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SUMMARy 

Based on an experimental study using an adiabatic CSTR, conditions 

exhibiting ignition and quench have been found for coal liquefaction. Some 

factors which affeot 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 450°C (and below 475°C). Ignition occurred at a feed temperature of about 

415°C. ~e 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. 



INTRODDCTION 

~l~e rational design of a coal liquefaction reactor requires funda- 

mental chemical reactio1~ engineering information. ~is 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 have 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 surroundings 

are normally small compared to t~e total heat generated within ~he reactor. 

~lis is no~ true, however, for most laboratory-scale reactors where the sur- 

face area to volume ratio is relatively large and where the heat capacity :~f 

the reactor hardware is significant compared with the con~nts of the reactor. 

Therefore, a laboratory-scale reactor was designed to produce adiabatic opera- 

t.ions and provide a basis for understanding the ~herma! behavior of such 

reactors. % 

be purpose of this experimental study was to develop data for 

providing a basis for understanding the thermal behavior of an SRC-F.I reactor. 

A laboratory-scale reactor which operates sufficiently close to adiabatic 

conditions was used. Heat losses from the reactor ~re minimized through ~ 

use of automatically controlled heaters which drive the radial ;-~emperature 

gradients acros, the reactor wall to zero. i 

~his study was supported by ~he Department of ~ergy under Contract 

~o. DE-FG22-80PC30243~. ~he principal contractor was the University of 

Pittsburgh with Gulf S~ienoe and TechnologY Company being a subcontractor. 

~he GS&TC role was two-fold. ~irstly, we designed and constructed the 

adiabatic reactor system as a part of a cost-sharing program with the 

U~iversity of Pittsburgh. Secondly, we executed an experimental program plan 

approved by the University of Pittsburgh designed to meet the objectives of 

the contract. 
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.... ~he experimchtal .plan centered around a strategy for exploring the 

existence of possible multiple steady states in the open-loop reactor •,• 

operating ~t typical SRC-II conditions. However, because of-the likelihood 
°f. 

J: . 

that high conversion states lie only in re•glons whet ~ _ significant coke deposi- 

tion may, occur, at unsafe conditions, the plato was necessaEily limited to 

investigate 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 wt% concentration in the feed slurry. 

DESCRIPTION OF THE -YXPERIME~T~L SYSTEM 
~.° 

An adiabatic reactor system was designed and fabricated at 

Harmarville for integration wi'P/% the A-I prepilot coal liquefaction unit for 

operation in the simulated SRC-ZZ recycle mode. qhis simulated mode of 

recycle operation has been desc1"ihed elsewhere (see Reference I). A schematic 

of the adiabatic reactor assembly is shown in Figure I with a detai~ed 

description of the reactor illustrated i,. Figure 2. ~he A-I unit flow sheet 

is shown in ~lgure 3. Briefly, the focal point of the adiabatic system was a 

two-zone heater arrangement which was designed to compensate for heat losses 

fr~.m the reactor and stirrer shaft ~,rough feedback control of radial tempera- 

ture gradients. A top view of the adiabatic reactor assembly is shown in 

Figure 4 while the details of ~he %~hermocouple placements for control of 

adiabaticity are shown in Figure 5o Each zone consisted of four adiabatic 

heaters with a thermocouple in the vicinity of each heater 91us a thermocouple 

on the wall of the stirrer shaft (Zone I) 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 operation. Slurry pumping and metering, gas metering, and reactor effluent 

separation ware carried out in exactly the same manner as in previous studies 

and will not he detailed here (see Reference I). No data were obtained which 

reflected the level of conversion in the reactor. 

3 



EXPERIMENTAL PROCEDURE 
:7 

~he experimental procedure employed in this study paralleled that of 

other st1~ies carrie~ out on the ~A-I unit for prepilot development studies. 

T~e3e are described ~in (I). ~he "major difference, however, centered around 

exploring combina.tions of reactor feed temperature and internal reactor 

temperature which may result in a stable high convarsion steady state or such 

t~at an increase in feed temperature results in a reactor ignition evidenced 

by a rapid dynamic change in the reactor temperature, Changes in feed 

temperature were effected by varying the wall heat flux along the segmentally 

wrapped preheater. Wall temperatures along the preheater were recorded and 

the preheater residence time .fixed independently of the reactor residence 

time. ~his preheater design allows for the possibJ.liry that for a given feed 

~-emperature, the temperature profile along the preheater may differ, ~is 

phenomenon may lead to some interesting reactor thermal behavior effects which 

are alluded to below. 

