HYDRGGEN CONSUMPTION AND THERMAL BEHAVIOR
OF ADIABATIC THREE PHASE REACTORS

Introduction:

Many industrial reactions are exothermic in nature. For any exothermic
‘reaction {or reactions), operation of a partially or a completely Backmixed
reactor in a multiple steady state region is a distiqct possibility.- Typical
examples of such operations are: coal liquefaction, hydrocrackiné of crude or
furnaée oil, and hydrodesulfurization. The temperakure rise in the#e
exothermic processes is normally proportional to the hydrogen cansumptiﬁn, and
it 1s important that the temperature rise is not iarge enough to result in
undesirable performance. Hence, in most iﬁdustrial reactors, "quench fluids"
(elther in the Form of pure gas, pure liquid or as a mixture of gas and
liquid) are used ro restrict the temperature rise within the desired 1imits.

This report discussas the hydrogen consumption kinetics in a SRC-II coal
liquef$ction reactor. This is lmportant in deﬁermining the thermal behavior
of the reactor. The report further elaborares on the thermal behavior of
adiabatic reactors, and in particular, ccal liquefaction reactors. The
exlstence of multiple stéady states and the ways to control them are
discussed.

Hydrogen Consumption Kinetics:

The fhermal response of the reactor as a result of perturbations in the
process variébles is critical, since safeguards mst be taken to prevent
tEmperatureJexﬁursions which ﬁay lead to significant solia depositioﬁ and
ultimately a shut down or a significant ;eduetion in 1iquia yiel&;. Therefore,
It is lmportant that the temperature effect on the kineticé of coal
liquefaction be established. Many kinetie modelé exﬁiaininé diff;rent aspects

of coal liquefaction have been discussed in the previous section of this
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report., One of the most important parameCers which affect the thermal
behavior 1s the hydrogen consumptilon in the reactor.

Tt is reported in the literature that the hydrogen consumption depends on
the temperature of the reactor, partial pressure of hydrogen, and total
-(recycle) ash content, éingh et al, (1982b) proposed a reaction model based
on rhe aésumption that the liquefaction process results from an instantaneous
dlssolution of coal followed by a relatively slow conversion of SRC into coal
products.' Ihey nroposed that the hydrogen consumption rate is directly

proporticnal to the SRC conversion, where SRC conversion can be written as,

4 =18 900

-r = 8,256 1 10
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ash
where PHZ is the partial pressure of hydrogen. 2$sh is the mgss fraction of
the ash in the reactor and T i{s the reaction temperature. Han et al. (1978)
nroposed that for préssures greater than 50 atm., the reaction rate should be
proportional tq_(Pﬁz)o -3, Jones (1980) pointed out that in additiom to
teﬁperature and recycle ash, the inlet conal concentration also significantly
affecks the hydrogen consumption. |

To validate these predictions, Carr et a1. (1981) carried out
experimental measurements in a continuous stirred tank reactor. The reactor
consisted of a tubular preheater having 0.312 in inside diameter and 108 in.
-length,.and a l-liter, continuous, stirred tank vessel Qirh the slurry
entering throuéh the bottom. Thelconstant temperature throughout the reactor
space and reartion time was insured using a combination‘of an electric furnace
and an internal temperature monitoring system. The products are separated
into six separate categories, namely, (1) Cy=C4; 11D by product gases; L11)

water, iv) C5 - 90Q°F, v) SRC (Solvent Refined Coal), and vi) I0M (Insoluble
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Organic Matter), Sixteen runs were carried out using an Ireland ccal. An
Ireland-based proéess solvent and recyéle sldrrf.weré used to prepare the fée&
slurry blends. " Coal compoéition‘was‘fixéd'as 30 wt% for all runs. The major
variables of interest were temperature (430-470°C), hydrogen-partiai pressure
(1500~3000 psié), recycle ash céntent (2 - lﬁ.ﬁ'th); énd nominal sIurryﬁ
residence time (Q.57 - 1..5‘ hr.). The ekpér'iments weré'divided into three
categories; namely, maximum, minihuﬁ, and baseline ser of reaction rates.
Maximum rate of reaétion in SRC-II iiqueféction reécfor ;orfespoﬁdé to tﬁe-
maximun feasible (before the feacfiuﬁ réaches‘runéﬁéylcoﬁditions) conditions
of temperature, hydrogéh partiai-bressﬁfe, and recycie ash content.
Analogously, the'minimuﬁ-réactibn rate céhditidns correspond to minimuﬁ‘
feasible (whéfé the reaction rétés.are measurable) conditions of the same
process vaiiables. |

The results of the Hydrogen cohsumption kiﬁetics'ﬁegsurements.are'
summarized in Table I-5. The hydrogen conguﬁptibn rate reported in Table f—S
-is obtatned by taking the quaﬁtity‘bf'h}drégéﬁ Eonsumed‘ﬂuring the on-stream
period, dividing this by both the length of the on-stream period and the
reactor voiume. In addition to hydrggén consumption méasurements, complete’
product yields on .a normalized % MAF (Nbiﬁfure and Ash Free) coal basis are‘:
reported in Table I~5. ‘ ‘ .

