Water Injection through Coal- 0.28"
Cavity Vented

13



simulations, two experiments were conducted with the cavity shut-in. The
water injection rate is varied by an order of magnitude between the two
tests to illustrate the impact of the injection rate. The other cavity
water injection simulation was conducted with the cavity vented and a
water injection rate equal to the higher injection rate of the two tests
with the cavity shut-in. The cavity was vented for the three simulations
of water injection through the coal. Three different water injection
rates through the coal were used to illustrate the effect of water
influx through the coal on the extent of postburn UCG coal pyrolysis.

This series of simulations was intended to answer the following
questions:

1. Can postburn coal pyrolysis be reduced by injecting water into
the cavity and/or by inducing water influx through the coal
seam?

2. What is the source of specific contaminant species (i.e.,
which contaminants come from the coal seam)?

3. Are gaseous and liquid pyrolysis products the main source of
phenolic contamination, or is the thermally altered coal and
char a significant source of contamination?

Simulation Results

Pyrolysis Zone Penetration

Temperature profiles of the coal core are used to determine the
maximum penetration depth of the pyrolysis zone. The varying
penetrations of these six experiments are compared to determine the
relative effectiveness of test conditions in Tlimiting postburn
pyrolysis. Based on gas analysis, the selected temperature of 500°F
(260°C) is where significant pyrolysis of the coal begins.

Three temperature profiles of the coal core during experiment 7 are
illustrated in Figure 4. The initial temperature profile at the
termination of coal combustion is curve “1"; the temperature profile at
the time of maximum penetration is curve "2"; and the final temperature
profile when the coal face cools below 500°F (260°C) is curve “3."
Maximum penetration of the pyrolysis zone (500°F/260°C) occurred at 0.59
inches, and minimum penetration occurred at 0.28 inches (Table 1).
Appendix C provides the data similar to that in Figure 4 for each of the
six experiments.

Data for experiments 6, 7, and 8 illustrate the relationship
between the rate of water injection through the coal and the pyrolysis
zone penetration (Figure 5). The higher the rate of water injection
through the coal, the less the pyrolysis zone penetration.

When the core was removed from the reactor after experiments 6, 7,
and 8, some valuable observations were made. In each test with water
injection through the coal core, substantial radial flow of water out of
the coal core and through the refractory casting was observed in the

14
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portion of the core below steam temperatures. The previously measured
permeability of the refractory at these temperatures was on the order of
0.1 millidarcys (md). This permeability is at least an order of
magnitude less than that already published for Hanna No. 1 coal
(Hutchinson et al. 1977). This observation indicates that as steam is
generated in the coal pores, the volume expansion creates a considerable
impedance to water flow through the hot coal. This phenomenon may limit
water influx through the coal seam in field conditions.

The results of the two cavity shut-in experiments indicate that
higher water influx into the cavity will Tlimit postburn pyrolysis
(Figure 6). However, the data for the experiment in which the cavity
was vented do not indicate any cooling of the rubble or coal face as a
result of injected water. In the cavity shut-in experiments, steam
generated from the water injected into the cavity was forced to disperse
and flow through the coal core, while the steam in the cavity-vented
experiment took the path of least resistance and flowed out of the
rubble zone, thus cooling only a Tlocal region of rubble. Without
significant cooling of the rubble zone or the coal face, the pyrolysis
zone penetration was not reduced. In a field situation, channeling the
water injected into a UCG cavity is possible, especially in cavities
with a high-void volume.

Contaminant Production and Migration

The results in this section are presented in order-of-magnitude
estimates of contaminant production for the following reasons:

1. Quantities of contaminants generated are small; in most cases,
concentrations of these contaminants in the samples are near
detection limits.

2. Losses in liquid sample recovery are significant due to the
small mass of contaminants generated.

The data for experiment 3 illustrate that as pyrolysis of the coal
occurs, the concentration of the water-soluble phenols weakly bound to
the coal increases until the coal is completely pyrolyzed (Figure 7).
Charred regions of the coal core have low concentrations of water-solu-
ble phenols if the pyrolysis products generated in the core don't flow
through the char zone. If the pyrolysis products flow through the char
zone as in experiment 5 (Figure 8), the char tends to reabsorb phenols.
If water also flows through the char zone, the amount reabsorbed on the
char is reduced (experiments 6, 7, and 8). Appendix D provides the data
similar to that in Figure 8 for each of the other four experiments.