~1~e Calrod heater was used to bring the reactor up to a desired- 

temperature level before switching to adiabatic control. ~he adiabatic mode 

of operation was maintained by the automatic on-off cycling of the adiabatic: 

heater. ~he circuitry of the control system was such that the Calrod heater 

and the adiabatic heaters were not on simultaneously, F~rthermore, the feed- 

back control of the two zones was independent with a single control variable 

within each zone. 

• he temperature, w~.ndow of operation was set to be 420-470°C, with 

the upper limit being critical.. ~f the reactor 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 following steps. 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 rise, 

the adiabatic heater system was tUL,~Cd off momentarily with a check to make 

sure the Calrod heater was also turned off. If this d~.d not resolve the 



f 

problem, the reactor jacket was quenched with gaseous N 2 in two different 

locati~ns. Slurry flow was maintained at all times to prevent plugging. If 

none of these steps caused the reactor temperature to decrease, a system 

hlowdown was to be initiated. H~wever, during the entireexperimental study, 

a system biowdown was not required. 



RESULTS AND DISCUSSION 

Five experimental tasks were carried out in this study. A task is 

defined as a period of continuous slurry operation of approximately 60-75 h 

where a specific experlmental objective was sought. Table I gives a brief 

description o~ task objectives. Specific operating, conditions for various 

periods within each task are discussed along with the corresponding results 

presented with the fibre of results which follow. 

The results of Task 1 are illustrated in Figure 6 which contains a 

time trace of both reactor tem~.~rature and feed temperature and also indicates 

the period of operation which is in the adiabatic mode. The run procedures 

for Task I as well as the other tasks consisted of operating the A-I unit in 

the same fashion as that described in other prepilot coal liquefaction studies 

(see Reference I)i with the following exception. ~he heat fluxes to the pre- 

heater differed from the baseliz~e case so that various feed temperatures could 

be obtained. Note that this can result in more than one preheater skin 
& 

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 rod heater' w~s turned off, and the adiabatic heater control system was 

turned ~ on. As indicated in the key of the figures that follow, the reactor 

temperature-time 'trace in the adiabatic mode is represented by .a solid line 

whareas the nonadiabatic period is indicated by a dotted lane. 

The results from ~sk I indicate that for feed temperatures in the 

range of approximately 415-425"C and initial reactor temperature in the range 

of approximately 430-450oC, 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. ~hus, these 

data support the case that for an SRC-I type of feed slurry in the operating 

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 adiabaticity in the reactor since the extent of 

reaction at these conditions is known to be very low. 
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As a test for adiabaticity and the effe.-.tiveness of the adiabatic 

control system, temperature profiles within %he two zones of the adiabatic 

system were recorded and examined so that the thermal gradient in the radial 

direction could be evaluated: ~ese data are illustrated for all tasks in 

Table IX for the time intervals within the overall period o~ operation which 

correspond to adiabatic conditions. ~he feedback control of the adiabatic 

heaters in Zone 2 was governed by the difference in the temperature measure- 

ment between Tnermocouple I and the wall (reactor) t/zermocouple (see 

Figure 5). For Zone .I, the corresponding temperature difference was that for 

~hermoc<~uple 7 and the wall (shaft) thermocouple. Inspection of these radial 

temperature differences, which correspond to Points several hours into a 

period of adiabatic operation, indicate that typical temperature differences 

were in the range of O-6aC in the reactor Zone 2 and were in the 0-16oC in the 

shaft Zone I. However, temperature differences for the other radial thermo- 

couples in the zone were observed to be somewhat higher. ~hese uncontrolled 

gradients could be reduced significantly in future studies by implementing a 

multiple feedback control system where the four adiabatic heaters within a 

given zone are independently controlled. 

In addition to radial heat losses from the reactor zone and the 

stirrer shaft zone, several other sources for heat loss are possible. ~hese 

include axial heat conduction losses along the stirrer shaft and heat lo?ses 

through the bottom of the reactor. ~he latter includes both heat ~. :~es 

through the Marinite irmulation and the bolt heads fixing the reactor t~ the 

outer casing of the adiabatic system. ~he estimate of the axial heat conduc- 

tion losses along the stirrer shaft are based on actual shaft wall tempez-at~re 

readings taken at measured distances along the shaft. Estimates of the other 

conduction heat losses are based on the difference between the reactor 

temperature and the ambient temperature. ~he summation of these three 

additional heat losses indicate a relatively insignificant to~al heat loss 

compared with the heat release for typical extents of coal liquefaction 

(-4000-8000 cal/h). For a typical coal liquefaction reaction, consuming 

approximately 5% hydrogen per gram of MAF coal, this heat loss" is approxi- 

ma~:y 5-1 I% of the heat generated upon reaction. 



