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‘A‘BSTRACT

“

A cr1t1ca] review of the char ga51f1cat1on 11ter;ture revealéd
that _many researchers fail to account ~ for concentrat1on :and
température gradients whicn may exist at:three 1évéls in gas-sdlid
systems: within a sing]é reécting‘particle,gin'thé‘film‘surrounding
the part1c]e, and in the reactor a& a whole. ~Furthermore, in many‘of  ‘
the gas1f1cat1on stud1es, the f1u1d mixing state has not . been c]ear]yh
def1ned. ‘Theoretical and experimental tests for evaluat1ng these
effects’ are summarized. The use of'.'gradientlesg' reactors, to
311eviate these problems ~in studying- gasification réactiqns"iSr\\
discussed. The potential of gradientless internal recirculatioﬁ fTow
reactors {n stddying. gasification kihgtjcs_ was investfgated ‘by
designing and constructing such a ;éacﬁor. The degree of g;s;phase
mixing in the reactor . was determ1ned from step- response data using a
novel approach to remove the 1ntrusxon of measurement dev1ce dynamlcs.
- which prevents unamb1guous eva1uat1on_ of “thé mixing in bench scale

reactors commonly having shart residence times.
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- 1 INTRODUCTION

Recently, Yhe gasificatiqp of coal "and biomass c(bafk,— peat.,

- woodchips, coconut shell, etc.) has received considerable attention. in

v

view of the growing interest in alternate forms of energy. There are
various complete gasification systems in operation (Synﬁhane;‘Lurgi,

Ké]logg, etc.), each having been developed to meet certain factors

_Qwhich include the availability of feedstock, the utilization of the

product gas and the capitaT cost . of the. instal]atiod(]). éven
though this gasification technology has a]réady been developed and is
réadi1y available, the renewed and -vital role it plays .today has
provided the 1hpetus for resear;hens to improve gaéification processes

in order to make them economically viable in a very competitive fuel

; market(z)._

L -

Coal/biomass gasification may be thought of as occurring in

several steps(d). First the carbonaceous material is heated at high

ratés ‘where pyrolysis and devolatilization occur according to the

following reaction:

Coal/Biomass + Heat ----- Volatiles (CH4, €0, CO,, Hy, H20) (g)
+ Tar (1)

+ Char (s) | Equation 1-1

'

The volatiles then react in the gas phase. The char or solid residue

remaining after this step consists primarily of carbon together - with
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the major part of the ash componehts and -some volatile matter. The

‘subsequént'heterogeneous reactions between the char and oxygen, steam,

<ok 1

carbon dioxide_-ahd hydrogen account for $he majority of the time

required for particle burnout. Furthermore, as pointed out in a.

‘recent review(4), economic feasibility of producing SNG and

efficjency of in situ gasification also hinge on this important char
gasif{cation step; In view of this, attempts for improvementé in
gasifibation technology might well be dirécted towards;this aspect of
;hé overall process. |

‘ Know1edge of the kinetics of the char gas1r1cat1on step is
fundamentalﬂ to the design and opt1ma1 operation of commercial
gasifiers, to the deve]opment and tésting of suitable. catalysts (in

terms of both activity and selectivity) and. to the better

understanding of the basic gasification mechanism involved. Many

investigations into char gasification kinetics have Deén carried out
on both a benEh scale ana pilot scale. Numerous types of experimental
reactor systems have been used to study the kinetics in question. The
exper1menta1 arrangements include gas flow and statlc systems in which
the char may. exist as a fixed or fluidized bed of .granular

part1c]es(5 6), particles falling through a hot zone(7),

(8)

or &

single massive piece " The operating variables encompass a wide

range in teﬁperatures " (500-200°C), pressures (10'5kPa-103kPa)
and gas velocities (0-100 m/s). While some experiments involve the
reaction of an appr;ciable portion of the char, others are cbnfined to
reacfions at very low burnoff. In this myriad of experimental

investigations, disagreements are evident. Table 141 and Figure 1-1



TABLE 1-1 *

ARRHENIUS FACTORS AND REACTION ORDERS FOR SOME GASIFICATION REACTIONS

, Particle Particle Temperature
Reaction %, ) E/R n Type ) Size Range
[kgm-¢s-1k Pan] (K] (pum] k]
0o,-C 1.2 x 107! ]6400 0 Broﬁn Coal Char 22-89 "620-1812
- 9,18 x 10°1 8200 0.5 Brown Coal Char 22-89 6 30-2200
2.01 ' .._-9600 1 Semianthracite b5-78 ¢  1400-2200
5.43 20100 1 Semianthracite 6-78 1400-2200
Hp0-C  3.19 x 102 25020 1 Graphite - 11331233
| - - ' . 8240 1 Graphite - 873-1273
A} Eq/R ‘ A Eo/R =
C0o-C 1.3 x 105 24000 1.4 x 1074 - 7500 Coke 1073133
- 2.1.x 10 20200 2.0 x 101V _27000 Coke  1199-1423

Pratt, Pulverized Coal Combustion and Gasification

Plenum Press NY CI1979

* Table adapted from Tables 1, 5 and 6 of Chapter 9 in Smoot, L.D. and D. T.
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contaih some examples of experimental finding§ of kinetic parameters
whfch haQe been repdrted in' the literature. In as much as values for
reaction order n, preexponential factor A and activation energy £ are
dependent upon the nature of the feedstock, it is unclear why these
kinetic parameters are.found to vary considefab]y from.investigatipn
to investigation, eveh,for very similar feedstpcks. The discrepancies‘
found in these instances, are generally attributed to differences in
pretreatment and source of the.char being investigated. hlthough

4
activity and selectivity of the char gasification step have been shown

20)

.to be influenced by these factors(1‘ ,the environmental history of

the char during reaction (i.e. the heat up rate, temperature,
pressure, composition of the gas phase, etg.) is angimportanf factor
which- has often been poorly characterized; Proper- interpretation of
kinetic data depends: upon reliable  characterization of reaction
conditions (temperature, reactant/product concentration,‘ degree of
mixing). In or&er to obtain reliable rate data and to facilitate data
analysis, sound bench scale' reactor design is critical.

Unfortunately, there is little evidence in the gasification literature

which indicates that reactor systems have been thoroughly evaluated.
. Therefore, the preliminary ebjectives of the present work were:

1. to discuss the required features of laboratory reactor
design for char gasification kinetics

2. to summarize and demonstrate . the theoretical and
experimental tests that may be applied to test an existing
reactor system for temperature gradients, conéentration

gradients and residence time distribution



-6-

3. to summarize the types of reactors which have been used to
date in char gasification studies and to evaluate them
with'respect to the above requirements

' .

As a resultiaf this evaluation of the status quo in reactor

design for gasification kinetics, it waéf desirable to consider and

discuss possible alternative reactor designs which showed promise in

overcoming many of the shortcomings of the reactor systems in current

use. One of the alternate designs, namely an internal recirculation

flow reactor was constructed in order to investigate its potential in
studying char gasification kinetics. The development, testing and use

of the reactor are discussed in detail.

Qe
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2 CHAR GASIFICATION

In char gasificaﬁion the primary process is a heterogeneous
reaction between carbon and hydrogen, oxygen, carbon dioxide and
steam. Consequently, carbon (in the form of graphite)'hés been used
by many experimenters as a first approximation to the carbonaceous
material in their effort to study the gasification rgaciions listed in
Table 2-1. The Feadér is referred to aﬁ excellent treatise on the gas

(8)

,_reactions of carbon by Walker et. al The authors discuss quite

thbrough]y the rates and mechanisms‘df several gas-carbon react%ons
and the various factors that affect them. Considerable emphasis is
placed on the role of mass transport. The dated review by von
Fredersdorff and E1liott(9) which treats separately the topics of
fhermodynamics, physics, kinetics and diffusion in gasi%ication
reactioﬁs is also recommended a; a’ summary of the work (mostly with
pure carbon) done prior to 1960. Although much of the ‘research
carried out with pure carbon has contributed significantly fo our
understanding of the complex gas-char reactions, it has not been
possible to predict char gasificatiog rates from their carbon
counterparts primarily because of inherent chemical differences. -Char
differs from puré carbon in that it contains chemically bound
hydrogen, oxygen, sulfur and nitrogen as well as varyiné amounts of
ash and minera] matter(3). The Jlatter 1items have been shown to
influence reaction rates substantially through direct catalytic
(10)°

activity For these reasons, rate studies using char have been

prompted. The reader's attention is focussed on a very comprehensive



_ Boudouard Reaction

H&drogasifiéation
Carbon-Steam Reaction

Incompiete Combustion

TABLE 2-1

GASIFICATION REACTIONS

-+ 2C0

Cis) * 0 (g)

2(g)

Cis) * 2Ma(g)™ tHé(q)

Csy * HOygy> CO(gy * Mz (g)

C(s) + 1/2 02(9)4- CO(g)l

Heat of Reaction

[CAL/MOL]
41,200
17,890
41,000

-26,400
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" review by Laurendeau(q) 5n which the kinetics-of the charrreactions
with oxygen, hydrogen, steam and carbon dioxide are considered in
great depth wjth the empﬁasis tbeing placed pn the use of intrinsic
chemical reaction rates, i.e. the rate per unit surface area (interna]

plus external}, in the study of these heterogeneous reactions. The

basics.éf gas-solid re;ctions will now be examined briefly.

The char gasification reactions listed in Table 2:1 are
non-catalytic heterogeneous reactions involving a solid (char)~énd a
gas (oxygen, hydrogen, steam, carbon dioxide). Gas-solid reactions

are considered to observe the following mechanism or sequence of steps:

1. external mass tranéport of gaseous reactant(s) from the
bulk fiuid to the outside surface of the‘porous solid

2. diffusion of the gaseous reactant(s) within the pores of
:the solid to the surfacé

chemical reaction with the solid including the adsorption

[¥%]

of reactants and the desorption of products
4. diffusion of the gaseous products from interior sites to
the outer surface of the solid
5. external mass transport of the gaseous products from the
gas-solid interface to the bulk ga§ stream -
It is very imbortant to undérstand the relative significance of these
steps in order to understand the averall ratgs of the reactions. Any
single step 1 through 5 can be rate-determining and often a

combination of steps. ultimately determine the overall gasification
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rates depending upon what reaction conditions (temperature, pressure,

gas concentrations and velocities, particlé sizes) are being studied.
| Operating condit%ons in which the surface feactibn is contrq]jing
(i.e. step 3) must be used to determine the true kinetics 6f. the
char-gas reactions since at any othef conditioné, the external mass
transport- (steps 1 and 5) and thelintraparticle diffusibn (steps 2 anﬂ
4) -may.significantly affect the overall rate,'the activation ehergy

~and the apparent order of feaction(]]).

Since  kinetic parametefs must  be determined _ through
measurements on a reacting system, it is critical that the reactor be
carefully described through an adequate design equation and that the

experimental procedure and operating conditions be clearly defined.

The mathematical formulation for ' char-éas reactions 1in
multiparticle systems (such as fixed beds, fluidized'beds, entrained

bed, etc.) 1is complex and as wen(]z)‘ points out "a rigorous

v

treatment seems unattainable even for the solid of the simplest

geometry" because of a number of factors:

1. the changing size and shape of the char particles during

the reaction

2. the éhanging’intricate pore network within the porous char

during reaction

[
.

the comp]itated velocity profile of the surrounding gas and
4. the complicated temperature distributioné within the

reactor due to high heats of reaction.
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. Szekely et. al(]3) have outlined a general approach to formulating

3

" models of nonisothermai systems where there' may be{ a sigﬁificaht
change in the molar flow réte of the reactiné gas: Their approach
consist§ in statements of heat balances and component and overall mass
balances on the gas and solid. _T}pical re]ationﬁhips that enter into
these eguations are‘ 'corre1afions of heat and mass tfansfer
coefficients, temperature. dependence of .property values -and

expressions for the solid rate of. reaction.

As an example, a summary of the governing equations for a .tunular
packed) bed flow reactor for the transient staté and for a single
'reactiqn are given' in Table 2-2.. Models of phemica{ reactors;
therefore, must be based on the physical phenomena of maés, heat and
momentum transfer and on chemical reaction kinetics. Reactor design
and operation which can simplify the formidanle task of modelling is
invaluable to obtaining and interpreting gésification rateidata. In
this light, tne‘merfts‘and'demerits of various Taboratory reaétors in
facilitating kinetic studies will pe examined in Chapter 4. -
< - :

It is clear that the mathématical model used to describe the
feacting system should be representative of the actual conditions
existing inside the reactor. No analytical solution to the complete
set of partial differential equations listea. in Table 2-2 éxists.
Numerical so]utidns of this set. of equations, although feasible,
require considerable computation énd tq my knowledge solutions of pbis
type have not yét‘oeén attempted. In order to obtain the kinetics
from a.fubu]ar fixed bed, simb]ifying assumptions must be made. The
interpretation of kinetic data therefore depends upon the'quality of

these underiying assumptions. When assumptions are made about reactor

~

red
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TABLE 2-2

- GOVERNING EQUATIONS FOR TUBULAR FIXED- BED REACTOR

MASS BALANCE ON KEY COMPONENT OF GAS )
p P

3(eC)/3t = -3(UC)/3z - k a (C-CJ) + eD_ (3°C/d xr® + 1/xdC/dr)+eD  JoC

rate of acc net convective net transfer of flow of reactant into the oz
of reactant flow of reactants reactant from differential volume due to
in ax1a1 direction solid to gas. radial & axial dispersion

MASS BALANCE ON REACTING COMPONENT OF SOLID

3C /9t =D__ (3(E*3C/3E )/BE) /8% - PeTa

Rate of Acc effective diffusion " rate of production or consumption
- of reactant within solid particle of reactive component due to ~

comp. of solid chem1ca1 reaction

HEAT BALANCE ON GAS

. £ - ' | -
EiEEEEEEL £ 327 1 aT | . 32T
ea(pgch Y/t = - Sz + hga (T_-T) + A_ = += == | + A

erdr r 3r ealdz
rdte of ace net convective rate of heat heat entering differential
of heat in gas axial heat fiow transfer to solid .volume .due to radial &
into differential axial dispersion in gas
Volume

HEAT BALANCE ON SOLID

N [e [g?er, . JE&T AT 52
€ s s s 5
B(pscst)/at =57 | 3F ( + Py AH La +_Ae i} + 1 + A5

of KIS, P33 ror | ean7
rate of acc of rate of heat transfer rate of heat heat flow into
heat in solid to gas due to effective consumed due to differential volume
thermal cond. within heterogeneous due to conduction
solid reaction & radiation in

axial and radijal
directions.
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conditions, it is important that experimental as well as theoretical
tests be éppTied whenever possible to vefify them. In the next

chapter, the essential and desirable features of bench scale reactors

-

and these experimental and theoretical tests will be:discussed in an.

effort to evaluate bench-scale reactors in the study of char

gasification kinetics. . t,
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¥ -5 EXPERIMENTAL DESIGN

)

Essential and Uesirable Féatures of System Design

L

Before embarking .on an evaluation of reactor systéms, it

is worthwhile establishing those features of a reactiod system

which are desirable and in some cases essential for the

accurate determination of char gasification kinetics from

single particle or muitiparticle systems. When only chemical

kinetic information 1is of interest, one must ensure that

temperature and concentration gradients within the reactor are

controlled and accurately modelled. This can be classified as

an essential feature of system design since chemical kinetics

depenrd directly on the concentration of reacting species and on

levels in gas—so]iq systems: intraparticle*, interphase** and

1nterpartib1e***. Each of these will be considered separately.