The concentration of phenols found in the produced liquids is much
greater than the concentration of phenols found on the thermally altered
coal. The dilution of the phenol concentration by injected water is
illustrated by the data in Table 2. There are multiple volumes for
experiments 6 and 8 because sufficient volumes of samples were generated
to determine the phenol concentration change with time in the produced
Tiquid. The first value presented is for the first bottle of sample
collected, the second value for the second volume of sample, and so on.
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The value 1in parentheses for experiment 6 is a composite of the five
samples.

The mass of phenols in the produced liquids is several orders of
magnitude greater than the water-soluble phenols remaining on the coal
(Table 3). Therefore, phenols are generated when thée coal is pyrolyzed,
and these contaminants migrate predominantly with the liquid and gaseous
pyrolysis products. The amount of phenols that migrate with the
pyrolysis products is much greater than the amount that remains on the
thermally altered coal.

Table 2. Phenol Concentrations of the Liquids Produced
During the Physical Simulations

Phenols in
Injection Rate Produced Liquid
Experiment # cc/min (mg/L)
3 0.1 650
4 1.0 N.D. 2
5 1.0 210
6 4.0 51, 6.1, 2.1, 2.5, 2.3, (11)
7 0.16 1100
8 1.6 130, 58, 6.2

No data (sample container broken).

Table 3. Phenol Distribution Between the
Coal and Produced Liquids

Residual Phenols Phenols in
Experiment Injection Rate On Coal Produced Liquid
# cc/min ug ug
3 0.1 106 40,000
4 1.0 116 N.D.2
5 1.0 118 77,000
6 4.0 43 25,000
7 0.16 73 61,000
8 1.6 77 34,000

& No data (sample container broken).
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Per mass of coal pyrolyzed, the other contaminants found in the
produced liquids during the simulations were calculated from the concen-
tration of the species found in the liquid produced, the volume of
liquid produced, and the mass of coal pyrolyzed during the simulation.
The data used to determine the mass of species in the produced liquid
(Appendix E) and the pyrolysis zone penetration (Table 1) together
produce the results (Table 4) that illustrate the range of values for
the mass of the individual species generated per mass of pyrolyzed coal.
The variation of results is significant; but, it is evident that these
contaminant species have a source from the coal seam, are mobilized when
coal is pyrolyzed, and migrate with the coal pyrolysis products. The
contaminants which exhibit this behavior are the organic contaminants

Table 4. Other Contaminant Species Generated During Coal Pyrolysis

Mass of Species in Produced Liquids
Mass of Coal Pyrolyzed

Contaminant Lowest Highest
Species Value® value®
Total Organic Carbon (mg/kg) 2900 4700
Sulfate (mg/kg)y 300 4800
Ammonia (mg/kg) 400 1600
Boron (ng/kg) 80 2800
Fluoride (mg/kg) 20 130
Barium (ug/kg) 90 8900
Arsenic (ug/kg) Trace (<20) 700
Selenium (ng/kg) Trace (<50) 120 (<360)
Lead (ug/kg) 70 ° 4300
a Reported lowest and highest values based on comparison of
results from experiments 3, 5, 6, 7, & 8. Values are
presented to confirm contaminant species origin from coal
pyrolyzes.
b

Values reported for ammonia represent the mass of nitrogen
in the ammonia.

contributing to the measured total organic carbon concentration,
sulfates, ammonia, boron, fluoride, barium, arsenic, selenium, and iead.
(The amount of these contaminant species remaining on the coal was not
determined in this research.)

CONCLUSIONS

Experimental Conclusions

The following conclusions are drawn from the resuits of the initial
series of physical simulations:

22



1. Liquid and gaseous pyrolysis products are a major source of
phenols in groundwater when compared to thermally altered
coal. Phenols in produced liquids are more than an order of
magnitude greater than those water-soluble phenols remaining
on the coal.

2. Most contaminant species associated with UCG operations are
present in the pyrolysis products. Analyses of produced
liquids show the presence of phenols, ammonia, sulfates,
arsenic, boron, barium, fluoride, lead, and selenium.

3. Injection of water into the cavity can 1limit postburn
pyrolysis, but only to the degree that channeling does not
affect the overall cooling of the cavity.