As can be seen from Table I-5, the p}o;égs conditions of 470°C and 3000
péig, and 10 wt¥ récycle ash for‘ﬁhé‘ﬁéiiﬁuﬁ reaction rate can yféld a |
significantly higher hydrogen consumption level compared with the process
conditions of 455°C, 2000 psig and 10.4 wt% recycle ash for the baseline
reaction rate case. Also, it can'bé ééen.tﬁgt the amo;nt &f recycie ash
significantly affects the hy&régen consumptiop rate. Since thelrecycle ésh

acts as a catalyst, this observation is cbnsistént with Han et al, {1978), wha




'observed'that presence of catalyst affects the rate of hydrogen coﬁsumptiOn.
They repprted that this additional consumption is due to further hydrogenation
of coal liquid to lighter products and subsequent hydrodesulfurization and
hydrodenitrggengtipn reactions taking place. If one observes the trend in
Table IfS, it can be_sgen'that the 1liquid yileld (05-900°F), thg CI-CQ yield,
and the hydrogen consumption increase ag the noﬁinal slurry restdénce time
increaées, while Fhe SRC yleld decreases with increasing the resldence time.
This cbservatlon is consistent with the oﬁservation made by Jones (1980).
Furthermore, as expected, the rate at which yields changgd gith respect ;o
slurry residence time was greatest for the maxlmum reaction rate conditions.

Th15 table indicates a significantly 1ower ID%*yield obtained for the
maximum reaction rate condition runs. These runs indicate an average IOM
vield on the order of 2.0 wt% as compared to an average 10M yleld of Ehe order
of 3,0 wt% for the base line reactlon rate cases and an average IOM yield on
the order of 7.0 wt¥% forythe minimum reaction rate cases. A lower IOM yield
has very lmportant 1mplications from the‘standpoinp'of optimal operating
conditions and the maximization of total 1iqu;d yield. Specifically, a lower
I0M content in the separator bottoms (recycle slurry) permits a relatively.
higher fraction of recycle ash (catalyst) while maintaining elther a lower or
cqns:ant 1eve1lof total solids throughout the_process. Furthermore, a lower
10M yield chviously reduces the level of an undesirable product of coal
liquefaction. ” |

It should be noted that all these experiments ate carrled out under
highly turbulent conditions such that all the mass transfer resistances were
eliminated, énd the reaction was kinetically controlled. As Qointed out by
Han et al. (1978), the slurry Reynolds number plays an important role in

determining the mass transfer resistance. The consumption rate shows an
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increase with an increase in turbulence until a certain point, beyond which
the rate coefficients seem to level off. Also, the hydrogen consumption
increases linearly with superficial gas velocity for low values of superfiecial
gas velocity until the reactor is no longer starved for-hydrogen. Singh et
al. (1981) carried out a theoretical analysis to evaluate the relative
magnitudes of wmasg fransfer and kinetic resistances. They calculated the
value of overall mass transfer coefficient in .the SRC-II bubble column reactor
using the data by Rara (1981) in a stirred tank vessel, with the help of the
mixing energy concept. After calculating the relative magnitudes of the
resistances, they observed that in the region of practical interest
(superficial gas velocity > 1l em/s), the fractional decrgase in rate of
hydrogen consumption due ro mass transfer resistance is less than 3.72
percent. Therefore they concludedlthat the mass transfer effects can be
considered to be insignificanE in all operations of SRC~II reactors.

Thermal Behavior of Adlabatic Reactors:

Many industrially important gas-liquid and gas=liquid=-solid reactions are
exothermic in nature. The generation of heat can cause problems of undesired
side reactioms, rapiﬁ catalyst deactivation and an unceontrolled production of
the desired reaction products. In gas-liquid reacticons two types of heat are
genarated: (a) heat of solution, which 1s generated at the gas=liquid
interface due to physical dissolution procesé, and (b) the heat of reaction
which can either be generated in the film near the gas-liquid interface (fast
reaction) or in the bulk liquid (slow reaction). In case of a gas-liquid-
solid reaction wherein the reaction occurs at the catalyst surface, it is
often difficult to distinguish between heats of reaction and solution and they
are generally reported together as an apparent overall heat of reaction (Shah

and Bhattarchargee, 1982).




