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SUMMARY

Based on an experimental study using an adiabatic CSTR, conditions
exh:i.bif:.ing. ignition and quench have been found for coalr liquefaction. Some
factors which affeat this kind ‘of thermal behavior have been identified.
Under normal feed conditions for SRC-II operation, repeated ignition/quench
behavior was demonstrated. No stable steady state was found in the vicinity
of 4.5';0"0 (and below 475°C). Ignition occurred at a feed temperature of about
415°C. ‘The low steady states observed occurred at conditions of no heat
generation, presumably at low/no reaction of hydrogen. Some evidence. of a
preheater effect on reactor ignition was indicated but not systematically

studied.



INTRODUCTION

The rational design of a coal liquefaction reactor requires funda-
mental chemical reaction engineering information. This includes knowledge of
the kinetics of the reactions, the hydrodynamics of the reactor, and the
thermal behavior of the reactor. Efforts have been made in the development of
the reaction kinetics and hydrodynamic areas, although no experimental bench-
scale or pilot-scale studies havé been reported which elucidate the exothermic
nature and behavior of the reactor. In a commercial-scale reactor, the sur-
face area to volume ratio is small and, thus, heat losses to the surrounding.s
are normally small compared to the total heat generated within the reactor.
Tis is not true, however, for most lakoratory-scale reactors where the sur-
face area to volume ratio is relatively large and where the heat capacity .f
the reactor hardware is significapt compared with the contents of the reactor.
Therefore, a laboratory-scale reactor was designed to produce ad:i:abatic- opera=

tions and provide a basis for understanding the thermal behavior of such

reactors. E
.

The purpose of this experimental study was to develop data for
providing a basis for understanding the thermal behavior of an SRC-TI reactoxr.
A laboratory-scale reactor which operates sufficiently close to adiabatic

condition® was used. BHeat losses from the reactor were minimized through the

gradients across the reactor wall to zero. F

This study was supported by the Depariment of Energy under Contract
do. DE-FG22-80PC30243. The principal contractor was the University of
Pittsburgh withk Gulf Science and Technology Company heing a subcontractor.
The GSETC role was two-fold. Firstly, we designed and constructed the
adiabatic reactor system as a part of a cost-sharing program with the
University of Pittsburgh. Secondly, we executed an experimental program plan
approved by the University of Pittsburgh designed to meet the cbjectives of
the contract. '



T e exper_:in_v:-.héél ,plan centered arocund a strategy for exploring the .
existence of posé;.ble multiple steady states in the open-loop reactor
operating &t typical SRC-II conditiona. Bowever, because of ‘the likeli‘hood.-.
that high ccnversion Sstates lie only im ri.."'e_giﬁn;é whers significant coke deposi-
tion may’ occur, at unsafe conditioqa, the plan was necessarily limited to
.i.nvestié;ate the occurrence of reactor ignition. In.addition, the effect of
ash level, pressure, and nominal slurry residence. time (SRT) on reactor igni-
tion-, were examined. An Ireland coal was used for all experiments with a

30 wts concentration in the feed slurry.

DESCRIPTION OF THE -F{PERIMENTAL SYSTEM

An adiabatic reactor system was designed and fabricated at
Harmarville for integration with the a-~1 prepilot coal liguefaction unit for
operation in- the simulated SRC-II recycle mode. This simulated mode of
recycle operation has been described elsewhere (see Reference 1). A schematic
of the adiabatic reactor assembly is shown in Eiqure.1 with a detaijed
description of the reactor illustrated in Figure 2. The A-1 unit flow sheet
is shown in Figure 3. Briefly, the focal point of the adiabatic system was a
two-zone heater arrangement which was designed to compensate for heat losses
from the reactor and stirrer shaft through feedback control of radial 1‘:empera-
ture gradients. A top view of the adiabatic reactor assembly is shown in
Fiqure 4 while the deta.il.;-. of the thermocouple élacements for control of
adiabaticity are shown in Piqure 5. ©Each zone consisted of four adiabatic
heaters with a thermocouple in the vicinity of each heater plus a thermocouple
on the wall of the stirrer shaft (Zone 1) and on the wall of the reactor
{Zone 2). A Calrod heater (manual control) was used to heat the reactor to
the desired initial temperature level before switching to the adiabatic mode
of cperation. Slurry pumping and metering, gas metering, and reactor effluent
separation were carried out in exactly the same manner as in previous studies
and will not be detailed here (see Reference 1). No data were obtained which

reflected the level of conversion in the reactor.