4, HWater flow through the coal will Timit postburn pyrolysis, but
steam generation in the coal appears to limit the rate of
water flow.

Recommendations for UCG Field Testing

The conclusions drawn from the analyses of experimental results
were used to formulate recommendations for operation of the upcoming
Rocky Mountain 1 UCG Field Demonstration scheduled for the last quarter
of 1987. The following recommendations are made for all future UCG
field testing to minimize groundwater contamination and promote
containment of contaminants near the UCG cavity.

1. The fiow of pyrolysis liquids and gases into the underground
formation should be prevented by minimizing gas leakage to the
formation during gasification and venting the cavity as soon
as the gasification process is complete. Also, water injected
into the cavity after UCG operations must not generate steam
pressures greater than the hydrostatic pressure of the coal
seam or connected aquifers, or postburn pyrolysis liquids and
gases will flow into the underground formation.

2. Although preliminary results indicate that water influx from
the coal seam is beneficial, it may be difficult to achieve an
influx rate higher than the natural influx rate. Therefore,
water injection wells surrounding the cavity are not expected
to increase the water influx rate.

Current Research

The results of this research have led to additional research at the
Western Research Institute (WRI). The following activities are
currently in progress or scheduled in the near future:

1. The Gas Research Institute has sponsored more detailed
research related to UCG postburn pyrolysis. A refractory heat
transport term was incorporated into the numerical model to
numerically simulate the experimental data. The numerical

23



model will be verified using the experimental results of this
series of experiments.

2. The United States Department of Energy (DOE) UCG Program has
sponsored complementary research related to UCG postburn
pyrolysis.

3. The DOE Advanced Process Technology Program has sponsored
preliminary research investigating pyrolysis occurring after
tar sands and oil shale thermal extraction processes.

4. The DOE Advanced Process Technology Program has sponsored
detailed geochemical analysis to determine the fate of
contaminant species resulting from UCG.
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APPENDIX A. NOMENCLATURE AND VALUES FOR PARAMETERS
USED IN THE NUMERICAL MODEL
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Symbols

Specific heat (Btu/1b-°F)

Mass flux of component i (1b/hr-ft2 reservoir)

Water injection source term (1b/hr-ft2 reservoir)
Convective heat flux (Btu/hr-ft2 reservoir)

Steady state heat loss from refractory grout to
(Btu/hr-ft3 reservoir)

Heat transport between refractory grout and coal
reservoir)

Enthalpy of component i (Btu/1b)

Thermal conductivity (Btu/hr-ft-°F)

Total axial length of coal core (ft)

Steam flux (1bs/hr-ft2)

System pressure (PSIA)

Water injection source term (1bs/hr-ft3 reservoir)
Heat of reaction (Btu/1b)

Latent heat of vaporization of water (Btu/1b)
Reaction rate (1bs/hr-ft3 reservoir)

Time (hrs)

Temperature (°F)

Weight fraction of component in coal

Axial distance (ft) ,

Mole fraction of component i in the vapor phase

Greek Symbols
Concentration of component i (1b/ft3 reservoir)

Porosity
Density of component i (1b/ft3)
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P9

sC
s+

S—

carbon
devolatilization
refractory grout
pyrolysis gas
coal solid

steam char

Subscripts

zone above vaporization temperature

zone below vaporization temperature

volatile matter
water
steam

28



Parameter Values Used in Calculations
Water and Steam
Py? pwg’ pr, prg, hw’ hwg’ qv Steam table data

Pyrolysis data

Yw = b7
MW = 36
Pg
h = .394 + (2.25x107% T)

Heats of reaction

-4437.

qSC

qQq = a.

Coal properties

578 (-.15 + 3.03x1073 TK-6.54x1076 TK2 + 4,51x1079 TK3)

x
]

TK = (T+460)/1.8 (Badzoich 1964)
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APPENDIX B. EXPERIMENTAL CHEMICAL ANALYSES
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Procedures for Analyses of Water-Soluble Phenols
Concentration of Coal Samples

The following procedure is used for analyzing the concentration of
water-soluble phenols in the coal and thermally altered coal samples:

1. weigh 5 g of the crushed coal sample into a teflon-lined vial;
2. add 20 ml of deionized water to the vial;

3. shake vigorously and shake at least once per day for five
days;

4, filter the slurry through a 1.2 u glass fiber filter; rinse
the coal sample with deionized water while filtering until the
volume of extract is 25 ml;

5. add 1 or 2 drops of H3POy to the extract to preserve the
sample; and

6. use EPA method 420.2 for phenol analysis of the extract.