In a gas-liquid reaction, a gaseous reactaal diffuses through the gas-
liquid interface and the subsequent reaction with the ligquid component may
gecur in the diffusion film{ in the bulk liguid or at a plane close to Lhe
gas-liquid interface. The three resistances which are important are; gas
.side and liquid side maes transfer coefficients and the kinetic rate of the
reaction. For an exothermlc reaction, the rise in temperature caused by the
heat of dissolution or the heat of reaction may cause a substantial increase
in the reaction rate and/or change in the solubility of gaseous component.
This may lead to changes in the absorption rate and the reaction regimes.
Generally, the heat effects are more pronounced for the systems with high
solubility of gases {n liquids. Since highly soluble gases have more
probability of encountering the gas-side mass transfer resistance at the gas-
liquid interface, this resistance 1s more pronounced in non-iscthermal systems
than in isothermal systems. -

For a gas-liquid-solid system, the problem is more complex because of the

- presence of a serles of heat and mass transfer resistances at the gas-liquid
interface, liquid-solid interface and within the catalyst particle. The
reaction generally takes place within the catalyst particle and the reaction
products may again undergo through similar heat and mass transfer
resistances. When fine catalyst particles are used in slurry reactors,
liquid-solid slurry temperature is considered to be uniform because of high
thermal diffusivity of the slurry phase and the intraparticle mass and heat
resistances are small.

For highly exothermic systems, apparent absorption reaction rates are
generally described by coupled heat and mass transfer equations. In an actual
gas-liquid or gas-ligquid-solid reactor, the prevailing hydrodynamics and

mixlng characteristics of the system may further complicate the reactor design
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problem and it becomes almost inevitable to make varyling degrees of

assumptlons to evaluate the reactor performance.
Different models have been proposed in the literaturs to evaluate the
reactor performance under exothermic reaction conditions. A typical energy

balance on a reactor can be written as,

jRate of heat{ . fRate of} _ {Rate of } , [Rate of heat
{accumulation. { heat in: {heat out: - | generation
‘ \ by reaction
C Rate of heat loss
{ to the surroundings

-
¢

-
I

-(1)

In the above equation, rate of heat accumulation reprasents the increase in
heat contant of the contrpol volume with an increase in temperature. For
decrease in teﬁperature, the heat content of the control volume is reduced,
and the heat accumulation term has a negative value. Rate of heat in {or out)
represents the amount of sensible heat in the flowing streams entering (ot
leaving) the control volume. It should be noted that the control volume can
be‘the Whoie reactor or a differential section of it. Further mathematical
develogment of the model depends on the assumptions involved. Three types of
reactor models are commonly considered in the literature: (i) continuous
stirred tank reactor (CSTR) where liquid and gas are assumed to be completely
backmixed; (i1) partially backmixed reactor (PBR) where liquid and gas are
assumed to be partialiy backmixed (e.g. bubble column or packed column
reactors), and (11i) tank in series reactor (TSR) where the backmixed reactor
is assumed to be of N perfectly mlxed stages with recirculatien between’

ad jacent stages, Additional assumptions are made before the actual equations
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are written. For tws or three phase reactors the typical assumptions involved

are as follows.

1)

11}
i11)

iv)

v}

vi)

vii)l

viii)

There 1s no gas side mass trapsfer‘resistance for the mass
:ransﬁer of reactant from the gas phase into the liquid phase.
There is, however, liquid-side mass transfer reslstance.

The gas phase behaves according to the ideal gas law,

The reactor ls operated under isobaric conditlens.

Ne signiffcant evaporation of liquid phase takes place in the“
reactor.

The physical and thermal properties such as density and specific
heat of each of the three phases, the liquid side mass transfer

coefficient and specific area of gas-~liquid mass transfer, the

volumetric gas and liquid flow rates, and the heat of reaction and

solution are independent of temperatures and conversion.

The three phases are at the same temperature at any position in
the reactor. The total pressure of the gas bubbles and the gas
and liquid holdups are coustant in different sections of the
reactor.

Solids are uniformly distributed in the liquids and ﬁor definition
of propertles such as density and specific heat, the slurry cam bg
treated as a homogeneous fluid.

The extent of readction has an insignificant influence on the‘
volumetric flow rates and heat capacities of gaseous and slurry

phases.

In addition to these assumptions, certain assumptions are made regarding the

state (fast, slow as Lustantaneous) and the order (first, second or ath) ef

the rteaction, based on the avallable kinetic data. When all the
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considerations are ready, mass balance and energy balance equations are
written along with the appropriate boundary conditions and solved either
adalytically or numerically.