Intraparticie Gradients

*%

b4

*kk

within individual particles
between the external surface of the particle and the gas

adjacent to it

between ~ local gas regions and between char particles

(sometimes referred to as intrareactor)

‘the reaction temperature. These gradients may exist at three



Concentration gradients inside a ;ing]e- reaéting porous

" particle exist‘whenevék tﬁe reactants canhot diffuse in to the

pores of the solid from the soTid-quid,interfaCe sufficiently

rahid]}. A good description of pore aiffusion can be found in

References 14 andl{S. Diffusion rates in porous solids cannot - °

in  general be ﬁredicteq because of sevefal éﬁhplitating

factors(]é), namely: |

1. The volume occupied by the solids {s not available for . -
diffusive transfer.. ‘ |

2. The actual diffusion path.will not follow a straight line
but will be quite torfuous and. the extent of thjS'
tortuosity will necessarily depend on the pore structure 3
of the solid. “ |

3. The diffusion in the pore volume will be influenced by the
pore walls when the pores . are small enough and Knudsen

~diffusion will become important. | |

4, Under Some éonditions, significant total pressure
gradienfs may be estab]%shed within the solid. Under
these conditions transfer due to a pressure gradient has

to be considered.

The approach usually taken to model an actual solid is to
assume that the laws of .molecular diffusion are obeyed in the
porous medium and then to define an effective diffusiQity
(which is smaller thah the binary molecular diffusion |

coefficient) to - incorporate the various factors mentioned
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earlier as follows:

N, = —Deff EEE : ‘ Equation 31

dz

A

Pore diffusion in the solid may occur .by either bulk or Knudsen

diffusion or both. If the pores are ‘large and the gas

A
relatively dense, the process is that of bulk” Qp ordinary

-

diffusion*., The bulk diffusion coefficient per unit cross

section of porous mass may be expressed in the following way:

12 "Equation 32

where t is the tortuosity factor, e the internal void

fraction or porosify of the solid, and D12 the ordinary.

. molecular diffusivity. Typfcal; values for porosity of coals

are in the range 2—50%(]6). The porosity of chars is usually
somewhat higher and depends upon the extent of gas%fication
(30-70%).
#
Experimental values of gaseous diffusion coefficients are
in most cases readily available but yhen-thig is not the case,
gas phase diffusivities may be predicted quité

(17, 18).

ac&urate]y Typical values are given in Table 31

for low temperatures. Extrapolation of these gas diffusivities

to higher temperatures and pressures can be accomplished by

using

* Pore size/mean free path of diffusing species }10(4)
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TABLE 31

GAS PHASE MOLECULAR DIFFUSION COEFFICIENTS

1 Atmoshhere '

. bas Pair _ Temperature Diffusivity
o LK Lem®/s)
oo, Tas . o
473 : 0.3
Hp-CHy 316 0.81
HZO--H2 : 273 0.75
H20-COZ 273 0.138

02—(302 273 0.139
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any of a number of empirical correlations ‘based on .reduced
températures and pressures (e.g. Slattery-Bird Equation,
Chapman—Enskog Equation}. D]Z varies with Tn ‘where n lies-
between 1.5 and ¢ depending upon the tempéfature 1eQe]. At low
to moéérate pressures, the diffusion coefficient of'gases is

inversely propbrtional to pressure ar density(]g)

If tne gas density is low or if the pores are quite small
or both** the molecules cellide with the pore wall much more
frequentiy than with each other. This is known as the Knudsen

diffusion regime. In coa]soner 90% 6f the internal surface

area is contained within a micropore ( §<20A%r 200 nm) system

that “represents 50 to 80 percent of the total void’

(16)

space Knudsen diffusion 1is distinctly possible in this

microporous network. A simplified approach to defining the
(13)

.
.

Knudsen diffusivity Dk,éff is given below

Dy efs =4 JBRT Yok, Equation 33

3 i MA
where the term in the parenthesis can be interpreted as fhe
root mean square of the velocity of the gas molecules of A;
K0 is a parameter characteristic of the solid with the
dimensions of length. Methods are available for estimating

K0 for idealized ®eometries and can be found in Reference

13. Little information is available however on experimentally

** Pore sjze/mean free path of diffusion species <0.1(4)
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measured tortuosities and. Knudsen diffus%on coefficients for
noncatalytic gas-so]id reaction.syst?ms. .The combined effects
of both Knudsen diffusion and molecular diffusion in the
transition region (for equimoiar counterdiffusion) can be
modelled to a good approximation by using the overall pore

diffusion coefficient:

Daff = ] + 1. -1 ' Equation 3-4
Dg,eff  Ui2,eff '

Walker “et. aI(B) have’ found that DOgep 1S directly
proportional to the squaﬁe‘of the porosity for és'd 0.40 Qith
the - proportibna]ity factor equal to 0.095- cmz/s at NTP
(ZOOC, 1. atm) qu spéctroscopic carbon rods. Unfortunately

the temperature and pressure dependence of Deff were not

studied. Recently, Desai and Yang(]]J) showed that the
relation ‘
o2
Ders = €012

for the effective diffusivity of «carbon was limited to
temperatures below 700°C. In their .model}ng studies they
found that at temperatures above 100°C the above relation
predicts diffusivities that are too high by a factor of 74 to
80 as shown in Table 32. Because of the scarcity of the
experimental data on effective diffusivities of . char, a
constant value is nearly always assumed in char gasificatiﬁn

studies.

Temperature gradients inside a singTe borous particle may

also exist whenever the thermal conductivity of the solid 1s
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TABLE 3-2

EFFECTIVE DIFFUSIVITY OF CARBON AT HIGH TEMPERATURES

T (C) Dogs
e

1300 1.3 le:3

1400 1.3 x 107°

1500 1.56 x 1073

1600 1.63 x 1075

* Obtained from modeling studies by Desai & Yang

64
65
61
60

-

(113)

2
T D~'2

,,,E_C.mz/sl

0.1
0.11
0.12
0.13
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'

sufficiently low to. hinder the transport of energy (by
condﬁctjon within the solid). The usual approach taken for the
representation of porous solids fs to consider them homogeneous
on a macroscopic scé]e,and_then to relate the heat fiux to the
temperatﬁre gradient by means = of an effective thermal
~ conductivity: - o

r

9y = ;Aeff'%£ Equation 3-5
If ‘one assumes, in estimating the effective  thermal
conductivity of real porous solids, that the material consists.
of a continuous solid phase containing many closed and isolated
pores filled with a gas that has a thermal conductivity much

lower than that of the solid phase, then the thermal

conductivity can be estimated by the following expression
off = A (1 - Es) Equation 36

where A, is the thermal conductivity of the solid at zero
porosity. If on the other hand one assumes that the material
consists of a gaseous continuous phase {(of relatively low
therma) conductivity) containing individual solid partic]eé
tﬁat are in point contact only, then the effective thermal
conductivity of the porous solid depends on the thermal
conductivity of the gas but 1is independent of the solid
conductivity. Clearly these are two limiting cases. An actual

porous solid will have an intermediate thermal conductivity.
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It has been shown that the high porosity of coal makes its
thermal conductivity very much dependeni on the nature of the
gas that suffuses its internal free space as demonstrated in

(114)

-the experimental work by Schumann and Voss preSented in
“Table 3-3.  Other investigatoré have also found that Heat
conductivities aré similariy affectea by mbisture content.

Since chars have somewhat higher porosities, marginally lower
‘effective thermal conductivities afe expected. The effective
thermal  conductivities of  chars are fn the  range
3~9cals']cmflc-] (4) shbu]d be noted however that
porosity .and pore structure change with reaction so that -
strictly speaking both -effeéctive thermal conductivity ( Aeff)
and effective diffusivity (Deff) are a function of the extent

of reaction.

Reaction rates are significantly altered by the intrusion
of - these intraparticle temperature and concentration
gradients. The classical approach adoptéd in  studying
'gas~sblid reactions has been to define the effectiveness
factor n as the ratio of the actual reaction rate (rv;obs)#
to that which would occur if 61] of the surface throughout the
inside of the solid particle were exposed to reactant and
product of the same concentration and temperature as that

existing at the solid-gas interface. -

"v,0bs - Equation 37
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TABLE 33

EFFECTIVE THERMAL CONDUCTIVITY OF COAL

.- ‘ ¢
Drj Coal .-

Sized - 10 + 12 m

ES=44%
@ - ' AR T
Effective Thermal Conductivity  3.27 x 107 . 7.03x 107
[cal ¢! cmf1 K] ‘
Gas Thermal Conductivity | 0.63x 107 4.6 x 1074

[cal sV em k1]
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For the case where there is no pore diffusion limitation n. -

‘approaches unity. Under isothermal conditions (i.e. no
S : .
temperature gradients) n decreases in value as diffusion

limitations become significant,‘_but’ with a highly exothermic
reaction (significant™ temperature gradient} n  may exceed
unity(]g). The effectiveness factor n is a function of the

Thiele modulus,,as shown below,

_ . . 3 Y .
n = tanh ¢ , where ¢ « L Aer D et 'Equaﬁlon 8

¢

[t can be shown that for large particles (L large), small
diffusivities or very rapid reaction rates, appreciable
diffusion resistance can occur and must be considered.

Turkdogan et. alkbz’ 63) have conducted very extensive
stﬁdies on the carbon-dioxide reaction with charcoal énd coke
using an electrobalance. Tﬁe éxtent Qf pore diffusion in solid
spherical carbon specimens was shown to depend on the size of |
the carbon sample, the concentration of the reactant gas’and on
the temperature. Pore diffusion offered less resistance'with
decreasing particle size, decreasing partial pressure of CO2
and decfeasing temperature. For a carbon aioxide partial
pressure of (.24 atm and a total pressure of 1 atm, the maximum
é?itica] sphere diameter for negligible pore diffusion
resistance is about 2 cm at 900 - -QSGOC. At much lower
pressures (0.025 atm) for 1 cm- diameter cylinders neg]ié%b]e

\

pore diffusion resistance extends to 1300°¢C.
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Interphase Gradients

Steps 1_€nd 5 in the generalized mechanism' of gas~solid
reactions -relgte to the efterna] mass . fransfer of
reactant/produ;t to/from th%bbﬁlk fluid.to/f;om thergas—solid
interface. = This 'mass. transfer 'step has been extensive1{

3

studied since the rates at which these species are transferred

"to and frem the solid surface may p]ay an important ro]e in
determining the overa]] rate of reaction. Mass tramsfer rates

‘can be described by the usual mass transfer coefficient, k ’

in terms of an appropriate driving force as f0]10w5(15)

N, =‘kg (Cog - Cas) | ~ Equation 39
where CAB concentration of reactant/product A in bulk
7 .

stream
CAS concentration of reactant/product - A at

f]uid/sojid interface

Ny molar flux with respect to' the fixed solid

surface

Mass transfer coefficients for a particular reactor system can

in general be obtained from numerous experimentally determined

correlationst 14> 15), Frequently the mass transfer

coefficignt is expressed a§ a Chilton—Colburn jD factor “which

¢

is defined in terms of dimensionless groyps as:

jo= Nep ) Equation 310 .
1/3 :
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"The,Sherwood, Schmidt and Reynolds numbers are .defined as:

‘Nﬁu N=Up'

Sh - kg L Sc 5 D Re T
where = u fluid viscosity
s fluid density
u. superficial velocity of fluid

DiZ “molecular diffusion, coefficient

L characteristic dimension of particle
kg mass transfer coefficient from bulk fiuid to
solid

In laboratory work, the Réyno]ds number (NRe) will typically

range from about 20 to as low as 0.1 or 1ess.(/?ﬁé followihg

empirical correlation is recommen@gd’?ﬁr\packed_beds in which
| ‘

the Npe s Dbetween 5 and 2000 aﬁd the eﬁrticle diameters are
(19). /

ejD = (.35 Equation 311
N 0.359 .
Re

between 1.8 and 9.4 mm

For lower flow rates and smaller -particle sizes, mass-transfer

coefficients may be very low and a rough estimate may be

)(112)

obtaified from the following (0.0016< Np < 55

eip = 1.09 (Np,) -2/3
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It must be stated howeyver that at iow f]owratés, iheée averagé
” mass transfer cogﬁf{cients may not be representative of the
entire bed when thefé is a large degree of particle size
distribution and hence distribution of voidage(]g).

The rate of reaction at” the solid surface for a first

q\

order reaction based on the~interfacial surface area “can be
expressed simply as the producf‘bf the reaction rate constant

and the concentration of reactant at the interface.

-y = kr CAS - Equation 312

At steady-state there is no accummulation of reactant at
the interface ¢and the rates expressed by Equation 3-9 and
Equation 312 must.be equal. lCombining these to eliminate the

unknown surface concentration yields:

kg kr

_ o=k = -1 : Equation 313
"a,abs - Ko CaB {l—“" -1—} Cg .

The meaning of external mass transfer resistance is clearly

iTlustrated by Equation'3~]3l When the mass transfer steﬁ is

_much more rapid than the Surface reqction step {i.e. kg>>

kr) then the observed reaction rate approximates the surface

reaction rate because ko + kr and CAB - CAS' However,
the other limit is that of almost instantaneous reaction, (i.e.
kr >> kg), the observed rate then corresponds to the fluid

phase mass transfer step and is  termed 'diffusion
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controlling’. ° Appropriately smitht!4) points _out  that

significant external mass transfer resistance leads to false

activation energies and orders of reaction.