Notes: Express results in ug phenols per kg sample. The detection
limit for this procedure is about 10 ug/kg phenols.
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Table B-1. Full Suite of Analyses for Produced Liquids

and Injected MWater

Parameter Analytical Method

Trace Elements

200.

Aluminum EPA Method No. 7
Antimony EPA Method No. 200.7
Arsenic EPA Method No. 206.2
Barium EPA Method No. 200.7
Beryllium EPA Method No. 200.7
Boron EPA Method No. 200.7
Cadium EPA Method No. 200.7
Calcium EPA Method No. 200.7
Chromium EPA Method No. 200.7
Cobalt EPA Method No. 200.7
Copper EPA Method No. 200.7
Iron EPA Method No. 200.7
Lead EPA Method No. 239.1
Magnesium EPA Method No. 200.7
Manganese EPA Method No. 200.7
Mercury EPA Method No. 245.1
Nickel EPA Method No. 200.7
Potassium EPA Method No. 200.7
Selenium EPA Method No. 270.2
Silver EPA Method No. 200.7
Sodium EPA Method No. 200.7
Thallium EPA Method No. 279.2
Yanadium EPA Method No. 200.7
Zinc EPA Method No. 200.7
Total Organic Carbon (TOC) Coulometrics, Inc. Analyzer
Total Mineral Carbon (TMC) Coulometrics, Inc. Analyzer
Dissolved Organic Carbon (DOC) Coulometrics, Inc. Analyzer
Dissolved Mineral Carbon Coulometrics, Inc. Analyzer
Alkalinity EPA Method No. 310.1
pH EPA Method No. 150.1
Conductivity EPA Method No. 120.1

Reactor Digestion Method
ASTM Method D 1888-67
ASTM Method D 1888-67

Chemical Oxygen Demand (COD)
Total Dissolved Solids (TDS)
Total Suspended Solids (TSS)

Total Kjeldahl Nitrogen (TKN) EPA Method No. 351.2
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Table B-1. Full Suite of Analyses for Produced Liquids
and Injected Water (continued)

Parameter Analytical Method

Ammonia EPA Method 351.2 manifold on
Technician AAIl Analyzer
Chloride EPA Method No. 325.3
Fluoride EPA Method No. 340.2
Cyanide (total) EPA Method No. 335.2
Sulfate EPA Method No. 375.4
Phenols EPA Method No. 420.2
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APPENDIX C: EXPERIMENTAL TEMPERATURE DATA
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APPENDIX D: EXPERIMENTAL DATA FOR PHENOLS
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Table D-1. Phenol Concentrations of Coal Samples

Avg. Max. Water Soluble
Zone Temp. of Phenol
Experiment Coal Weight Zone Concentration

# Description (Grams) (°F) (pg/kg)
3 As Received (AR) 1908 -—— 44
Char (C) 95 1285 42
Pyrolyzed (P) 176 590 190
Unaltered (U)-1 142 420 56
u-2 1372 265 44
4 AR 1927 -—- 34
C 91 1530 78
P-1 123 780 360
p-2 134 450 69
P-3 305 335 38
u-1 361 255 36
u-2 192 210 42
U-3 522 190 43
5 AR 1871 -— 35
C 119 1350 164
P-1 91 620 280
pP-2 136 450 93
P-3 257 330 39
u-1 243 230 32
U-2 415 175 50
U-3 435 175 50
6 AR 1890 -—- 31
C 148 1335 41
P 217 755 180
u-1 288 315 47
u-2 1059 180 32
7 AR 1884 -—— 37
C 206 1420 52
P-1 147 650 170
P-2 232 415 50
P-3 310 260 21
u-1 352 190 24
U-2 201 160 27
U-3 205 160 28
8 AR 1936 - 35
C 80 2225 48
P-1 116 1590 120
p-2 119 625 170
U-1 592 360 34
u-2 793 170 24
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APPENDIX E. EXPERIMENTAL DATA FOR OTHER EXPERIMENTS
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Table E-1. Total Organic Carbon (TOC) Concentrations