In general, for the reactions with simple kinetics isothermal backmixed
ga;-liquid reactors are operated at stable steady states {(Ho and Lee, 1980).
Many industrially important gas-liquid reactions are highly exothermic and
commercially they are often carried out in an adiabatic backmixed reactor,
which can lead to multiple steady states. Early studies om the stabllity of
two phase reactions in CSTR were published by Schmitz and Amundson (1963, a,
b} and Luss and Amundson (1967). However, in their models it was implicictly
assumed that the interfacial mags transfer and chamical reaction are two
independent resistances acting in series, an assumption not valid for all
reaction regimes encountered in gas-liquid systems. Furthermore, as pointéd'
out by Hoffman et al. (1973) these models fail te des?tibe ‘the shift of
reaction‘regime that may occur during the non-isothermal cperation. Hoffman
et al, (1975) convenlently utilized the congept of reaction factor by Van
Kravelen and'ﬁoftijzer {1948) and Teramoto et al. (1969) and treated the
interfacfal mass transfer and chemicai reaction as interdependent processes.
This concept allows the‘overall rate of gas~liquid réaction'to be expressed
over a wide range of temperature in which the controlling‘resigtance may shift
from kinetics to mass tkansfer.

‘Raghuram and Shah (1977) derived analytical conditions for uniqieness and
multipiicity of steady states for three different cases, and concluded that
the major reéson for the mﬁltiple stéad? states In a CSTR reactor is the
temperature dependence..cf the rate constant and the solubility of the gaé'in
the liquiﬁ phase. They also eobserved that for a simple first order gas-liqui&

-reaction, thers can be a maximum of five steady states. Raghuram et al.
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(1979) extended th;s‘analysis for a non-isothermal rsactor and observed that
in this case, the effect of Increasing heat transfer coetficient to a very
large value is to destroy the multiplicity of steady states, Huang and Varma
{1981a) further extended this work and derived less conservative, expliclt,
necessary and suificient criteria for the steady state multiplicity and
stab;lity and for the_prediction‘of'direction and stability of limit ¢ycles -
for a pseudo first order fast reaction in a non-adiabatic dSTR.. The study of
multiplicity in gas=liquid-solid reaction systems in CSTR has not been carried
ént by many investigators. For a reaction of type

A(g) + B(silurry) + Products {slurry + gas) - o (23
being carried out .in a CSTR, Shah and Singh (1981) derived the criteria for
stability which can be applied to both low as well as high pressure systems
wherein a substantial amount of heat is carried by the gas phase. They
further showed that the predicted steady state reactor temperatures from a
simple model apgree reasomably well with the measured ones.

The other two models, namely, axlal- dispersion model and n=CSTR tank 1in
series model are used for partially backmixed reactors; the most Important are
bubble column reactors. While the axial dispersion model results in a series
of differential equations, the tank In series model results {n algebraie
equations.

Raghuram et al. (1979) developed an n=CSTR in series model. for a pseudo~-
first order reaction which also included backflow to account for the -different
extent of mixing for the gas and liquid phases. They observed that the
uniqueness of steady state is attained at higher degrees of backmixing .than in
the single phase reactor. .Furthermore, with an analysis .of 2=CSTR%s with -
liquid backflow, it was concluded that the attaloment of five steady states is

possible only when the liquid and gas phases are backmized to the same extent.
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Huang and Varma (1981b) developed arsteady state model and derived an
analytical criterion for the prediztion of uniqueness and multiplicity of the
steady states for a fést pseudo=nth order reaction in a non=zdiabatic bubble
column reactor. They concluded that the possibllity of occurence of multiple
steady states in a bubble column reactor is more .than in a gas~liquid ZSTR
under the same operating conditions.

Parplekar et al. (1980) applied the axial dispersion model to three phase
adiabatic reactors where solids act as caralyst; and observed:that for a small
value of catalytic reactlon constant, there 1s distinct and fairly large
region of five steady states. They observed that the region becomes smaller
and smaller and eventually disappears as the reaction constant is increased.
The value of the rate constant at which this transition appears is much
smaller than the observed values in the literature. Therefora, they concluded
that the phenomenon of five.steady‘states in an adiabatic CSTR is unigue to
gas-liquid reactions. Singh et al. (1982a) pointed out that in case of high
pressure gas-=liquid reactions, thermal behavior of cocurrent and
countercurrent bubble column reactors may have some -distinct differeunces.