Fluid to -particle heat transfer resistances must also be

]

considered in gasification reactions. _ The heat transfer

coefficient is defined in terms of the temperature difference

petween the bulk fluid Tb andlgurface Tz as

s o
Q=hea, (Ts - Tb) : . Equation 314
where -~ Q = heat transfer rate from solid to fluid per
unit mass
g = external éurface/unit.mass'

hf = fiIm heat transfer coefficient

-

As in the case of the mass transfer coefficients, one haﬁ to

rely for the most part on empirical correlation for obtaining

the heat transfer coefficient.. These empirical correlations

also make use of a j-factor expression:
Pr | .+ Equation 315

where the dimensionless Prandtl number is defined as cpu/kf.

s

hf = heat transfer coefficienf ~3

cp = fluid heat capacity - o -
G = superficial mass ve]qcity:h

.kf = thermal conducfivity of fluid o

RS
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Satterfie]d(lg) suggests the fb]]owing correlation as a

»

rough guide for estimat1n§ heat transfer coefficients at low

flow rates (0.1< Nge <10) in packed beds:

kg N

NG T 0.07 NRe : where N

Nu - F %p

It must be noted however that heat transfer coefficients
evaluated from the jéfactor expression do not. include &
radiation contribution. - Smith(IQ) pojnﬁs out  that in
general, radiation effects are neQ]igib]e _bejow 40p°C for
fixed beds of pellets not gﬁéater'thénlﬁmm in diameter. .Sihce

gasification = reactions occur at higher temperatures, the

‘radiative heat- traﬁsfer_ should be considered. A simple

expression holds for describing the radiant flux received by a
small pellet, Tocated in a large cavity (e.g. thermogravimetric

balance) the surface of which is isothermal, in the presence of

(13),

a ngnabsorbing gas

Qp = € cv‘(TW4 - TS4) Equation 16
‘where o = Boltzmann's const = 1.37 X it
| cal en 2574
QR = net radiative flux at the solid surface
g = emissivity of the surface
Tw = temherature of the wal]g of the cavity
T = temperature of the solid surface

PR
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Thjs is often a good approximation for radiative heat transfer

to single pellets held in a tubular furnace (e.g. the

" thermogravimetric ~ balance). A~ radiative. heat transfer

coefficient may be defined in the following manner

. 2 .2
h, =80 (T +77) (T ¢ T.) Equation 317

for purposes of comparison with convective heat transfer

coefficients.

The reactant gas and the solid surface may differ in

concentration and temperature substantia]]y(zo).

(15)

Froment and
Bischoff point out that it is especia]]& likely to find
large temperature and concentration differences in Tlaboratory
reactors which have rather low flow rates ihrough the reactor.
When this is the case, heat and mas$ transfer processes must be
considered simultaneously. For large interphase temperature
gradients care has to be taken in selecting the mean or film
temperatures at which property|va1ues such as diffusivity and
gas density are evaluated. Thermal convection may alsoc play a
strong role in definind the flow conditions around the particle
and should be taken into account in calculating both the heat:
and mass-transfer coefficients(]a). External heat and mas;

transfer rates should therefore always be estimated in order to

ascertain what role they play in the observed or measured rates.
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1.3 _Interpartic1e Gradients -

In fixed beds, as in most bench scale reactors, the
interaction of the solid: particles and the nature of the gas
fldw through the reactofimay lead to interparticle temperature
and concentration gradients. These. gradients occurring both
radiallx- and _axially within the reactor as a whole are
particularly difficult to evaluate and"  control.  Heat
conduction problems due to a low effe;tive thermal cbnductivity
of the entire bed can leig'to severe radial gradients in cases
where the reaction rate and heat release {or intake) are Targe
and heating is being provided at the reactor wall. Since
reaction rates for the most part vary exponentfal]y with
temperature, it is critical that the témperature profile inside
the reactor be known explicitly. Models to predict the
detailedltempetgture and -conversion pattern in a reactor make

t(14, 15).

"use of the effective transport caoncep A radial

effective conductivity parameter Aer and an axial effective
conductivity parameter Aea have been defined by analogy to
the mass transfer case: '

q. = -x 3T q, =-i_ 3T . Equation 18
r or wr 1 2 € =

Owing to the complex heterogeneous system, Aea and Aer , the
effective thermal conductivities, are properties of the bed
that depend on a large number of variables such as gas flow

rate, particle diameter, porosity, true thermal conductivity of
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the gas and of the solid ‘phases and the temperatufe level.

Smith(]4)' points “out ‘that the axial effective thermal

'conductivity Aea is negligible 1in most cases except for very

(14)

shallow beds and low gas velocities.  Smith discusses the
use of an expression for estimating A . in packed beds based

on a series mechanism of conduction, convection and radiation

. for various conditions of pressuré, temperature and particle

size. However, the correlation suggested has been tested only
up to 400°. In paqked beds at moderate temperatures,
convection is the predominant mede of heat transfer, howéver,
thermal radiatioh may  become signifiéant ~at  elevated
Itemperatures and low gas flows. For example, radiation becomes
jmportant for lmm particies at temperatures above 400°C and
for 0.]mm particles  above 1500 C(]15). Below 400°C.
radiation contributes between 10 and 15 percent of the bed .

(14} (13)

conductivity Downing has proposed the following

expression for fhe effective thermal conductivity of a packed

bed at high. temperatures in the absence.of fluid motion U<700°C).

hg = (1-€) Ag 73 4 TS T Equation 3-19
*
Ag t K*T
. - caxd 1108
where k* = .69 € dp/IO
A = thermal conductivity of solid
€ = emissivity
Ag © effective thermal diffusitivity of entire bed
¢ = bed void fraction
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Reéction conditions in gasification will usually be at
atmospheric pressure or higher and at higher témperatures than
those fbr which the above correlations apply. At temperatures
above 700°C the radiation-contribution accounts for about 80%

of the total thermal conductivity of theﬂbed(lls).

The flow
of gas in a reactor increases the effective bed
conductivity(lg). The  radial | thermal conductivity lis
genefa]]y correlated by an empiricél equation of the form |

‘A r A+BN

e Re ‘ Equation 320

where A is the bed conductivity under stagnant conditions.

(19)

Accohdingr_to Satterfield » Reynolds numbers in the order

of 200 would be required to double the bed conductivity over

t

the - value 1in the absence of fluid motton.  Froment and

(15) have -further distinguished between the effective

.F
r

solid pnase Aei in their approach. Although attempts are made

Bischoff

thermal conductivity for the fluid phase Ae and that for the

to minimize radial temperature gradients, in order to approach

-

isothermal operation, their occurence is wusually inevitable

when the neat of reaction is high. Isothermal operation (i.e.
the 1implicit assumpt%on that temperature gradienté are-minimal)
of a benéh scale reactor is highly desirable because of the
greatly simplified governing ﬁathematical mode 1 (no‘ energy

balances required for the gas and solid phase).
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Concentration gradients in a reactor may.be. due t6 flow
ﬁa]distribufﬁons, .by-paésiﬁg, axial dispersion and radial
ve]ocjty gradients. Concentration - dffferences' -greatly
influence reaction rates and: are difficult to predict. The
effective transport concept "has also been used to describe the
nonisotropic effective diffusivity in packed beds:‘ A radial
effective‘ difquion paraheter Der and an axial effective
diffusfbn parametef Uea -have been defined based on the void
volume in the bed and are readfly calculated from available

(13)

correlations Experimental research has shown that when

L >>d and Po>1 for reasonable . fiuid velocities (Npe ™ i0),

P
akial dispersion s unlikely to be significant(q 3, 14).
However, axijal .dispersion may be 1mpor£ant where the bed is
only a few particle diameters deep or when the Tlinear gas
ve]oéity is small. Experimental results on radial dispersion
are less extensive. Nevertheless for Reynolds numbers above
40, the radial Peclet numberiis independent of flow rates and
approaches ]d. The terms 1in the continuify equation that
involve radial gradients are generally small fof isothermal
operation since the only way that concentfﬁ%ioﬁ gradients can
develop is. through variation of the velocity with radial

position(14).

Unfortunately, if radial temperature gradients
éxisf‘then the reaction rate can vary signficantly with radial
position and large concentration gradients develop. It is in
the control of these interparticle gradients that reactor

design plays a key role.



48

-35- .

An  understanding of the relative - 1mporfance of
intraparticle, interphase and interparticle . ‘gradients is
fundamental to a compiete ‘descriptjon of aéta obtained . from
measurements of the overall rates of reaction in chemical
reactors and tolthe validity of the matheﬁatica]lmédels'used to
describe the reaéting system. Failure to .accdunt for these
gradients when they are significant leads to erroneous and '
meaningless rate expressions for scale-up or optimization.

Residence Time Distribution

Mosf of tﬁe bench scale réactors used to study chemical
kinetics 1in char gasification are continuous flow reactors
through which a fluid stream or solid stream or both are
steadily being passed. If the vo]umetriﬁ flow rate of the
stream is g and volume of the reactor is V, then the average
or nominal holding time of the materia]l(fh ) in the vessel is
given by V/q . However, it is not true that all the
- elements of matter passing through the system stay in the
-éystem for.the same length of time; i.e. some qjements of the
stream may spend a Tonger period of time than fh in the system
(such as stagnant zones) whereas other elements are retained
for a shorter time period (as in the case of bypassing). This
distribution or spread of resiﬁence times 1is an important
“‘characteristic of the system and may have a profound effect on
its performance as a reactor sincet when chemical reaction

takes place inside a flow reactor, the length of 'time each
/ 0



-36-

element of ‘reactants spends within the reactor affects the

. overall conversion(]4). An understanding of the mixing

processes and the resulting residence-time distribution (RTD)
can thus be classified as another essential "feature of system

design.

Two simple limiting cases, so-called iaeal flow patterns-
are worth mentjoning. At one extreme, the flow patfern in the
reactor may be regarded as plug fiow “with no _1ongitudina1
mixing put wite complete radial mixing.. This flow pattern is’
characterized by an identical velocity and residence time of
all the elements of the fluid stream within the reactor. Under
these tonditions there is no spread of the residence times and
thé residence time of the stream s a uniquely defined
quantity. The other extfeme‘-is a combiete1y mixed flow
characterized by a well-defined “residence time distribution of
exponential form and the identical composition o% the exit
stream and the fluid within the reactor. It follows therefore
that for completely mixed systems there is a large spread in
the resiﬁence time distr%bution; some elements of the stream
spend very little time in the feactor wh{]e other elements may

be retained for much longer time pericds than Eh- The

‘maximum effect of the residence time distribution (RTD)} on

conversion is evident from a comparison of plug flow and
compietely mixed flow in a reactor as shown in Figure 31 for
first order kinetics (r=kC). As an example, whenk%ﬁ = 4,

the conversion for the case of comp]ete"mixfng is 80% while for
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Plug Flow

Complete Mixing

Fractional Conversion, X

a . | 1 L i r/
0 1 2 3 ' 4

k (Vs/Q) or k (Vp/Q)

Figure 3-1 Effect of mixing (RTD) on conversion for 1st order kinetics
Reference 14, Figure 4-14, p. 178. '
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the plug flow Ease it is.98%. The différences'wou]d be larger
fof second order kinetics and smaller for half-order Kkinetics.
For a reactor which followed neither ideal flow, but showed an
intermediate RTD, the conversion would be between the two

extremes.

while p]ug_' flow and comp1g£e1y mixed - flow are
ideéﬁizatiohs,,the design of reactors so that the flow -pattern
approaches either extreme is desirable Because of the
simp]ffied governing mathematical equations. In general,
héwéver, a reactor will not have the characteristics of either
of these two limiting case, i.e. nonidea]%ties_ or . deviations: -
from the ideal flows will exist. These nonidealities Ean‘be on
two levels: madromixing and' micromixing. ‘Residencé time
distribution is affected by both types of deviations. This’
implies that measurement§ of residence time a]oﬁé cannot
determine if the mixing process is on the microscopic or
macroscopic scale. RTD concefns only the total period of time
the elements have spent in the system rather than with the Qay
the elements distributed theif time in the various parts of the
reactor. Since systéms with differing flow pattern give rise
to the same RTD, the RTD analysis should be looked upon only as

supporting evidence on the validity of a reactor flow model.
Additional Features

In the previous two sections, the essential features of

reactor design were discussed. In addition to theée, practical
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requiremenfs ‘dictate several "desirable characteristics for
bench-scale reactors. In any .study of gas-solids reaction

kingtics it is desirable to have -a reactor system for which

.product sampling and analysis is simple and quick. Where small

changes in gas composition ~must be observed {as Tor
differential conversions) accurate analytical tephniques are a
necessity. A wide range of. reactor operating conditions (e.g.

gas flow rates, reactant composition, amount of solids,

" Lemperature, préssure) should be possiole since  the

rate-determining step must be determined from the effects of
changes in these conditions. Gas-solid reactors should also be

designed With the object of facilitating the data -analysis

'(i.e., by~ reviewing the design equations for the system).

Finally, it is also preferable to keep the cost and difficulty

‘of construction of these Tlaboratory reactors low. These

additional desirable features can greatly facilitate the

investigator's work.

Summary

The desirable and essential features of reaction system
design are summarized in -Table 3-4. Although these features
are generally common to any system for determining chemical
reaction kinetics the inherent characteristics of éhar
gasification reactions (i.e. high heats of ‘reaction

50kca1/mo], severe operating temperatures =~ 1OUU°C, unsteady.

state nature of system) makes the realization of these features
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TABLE 34

ESSE&TIAL AND DESIRABLE FEATURES OF SYSTEM DESIGN

5

&

ESSENTIAL FEATURES

-

. . Controlled intraparticle, ‘1nterehase, interparticle
temperature ahd concentration grad1Ents

Well defined reaction temperature

Well defined residence time distribution

DESIRABLE FEATURES

Easy and quick product sampling and éné]ysis
Flexible operation
Simple data analysis

Low cost and simple construction and operation
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pafticu]arly challenging. .In the next three sections of this

'.chapter analytical and Exberimenta] tests which can be applied .

to examine whether the " essential design features have been

achieved will be reviewed.

—

s

others

Analytical Criteria. for System Design - - N

Chemical reactbr design must be based on foqr processes:
chemical reactibn kinetics and the transfer of mags,“heat.and }
momgntum. These effects‘ however should  be studied
qndependently in order to minimize the deQFndence of fhe data
gn the type' and size ‘of bench or pilot ‘scale equipment.