Injected Water Produced Liquid

Experiment # (mg/L) (mg/L)

3 <102 950

4 " N.D.D

5 ! 760

6 " 190, 35, 20, 20, 30 (50)

7 " 2400

8 ! 460, 210, 85

Value less than the detection limit for the analytical procedure.
No data (sample container broken).
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Table E-2. Sulfate Concentrations

Injected Water Produced Liquid

Experiment # (mg/L) (mg/L)

3 27 <100

4 26 N.D.2

5 26 75

6 27 79, 27, 49, 45, 47, (63)

7 27 <290

8 28 330, 260, 230

& No data (sample container broken).
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Table E-3.

Ammonia (NH3-N) Concentrations?®

Injected Water

Produced Liquid

Experiment # (mg/L) (mg/L)
3 <10P 230
4 " N.D.©
5 ! 98
6 ! 33, 3.5, 3.0, 2.3, 2.8 (9.0)
7 ! 810
8 ! 240, 97, 20

c

Presented as the concentration of nitrogen in the ammonia.

Value less than the detection limit for the analytical procedure.

No data (sample container broken).

49



Table E-4. Boron (B) Concentrations

Injected Water Produced Liquid

Experiment # (mg/L) {mg/L)

3 0.014 <.02

4 <.012 N.D.b

5 " <.02

6 " 0.041, <0.1%, (<.02)

7 " 0.110

8 " 0.372, 0.353, <0.12

Value less than the detection limit for the analytical procedure.

No data (sample container broken).

This concentration was found 1in four of the five samples from
Experiment 6.
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Table E-5.

Fluoride (F) Concentrations

Injected Water

Produced Liquid

Experiment # (mg/L) (mg/L)
3 0.3 8
4 0.2 N.D.2
5 0.2 12
6 0.2 2
7 0.2 12
8 0.2 7

a

No data (sample

container broken).
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Table E-6. Barium (Ba) Concentrations

Injected Water

Produced Liquid

Experiment # (mg/L) (mg/L)
3 0.074 . 109
4 0.078 N.D.2
5 0.078 .140
6 0.077 .129
7 0.079 072
8 0.078 .050

@ No data (sample container broken).
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Table E-7. Arsenic (As) Concentrations

Injected Water Produced Liquid
Experiment # (ng/L) (pg/L)

3 <52 14
" N.D.P
" 15
10
" <15
" 21

0 ~N o0 O

@ Value less than the detection limit for the analytical procedure.

b No data (sample container broken).
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Table E-8. Selenium (Se) Concentrations

Injected Water Produced Liquid
Experiment # (ug/L) (ug/L)

3 <52 <10
" N.D.
! <13
<5
" 95
" <15

b

o0 ~N OO0 O

a Value less than the detection 1limit for the analytical procedure.

b No data (sample container broken).
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Table E-9.

Lead (Pb) Concentrations

Injected Water

Produced Liquid

Experiment # (ug/L) (ng/L)
3 <2? 71
4 16 N.D.D
5 <28 60
6 2 62
7 <2® 60
8 <22 24

a

No data (sample container broken).

55
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Table E-10, Mass of Contaminant Species In the Produced quuldsa

Mass of b
Samp | TOC S0,  NHgN F B Ba As Se Pb
Experiment # (grams) (mg) (mg) (mg) (mg) (ng) (1) (ug) (g) ()

3 376.3 357 <38 87 3 <8 41 5 <4 27
(<34) (<6) (30
5 369.0 280 28 36 4 7 52 6 <5 22
(5) (-18)
6 384.4 73 30 13
5011 18 14 2
472,2 9 23 1
466.3 9 21 1
282.9 6 16 1
2,106.9 15 104 18 4 16 272 21 <1 131
(88) (226)
7 55,4 133 16 45 o 6 4 <1 5 3
(1 =11
8 183,1 84 60 44 68
131.4 28 34 13 46
433,3 37 100 9 0
747.8 149 194 66 2 114 16 7 <5 8
(134) (~152)

values in parentheses indicate the net mass increase in the species (mass species in produced
liquids collected - mass species in injected water) if significant contaminant is present in
injected water,

Values reported for ammonia represent the mass of nitrogen in the ammonia,

Note: No data for experiment 4 (sample container broken),
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