They derived analytical,c;iteria for the uniqueness of steady state and
examined the effects oE‘operating‘variableS'on the reglons of multiplicity for
these two cases.,

Thermal Behavior in SRG-II Coal Liquefaction Reactor:

Reactions in SRC-L1 reactor are exothermic. It 1s observed that its
start-up procedure involves holding of the reactor temperature to ﬁhe desired
value and continuous quénch gas feed back ceontrol is used to maintain the
reactor temperature. This Iindicates that operation of SRC-II reactor may be

under unstable steady-state conditions.
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To check the validity of these hypothesis, many investigators (Shah and
Parulekar, 1982; Singh and Carr, 1982a; Singh and Carr, 1982b; King et al.,
1983) carried out theoretical as well as experimental analysis. In all these
studies, it was assumed that SRC-II reactions are pseudo-first order in
nature. CSTR as well as PBR models were used to evaluate the reactor
performance. It should be noted that to solve the model equations, one
requires a reliable estimate of all the physico-chemical parameters.
Evaluations of hydrodynamie, backmizing and transport parameters are already
discussed in the first part of this report. In addition to these parameters,
a good estimate of values of the properties of the components of the system in
the model equations is necessary for any meaningful analysis of the thermal
behavior. Independent measurement of each of the praperties is often not
pessible, and even whefe independent measurements are used to evaluate some of
the properties, its applicability under the reaction conditions cannot be
easily ascertained. The Gulf Research Center in Harmarville has collected
data from varlous sources on small boiling range fractlons of coal
liquefaction productg. However, most ;f these data are not published in the
open literature. Singh and Gafr (1982a) present some of the values of these’
physical properties; The most important among them is the heat of reaction.

Stepheﬁson {1981) has reported the values of heat of reaction as a
function of inlet hydrogen concentration. He analyzed the data from heat
surveys and process operating conditions around the dissolver of SRC-II
Process Development Unit P-99 in Gulf Research and Development Center at
Bittshurgh, The digsolver was Ilnstalled in a way to provide adiabatic
operation of the vessel. A number of heat surveys were conducted to ensure
the adiabatic operation of the unit. The net exothergic heat of reaction in

the dissolver was calculated from the change of the process stream enthalples
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in the form of sensible heat and heat of vaporization across the dissolver.
The data showed a trend of decreasing heat of reaction with increasing

hvdrogen consumption, and could be linearly correlated by
AH reaction = 112.66 = 12.82 {(wtZ Hz); Rtu/sef Ho =(3)

with a standard deviation of 2.93 Btu/scf. This was explained cﬁ the basis
that the most energetlc hydrogenation reactlion is the saturation of aromatic
tings (77 Btu/scf), while other reactions such as hydrocracking are less
exothermie {40 Btu/scf)}; and that additional hydrogen is consumed in the
hydroecracking reactions.

Once all the physico~chemical properties are determined, the next step is
to write an appropriate model to simulate the thermal behavior of a coal
liquefaction reactor. A first attempt in this direction was made by Shah and
Parulekar (1982) and Parulekar et al. (1980). They used an axial dispersion
model to simulate £hé reactor. 1In addirion to the assumptions already stated
they assumed the reactor to be cocurrent upflow type; and the reaction to be
pseudo first order with respect to dissolved gas and of the type,

. k
A(g) + B (1} + products =(4)

where A refers to hydrogen and B represents portion of liquefied coal-selvent
mixture. Based on these assumptions, Shah and Parulekar (1982) wrote the
material and energy balance equations with appropriate boundary conditioms.
These equations were solved using a Newton-Raphson method. Their study was

restricted to steady state behavior of coal liquefacticn reactor. They



studied the effect of different variables on the hydrogen con5ump£ion and
thermal behavior of a c¢oal liquefaction reactor,

One of the most important considerations in any exothermlic reacter is the
temperature rise from bottom Lo top. If the temperature rise is excesslve the
reaction will reach run away conditions. Some experimental data on the
.temperature rise 1s available from the Ft. lewis reactor, and is found to ba
in the vicinicy of 25=35°C." Based on this temperature profile, Shéh and
Parulekar (1982) concluded that the axial dispersiomn coefficient in the SRC-II
reactor is almost one third of the dispersion coefficient value based on the
available literature correlations. They observed that increase in the slurry
velocity reduces the residence times of slurry in the reactor and hence
reduces the overall temperature rise in the reactor. On the other hand, an
increase in the gas velocity results in an increase in the temperature rise.
The diameter of the reactor was also found to have similar effect on the
temperature rise., Jones (1980) carried out a simllar analysis using the axial
dispersion model, and observed that this model is adequate in explaining the
tempaerature rise in the reactor.