Physical effects in chemical reqétors_ whether Tlaboratory -or

pi]ot.scalé are often difficult to separate from the chemical

* rate processes. Therefore, prior to or in the garly phases of

a detailed kinetic study of a gas-solid reaction, .certain
preliminary tests shou]dlbe-carried out to establish whether
the transfer .processes are ;éffecting the reaction to' an
appreciabie extent. There are two ways of determining whether
intrapértic]e, interphase or interparticle gfadients are
Eausing significant effects, first *by experimentation and
second by ca]éu]ation. In this section, analytical criteria
(developed mostly in the study of catalytic gas-solid
réactions) to estimate the magnitude of these effects will be
discussed. These criteria héve been well .reviewed by

(21, 22, 19) and so only a few of the most common and

usefulltests will pe aescribed herein. It should be stressed
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that care should be exercised. in- using the criteria in

undergoing reaction are changing with time (extent of reaction)

.and the criteria were developed for the steady ‘State cale

(unchanging catalyst surface and properties).
Testing for Intraparticle Gradients

L)

4

The classical test for determining whether . concentration

‘ gradients exist within an isothermal solid particle consists in

evaluating the ratio of the observed reaction rate to the rate

if pore resistance controls.

c = (ﬁrv;gﬁs) L2 » .‘Equation 321
- Deff'qss ,
where rv,ob$>= observea reaction rate per unit particle
- volume |
- CSS = cpncentration of 'réactant at outer surface
of solid particle -
' Dore = effective diffusivity in a porous partic]é
| L - ratio of particle volyme to external

particle surface area

t

The smaller the value of ¢ , the sha]]er the concehtrationr-,

gradient throughout the solid particle. For an irreversible
reaction of a single reactant whose kinetics can be represented

Dy a power-law t%;3t1onsh1p Ty, 0bs .

effectiveness factor approaches unity {( n = 15.05 ) if .

LY

=k (éss)n , ,the‘
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r <6 n=0

r<1l n=1"

< 0.3,n=2 . . -

£ <1/n
and n is the reaction order. If the inequalities are
satisfied then thére are no pore diffusion limitations.

& diagnostic -test for determining whether . thermal

gradients exist inside a solid particle has, been derived by
Mears(d]) based on -heat transfer by conduction inside the

A

solid particle. - This test is presented below:

- : 2 S o ;
| aH,.| (rv,obs) L <(Ts R)h }_ .. Equation 322
S E Y
Yeff Ts 2.
where AH, ‘= heat of chemical reaction =

Aeff = effective thermal ‘conductivity of porous

) particle . .
TSS_ = absolute temperature at surface of pértic]ev
E, = fhtrinsic activation. energy' for  chemical
Feaction_ |
R = univer531\§as‘constant ;

g

When the inequa]ity; is sgtisfied the observed reaction Vrate
does not differ by more than 5% of the 1sotherm£1 reaction-rate
{reaction rate.théf would be observed if the particle had a
uniform temperature profile)' regardless of possible diffusion

limitations.

- ]
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The magnitude of the temperature difference 1inside a.

- particle (without' further complications of external mass and

heat  transfer resistances) was originally derived”"by

Damkoshler. The derivation "based on simultaneous solution of

heat and mass balances for a particle of any geometry can be

- found in'Refe%énces 14 and 15. ' The temperature difference is

given By:
- TS = 5 Equation 323
Ts Ts Deff (Cs Cs)(AHr)’ ' q e’
Aeff
where Ts = absolute temperature at centre of porous
particie ' '
C, - concentration of reactant at centre of
' porous particle '
It can be seen that the maximum gradient, ATMAX occurs for

“'hu:-—-.._._.
complete reaction, CS?O, so that

S - s e
T - TS =(-AHY,)Deff CS =B Equation 324

S
TS
5

TS
.5 Aeff

This result holds for a “particle of " any geometry under
steady—stqfe conditions. The temperaturé gradient ,is-therefore
dependent on the -heat of reaction, the transport properties of
the pa?tic]e, and the ;ufface concentration of reactant. .The
so-called heat of reaction parameter g gives a simple method
for estimating whether intrapé]let temperature differences are

significan®.

o
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For the absence of the tombjned effect of témperature and

concentratién grédients within the particle (i.e.n =1+ .05}

and power law kinetics, Mears has proposed the following
criteria which applies for both endothérmic and -exothermic

reactions:

L < 1 (n # 0) : * Equation 325
[n-v@ . o

In this criteria, the range of the Arrhenius number Y is from

.10 to 40 while the range of the heat of reaction parameter B is

-0.} to 0.1 [for catalysts].

The. intraparticﬁe effects are not influenced by reactor
type but rather by the kinetics and the physical ‘structure of
the solid. .Hence, this check should be carried out regardless

of the experimental set-up.

Testing for Interphaie Gradients

Since the external surface gas concentration is not
necessarily equaI‘ to the bulk fluid phase concentration
surrounding thé solid particle, the effects of a conqentration
gradient in the film must also be assessed, To determine
whether interphase concentration gradients are ‘significant
under 1§6therma1 conditions, Levenspiel(za) has suggested
look{ng at the ratio of the observed reaction rate (for -

reactions other than first order) to the rate if film -

resistance were controlling:
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w={r, pd L < 01.105 _ - Equatioh 326
g Cb - L S
where kg' = mass transfer coeffitient betweeh fluid and
| particle
Cb = concentration of reactant jn bulk fluid

k)

When the inequality is satisfied there are no film resistance

limitations. [

i

A criterion for deteéting the onset of interphase
temperature  gradients has been proposed ‘by Mears. 'If the
observed rate is to deviate less than five percent from the
t?ﬁe chemical. rﬁte {negligible- dif%usion resist@nce) the

criterion requires that:

)
Y = (rv,obs) [aH [ L < 0.05RT, Equation 327
h Ty | E,
where h = heat transfer coefficient between fluid and
partgcle
Tb = bulk fluid absolute temperature .

The inequality shows that interphase heat transport limitations
can be expected when reaction heats and rates are'high'and flow

rates low (corresponding to 1dw _convéctive heat transfer

coefficieﬁts).
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A simple estimate of the ﬁaqyitude of the temperature
difference in terms -of the concentration gradient has been
~ (14) ‘ . '
derived by Smith by perforiing an energy balance on the

solid particle at steady state: -
Ve

TS -'T$ = kg laH | (Cg - ¢°) - . . Equation 328
: . h

It must be mentioned that the heat transfer coefficient, h,
must include a convéctive term as well as a radiative term
(radiation from the reacfor wall, from other particles, between
neighboring voids, etc.) when operating ‘at temperatures above
say 400°c. Mears(?]) points out that temperature gradiéﬁ%s
become the source of deviation from ideality (n- 1) long
before concéntration gradients do so. Also, when the Biot
number (defined as h dp/)\eff ) WT;ch éxpresses the ratio of
thermal resistance of the particle to that of the film, is less
than 10 (a condition wusually met in bench scale reactors
because of low flow rates) interphase ‘resistance becomes
1imiting before intraparticle resistance.

21)

Mears( has also derived a criterion using the

perturbation approach for determining whether the combined
intrapartic]e-inferphase effects significantly affect the
chemical rate. The criterion makes ﬁse of the Arrhenius
number vy , the heatbe reaction parameter: B, the ratios X ,

and the reaction order in power law kinetics:

oF ) 1% < 1+0.33 vy
v ,obs

—¥oUbs Equation 3—29
Deff Cb 11- YbBbl(1+ 9.33 nw)
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4

where | yp and 8, are both evaluated at bulk fluid rather
than .at the surface .conditions. -Satterfield(]g) has however
indicated that criteria which treat two- or more gradiehts
simultaneously usually reduire that the values of several
parameters be known with a degree of precision that is seldom
avaiiab]e thereby 1imiting their scope. A prior calculation of
the poésible effects of - both iﬁterphase temperature and

concentration gradients should be carried out whenever possible. .
Testing for Interparticle Gradients

'Interparticle heat and mass transfer effects are manifest

by radial and axial temperature and concentration gradients in

the reactor as a whole. Heat conduction problems due to Tow
effective thermal conductivity of the solid bed "can lead to
severe radial temperature g}adients expecially where the
reaction rate and heat of reaction are large. Other factors
such as bypassing, axial dispersion and heat transfer
resistance at the reactor wall also complicate the problem. It

js in this domain more so than in the previous ones that

reactor gesign is critical. Extensive studies have been

conduct d to determine diffusional and thermal effects in the
tubularNfixed bed reactor. For this reason, much of the
discussion and tests which follow are based on' the findings on

integral packed bed reactors.
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Analysis of integral tubular reactors is usué]]y based on
plug fiow of the fluid through the reactor.. Deviations from

plug flow may be caused by several effects. The void fraction

of a packed bed next to the wall is higher than at the

(24). Becauée of the lower resistance at thé wall, the

centre
linear velocity next to the wall is greater. .Tﬁis contribution
of wall flow to thewtotal flow may be significant for low
radial aspect ratios RO{RP’ reactor radius/partic}e
radfus) for examp]e, 10 or ']eés. At Igw Reynolds numBers
molecular diffusion may cause sigﬁjficant axial dispefsioﬁ. In
general, it has been assumed that axial dispersiqn énd axial
heat‘ conduction are nég]igib]e (ensurin§ ﬁfﬁg flow) whenever
the axial -aSpect ratio (L' /dp, reactor length / particle
diameter) is “large, say above X0. CompariQon of the actual and
plug fTow conversions for a first order reaction in a steady
state flow reactor yieids(]s):

ktg = l+kt, = 1+D In (CAO}CA) Equation >0
(k Py

Pe_ . i
R)PF | a . L

ct

-

This result shows that for a given plug f}ow_conversion Tevel,
the reactor with axial dispersion will produce essentially the
same results for 1argé Pea (Pea + o ), For a given type of
reactor, the axial dispersion coefficient is usually correlated
using a qharacteristic local 1gngth, 2 .,(tube diameter, packing

size, etc.) then

PE
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Pe. =vL' =vag L' =Pe (L'/2) . Equation 33

where Peg 3 -is the local Peclet number for mass dispersion.

Mears(dl)' has combined these findings to"provide a formal

‘criterion ‘to determine whether the reactor length is sufficient

to minimize axial dispersion effects for nth order power law
kinetics:
L'>1 n Inc, =1 kT 4 Equation 332
2 e Pe2 a = ® e -
’ f 2,8
where L' = reactor bed length
kb = apparent rate constant per unit bulk
particle volume (kb = k (1-€)n)
fﬁ = space time

co,cf==initia1 and effluent concentration of

reactant
v o= superficia]\i;néar velocity
n = integer exponent in power law expressioﬁ
D = axial eddy diffusivity .
a ~
e = allowable error ~/

An allowable error of say five percent is usually the case for
industrial reactors of the simple empty tubeé or packed bed
typesa This expression may not be true for laboratory studies
especially jﬁ differential reactors or for réactors with more

complicated “flows leading to large characteristic dispersion

(15

%!
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Radial heat transfer eff;cts and to a lesser dégree radial-
mas; transfer effects are usually more serious than thelaiia1
conduction problem. In order to spread ‘the heat release (in
‘the case of an exofhefmic reactidn) moré uniformly and avoid
'hot spots', a technique by which the solid is diluted with
inert material with dilution ratiqé decreasing with bed 1engfh
has often been app]iea._ Since dilution in large quantities.
introauces the hazard of bypassing, a check provided below

should be performed to ascertain that this problem has been

avoidedEZ]):
L! ) > 250 b Equati_on 333
T i)
D A
where b = dilution ratio

=g
i

relative experimental error ﬁn conversion
Another technique which has been - used to reduce vradial
temperature gradients is_to decrease the reactor diameter andj
thus the- radial aspect'-ratiof However, as this ratio is
decreased, the contribution of heat transfer at the inside
‘reactor wall becomes increasingly more serjous. Mears has
developed the following criterion for the . observed reaction
rate not té deviate more than 5% from the isothermal case,
assuming p1ug'f10w and‘assuming that there are no concentration
or temperature gradients inside. particles or between particles
and bulk fluid, and based on @ lumped parameter model for the

effective thermal conductivity of the entire bed.
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: 2
laH | rg RST < Q.4 RT Equation 3 34
le Tw | A Ea
. where A= 1 - for Re/R) > 100
A = 1+16R B'lh fOl" RO/RP<1OO
R0 :
i ¥
B1h = hw R |
ke,
e =-bed void fraction
\g = effective thermal conddctivity of entire
solid bed
Tw = absolute temperature of reactor wall
RO "= reactor radius
Rp' = solid particle radius
r, = average reaction rate per unit bed volume
r.'=(1-¢) r '
b (T7b) v,0bs

hd

The lower limit in, the radia{ aspect ratio appears to bé.about
4 with a further redufi{on in reactor diameter leading to~
channelling near the reactor wall.
'f\-«._\ﬁ
These interparticle gradients present Ssevere problems.
When vafjing the yoperating conditions does not succeed in

minimizing the concentration and temperature gradients, the use

of a distinct reactor type known to alleviate certain problems

is advisable.
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3.2.4 Summary

The analytical critefia presented are based on estimated
values of \\ere diffusivity, thermal conductivity, axial
dispersion, heat- and mass-transfer coefficients, nature of the
kinetics and other coefficients. The accuracy with which such

| criteria can be applied varies wide1y and is limited by the
certainty with which the properties can be obtained. The
simple. calculation procedures presented prdvide a metgod 'of_
reaching conclusions when -experimentation is impractical. -
However, because of the possible inaccuracies it is ofteﬁ
desirable to evaluate inirapartic]e, intrapﬁase and
interparticle effe;ts expérimenta]ly whenéver possible for the

.
system under study.

3.5  Experimental Transport Checks

Although the analytical Cﬁjéeria presented in the previous
section should be applied whenever  possible, proper
correlations for heat and mass transfer coefficients, thermai
diffusivities and conductivjties may not be readily available
and the investigator must then resort to experimentation. Key
experimental tests will be described 1in this section to
determine whether the temperature and concentration gradients
within the particle, in the film surrounding the particle and

in the reactor as a whole are significant.
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Intraparticle Transport

The classic  experimental test - for detection of
intraparticle effects is to run - the reaction using

progressively smaller diameter particles. The '1ack of any

dependence of rate of reaction per unit particle volume over an

appreciable size range would indicate1 that intraparticle
effects are minimal. However, by varying thé particle size
over too great a range, distortions in the flow field may be
1ntroduced‘ therepy clouding the experimental rgsu]ts.‘ Koros
and Novak(25) have devised an alternate test which avoids
comp]icat{ons due to distortions in the flow pattern. Thefr
test is valid for first ﬁrder reactions and is bpased on -the
fact that while 1in the kinetic regime '(chemical reaction

controlling) the rate of reaction is proport{onal to the number

of sites per unit volume S, in the internal (pore) diffusion

regime it is proportiocnal to S]/d. The test involves

‘ pelletizing mixtures of finely divided solid with an inert

powder of comparanle inert characteristics. If the fraction of
the catalyst in the mixed peliet is f the ratio of tnhe rates

must also pe equal to f in the kinetic regime.