~he results Qf Task 2 are diPplayed in Figure 7 in the same fashion 

as those of Task +I. In this run sequence, the ~¢eed slurry corresponded to 

that of a typical S~E-II slurry %~th a significant quantity-of recycle ash 

(--11 wt%). Zt is interesting to note that at approximately 23 h into the 

task, the reactor ~temperature begins to increase rather rapidly from an 

initial value of 415"C with a feed temperature of about 405oc. ~he reactor 

temperature continues to rise significantly even after the feed temperature 

levels off at approximately 410"C. Be rise ~n the reactor temperature from 

413°C to approximately 425°C can be attributed to a corresponding rise in feed 

temperature of 405aC to 410°C. However, the continued rise in reactor 

temperature to 437°C while the feed temperature remains constant at 410°C is 

attributable to the long dynamic lag of the reaction 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 fl,~x to t h e  preheater was increased, r~gsulting in an approximate step 

change in the feed temperature to about 418°C. At this point, the reactor 

temperature increased dramatically, signifying an 4.gni~on° As the reactor 

temperature closely approached the 470°C mark, the emergency operation 

pr~-edures.were initiated and the reactor was cooled to approximately 441"C. 

•his ignition behavior was observed again after 6"6 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. ~hus, 

both ignitions occurred with approximately ~Ize same feed temperature, reactor 

initial temperature, and preheater temperature profile and demonstrates a 

reproducibility of the experiment. 

Because of the success of ~ask 2 in locating and repeating th-. 

ignition type of phenomenon, Task 3 was designed to continue to explore other 

combinations of feed temperature and iD_itial reactor temperature for typical 

SRC-II operating conditions 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 4150C. At the 25 h point into the task, the feed 

te~ge~ature was inareased gradually from ahQut 415°C to 420°C. The reactor 

temperature reread.ned relatively constant at 430°C until approximately the 40 h 



mark where the preheater temperature profile wa~ increased, resulting in an 

increase in the feed temperature and a significant increase in reactor 

temperature. However, the feed temperature during the ensuing period was 

unexplainedly errati.c and the slope of ~e reactor ~mperature-time trace was 

not as pronounced as that in the two ignitions that occurred in Task 2. One 

possible explanation for this difference in behavior between Task 2 and Task 3 

is due to the differences in the heat fluxes to the preheater in each case. 

As discussed previously, the same inlet feed temperature can be obtained for a 

variety oE heat fluxes to the preheater. ~11is suggests that there may he an 

important preheater effect which results in significantly different thermal 

behavior within the reactor. Preheater effects, of course, are kn~ to be 

v~_~j important in coal liquefaction performance and is a subject which 

warrants extens.%ve additional study. 

~he results of Task 4 are displayed in Figure 9. ~he pertinent run 

conditions at the beginning of this task were changed to 2 wt% recycle ash, 

1500 psig pressure, and a 1.0 h SRT, At approximately 15 h into the task, &the 

system was switched to the adiabatic mode of operationwhich resulted in a 

rapid decrease in the reactor temperature from approximately 430°C. Con- 

currently, the feed temperature was increased rapidly from 390"C to 418oC, 

which resulted in only a modest decline in the rate of temperature decrease in 

the reactor. I~ fact, for the transient ~ime period from approximately 

20-26 h, the feed temperature exceeded the reactor temperature, with no sub- 

stantial evidence ol; an incipient ignition. Increasing the SRT to I .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 tem~rature and feed 

temperature-time traces were almost identicale again providing experimental 

evidence in support of a high degree of reactor adiabaticity in this region of 

operating conditions. 

TO con-~inue the exploration for ignition points, the recycle ash in 

the feed slurry formation was increased to -5 wt% 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. ~he SRT 
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at this point was I h. Although the feed temperature continued to rise during 

the ensuing period, the reactor temperature decreased and, hence, there was no 

evidence of an ignition. ~wever, when the reactor temperature was brought up 

to 460oc with the Calrod heater; with a subsequent switch to the adiabatic 

mode of operation, the reactor temperature leveled off at 460oc for a period + 

of about 7 h. During this time, the feed temperature remained relatively 

constant at about 415oC. ~his 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 

4600C to above 470°C an.d, hence, the emergency operation procedure ensued. 

Although the reactor temperature rise is significant, it does not parallel the 

ignitions observed in Task 2 and is attributed to the fact ~at ~e 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 wt%, the reactor tempera- 

ture decreased steadily while the feed temperature remained relatively 

constant in the range of 411-414"C. ~hese observations support the important 

role of recycle ash content in the thez~al behavior of a coal liquefaction 

reactor. 