The first preliminary analysis on the stability of coal llquefaction
reactor was carried out by Parulekar et al. (1980). Using the axlal
dispersion model, they reported‘that multiplicity of-steady states exist# for
a very small range of slurry residence time. ‘They also observed that as the
Peclet number of the liquid phase increases, the possibility of multiple
steady state increases in a bubble column reactor. This analysis was further
extended by Singh and Carr (19B82a) using the experimental data collected in
the Fort lewis pilot plant reactor., They used the axial dispersion model, and
made an additional assumption that the variation in hydrogen partial pressure

inside the reactsr is insignificant. Therefore, hydrogen partlal pressure
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throughout the reactor 1s the same as that at the outlet. They also assumed
the rate of heat loss to the surroundings per-unit reactar surface to be
independent of reactor temperature.

If multiple steady states exist, for any given feed temperature (Tf)
there {5 more than one reactor outlet temperature (To), or temperature
profilé, which can satiéfy the boundary conditions; whereas there is only one
feed temperature corresponding to a reactor outlet teméerature. Therefore,
3ingh and Carr (1582a) numerically integrated the model eguation, starting at
the reactor outlet. A fourth order Runge-FKutta Integratlon scheme was used.
The validity of axial dispersion model was checked using two experimental runs
carried out In a Fort lewis pilot plant reactor. The discrepancy between the
measured and calculated values of feed temperature was explained based on the
ideality of the boundary condition which assumes that mixiag of feed and
reactor contents is achieved instantaneously at tﬁe inlet of the reactot.
However, it Is observed that any real system would take a non-zero space or
length for completion of mixing based on the available data. Singh énd Catr
{1982a) plotted the rate of heat generation and the rate of heat removal as a

function of reacter outlet temperature. It was clearly shown that.

dhg dhr
T T | ~0)
0O ]

i.e. the sensitivity of rate of heat generation to reactor outlet temperature
1s greater than that of the rate of heat removal. This is a necessary and
sufficient condition for the steady state to be stable.

Under an unstable steady-state operation, a small perturbation in any one
of the process conditions Is expected to g?ow. A similar situ;tion was

observed in one of the experimental runs where after eight hours of operation,
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the run eonditione ehanged signiticantly 50 that quench gas control had to be
used. Tn the other experimental rum, the operation could be continued without
gquench control for only two hours. It should be noted however, that in spite
of the unstable nature of the steady-state and or large diffetenee between the
required and actual feed temperatures, the reactor could be operated for two
hours. This is probably due to slow response of the reacto: temperature to
changes in feed temperature., To confirm this, the sensitivity of the reactor
outlet temperature to feed temperature and mass fraction of agh in the slurry
was carried out.l It was observed that, with a decrease ln the mass fraction
of ash in reaetot f}Aﬁ 16 to 10‘nt% of slurtf, reackor ignition temperature
increased from 439 tn ATObC. Therefore, at‘an ash level'of 10 wt%Z in slurry,
the reactor opetation-would be stanie at reactor outlet temperatures of less
than 470°C. Tne results further.snowed that if stabiiity of operation is to
be guaranteed, liquid yields will have to be-redueed by at least 4 wt?% of
(moistureAfree} coal. .However, as stated befote, eer;lslow response of the
reactet temperature to changes in feed temperature, do indicate the
posslbility of an easy tenpetatureJeontrni for SRC-II reactor of any size.
However, this must be-eerified by a dynamic simulation of the process.

Two recent publications deal with this dynamicity of a ceal liquefaction
reactor. TFirst, Singh and Carr (1982b} extended their analysis to the dynamic
thermal bhehavior of the reactor. All the assumptions for a steady-state model
where considered to be valid fot theVEynamic model also. In addition, the
bubble column reactor was assumed to te fully bacEmixed. fhie assumpticn was
supported by the observed smatl teeperature variation (4 to 6°C) in the
reactor used in the dynamic experiment. Another assumption made was that the
hydrogen concentration inside the reactor attained its eteady-state value,

cortespondlng to the reactor temperature, instantaneously. This
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assumption was jus;ified on the basls of a very small residence time for the
gas compared to that of the sturry.

Based qn:thesg assumptions, an unsteady state energy balance was written
for a C8TR. The criterion for unstable steady state 1s already given in
equation {5). Based on the dynamic energy balance equations, éingh and Carr
(1982b) showed that irrespective of the nature of the steady state, an
increase in steady state feed temperature initiates an increase in reactor
temperature and a decrease in feed temperature initiates a decrease in reactor
temperature, Ffowever, it can be mathematically proved that the rate of change
in reactor temperature aﬁd the variation in this rate with time depend on the

nature of the steady state. Mathematically for ty > t; where t {s time

dT

o < (3D < (%% for a stable steady state . ‘ - (8)
R A i -
2 1
and
(g% > (g% ~ " > © for an unstable steady state (7

t2 B!