Interphase Transport

The common experimental test to determine the existence of
interphase effects is to check the effect of gas flow rate on
the conversion while maintaining constant  space velocity

(W/F). Conversions should be independent of flow rate in- the
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Kinetic regime while convers1ons shou]d increase With f]ow rate
if f11m ‘diffusion is controlling. Chambers and Boudart(ab);
have warned however that this test may be 1nsen51t1ve at the
low Reynolds numbers (Re < 10) usual]y encountered in the
iaboratoryf( In order for the test ‘to be meaningtul a‘ wide
“range of flow rates must be .used and conversions must be
measured very.prec1se1y. The cr1t1ca1 nass veloc1ty (ve10c1ty

“no longer affects the rate) must be determined at the maximum

temperature if diffusion resistance is to be negligible at all

(14) -

other temperatures .. It must be noted here that this test
is pa}ticu]arly difficuit 1in gasificatioﬁ studies. because’ of
the upsteady state nature‘ef“fhe reaction. Botﬁ fiim and spore
difquion are also ‘characterized 'by Tow values for
pre-exponential factors and activation | enekgies in
Arrhenius-type expressions fof teﬁperature dependence of rate
constants. — Such results should motivate a thorough check off

-

the significance of these effects.

b
: e

Interparticle Transport

There are no’ simple experimental tests for detection of
1nterpertic1e or intrareactor gradients. Axial and radial
temperafure profiles can be detected with a network of
thermocoup]es carefully pladed throughout  the. reéctor.
However, one must be aware that tne measurements obtained are
average gas-solid temperatures and not true measurements -of the

actual temperature of the gas and of the solid. The gas flow
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pattern'in a reactor must be determined through' residence timé

.ﬂdi;;;?ghtjon studies. This will be the subject of the next

Fl

section.

-

- -

. "-
¥

.found by HEH and'.Fqnfgz), LevenSpﬁe] and Bjachoff

-

Determination of Residence Time Distribution - -

It is the purpose’ of this section to briefly oltline the

technigues of residence-time _distribution.'megsurements “and

'moqellihg. Excellent extensive treatments oq‘fhié topic-can be

(28) and
R P

o, . » -
Age Distribution Functions - ' .

ek : B L FN
% - ) I

. . .. . .
Age distribution information,. originally: discussed by
. N , X P

' Danckwerts, gives a description of the flow pattern inside ‘a

- : .o -
vessel and information about the fraction ‘of material that

v ' R ‘
resides a certain time in fhe vessel. The most’widely used age
- - .o : B - L] - Py ) .
distribution functions are the internal - and exit-age
L B I '
distributions. -The internal age distribution, I, is a measure
. [ '

of .the distribution of 'ages of elements in the vessel. The

exit age distr{pution E, on the other hand, i4_a measure of the

. o & . ? ' '

d¥stribution of*'ages of all elements of the stream leaving the = -
o : .

-vessel where age 1slmeqsdrgd from the time tHg elements enter .

fhé' vessel.. It has been shown that E(t) = >d1/dt28) ﬂ:f\gé .

distribution information is useful _in several ways. Reactor

- performance can ~be predictéd with knowledge of - the .rate-
f ' I . ™ .

Il

’ '
7 )
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equation .and exit age distribution (also refefred to as

residence time distribution, aﬁbheyiated RTD) as stéted.be]ow:

Ch = Cpf0)E (0)do

I

_whére EA‘ is the méan concentration of reactant leaving the

_ reactor unreacted and the concenffation in an element CA (@3

Ry

depends on the residence timé of the element according to
G = 7y (6 )
de

with 'CAIO=O = Cpg > the'feed'concentratiqn._

-

.

For 1inem~°§ystgms the RTD leads to‘reécfor design eguatiohsf-
For non-linear systems, age distriquQOQ information he]péiin
selecting a sQitable mode ] wh{qh can give ubper or 15ﬂer ]imits
on reactor . performance. Age distribution alsp hé1b9 in
detecting severe regctor. shortcomings and problems such as

éhprt—circuiting, deadspace and* non-uniform regions. The

internal and exit age distributions for ¥h€ idealizations .of

plug flow and complete mixing are given in Figures .32 and

> 3. Deviations of actua1'RTD from one of these two idealized

flow pétterns can often be detected by visual inspection of
these curves as shown in Figure 34 in the case of dead space
and in Figure 35 in the case of bypassing. Dead space or

stagnant Fégions in the vessel can easily be seen from the E

_curve since for an ideak flow pattern ‘the mean of E is at@ =1

-~ . '
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Fighre 3-2 'Interha1.(-a-) and, Exit (-b-) Age Distribution for
Plug Fiow Reactor
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. Figure 3-3 Internal and exit.age distributions for backmix reactor
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Figure 3-4 Dijagnosing dead space from an exit age distribution
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Figure 3-5 Diagnosing fluid by-passing from an internal age distribution
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while stagnant zones move the mean to the left because of Tong

‘tails in the distribution (corresponding to fluid held in -the

dead space which is extremely s]ow"moving). Similarly fluid
bypassing can be detected easily by the steps in an I-curvé.
) ) ‘

-Both the internal and exit age distrjbution functions can
be dedqup experimentally %rom stimu]ﬁs response techniques.
These \'t:;hniques have been used widely to derive aée
distribution functions. As illustrated bdlow tﬁé tracer input
signaT.(stimulus) may take on'many forms. The advant;ges and
disadvantages of several input tracer signals ére listed in
Table 35. The two most-extgnsjve]y studied are the pulse and

step signals.

Tracer Input Tracer Qutput -
> —>

Sigmal _ ' - Signal

{random, cyclic

pulse, step) _ L

Experimepta]]y the F'CUrve can be obtained from the response at
the exit of the system to a step cﬁange in traceranlé quantity
such as the concentrations of radioactiye tracer or salt. Any‘
tracer used in these- experiments should be completely '1ner£
towards the system and shouild not alter the hydrodynamic flow
characteristics being studied. When solids are present in the

reactor, absorption or desorption of the tracer compound must

b



"TRACER SIGNAL

Impu1§e

Step

Sinusoidal

Random
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_ TABLE 535’

A‘l.- .
n

- ANghVALUATION OF.TRACER-INPUT SIGNALS

ADVANTAGES e © DISADVANTAGES

4

Qutput directly impulse response . Difficu]t t6 experi-

r

. . Simplest model response ’ mentally generate

¢ ‘
Brief disturbance in process .+ 'perfect impulse input

Simple. to generate _ ' . Long time of input

Output simply related to stihu]ation requiread
impulse response to achieve final 'lined

out' response

Only measurements of amplitude . Relativel complex to
‘ratio and phase lag of output " . experiment¥HY- generate
are required ) ' a sine wave A

Long process disturbance

, since initial transients

// - must die out to achieve
: stationary response
Frequenciés must be

chosen in an optimum way -

Lack of a need to generate any . Two signals must be

perfect specific input signai ' measured
Resuits related to general | . Deconvolution not always . .
cohvo]ution properties of system easy to perform

numerically
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not occur. An a]ternat1ve approach used in-gas phase studies

is, if at a certain spec1f1ed time t, the feed to the system is
switched from one supply to another which has the same physical
" properties (e:g. density and viscosity) and fhe:same‘ﬁlow rate
 before and after the switch, the concentrat{on'of th 5ec6nd
. fiuid in the exit stream C may be observed as a funétion‘of
“time. A 'true tracer should give the same internal age
distribut{on regardless of whether a + or - step input 15
made. The dimensionless concentration response C/C,, which

_ - and
*results is termed the F curveYleads directly to the internal

age distribution as follows:

T(@) = 1-F () /
The response at the exit of the system to an 1nstanténeous
pu]se tracer 1nput y1e1ds the so called C -curve. This curve

directly translates to the Exit Age distribution or RTD
J .

The response to both a step tracer input (F-curve) and an
impulse tracer input (C-curve) for a vessel whose flow pattern
is described by ene of the ideal flow models is illustrated in

Figure 36 and Figure 7.

The Internal and Exit age distribution functions may be

used as supporting evidence to check the vaiidity- of the
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Figure 3-7 Pulse responses for a) plug, fiow and b) complete mixing
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proposed flow model for a vessel. However, simu]atihg the age .
distripution of the proposed model oﬁér_.the ‘spread of the
entire distribution qging experimentdf data is difficult. The

approach taken has in general been to compa?e the moments of

" the distributijons. In order to completely characterize an

arbitrary distripution function all moments are -required, -
however, for practical purposes it has been deemed sufficient
to use the first three moments- in the tracer analysis. These

moment's are described in Table 6.

The basic probability distribution curves which have been

. used to represent the experimental age distribution function

are the normal, the Poisson, the Gamma, and the binomial

distribution functions. When the experimental data cannot be

approximated by one of' the above distribution functions, the
age distribut{on, curves .are not directly uéefu] sinée 'a.
correlation of age distributgun curves for varjous types of
equipment is not avaﬁ]éble and caﬁnot readily be achieved; For
tﬁis Feason, mathematical ﬁode]s such as ﬁhé dispersion models,
combined models, and compartment  models have-been devised which
contain parameters that can be correTated for various flow
conditions and equipment geometries. These mathematical models

are discussed in tne next section.
Matnematical Models .for Homogeneous & Pseudo-Homogeneous Systems

Mathematical models have been formulated with: varying

"~

degrees of complexity in order to describe non-ideal flows.
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Moments of Probability Distribution Functions

Parameter

Description

Mean (centre of gravity = of
distribution about origin

Variance (spread of &istributioh

curve)

- Skewness
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There aré ;sevefal 'typeé _of_-mode]s that héve found duséf&] -
applications. Vé]ocﬂty profile or convective .modefs are
abp]icab]e tbnkegcgors of simple geometry iﬂ'WhicH,the laminar .
flows of reacting mixtures “are predo%iﬁant. | The information
necgééary to describe ve]oéity pro%i]es in a reactor is usually
. not available for complex reaCtoﬁs. For -description of flow
behavior in a real reactor one -must’ rély on- a model which
contéins empirical parameters —and approximates the lﬁbtuaTJ
behavior closely.. These parameters are then cgr%e]ated as

) functions of fluid and flow propertieé, reacpor cunfigﬁia;ion
. and other iﬁportant features.
For re]ative]y\smé11 deviatjgns from 1dea]it&, d;e.aﬁd two
' parameter niodels such as the axigd dispersion model and fhé
tanks-in-series sor mixing-cell model are often used in
'describiﬁg the flow. This is often the case for tuﬁu]ar
reaciors.and ging]é;phase flow in pa;ked-péds. The dispersioh
- modef in which the diffusion is supérihposed on p]ug,f1b; has
Been_ used for both hémogeneous and heterqgeqeous systemsf in
which axial symhetryz‘can be assumed- and in which the flow -

behavior is not far from that of plug flow. The mass balance

for the one dimensional axial dispersion model is N

aC + U §§.= 3 D3v-§§_ +r (C) Equation.3-35
at 9z oz ¥4
where U = mean plug flow velocity through vessel
. . A . t
D = mixing dispersion coefficient '

*“a
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and the parameter Da is found from experimenfé. Oﬁe _ common
approach to determining the parameter D, -is to perform a
) resfdence-timé-distribution test on the reactor and choose the
va]ue‘.pf Da SO tﬁat the  model solution and experimental
output .curve agree. The axial dispersion model-can represent

plug flow behavior when D, - 0.

-

Besides the dispersiopn model, the tanks"in sg;ies model is
the éther mode wide]y used to represent non-ideal flow. Here
one assumes- the fluid flows through a series of equal size
ideal stirred tanks, and the parametefs of the model are the
number of tanks in tHe chain and the residence time 1ﬁ a single
tank. For: N-tanks in series the exit 792 distribution can be

described by

_ ‘
E (0) 4 N o1 exp (-No) Equation 336
: N-1)!
= |
© = _t -
‘Ntl
Ei "= mean residence time in 1 tank

The model parameter N, need not strictly be an integer for
curve-fitting purposeé. Plug flow is apprbached as N » o
In many ways the dispersion model and the tanks in series mode ]

are similar and the‘&wo models are often used interchangeably.
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where.fhere'is no symmetry of flow pattérn and relatively
large mixing problems exist (such as channelling, dead'spéce,
bypaééing) és encountered in real stirred tank reactors and

fluidized beds whose flow patterns are closer to the Eomp]ete

‘mixing case,  many different models with - as many as six

parameters have been proposed to describe the macromixing.

~Combined models ~were first suggeéted by Cholette and-

(110)

Cloutier as qar]y as 1953 to handle a real stirred tank

tlpw. These..nge1s ;iew the reactor as consisting of
intercdnnected flow regions (plug, backmix, dispersed and
stagnant floL).with various modes of flow (by-pﬁss, recycle and
cross flow) between and around the flow regions. The pattern
§enerated:by the various combinations of these e]emehts can be
used to fit a Iargelvafiety of flow through different vessel
gebmetries. Using these components,  the problem then reduces

to finding the VOlanes of the.various- regions and the rate of

gach type of flow occurring such that the response ‘curves of

‘the model match as closely as possible the response curves for

the real vessel. The number of parameters used in a model is
an indication of its flexibility 153%1tting a wide variety of
situatiops ‘and in addition suggests the compiexfty of the
accompanying mathematics. In fitting a real reéctor, one
should aim for the.simplest model which fits ther response’
curves and whose various regions afe‘suggested by the actual
flow patterns and reactor geometriés.
> (10 .
Cholette and Cloutier concluded by matching

experimental data (F-curve) for their stirred tank with a

}
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VY W . . 4 z
number of ‘alternative models that a mode) cons1st1ng of
comp]ete /ﬁackm1§1ng with \short circuiting and dead space

rep_esented the real ‘esse] pdequate]y The1r two- parameter
- u\'k\ ‘--_a

I|
By

Real Tank ' -Jﬁg,}“;p;.

Several internal and exit age distrﬁbut1on “gutves  of i
non-reacting systems for specific combined models are presented

by Levenspiel and Bischoff(ZB). (57)

Wen and Fan present
several combined models for an _1rrevers%b]e first . order
! reacting system and their dynamic responses to a host of input

tracer signals (ramp, pulse, step).

In addition to the combined models dfécussed, circulation
models have been used to describe complex systems. Circulation
models have been proposed mostly to describe fluid mixing in
homogeneous stir%ed tanks. The basis is a region of intense

-¢hear and mixing around the impeller followed by recirculating
flows around the rest of the tank. Weber et. al* proposed
a circulation model which consists of a portion of the fluid
recirculating the vessel; this péc&f&n of the fluid comprises m

passes of plug flow. Van de Vusse* proposed another type

(27)

* as discussed in Wen and Fan
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of circulation model in.which there are three _main loops

circulating in a tank: one receives feed stream, another

. delivers to the outflow stream, and all other loops comb ined

o
together .to form the third loop ‘as shown in ‘Figure 8. This

results in a highly complicated model form. These models are

unfortunately almost always complex and have a large number of

parameters to be estimated.