EXPERIMENTAL PROCEDURE

The experimental procedure employed in this study paralleled that of
other studies carried out on the "a~1 unit for prepilot development satudies.
Theae are described %in {1).. The major difference, however, centered around
exploring combinations of reactor feed temperature and internal reactox
temperature which may result in a stable high coaversion gteady state or such
that an increase in feed teuperature results in a reactor ignition evidenced
by a rapid dynamic change in the reactor temperatur=. Changes in feed
témperature were effected by varying the wall heat flux along thg segmen‘@.lljr
wrapped preheater. Wall temperatures along the preheater were r'ecorde_; and
tﬁe preheater residence time . fixed independentl..y of the reactor resi:ience
time. This preheater design allows for the possibility that for a given feed
+amperature, the temperature profile along the preheater nay differ. This
phenomenon may lgad to some interesting reactor thermal behavior effects which
are alluded to below.

The Calrod heater was used to bring the reactor up to a 'desiijed
temperature level before switching to adiabatic control. The adiabatic mode
of operation was maintained by the automatic on-off cycling of the adi.abaf_:ic”"'
heater. The circuitry of the control system was such that the Calrod heater
and the adiahatié heaters were not on simultaneously. Furthermore, the feed-

back control of the two zones was independent with a single control variable
within each zone.

The temperature.window of operation was set to be 420-470°C, with
thé upper limit being critical. If the reaétor temperature fell to ~420°C,
the Calrod heater was turned on. If the reactor temperature began to rapidly
approach 470°C, a point where it was thought that significant coke deposition
and plugging may occur, an emergency operation procedure was initiated which
consisted of the fonllowing stepa., First the external preheater settings were
reduced. If this was effective in reducing the reactor temperature quickly,
operation continued. If the internal reactor temperature continued to rige,
the adiabatic heater system was tw.ic2 off momentarily with a check to make
sure the Calrod heater was also turned off. If this did not resolve the



problem, the reactor jacket was quenched wi:i;h gaseous N, in two different
locations. Slurry flow was maintained at a;.l times to prevent plugging. Ir
none of L these steps caused the reactor te':.mperature to deq?eaaé, a system
blowdcwn was to be initiated. However, during the entire experimental stﬂiiy,

a system blowdown was not required.



RESULTS AND DISCUSSION

Tive experimental tasks were carried out in this study. A task is
defined as a peziod offcontinuous slurry operation of approximately 60-75 h
where a specifi:c‘ experimental ob'jective was sought. Table I gives a br_:‘.ef
description of task ijectives. Specific operating. conditions for..' various
periods within each task are discussed along with the corresponding results

presented with the fiqure of results which follow.

The results of Task 1 are illustrated in Figure 6 which contains a
time trace of both reactor temperature and feed temperature and also indicates
the period of opearation which- is in the adiabatic meode. The run procedures
for Task 1 as well as the other tasks consistad of operating the A-1 unit in
the same fashion as that described in other prepilot coal liquefaction §tudies
(see Reference 1) with the following exception. The heat fluxes to the pre-
heater differed from the basaline case so that various feed temperatures could
be obtained. Note that this can result in more than one preheater s:kin
temperature profile for a given inlet feed temperature. The Calrod heater was
used to raise the reactor temperature to some initial value, at which time the
Cal:.od . ‘heatex.:" was tﬁrned off, and the adiabatic heater control system was
turned on. As indicated in 1:.h\e.T key of the fiqures that follow, the reactor
temperature~time ‘trace in the adiabatic mode is represented by .a solid line

whereas the nonadiabatic peried is indicated by a dotted line.

The results from Task 1 indicate that for feed temperatures in the
range of approximately 415-425°C and initial reactor temperature in the range
of approximately 430~-450°C, there is no evidence of an ignition occurring. In
fact, for a given feed temperature, the reactor temperature decreases from the
initial value and approaches the feed temperature in every case. Thus, these
data support the case that for an SRC-I type of feed slurry in the cperating
range investigated, the steady states that result are stable low (or no)
conversion states. Furthermore, it is interesting to note that during the
adiabatic period of operation from approximately 28-35 h, the reactor tempera-
ture and feed temperature approach each other very closely. This is suppor-
tive of a high degree of adiabatiecity in the reactor since the extent of
reaction at these conditions is known to be very low.