The ~ask 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-Io5 h) wi~ a feed slurry contain- 

ing ~I I wt% recycle ash at typical SRC-II operatinq 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 ~re at a low le%~l (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 

temperat~ze increases from 462°C to above 470oc, at which time emergency 

10 
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operating procedures were initiated. T~ fact, the reactor temperature over- 

shot to 475oC before cooling took place. Because both the reactor temperature 

and feed temperature rates of increase ~mre similar, the conclusion that an 

ignition occurred here is not warranted. ~e 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 occurred at 3000 psig and 1.5 h SRT for 

reactor initial temperature of 4570C and feed temperatures in the range of 

395-400oC. 

Table III summarizes the most significant experimental observations 

resulting from the five tasks performed. 

As a final note, it is interest/ng to report that the inspection of 

the reactor 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. ~his datum supports one of the 
% 

important results achieved in our previous prepilot development prDgram for 

SRC-II (see Reference 2) which verified that if the mixing power input to ~_he 

reacto~ is high enough, higher severity levels of operation are feasible. 

~Li- severity level is much higher (P,75°C vs 450°C) than was normally used in 

the bubble column reactor in various PDUs. 
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CORCLUSIONS 

Me 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 anadiabatic coal liquefaction reactor 

operated in an open-loop fashion. 

Me data obtained form the basis for further analysis and study. 

• he results of this work are important to the design, scale-up, and control of 

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

WE~:dae 
WgC (3597) 
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Table I 

TASK OBJECTIVES 

Task 1: 

Tasks 2 & 3: 

Tasks 4 & 5: 

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

30 wt% Ireland coal 
70 w~% Ireland process solvent 
0 wt% recycle ash 
2000 psig 
I h SRT 
4 g of H2/I00 g of feed slurry treat rate 

Search for ignition points (or stable steady state points) 
for coal liquefaction of feed vi~h recycle slurry (SRC-II 
mode) 

30 wt~ Ireiand coal 
33 wt% Ireland recycle slurry 
37 wt~ ireland process solvent 
11 wt% recycle ash 
2000 psig 
I h SRT 
4 g of H2/I 00 g of feed sl,/zry treat rate 

I n v e s t i g a t e  the  e f f e c t s  o f  r ec l .~ l e  a s h ,  no~ ina !  
r e s i d e n c e  t i m e ,  and p r e s s u r e  on i g n i t i o n  b e h a v i o r  

slurry. 

30 wt% Ireland coal 
11-33 wt~ Ireland recycle slurry 
37-59 wt% Ireland process solven~ 
2-I I wt~ recycle ash 
1500, 3000 psig 
0.5, Io0, 1.5 h SRT 
4 g of H2/I00 g of feed slurry treat rate 

w ~ d a e  
8/13/82 
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Table Ill 

St~qMARY OF IMPORTANT EXPERIMENTAL OBSERVA- 
TIONS FOR TYPICAL SRC OPERATING CONDITIONS 

Comments 

No reactor ignitions occurred in the absence of recycle ash 
in the feed slurry for feed temperatu~'e below 4250C. 
During the 33-35 h period of operation, almost identical 
feed and reactor temperatures support a high degree of 
adiabaticity in the experimental system. 

e Re~eatable ignition behavior occurred for approximately t h e  

same combination of feed temperature and reactor initial 
temperature (4160C, 4370C, 418oC, and 441°C) when the 

recycle ash level was ~I I Wt%o 
Stable open-loop operation of an SRC-TI reactor at the 
operating conditions of Task 2 does not appear to be 
realistic • 

No reactor ignitions were observed for feed temperatures 
below 4150C and initial reactor temperatures below 450"C 
(low conversion steady states). 
~he effect of the heat f~ux along the preheater appeared to 
have an effect un reactor thermal behavior. ~his effect 
was not systematically studied. 

® 

No ignitions occurred at a low ash level (2 wt~) and low 
pressure (1500 psig) for feed temperatures in the range of 
390oC to 4220C with initial reactor temperatures in the 

410°C to 430°C r~ngeo 
Preliminary eviden¢e of a possible steady state was 
observed at the operating conditions of Task 4 during the 
48-55 h period, but needs to be explored further. 
DQring the 30-40 h period, system behavior substantiated a 
high degree of adiabaticity, even under transient con- 

ditions. 
be 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. 
be effect of pressure was not shown to be significant in 
affecting reactor ignition over the range studied. 
Feed temperatures below 400QC prevent reactor ignition even 
at relatively high initial reactor tempeEatures. 

WEK:dae 
8/~3/s2 
137-1200 

(3597) 16 
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