A1l of the mode}s presented thus far are ‘essentially
homogeneous models. Although mahy of these mixing models have
frequently been- applie& to heterogeneous reactors such as
packed beds and f]uid%zed béﬁs with some success, a gQross
approxi i n'muét be made to do so. it is assumed tﬁat the
mass ‘;it:::EE\/between differenf phases is negligible and a
homogenéous model can be applied to eacﬁ phase separately.
Alternatively jf is assumed that the whole reactér consists.of
a homogeneous- mixtufe. When these approximatibns cannol be

made reasonably (often true of fluidized beds) heterogeneous

models must be~applied to the system.
Mathematical Models for Heterogeneous Systems

Ever_since the fluidized bed technique was first applied
to the making of synthesis gas from coal by the N{nkler
generator, f]uidjzed beds have remained popular.. However owing
to the complex gas flow and solid particle movement witﬁin the

& 4

fluidized bed, and other reactor types (e.g. spouted beds),
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Figure 3-8 Physical Diagram (a) and Block
Diagram.{b) for a Circulation
Model (adapted from Reference .27)
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quite complex heterogeneous flow models have been applied to '

describe the system. Two phase models, residence ~time

“distribution models, bubbling bed models have all been used to

some extent to describe flow behavior. It is beyond the scope
of this short discussion to elaborate on these models. The
reader is referred instead to the excellent summary by Wen and

Fan'?7) on heterogeneous models.

Mathematical Model Parameter Estimation

 With multiparaméﬁér flow models, the accurate estimation
of the parameters is not a simple task. There are various
féchniques that have been used for the actual parameter
estim&tion,.among which are difect non-linear regression 1n.£he
time domain: comparison of time moments of the data and of the
model,. and fitting of data in the Laplace .transform space..
Soime good reference‘material has been suggested by Bishoff and

(15)

Froment :

Direcf non-linear regression in »the time domain is the
most straightforward in principle since one is comparing the
actual data_with the model response. ~Also, the 1east‘squares,
maximum 1ikelihood, or other crité}ion is minimizing error§
directly wifh the data. The primary- disadvantage of this
method is that the time-domain solution of the model must be
available. The alternative of repetitive npumerical golutions

’

during an extensive parameter search routine can involve very

Fad



e s e e e e e

- ~76-
large amounts of computer time.  Also, it has been shown(do)
that. the objective functions often have local in addition to
global minima and/or long ridges because of correlation between
the parameters---both of these cause difficulties.

l

The second techh%qde is that of using time moments of the

‘data to be compared with those of the model. The advantages
are that they'can‘be easily computed by- numerical integration

of the data and the integrations tend to somewhat smooth the

data, 'Also, the momenfs can be'readi1y found from the Lapiace
transform of the model without the neceésity of a time domain
so]utiog. The main disadvantage is that the moﬁenté tend to
émphasizé the data for iarge values of time, and this data in
the tail of the curve is usually not very acéurate (because of -
1ow tracer cdﬁcentrations). To decrease the 1mportancé of the

v

tail, the moments 'canr be défined with a weighting factor
Le"St]. With or without this modifjcation, it is often
difficult to decide just where to truncate the téj] of the data
curvé. Finally, the results must be checked in a time-domain
solution to ascerTain that the model with moment evaluated

parameters fits the actual data.

The Tast technique uses fitting (e.g. least squares) in

the Laplace transform space since the Laplace Transform space

~solution for . the model is easily obtained.  This method

necessitates numerical transformation of the time domain data
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which is a serious .drawback. Thé transformation c;n be carried
out in the S domain or the frequency‘dbmain, ©w . As for the
previous method, the final results should be checked -in the
‘time domain sincé. the fit obtained in Fhe S-domain does not
guaréntee the best in the Jleast squares sense 1in the time
domain. ‘This is not a hécessary step in the w -domain but the
complicated expressions- for the‘mode1 in the frequency domain

are quite discouraging(dj! ?1)

Numefica] compafisons of the various methods have shaown
that the use of moments is the least accurate. and soﬁetimes
leads to invalid parameter. values. Direct fitting in the
transform domain usua11y11eads to valid parameter values but
they are not always the same As would be found by timé'domain
fitting. The final check is therefore always a comparison of '
the fit in the time domain. It apﬁears, however, that the
information contained in RTD experimentf can sometimes only be
used to determine -a certain ¢ (small) number. of

()

parameters Unique discrimination will then require

different types of experiments such as danstreaquﬁjection of
a tracer with measurements of backmixﬁngi Then a crossplot can
‘indicate which parameters are most sensitive to which typelof
experiments and how these cohbinétioﬁs can be used to define

the appropriate parameter combinations.



. 5.4.5 Summary ‘ P

This section has deppnstrated hew the tracer_experiment,'

© the age distribution functions and mqthematica]r_models “with
appropriate parameter estimatiop technigues can _ be used to
.determine the flow pattern in'é reactor. This task is of -no
less importance in iabpratory. reactorp used for kinetic
investigations. The major principles pf expérimentai reactor -
design discusspd heretoforg,-wili be used to-evaluate the bench
scale reactors presently being used in gasifitation kinetic

studies.

b
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4 EVALUATIGN'OF REACTOR SYSTEMS

Systems Reported in the Literature

N

The purpose of this section is to critically review

laboratory reactors and' experimental techniques used in the

study of gasifjcation kinetics. Major emphasis will be placed
on ngluating the merits and limitations of these reactor
schemes in view of the design features discussed in Chapter 3.
Alﬁést-every conceivable gas-solid confacting‘pqttern has been
used 1in éhar gasification studies; The -major types .of
bench—scale (eactbrs used in studying char gasificatibnf
kinefics are;'the differential tubular fixed bed, the integral

tubular fixed bed, the thermogravimetric balance, the fluidized

bed and the transport reactor. In addition to these reactors,

a number of miscellaneous contact devices (e.g. spouted beds)

have been used and deserve brief mention. The reader is
referred to Appendix A for a descriptive compilation of many

gasification kinetics studies classified according to reactor

_type employed. This Tlist is by no means exhaustive but it does

provide a good sampling of the 1iterature; Each of the major
reactor types wiil be discussed in detail in the subsequent
sub-sections of this chapter. Severaf excellent general
reviews on the subject of laboratory reactors can be foquan

the papers by 'weekman(dz)
(34)

and Doraiswamy and Tabjl(JJ) and

in the books by Shah and Andersoq(ss).
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4.1.1 The Tubular Fixed Bed Flow Reactor

"The bench;sca1g tuEu]ar flow. reactor shbwn schematically

in Figurg 4-1 has been uSed.extensivé]y in gasificatibn studies

becﬁuse it is simple and re]ative]y'cheap to construﬁt. ‘Thig
reabtor is alsd deyirable because in Some cases it represents a
scaled-down versiom of a large commercial gasifier. In the

fixed bedlreactor, the solid char isfconfined iﬁ the tubé and

.the reactant-gas‘f1ows either upward or ﬂowﬁward'through the
béd; The fixed bed reactor ﬁan be operated in .a differential .
or infegral moae. . The  Dbasic differehce | between the
-differential and integral reactor 15' that . the reactant
conversion in thé former is ]imjted to a few percent (usually
less thaﬁ 10 ﬁgpéen?). . Since' this difference significantly
alters the 1ézerpretation of data ﬁhe ‘reactors will be

discussed indTﬁjdua]]y.

The integrai rgactor has tﬁg inherent advantage that large
(finite) conversions: are involved so that routine techniques
are adequate for gas composition analysis. Determination of
the kinetics of a reaction from the data in an integral fixed
bed is usually based ubon three main assumptions. ,Firét, the
flow pattern of the gas}inside the reactor is assumed to be.
plug flow (i.e. over any cross-section normal to the gas flow,
the mass flow rate and the fJuid properties such as pressure, .
temperafure and composition are wuniform). Secondly, the

reactor is usually assumed to operate isothermally. Finally,
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the rates of f1]m and pore d}ffu51on are assumed to be much-

faster thaq the rate_ of _;hemlca\- reect1on. " When these

' assumptions=ere made, the governing equations-for the fixed bed

tubular reactor -given in Table 2-2 are great]y sdmp]1f1ed and

are g1ven Ue]ow

.

G#s Phasé Mass Balance

e oy = Uy -opry

®. o 5

a2

'Solid Phase Mass Balance

= '_ VI
Ky Ty
ot - ' -
where A = rate of reaction of component A per unit

“inass [kmbl/kg s hr]
.= solid bulk density (Kg s /ma]'

Ph.
pg = density of solid [kg s /m J
'Cs L= mo1;r concentration of reaCt1ng component A
of gas [kmol/mfj
) € = yoid fraction of Eed'
A = superficial velocity [hEVmE Er]‘

b' = molar stoichiometric coefficient
However, as mentioned in the previous chapter, deviations from
any one or all of the three assumptions occur in laboratory

studies and the experimental and theoretical checks described

.earlier should be carried out.
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Deviations from plug flow iﬁ integral fixed beds can arise-
in a'numbér of ways from radial temperature gradients (due-fo
heat of reaction and poor heat transfer through the bed) and
from various dispersion effects (e.g. local dé;sity changes,
packing turbulence, etc)(45). In the report by the Institute
(46) '

of . Gas Technology on the gas reactions of carbon in an

integral fixed bed, it is clearly stated that

~"local variations in the fuel ped density and therefore in
the‘distrioution of the gas flow resulting in varying degrees
of backmixing between reactant and products, varying radial

‘concentration gradients and possible channeling and bypassing

- of portions of the fuel ped"

may - have occurred especially at -the high temperatures

(11009C).  Nevertheless, no effort was made to ascertain to
what extent these effects may'~have a{tgred the _kinetic
results. As discussed earlier, the extent of nonideality in
gas flow patterﬁ can be identified by carrying out résidence
time distribution studies. These studies can be carried out in
integral beds because the gas-solid contact times are
relatively 1dong in order to achieve high conversiqns
Channeling, often caused by non-uniform’ solid packing, is a
problem which must be contended with in integral beds

especially when the solid particles are introduced to the
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:!‘-.
reactor already at reaction temperature as in the work by Hunt

et.'a](47),

The major difficulty with the 1ntegral fixed bed 1is the
proplem of achieving isothermal operation during severely

(]4). The isothermal

endothermic/exothermic - - reactions
assumption for integra] beds must”be checked carefully. - There
are numerous examples of large axial tempefatdre differences in

o

bench-stalelintegral beas. ' Some examples are given below:

"Three thermocouﬁ]es wefe'located in a six inch reactor zone,
172", 3" and 5 1/2" from the top of the zone. The maximum
tempebatqre occurred at the middle thermocouple. and was
‘;onsidered the nomina] temperature of the reaction. Tﬁé top
and bottom bed temperatures were generally within 35°C of the

maximum temperature.” (Haynes et. a1(44) 750-950°C)

"Temperaturé control is less sensitive with this arfangement,
nevertheless 'temperature variations of not more than
20°- 30%F could be maintained in the carbon bed." (Hunt et.

a1} 1700-2000%) * |

“At temperatures of 1800°F and aone, we 'could not observe
any consistent effect of temperature on the rate of
gasification.  Moreover during these tests at 1800° and
above, stainless steel screens which had. been used to support

the coal char charges were found to have MELTED, indicating
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‘that very 1ar§é ;gmperatufe rises had occurred...sample

- temperatures could easily rise over 2500°F from a starting
. Q) .

value of 2000°F, even with the high gas flow rates and small
sample sizes used." ' (Feldkirchner & Hueb]er(48)).
The effect of these possible temperature gradiénts on the
reaction rate constant for various temptrature deviatibns and

actizg;ion energies are shown in Table 4-1 following the

analysis presented in Denbign'’®). The magnituce of the

ratio of the rate constants emphasizes the biggest concern in

fixed bed reactors, achieving isothermality- Besides mghe

obvious examples of this problem quoted above there are many
ékamp1es‘ in the literature where large differences\‘iﬁ both -
infefphase and intraparticle temﬁerature and” ﬁoncentration
appear. For 1nstahce when a simple calculation wusing fhe
criterion (Equation 3-27) presented in Section'S.Z.Z is carried
out for the kinetic results described by Feldkirchner and
Hueb]er(48) for steam 'gasiéication of bituminous char at a
témpera£ure of 1200k and 50 SCF/hr steam flow rate in an

integral packed bed, one finds that  as much as a X°

temperature difference may exist between the gas film dnd- the

solid char surface (see Appendix B for details). Dilution of

reacting solids with inert solids has been used to minimize the
problem of hat spots in hydrogasification studies 1h integral
beds. Feldkirchner and Hueb?er(48) used a ratio of 12 to 1
inert alumina particies to char throughout the bed to act as a

heat sink with very limited success. Unfortunately, no tests
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TABLE 4-1

The Effect of Temperature Deviations on Reaction Rate Constants

TEMPERATURE TEMPERATURE DIFFERENCE [K]  ACTIVATION ENERGY
LEVEL (K] 10 22 ®» 100 [3/Kmo1]
800 : Czv 1.4 17\/13\/, © 1 x 108
1.60 2.5 3.97765.0 2.5 x 10
900 - - 1.6 1.% 1.54 3.8 1 x 108
146 2.0 2.9 282  2.5%x10°
1000 113 127 1.42 3.0 1 x 108
LB 1.80 2.4 154 2.5 x 108
1500 - .05 1.11 1.7 1.7 1 x 108
1.4 1.0 148 35 2.5 x 108
* k .
T, exp (-E_/RT,)
= . - E_AT
k : = ex a
T2 : exp(—Ea/RTz)

R T.T
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were carried out to determine whether flow problems such as/

bypassing and channeling occurred as a result of the high
dilution ratio. Although radial temperature gradients may also

(14).

exist in ~integral fixed beds (although to. a lesser

extent), they have Eare]y been looked at by workers studying

gasification kinetics.

The third assumption in integral -reactor -data analysis,
that of insignificant pore and fi]m‘diffgsion resistance, 1is
ndt usuél]y as troublesome as the nonisothermal behavior of the
bed. The reason is that gas velocities andpparticle s{zes can
be varied substantially. However, -increases in the 'gés
velocity (e.g. to increasé external mass transfer rates) and
decreases in the particle size (e.g. to increase pore‘diffuéion
rates)-can lead to substantial bed pressure drops. To account
for the variation jn pressure along the length of the reactor,
a momentum balance must be introduced to describe the syséém.
There is some evidence in the literature that mass transfer and
pore diffus{on effects’ which are significant ‘have been
neglected when -interpreting rate data. wicke(51) has made a
significant contribu?ion in his approach~ to isolate transfer
effects from cﬁemical reaction data. He describes experiments
in which the experimental conditjdné can be arranged easily to
measure on the qne hand the true aétivation energy (i.e. with
no diffu;ional resistance) and on the other hand with the full .
effect of diffusion. His results for the study of the

Boudouard reactidn are given in Table 4-2. It may be seen that
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- TABLE 4-2

Observed Activation Energies for BoudouardiRegction

o .-
ACTIVATION TEMPERATURE PACKED BED

REFERENCE ' ' ENERGY RANGE : PARTICLES
[kcal/mo1] [°c]

1cke(51) (full diffusion) 43+ 1.5 850 - 1000 electrode carbon
{(no resistance) 84 + 3 . and charcoal
Blakeley!®3) o 50 - 70. 950 - 1100 coke
Mayers(42) 52 850': 1150  graphite

Taylor and Bowmantsq) 45 . 873 - 1063 subbituminous
. coal char
Smith and Ty]er(s) 48.5 750 - 900 coke
57 750 - 900  test electrode
70 750 - 900 graphite

<//
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the activation energy for the diffusion limited case is half of |

the true activation energy as expected. Activation ‘enérgies

reported by other experimenters at similar temperature levels
are included for comparison. Values of 'E, for very, similar
materials are found to vary greatly although they all Tlie

within the extremes reported by Wicke. These iintermediate

_va]ues indicate that possible diffusion limitations exist.