As a tast for adiabaticity and the effe;t.i.:veness of the adiabatic
control system, temperature profiles within the two zonas of the adiabatic
gystem were recozded'and' exapined so that the thermal gradient in the radial
direction could be evaluated. THese data are illustrated for all tasks in
Table II for the time intervals within the overall period of operation which
correspcad to adiabatic conditions. The feedback control of the adiabatic
heaters in Zone 2 was governed oy the difference in the temperature measure-
ment between Thermocouple 1 and the wall (xreactor) thermocouple‘ (see
Piguré 5). For Zone .1, the corresponding temperature difference was that for
Thermocouple 7 and the wall (shaft) thermocouple. Inspection of these radial
temperature differencés, which corrzespond to points several hours into a
period of ad;.abatic operation, indicate that typical temperature differences
were in the range of 0-6°C in the reactor Zone 2 and were in the 0-16°C in the
shaft Zone 1. However, temperature differences for the other radial thermo-
couples in the zone were observed to be somewhat higher.n these uncontrolled
gradients could be reduced éignificantly in future studies by implementing a
multiple feedback control system where the four adiabatic heaters. withir: a

given zone are independently controlled.

In addition té radial heat losses from the reactor zone and the
stirrer shaft zone, several other sources for heat ioss are possible. These
include axial heat conduction losses along the stirrer shaft and heat lo7ses
through the bottom of the reactor. fThe latter includes both heat 1< jes
through the Maripite ingulation and the bolt heads fixing the reactor tn the
outer casing of the adiabatic system. The estimate of the axial heat conduc-
tion losses along the stirrer shaft are based on actual shaft wall temperature
readiﬁgs taken at measured distances along the shaft. BEstimates of the other
conduction heat losses are based on the difference between the reactor
temperature and the ambient temperature. The sSummation of these three
additional heat losses indicate a relatively insignificant total heat loss
compared with the heat release for typical extents of c&l liquefaction
(~4000~-8000 cal/h). For a typical coal ligquefaction reaction, congsuming
approximately 5% hydrogen per gram of MAF coal, this heat 1635‘ is approxi-
mately S5-11% of the heat generated upon reaction.



The results of Task 2 are dirplayed in Figure 7 in the same fashion
as those of Task 1. In this run seéuence. the feed slurry corresponded to
that of a typical SRC-II slurry with a significant quantity-of recycle ash
(~11 .wt%). It is interesting to note that at approximately 23 h into the
task, the reactor “temperature };;egins to increase rather rapidly from an
initial value of 415°c with a feed temperature of about 405°C. The reactor
temperature continues to riée significantly even after the feed temperature
levels off at apprbximately 410°C. The rise .n the reactor temperature from
413°C to approximately 425°C can be attributed to a corresponding rise in feec_],
temperature of 405°C to 410°C. However, the continued rise in reacto.r
tempevrature to 437°C while the feed teméerature remains constant at 410°C is
attributable to the long dynamic lag of the x:eactioﬁ system, since the rate of
reactor temperature increase is modest compared to the subsequent ignitions
which occurred and are discussed below. At approximately 45 h into the task,
the heat flur to the preheater was increased, rosulting in an approximate step
change in the feed temperature to about 418°C. At this point, the reactor
temperature increased dramatically, signifying an *.gnition. As the reaator
tepperature closely approached the 470°C mark, the emergency operation
pro-edures were initiated and the reactor was ’cooled to approximately 441°C.
This ignition behavior was observed again after 66 h of operation when, once
again, - the feed temperature was increased to about 416°C with the same pre-
heater temperature profile as that when the first ignition occurred. Thus,
both ignitions occurred with approximately the .same feed temperature, reactor
initial temperature, and preheater temperature profile and demonstrates a
reproducibility of the experiment.