Equation {6} shows that Ffor a stableAsteady state of t=0, any step
increase in_feed teﬁperature would increase thg'reacgor temperature. However,
the rate of in;rgasg in regctorr;emperature would_decelerate.with‘time,
Whereas for an qﬁstablg}steady state operation at t=0, the rate of Increase in
reactor temperature initiated by the step increase‘in steady_feed température .
would accglgrateiwi;h time (Equation 7). Ihqs_;be nature of rate ﬁf change in
the temperature of a reactor subject to change in i{ts steady-state feed
temperature can b? gséd as a conclusivg experimental identification of Eh§

nature of the steady state. Singh and Carr (1982b) further showed that if at
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any time during the transient, the feed temperature Is restored to iLs
original steady state value, the direction of chaﬁge'in reactot temperature
would be reversed For the stable case, whéreas that for the unstable case 1t
would remain‘unaffected. For reversal Iin the direction of.temperafure of the
unstable case; the opposilng change will have to be much larger than the
original step change.

To validate thesé mathématical intérpretatidns, a batch reactor was
operated under similar operating conditions to the éctual SRC-11 reactor. A
step input of 10°C was introduced in the feed temperature, and rate of heat
generatibn and removal were carefully monitored. 'Singh and Carr (1982%)
showed that the difference between the heat generation and removal rate
increases with time and this causes the acéeleration in the rate of change 1In
reactor temperature. This clearly is a result of an unstable steady sta:ef
To show the difference between stable and unstable steady states, experipents
were carried out under stable steady states by reducing the ash concentration
to a lower value such that the rate of reaction and hence the rate of heat
generation is-reduced. It was clearly illustrated by Singh and Carr {1962b)
that the reactor tempetature decreases with a decelerating rate, in opposicion
to the acceler#ting rate for the unstable operatlion.

Further .experimental evidence was provided by King et al. (1983), who
carried out coal liquefaction experiments in CSTR under adiabatic reactor
conditions. The objective of the work was to éeafch for ignition poinﬁs and
possibility of stable steady states under Qﬁrious sets of operating.and
jnitial conditions for SRC-II operation. In one of the runs, the feed slurr?
corresponded to that of typical SRC-TI slﬁrry with a‘éignifiéént quantity of
recycle ash ( 11 wt%). It was noted that the reactor'tempeéature kept on

increasing while the feed temperature remained constant, When a further step
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change was given to feed temperature, the reactor temperature 1ncreased
dramatically signifying ignition. When the reactor temperature approached
470°C, the emergency operations were initiated.to cool off the reaotor. Thls
further proved the 1nstability of the operaticn. In another run, oito 5-wti
recycle ash, the reactor temperature leveled off at 460°C for a period of
about 7 hours. turing this time, the feed temperature remained relatively
constant at about 415°C. Xng et al. (1983) attributed this to the
possibility of a stable steady state for the open loop reactor. However, it
can be argued that thils might be a result of the-toeroal inertia of the systen
which takes a long time to react to any changes or perturbations. Thus, aven
at unstable steady state conditlons, the reactor can appear at steady state.
This should be researched further, before any conclusions can be drawn. It
should be noted further that ash content in the reactor plays a very ilmportant
role in determining the stability of the reactor. ¥For low recycle ash (w2
wt¥) the reactor can be operated under stable steady state conditions, while
for high recycle ash content (a1l wt¥) the reactor is normally operated under
unstable steady state conditions. | o

Receatly, ledakowicz et al. (1983) analyzed the coal‘llqueraction reaotor
using a simplified model. They assumed that three phasehéas-coal slurry |
vertical flow may be approaimated b} two phase flow without any essentlal
‘differences of the experimentally determlned hjdrodfnamic‘parameters for'toese
Lwo systems. Further, for 1arge dlameter reactors, the value of Peclet number
 for the ligquid phase was found to be less than 0.1. Therefore, the liquid
phase can be assumed to be completely backmixed.‘ lr was shown that use of

axial dispersion model and CSTR model for gas phase do 1ot show any

significant difference between two gas phase concentration profiles;
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therefore, the gas phase can also be assumed to be .completely backmixed.
ledakowicz et al. (1983) wrote a simple steady state energy balance, where the
rate of heat generation was assumed to be proportional te the hydrogen
consumption. Typical thermal properties were calculated from the available
literatura. ‘When the calculated steady state behavior was plotted it was
observed that the heat generation curve and heat removal line intersect each
other at three points indicating three possible steady states. Surprisingly,
ia both the cases studied, the operating temperature of the liquefacfion
reactor is near the unstable steady state. This furthér validates the |
hypﬁthesis by Singh and Carr (1982b).

| Since ttlis clearly observed that the SRC-II reactor L{s operated under
unstable steady state conditions, it caﬁnog be operated without coutrols. The
best way to control this reactor is by using hydrogen guench.