1

To summarize briefly, the integrai tubular fixéd bed flow
kéactor offers the fol]owing'édvéntagés:

- simple construction and ope%atién

- flexible operating ranges

- i%ng residence times for RTD determination
However, tnese advantages are often outweighed by the fo]]owing
Timitations: |

- difficulty in achieving isothexmality

- éohp]exity,of fhe mode] form_;%en;nonidealities in flow

prevail

- large pressure drops complicate data analysis
The Differential Tubular Fixed Bed Flow Reactor
The differential tubular reactor, unlike its counterpart,

requires a small quantity of solid and operating conditions are

such that the gas conversion is kept low ( < 10%).
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Interprétation of Kinetic datg from differential reactors' is
based on three main assumptions. First, because of. the low gas
_ cgnversions, thé gas composftjon 1ﬁ"the bed is assumed to be
the average composition of the @as at the -inlet and exit of the
;reacxor. The chdnge in composition between the iniet and ex;t
streams must be large enough for precise measuremeﬁt, othe%ﬁise
the rate of conversion in the feactor cannot be accurately
est$b1ished.- Th{s restriction impdses a limitation on the
app1icadiiity of the method. A material ba]ance' for the
'reaﬁtant gas over tﬁe differential bed yields a point‘reaétion
rate directly (egquivalent to fhe rate in an 1ntegral Uéd at a
position where the partial pressures of the feaction components
are equal to those of the differential reactor) which is highly
advantageous. If precise analytical methods of determining
smé]] cbmposition changes are not available howevef, for the
partfcu]ar reaction, a close approach to a point value of the
‘rate cannot be ascertained. 'In gasification studies, the
analysis of gases such as 0 H and CO in

CH co

‘ 2 2 4* "2
low  concentrations is required. of these, accurate
quantitative analysis of Hz in the gas mixture 1is perhaps -the

most.difficult to obtain(°7).

The second assumption is that as a result of the high gas
flow rates (short residence times) which are necessary to limit
_ conversions, external mass transfer rates are fast enough to
prevent significant interphase concentration gradients. In the

study by Tyler and Smith( 5) on the reactivity of coke to

" carbon dioxide, it was shown that operating conditions could be
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‘attainea to approacn differéntia] fixed. bed _behaVior." These
~"wWorkers found through both experimentation-and calculation th;t
;hey cou]d opérate inla ;hemical'rgacfion control region (i.e.
rateslof external mass transfer and pore diffusion were very
fast). In view of the very short residence times inside the
differentia] reactor, residence time distribution studies are
difficult to carry out. .Nitn differential reactofs however,
nonidea]lflow does not presént a serious problem because at low
conversfons, the effect of a distﬁibutioh of rgsidence times is

sma]1(45).*

The third assumption 1is that the. reactor ~operates
isothermally since low- conversions lead to small overall heat
effects. There are few examples in the gasification literature

that show this assumption is being verified. Blackwood and

(52)

McGrory studied the ‘carbon-steam reaction between 100 and

5000 kPa and 750-850°Cusing a differential fixed bed ({

17.6 cm” ‘volumej. The clear _silica tube reactor, the
thermocouple arrangement and the bed characteristics are shown
in Figure 4-2. By adopting a space velocity of 25'] the
authors were able to achieve éteém decompositions of less than
six percent so that the conditions approximate thosev bf a

differential reactor. In order to check for isothermality,

nitrogen was allowed to flow through the bed at space

1

velocities up to 4s”' at a nominal temperature of 80°C.

The reader is referred to Figure 31 where it can be seen that
the effect of mixing at low conversions for lst order kinetics

is negligible.
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. Bed Volume 17.6 cms
Bulk Density ‘0.59/cm3
i Bed Weight. 9.9 ¢
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2
2 - 0%
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S
(52)

Figure 4-2 Differential reactor used by Blackwood and McGrory
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They observed no éignificant variations in.temperature in- the
central sheath, in the ahnujar'bed.and at the\wa]l. - However,
when steam was passed through the bed and subsequent]y-reactioq
occurred, the temperature at the centre of the annulus rose
above that of the wall and the central sheath by about 5 to
7°C at . a space velocity. of 257, 'fKayembe “and
Pu]sifer(§6) studied the steam-char reaction at similar
temperature 1éve]s using'a differential packed .bed and foﬁnd 5
to 7°C temperature variations in the  length of the solid
bed. It appears, that even wfth conversions in the order of
ten pércent, achieving isothermality presents a challenge under
gasification conditions. Differential beds have nevertheless

been found to operate isothermally for gas-solid catalytic

reactions  {with . high heats of reaction) at  lower

(1)

temperatures Smaller conversions { ~ b%) may be
. required to achieve isothermal operation in differential packed
b" operating at very high temperatures.

Rate models fpupd in a differential study have limited
application since they may be va]idlon]y'fof the small rangelof
conversions studied. This limitation can be overcome if
synthetic feeds can be prepared to study reaétion rates as a
~ function of composition. Since the differential reactor gives
the reaction rate directly, it is useful in analyzing complex.

reacting systems. -
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In summary therefore, low conversions in differential beds

can lead to small changes in temperature; pressure " and

-?gomposition in the reactor. As. a result, a high- degree of

™ : ‘
analytical prec$%;9n is required to measure the low gas

concentrations.
The Thermqgravimetric Balance

In the laboratory study of char gasiTication; the progress
of tﬁé reaction can be followed by the weight change’ in the
char samp]é as it is gasified. This gravimetric technfque is
generally applicable to many gas-solid reactions including
decompositions, absorptions or adsorptions. Figure 4-3 is a
schematic diagram of a’'typical system for'studyjng gas-solid
reactions using a recording balance. The initial investment
for thermopaiances and accessory equipment is wusually very
high@ss) Operaéing conditions ~~fori thermobalances range
from vacuum to high pressure ( ~ 1000 psi) and from very low to
very high tempefatures ( ~ 2000°C). For above EOO psi, near
conditions of industrial gésification, a number of high

pressure Dbalances are, available 1including gquartz spring,

electronic and commercial units {e.g. Cahn, etc.(56)). With®

regard to continucus weight measurement, these balances are

capable of weighing specimen from the micrpgram range
(m%croba]ance)‘ to as much as 100 grams. The solid specimen
assume a variety of forms from granular particles contained in
baskets'>to solid pellets formed under high pressure by

extrusion.
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Figure 4-3 Schematic of Thermogravimetric Balance (adapted from Reference 13)
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- The monitoring of the weight change of a very small samp]e
.of' sq]ﬁdA”reactant offers a direct measure pf‘ the " overall
reaction rate without the need for analysis of all possible
products. TheA microbalance "is thus a differential ?eattor
operatingl é} point 'values of the partial pressure and the
temperature. The usual assumptions made in interpreting the
rate data from a microbalance are the' same as those discussed
in Kthe previous section, i.e., because of the very Tow
conversions (1-3%t) operation is assumed to be jisothermal and
pore and film mass-transfer resistance are assumed to be very
low. The thermobalance technique has led to defining an-

overall reactivity on a mass basis-as follows:
CRp= -1 dw | : \\\
w dt |

where Rm overall char reactivity
w weight of ﬁnreacted char on a dry ash-free basis
Although this simple measure of  conversion provides a méasure
of activity, a detailed analysis of the gas products is
required to provide selectivity data. Product gas gna]ysis for
such small conversions requires expensive analytical equipmenf
(e.g. mass spectrometer)._"The thermobalance has however
emerged useful in quick detérminations of the effects of

various variables on the reactivity.

a1(40)

Gardner et. studied the catalyzed

hydrogasification of chars using a thetmobalance (0-]000°C,
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0-1000 psi). Gas analysis was obtained by splitting a portion
of the gas product stream to an infrared detector where-methane |
content was cont1nuously measured and a port1on to a gas .
chromatbgreph where  total gas composition‘was determinéd.: They
" found that although the ihfrared measurement of methane
:production lead to qualitative agreement with the direct mass
; _determ1nat1on quantitative agreement. was not good. Two
' reasons for this poor agreement may be that prec1se regulation
" of the product stream flow rate js_d1ff1cu]t and that ax1a1.
: " diepersion and low concentrations in the gas product' efream

combihe-to make analysis difficult.
- : \ bt

_Ensdring isothermal operation in a tnermobalance‘?ﬁvo]ves
\fsevera] factaors. First,‘ it is essential that the furnace
;(usually a tubular heater) have an adequéte constant
temperature zone where the reactant solid is pleced. Secoqd,
tﬁe temperature of the furnace has to be ma{ntained at the ~
desifed‘leve] within a specified accuracy through the use-of a
thermocoub]e-Which is placed close to fhe hottest part-ef';he
furnace heating e]ement(]s). This is preferable to placing
the thermocouple near the sample since the delay between a
cnange-,in the power level to the furnace and the resulting
femperature change at the pellet is so great as to render Fhe
s&stem uncontrolilable by the second method.. This implies that
the flow rate of the reactant gas must be held constant dering'
a run and tlre apparates must be given sefficient time to reach

steady state before the run begins. Finally, thermocouples”®
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must be placed aroun&.the specimen to assist the experimenter
in arriving at an 1sotherma1_re§10n surrouﬁdfng the sampie and
for recording the nomina]\femperature during reaction. In thé
case of highly exothermic or endothermic reactions as ' in
gasification, it would be advisable to place thermocouples
inside the solid sahple' itself. Although very fine
thermocoupies are available and'fhe leads may be twined around
the suspension wiretls), it is still uncertain how this would
interfere with the'weighing or reaction of the sample.

(63)

Tien and Turkdogan used an atmospheric pressure

electrobalance to stuay the gaSification of charcoal and coke

: With carbon dioxide. Thesé workers checked the assumption that

the carbon specimen were isothermal by Jnaking- an approximate
estimate of the intraparticle temperature gradient. The
temperature gradient across a spherical peliet «can be

represented by the following:

—
"

Lja (rPan)| = - Ter e
r2 dr dr T
eff
= where r = particle radius

AHr . = heat of reaction per unit mass carbon
R' = fractional mass loss per unit time
) = sample density )
Aef? = solid thermal conductivity.

Assuming a constant particie ‘surface .temperature T the

s!
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o _ l | ~ gasification rate is computed (at TS) and using the above
™« ' heat balance the temperature at the centre of the sphere,-TC,

+ Ts) and a

is estimated. A mean -temperature 1/2 (T,

¢orresponding aQe?age reaction rate is then c0mputedr The

results of these approximate calculations are given in Figures

4-4 and 4-5 for the reaction of a coke sphere (2 cm diametgp),,ﬂ.,

in 100 kPa C02. For the -case considered the temperature,

difference (T - T.) becomes appreciable . only at

temperatures above 1¥00°C.  For this endothermic reaction,

the nonisoiherma] reaction rate is lower than the corresponding

probably not be significant for smaller particles and _1owéf

tempergtuhes. When solid pellets are used in the therﬁbba}ance

y . ) -
this-“check should nevertheless be carried out.

- | S

- (38) - ‘
Dutta et. al used an.” atmospheric  pressure

e | thermobalance to study the gasification of several. chars in
//// ' carbon digxide. This group studied the effect of sample holder

——op-reaction rates. The three sample holders are described in

e ——

—_——— -

Table 4-3. Although no actual data is presented, Dutta et. al

- conclude that no signifjcant differeﬁce was found among the
observed reaction rates in the three cases at a gasification

" temperature of 1000% and al gas velocity of 4 cm/s.
Calculations, based on the interphase concentration and
temperature criteria bresented in Chapter 3, were_carried out

for the cylindrical holder in brder to determine the_ektent of

possible diffusion and temperature effects for IGT char HTI5%

isothermal Tate. Intraparticle tembérature' gradients Wil ‘,5
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Figure 4-4 Approximate Temperature Difference between surface and
center of a coke sphere as affected by temperature of
oxidation in CO2 at 1 atm., {adapted from Reference 63).
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Figure 4-5 Comparison of Computed Rates of Oxidation for isothermal
and non-isothermal conditions within the coke sphere
(adapted from Reference 63).
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-TABLE 4-3

Thermogravimetric Balance Samp]e Holders

SAMPLE ' '  CINITIAL

HOLDER‘ | SHAPE DIAMETER HEIGHT | CHAR WEIGHT
A _ Petridish 8.5 m 2 mm . '5.75 mg
B n:_ Crucible 8.5 mm 7 mm I]?.S mg
C Perfora%ed

. Cylinder 6 mm 15 mm 35.02 mg
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reported in their , study. These calculations are given 1in
détail in_Appeﬁdix C. The criteria reveal that although horé
. and‘ Film diffusion do not limit the observed rates, the
assumption 6? isothermality may not be valid. An interphase -
tempefqtqne difference of as much as 20 to 80° was

calculated.

Composition and temperature differences may be present in
the bulk "gas phase inside the balance unless sufficient'
agitation is present to fully mix the gas sdrrounding the
sample. This is particularly important for very large porous
solid pellets. Costa and Smith(4]) in their. study of UO2
describe the use of a modified thermobalance in which a smé]l

agitator is inserted close to the reacting solid to ensure

uniform gas composition. This method has not been used to my .

knowledge in any gasification studies. It Yas not been

ascertained as yet how the gas circulation affed%s the balance

mechanism.

There is a large amount of evidence that, although the das‘
reactions are usually carried out.with a gas flow rate
sufficiently high that the progress of the reaction s
insensitive to flow rate, interphase mass transfer may still be
affecting the measured reaction rates. In Section 3. 3.2 it was
pointed out that this experimental test for film diffusion may
be invalid at low Reynolds numbers, which is often the case in

thermogravimetric balances. To facilitate mass (and heat)
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transfer between the bed of'particles and its environment, the
thickness of the solid bed should.be kept below J particle

diameters especially for bed weights above 1 gram.(by).