Because of the success of Task 2 in locating and repeating the
ignition type of phenomenon, Task 3 was designed to continue to explore other
combinations of feed temperature and initial reactor temperature for typical
SRC-II operating conditirns which may result in an ignition type of behavior.
These dynamics are shown in Figure 8. No ignitions were observed for feed
temperature less than 415°C. At the 25 h point into the task, the feed
temperature was ix;creased gradually from about 415°C to 420°C. The reactor
temperature rema‘ned relatively constant at 430°C until approximately the 40 h



mark where the preheater temperature profile was increased, resulting in an
increase in the feed temperature and a significant increase in reactor
temperature. However, the feed temperature during the enstiing period was
unexplainedly erratic and the slope of the reactor temperature-time trace was
not as proncunced as that in the two ignitions that occurred in Task 2. One
poasible explanation for this difference in behavior between Task 2 and Task 3
is due to the differences in the heat fluxes 'to the pi:eheater in each case.
As discussed previously, the same inlet feed temperature can be obtained for a
variety of heat fluxes to the preheater. This suggests that there may be an
important preheater effect which results in significantly different thermal
behavior within the reactor. ©Preheater effects, of course, are knocwn to be
very important in coal liquefaction performance and is a subject which

warrants extensive additional study.

The results of Task 4 are displayed in Figure 9. The pertinent run
conditions at the beginning of this task were changed to 2 wts recycle ash,
1500 psig pressure, and a 1.0 h \SRT. At approximately 15 h into the task, vthe
system was switched to the adiavatic mode of operation-which resulted in- a
rapid decrease irn ‘the reactor temperature from approximately 430°C. Con-
currently, the feed temperature was increased rapidljr from 390°C to 418°C,
which resulted in only é modest decline in the rate of temperature decrease in
the reactor. In fact, for the transient time period from approximately
20-26 h, the feed temperature exceeded thevrea.ct.or temperature, with no sub-
stantial evidence of an incipient ignition. Increasing the SRT to 1.5 h did
. not alter the decreasing trend of reactor temperature. It is interesting to
note that during - the period of 30-40 h, the reactor températﬁre and feed
temperature-time traces were almost identical. again providing experimental
evidence in support of a high degree of reactor adiabaticity in this region of

operating conditions.

To continue the exploration for ignition points, the recycle ash in
the feed slurry formation was increased to ~5 wts and both the reactor
temperature and feed temperature were increased significantly. At approxi=-
mately 44 h, the system was switched to ‘the adiabatic mode at a point where

the reactor temperature was 447°C and the feed temperature was 406°C., The SRT




at this point was 1 h. Although the feed temperature continued to rise during
the ensuing period, the reactor temperature decreased and, hen_ce, there was no
evidence of an ignition. However, when the reactor temperature was brought up
to 460°C with the Calrod heater; with a subsequent switch to the adiabatic

inode of operation, the reactor temperature leveled off at 460°C for a period‘

of about 7 h.  ©During this time, the feed temperature remained relatively
constant at about 415°C. This particular run period does provide some evi-
dence for the possibility that there may be a stable steady state for the
open-loop reactor, operating at most likely a middle steady state, and should
be explored more extensively. A further increase in the feed temperature via
an approximate 1.4°C/h ramp caused the reactor temperature to increase from
460°C to above 470°C and, hence, the emefgency operation procedure ensued.
Although the reactor temperature rise is significant, it does not parallel the
ignitions ohserved in Task 2 and is attributed to the fact that the feed
temperature is rising at a commensurate rate, It is interesting to note that
after the reactor was cooled and brought back up to approximately 460°C, and
the feed slurry composition was again reduced to 2 wts, the reactor temp:ara-
1:.ure decreased steadily while the feed temperature remained relatively
constant in the range of 411~414°C., These observations support the important

role of recycle ash content in the thermal behavior of a coal liquefaction
reactor.

The Task 5 results, which are illustrated in Figure 10, contain
experimental results exploring the effects of higher pressure (3000 psig) and
various nominal slurry residence times (0.5~1.5 h) with a feed slurry contain-
ing ~11 wts recycle ash at typical SRC-II operating conditions. During the
10-20 hr period, which corresponded to a 1.0 h SRT, the reactor temperature
remained relatively constant within the 462-467°C range, despite the fact that
the feed temperature was -decreasing and increasing significantly during this
period. ‘However, unlike other periods of operation, these feed temperature
variations were at a low level (380-395°C), At the 20 h point, the feed

temperature is increased from 390°C to 398°C with the result that the reactor .

temperature increases from 462°C to above 470°C, at which time emergency

10




operating procedures were initiated. 1In fact, the reactor temper&tur_e over-
ghot to 475°C before cooling took place. Because both the reactor temperature
and feed temperature rates of increase vere .similar, the conclusion that an
ignition occurzed here is not warranted. ‘he nitrogen quench reduced the
reactor temperature *quickly and during this period the feed thermocouple
temperature indications were erratic. During the remaining period of the
task, no evidence of ignition behavior cccurred at 3000 psig and 1.5 h SRT for
reactor initial temperature of 457°C and feed temperatures in the range ofl
395-400°C. -

Table III summarizes the most significant experiméntal observations

resulting from the five tasks performed.