Shah and Parulekar {1982) reported that an increage in slurry velocity
reduces the quench requirement to maintaln constant outlet temperature.
Incr;ase in the gas velocity also reduces the‘quench requirement, while
increase in the iEngth increases this requirement. With an increase in gquench
temperature the effectiveness of quenéh in reduciag the temperature rise 1is
reduced and therefore the critical amount of éuench increases with quench
temperature. Also, the eritical quench ratlio (ratio of volumetric flow rate
oﬁrquench to that of feed gas) decreases as the quench location 1s moved from
inlet towards the outlet of the reactor.

Typlcally the difference 5etween the rate of heat generation and removal,
i.e., (hg=hr) for normal SRC-II process conditions, 1s less thaa 40 kJ/(L. hr)
which 1is about 10% 0of the magnitude of hg or hr. Since the difference between
the reactor feed (370 to 410°C) and quench gas (35 to &40°C) ﬁemperaturesAis

very large, the heat removal capacity of the quench gas is very large. 1t is
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important to note that the heat capacity of the gas is alsoc significant due to
high pressure in the reactor (Singh et al., 1982), TFor example, for a change
in quench gas flow rate from 20 to S50Z of the total gas flow rate, the reactor
would typically obtain an additional heat capacity of 90 kJ/L.hr. The latter
is more than twice the maximum difference between hg.and hr. Since the
distribution of gas between the feed through the prehesater and quench streams
can be varied significantly, it can safely be assumed that the quench gas
control can be effectively used to meet the changes in the reéuirement cf heat
removal rate with changés In process conditions., This.quench gas control
would bé‘very important for the cases in which the properties of the feed or
feed temperature are changed for a significant amount of time. This is a
distinet property for the SRC-II process whose rate depends on coal properties
which are variable and the variations cannot be known accurately beforehand or
during the operation itself.

Concluding Remarks:

Most of the industrial large scale reactors ara operated adlabatically.
Many of them have been reported to be operaﬁing under unstable steady state
cpnditions. However, control of these reactors Is relatively easy., One of
the most important reasons for this easy control is the thermal inertla of
these reactors, Most of these reactors are cperated under pressure. When the
pressure Inside these reactors ig increased significantly, two things happen,
one, due to hipgh pressure, density and hence the heat capaclty of the gas
phase increases significantly; two, at high pressures, the reactor wall
thickness Increases significantly (for example, 2 10 foot dlameter reactor can
have 14 inch walls} and hence the heat carylng capacity of the reactor itself
increases significantly. As a result of this increase Iin the overall heat

capacity, the respouse of the reactor to any changes in the feed variables
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becomes sluggish,‘and hence the control of the operation becomes relatively
easy, The SRC-I1 reactor is a special case of these high pressure reactors
where quench gas is effectively used tc coatrol the outlet temperature of the
reactor.

Experimental data on the thermal behavior of gas-liguid-solid reactors
are scarce. It is very difficult to bulld a prototype bench scale reactor due
to high surface area to volume ratic in the small scale reactors. Also, if
the small reactor 1s operated under high pressures, the thermal capacity of
the reactor walls, stirrer and the other internals increaseﬁ significantly
compared to the reactants and the pro&ucts. Thig results in an increase in
the thermal inertia of the reactor; and may cause experimental difficulties in
the measurement of the reactor temperature. Even if the reacter 1s operating
under unstable steady state conditions, the high thermal inertia may result in
small temperature rise {Bhattacharjee, 1983). Aléo, the extent of
adiabaticity Iin a bench scale reactor should be carefully monitored, before

any reliable data can be generated which may be used for scale-up purposes.
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Nomenclature:
hg
hr

AHreaction

P
Hy
TSRC

R

Heat generated, kJ/(L.h)

Heat removed, kJ/(L.h)

Heat of reactiom, kI/kg of Hy reacted

Partlal pressure of hydrogen, MPa

Rate of reaction of SRC (Solvent Refined Coal), kg/{L.h)

Gas constant, kJ/{¥méle-K)

Timg, k

Temperature in the reacter, K

Feed temperature, ¥

.Qutlet temperature, K

Mass fraction of the ash in the reactor
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