23 a final note, it is interesting to report that the inspection of
the reasctor and its internals at the‘ completion of this experimental program
showed absolutely no signs of coke or cement-like ‘solid deposition even though
' reactor temperature went as high as 475°C. This datum supports one of the
important results achieved in our previous prepilot development program ‘for
SRC-iI {see Reference 2) which verified that if the mixing power input to the
reactox is high enough, higher severity levelé of operation are feasible.
This geverity “1evel is much higher (475°C vs 450°C) than was normally used in
the bubble column ‘reactor in various PDﬁs.

11



CORCLUSIONS

The adiabatic reactor system developed to study the thermal behavior’
of coal liquefaction was successful. For the first time, data were obtained
on the ignition/quench behavior ~of an-adiahatic coal liquefaction reactor
operated in an open-loop fashion.

The data obtained form the basis for further analysis and study.
The results of this work are important to the design, scale-up, and control of

large-scale coal liquefaction reactors, including the SRC-II process.

WEK:dae
WPC (3597)
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Ho L- Carr, W- EI
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Task 1:

Tasks 2 & 3:

Tasks 4 & 5:

WEK:dae
8/13/82
137-1200
WBC ({3597)

Table I

TASK OBJECTIVES

Search for ignition points (or stable steady state poircs)
for coal liquefaction of feed with no recycle slurry (SRC-I
mode)

30 wts Ireland coal

70 wts Ireland process solvent
0 wts recycle ash

2000 psig

1 h SRT

4 g of H,/100 g of feed slurry treat rate

Search for ignition points (or stable steady state points)
for coal liquefaction of feed with recycle slurry (SRC-IT
mode)

_ 30 wtx Ireland coal

33 wts Ireland recycle slurry

37 wts Ireland process solvent

11 wts recycle ash

2000 psig

1 h SRT :

4 g of H,/100 g of feed gluiry treat rate

Investigate %the effects of recycle ash, nominal slurry.
residence time, and pressure on ignition behavior

30 wts Ireland coal

11-33 wts Ireland recycle slurry

37-59 wts Ireland process solvent

2-11 wts recycle ash

1500, 3000 psig

0.5, 1.0, 1.5 h SRT

4 g of Ez/ 100 g of feed slurry treat rate

14
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Task

WEK:dae
8/13/82
137-1200
WPC (3597)

Table IXIX

SUMMARY OF IMPORTANT EXPERIMENTAL OBSERVA-~

TIONS FOR TYPICAL SRC OPERATING CONDITIONS

o

Comments

No reactor ignitions occurred in the absence of recycle ash
in the feed slurry for feed temperature below 425°C.

During the 33-35 h period of operation, almost identical
feed and reactor temperatures support a high degree of
adiabaticity in the experimental system.

Repeatable ignition behavior occurred for approximately the
same combination of feed temperature and reactor initial
temperature (416°C, 437°C, 418°C, and 441°C) when the
recycle ash level was ~11 wts.

Stable open-lcop operation of an SRC-II reactor at +he
operating conditions of Task 2 does not appear to be
realistic.

No reactor ignitions were observed for feed temperatures
below 415°C and initial reactor temperatures below 430°C
{low conversion steady states).
The effect of the heat flux along the preheater appeared to
have an effect on reactor thermal behavior. This effect
was not systematically studied.

No ignitions occurred at a low ash level (2 wts) and low
pressure (1500 psig) for feed temperatures in the range of
390°C to 422°C with initial reactor temperatures in the
410°C to 430°C range. .

Preliminary evidence of a possible steady state was
obgserved at the operating conditions of Task 4 during the
48-55 h period, but needs to be explored further. )
During the 30-40 h period, system behavior substantiated a
high degree of adiabaticity, even under transient con-
ditions. .

The importance of recycle ash was substantiated as to its
influence on thermal behavior.

No definitive ignitions were observed when the feed
temperature was below 400°C.

The effect of pressure was not shown to be significant in
affecting reactor ignition over the range studied.

Feed temperatures below 400°C prevent reactor ignition even
at relatively high initial reactor temperatures.
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