64) studied the catélytic gasifiéation of

Veraa aﬁd Bell(
several chars in “steam in an electrobalance. ‘These workers
observed diffusional limitations on cylindrical char pellets,
0.15 cm by .5 cm at temperatures above 700°C and steam:
flowrates of 1320 cms/min. According to Veraa and BeTl;
estimates were maﬂe of the gasification ratés on the assumption °
that either internal or external mass transfer was réte
limiting. No checks were carried out on possible tempefature'
gradients witﬁin the peilet or in the film surrounding ' the

pellet. ”

Otto and Sne]ef(ﬁs) used ah atmospheric  pressure
microbalance to study the catalytic. gasification of several
coals. This group tried to assess diffusional effects by
performing experiments with cylindrical solid specimen
supported from the hangwire and with these specimen sliced into
several disks (equal weight and diamfter of original sample).
With some catalysts, e.g. Ru, they found the reaction to be

partly diffusion  controiled. Rates for gasification were

.reported on a per unit surface area basis. The SA of the

samples was measured in situ before and after gasification.

Otto and She]ef(65), Riede and Hanesian(Sb) and

Pilcher et. a1(67) all used very similar thermogravimetric
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techniques and operating cohditions to study steam gasification
of graphite. The experimental details, operating conditions
and activation eneféies reported by these workers are
summarized in Table 4-4. The wide disparity in the activation
eﬁergies reported supports the conclusion that true chemical

kinetics are not being observed.

Z In summary the thermogravimetric method for all its
simplicity in quick determination .of char reactivity ié fraught
with limitations. Among these are the Tlarge investment
required for the recording balance and for the analytical
equipment and the uncertainty in weighing in highly sensitive
balances when' gas is recirculated and solid temperatlres are
measured. The need to carry out theoretical checks even for
small samples in  thermogravimetric balances " has  been

demonstrated.
The Fluidized Bed

Bench-scale fluidized systems (Figure 4-6) represent
potentially attractive alternatives to fixed bed operations for
gas-solid contacting especially since many commercial scale
procesées for. gasification wutilize this technique (e.g.
Syhthane, Winkler, ﬂygas); Tne fluidized beg is quite popular
in carryiné out highly exothermic or endothermic chemical
reactions since good solids mixing helps to minimize

temperature variations(]q). The data analysis therefore is
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4-6 Schematic of a fluidized bed
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| usually based on the assumption that the entire reactor

operates isothermally. fThe 1argé power dissipation entai]ed in
keeping the solids bed f]ﬁ{dized éevére]y Iimit§ the partiC1e
size that can be handled ( > 260 mesh). However, because of
the éma]l particTes,-pore diffusion is usdél}y assumed to be
rapid .enough not Atb ‘affect the ﬁeasured reactiomr rates..
Furthermofe, the ‘high gas velocities required for f]uiqization
usuvally correspond to conditions where external mass transfer
is extremely rapid and thus is ‘nof= thought to affect the
chemical reaction 'rate. The principle drawback for the
fluidized bed is that the.gas-solids‘contactiﬁg and tﬁé degree

of béckmixing are very "difficult to . define and so

characterization and control of vresidence times is also

difficult. Because of this, data analysis is often based on

the assumptions that thé solids are completely mixed and the
gSs‘f1ow is either p]ug.flow or completely mixed. Two commonly.
found departures from the ideal behavior of gas-solid fluidized
systems are channeling and slugging. Cﬁanneling corresponds to
the preferential flow of 4$e gas through certain vertical
sections of the bed, thus under these conditions a ﬁart of the
bed may become fluidized while the remainder stéys in a packed
state. Slugging, on the other hand, co}responds to the
presenée of rather large gas bubb]es accupying most of the
cross-séég;aﬁ;ﬁf“the~bed, the periodic collapse of the bed as

particles fall "through these large bubbles would -then cause

 fluctuations in the pressure drop across the bed. It has been

shown that(]°) in most gas-solid fluidized systems, a portion
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of the gas equiva]ént-to the amount reqdired to maintain the
bed in a fluidized state is more or less uniform}y distributed
in the bed (emulsion phase) wheréas the remainder passes -
through in the form of gas bubbles. Gas bubbles have a'major
-1nfluence on ﬁhe' operation of the fluidized systems. 'Theiﬁ
_ presenée is responsible for thelgood solids mixing which is a
desirable feature but on.the other hand,.that portion of the
gas bassing through the sysgem in the form of bﬂbb]es is not
brought into intimate contact with the béd of particies as is
the gas contained in the continuous or emulsioh phase. Using
the bubbling bed modé] .fof fluid beds and a first order

(23) has shown that the

- catailytic reaction, Levenspiel
performance of the bed varies considerably depehding on the
bubble size (Figure 4-7). Even for smooth fluidization {small
bubbles) some mixing occurs in the gas.- Forlthis state, the
dispersion model with a suitable value of ax1a1\Q}¥fusivity mag_
represent the mixing very we]l(]q). Large bubbles howéver dd--
provide a means for the bypassing of the bed. The gas
composition when slugging or channeling occurs is far from
uniform and the gas enclosed in the bubbles contributes very
little to the solid -surface reaction thereby réducing the
ovefai] conversions Many models have,bg?n proposed to account

for the extent of mixing in fluid beds but reliable data for

~

the mixing parameters are not yet avai]able(]4).

— et s+ ame airm At

As noted earlier, another approximaxg_~ygz_izf‘ﬁéccount1ng

for mixing in the nonideal reactor 1is to measure the
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from Reference 23). '
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¥ _ .
distribution of residence times (gas phasé). Gilliland. and
; Mason(70) used this technique ‘in studying the fluidized bed

and found gmbiguous results because of material’ traﬁsfer
between the gas bubbles and the emulsion phase. The
experimental findings of gas fiow patterﬁs in fluidized beds
indicate that most Tlaboratory units operate éomeyhere
intermediate %gtween plug flow ‘andr camplete mixing and that
kinetic résults probably cannot be adequately analyzed on

either basis. _
’)
Heat and mass transfer in_f]uidized.beds can be thought to
occur in three categories: . A
I. heat and mass transfer between the gas in the
emulsion phase and the solid
Z. heat and mass transfer between the gas in the bubble
phase and that in the emulsion

KR heat transfer between bed and reactor walls .

Gas to solid heat and mass traﬁéfer‘fates have been shown to be
very high. The region of transfer is confined to a thin layer
at tne bottom of the bed and the remainder of the bed is in
equiliprium with the gas. The thickness of this layer to which
efféctive concentration or temperature grédients are confined
is‘ in -the order of 6-10 particle diameters(]a). Ayers(yl)

has eXberimenta]]y determined gas temperature profilgs in a

fluidized bed with the' solids and gas in crbssf]ow
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arrangement. He found that the gas temperature . rapidly
'approached the temperature of the solids in "less than 1

' cenpimeter of -the bed. Simi]ar-findings were'reportéd in the
(14)

-

area of “mass transfef. Smith has shown in a rough
“comparison of fixed and fluidized beds that,fhe mass transfér
rate between particle én& gas for a fluid ped is &pproximately
2 orders of magn{tude greater than that’for a ?1xed bed. With
this large fransport rate, it is evident thaf the 1nter§hése
cbnceﬁtration'difference wiii be negligible. Smith also points

out that similar results apply for, external temperature

differences.

Heat and.mass transfér rates between the gas in the bubble
and that in the emulsion are not easily eva]uatéd. Overall
heat or mass transfer coefficients between the two gas‘regiaﬁs
must be estimated from correlations or approximated by some
other‘meaﬁs. "The difficulty in predicting these rates arises
from the fact that bed properties such as the average bubble
size and the ratio of solids in the buoble to volume of the

bubbie are not readily measurable.

Heat transfer rates between the reactor wall (when heating
is'supplied at the wall) and the emulsion phase or between the
heating elements immersed in thé bed ({heating cqil} and the
emulsion phase are very high. Typical heat transfér

coeffdcients range from about  200-600 kcal m an~icTl.

v

This repfesents a major advantage of £he fluidized bed for

L
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_highly endothermic/exothermic. reactions. Nevefthe]ess; for
Very sma]1»diameter laboratory reactors (2.5 - 10 cm ID) thé
wall effects may Be significant. At high temperatures, thefma]
'_ radiation mé} also become aﬁ important mechanism for bed to
wall heaf transfer; However, thermal radiafion in  fluidized
beds is unlikely to play a significant role at temperaturés
below about lOOOOC(ls). " The foregoing discussion indicates
~ ‘that temperature can be kept esséntially uniform in f]hfdized

-beds. -

A feQ additional points must be mentioned about the
fluidized bed. Because of the mode of oberation, the range of
“operating variqb]es is severely ]imited_(Sma]]iparticle sizes,
velocities betwéen minimum  fluidization  velocity  and
elutriation velocity, etc). In gasification, the particles
diminish 1in éiie and become less dense as chemical reaction
progresses, these smaller or - lighter partiﬁ1es may be
elutriated as reaction proceeds. If the reactor is operated in
a batch moae with ééspect to the solid particles, high burnoff
may make particle carryover a problem. A preferred procedure
would be continuous solids feed and removal. The distribution
of tne solids residence times will correspond to complete
~ mixing when the fluidized bed hgight to diameter ratio does not
exceed about 3:1(]3). .

(72)

Ergun carried out both steam and carbon dioxide

gasification of activated carbon and of graphite in a fluidized
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bed and looked at the influence of flow pattern and diffusion
on Qasification reactions. - Ergun é%phasizes the importance of
evaluating flow conditionsA in the bed in order.to carry out
experiments'over wide'raﬁges of temperatures and'yet prevent
nearly cdmp]ete conversion. He noted that the gasification
experimenté in-his fluidized bed could only be carried out over
a 1jmited range of gas flow rates and thorough mixing in the
gas phase was not achievéd, making it difficult to interpret

the kinetic data.

The kinetics of 11gn1te. char gasification by steam and
steam-hydrogen mixtdres was investigated by Curran et. ai(?S)
at IGOQOF. The experimental work was carried out in a
fluidized bed operated batchwise with respect to the solid
charge and continuously with respect to thé fluidizing gas.
Most of the runs were made with an initial char bed weight of 5
or 10 grams. The char was mixed with fused pe;iCTase in order
to hold & nearly constant fluidized bed height of 2 1/2 inches
regardless of the initial char weight or burnoff level. This
group attempted to overcome one of the major limitations of the
fluidized bed (i.e. determining the mechanics of the fluid
flow) by using a graphical extrapolatian proceduye to yield
differential rate data. - These data were obtained frOm the two
ihtegral ratesﬁcorresponding to initial char bed ﬁeights of 5
and 10 grams by linear extrapolation to zero bed weight (Figure
4-8). This procedure,‘however, also has its limitations since

extrapolation far beyond the experimental range is unreliable.
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(74)

- Johnson has developed specific kinefic correlations

for char gasification. The gasification data obtained by

(75) L (76) .

and Goring et. al
(46)

Zielke and Gorin and the bulk of .

the data obtained in studies at IGT with pilot scale
fluid beds and with.the thermobalance were used to evaluate
parameters over a wide range of conditions in the quahtitative
model developed. These correlations for low rate gasification
were used to predict carbon oxides and methane formation rates

by May et. a1(77)

for batch gasification of Disco char with
steam-H, mixtures in a fluid bed. _In computing these values,
it was assumed that the fluid ped was comp]eteiy backmixed - with
respect to both gas and solids. It was found that carbon 6xide
yields were Fdequate]y 'predicted for the systems examined,
however experjmenta] methane yields obtained. are generally
-higher than predicted. They give no cigér exptanation for the

discrepancy. Incomplete mixing in the gas phase may have

occurred thereby increasing the conversion to CHy -

Feistel et: a1(78) ifi their study of steam gasification
of coal. in a small scale pilot plant inferna]]y heated
fluidized bed found that the reaction_rate constants determined
from experiments in the fluid bed were somewhat lower than

those measured in a laboratory scale differential bed. The

reason they suggest 1is that in the upper layers of the .

fluidized bed hydrogen (in significant percentages) is present

and it reduces the reaction rates.



4.

1.5

-17-

The -flhidized-gbed has a distinct advantage in that
isothermal operation can be maintained under conditions of high

heats of reaction. Unfortunately the fluid flow behavior of

the bed 1is not easily characterized and remains a major

-

limitation in its use for gasification kinetic studies.

e

Transport Reactors

Traﬁsport reactors may be divideq"into two types, the
entrained bed and the free fall reactor. In “entrained bed
gasifiers shown schematically 1n.Figure 4-9a, pulverized coal
and/or coal char and gasifying medium are fed cocurrently
tﬁrougn a heated tube. The solid particles‘are thus suspended
in the gas and are progressively carried over in the effluent
stream. In the free fall reactors dépicted in Figure 4-9b, the
gas and solids do not have ‘the same residence times and the

contacting may be either co- or countercurrent. The objective

in these transport reactors, as in the case of the fluidized

bed, is usually to obtain data for the purpose of reactor
scale-up (Kopper-Totzck, Bi-gas).. In the transport reactor,
rapid heating is obtained Qith very short residence times but
at the‘ same time sufficient quantities of products are
available for analysis (and sometimes for characterizing the
flow). Solid particies leaving franSport reactors consist of
partially reacted particles which are either suspended in the
carrier gas and product gas (iﬁ the case of entrained beds) or

moving independently of the gas stream at some velocity v. The
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Figure 4-9 Schematic of a) entrained bed b) free fall reactor
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so]id'particlesimust be removed from the gas stream by use of
settling chambers, filters, condensers, etc.. The experimental

apparatus is usually quite elaborate.

(81 has  studied the kinetics of - coal/char

Coates
gasification in a low-pressure, - ]AW‘ residence time (0.012 -
- A3 s) entrained flow reactor. \Finely ground coal was rapidly
mixed with axidizing combustion gas prpdﬁced from a pre-mixed
flame of pure oxygen and hydrogen. Réaction tubes of 4 5)8" in
length with inside diameters varying between 34 - 2" were
tested. The use of smaller diameter reaction tubes permitted
testing at lower residence times. The coai was entrained into
a stream of cérrier‘ gas (either N, or H2) flowing between
1315 scfh. Tne .reaction temperature_was measured but not
controlled. It ranged froh 1200 - 1400K. The temperature in
the reactor (i.e. a nominal. gas-so]fd temperature} increased
with the amount of combustion gas fed to the reactor per pound
of coal. Figure 4-10 reprbduced from Coates publication is a
graph of cbnversion versus reactor residence time without
regard for variations in other operating variab]es.. Although
Coates draws some conclusions from these graphs, it- must be
noted‘that any effect due to residence time would be masked by
a moderate temperature change éince the primary variable
governing the comp;sition of the reactor products s

temperature.

-
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rln adothgr. stﬁdy, Coates(az) gbtained kinetic data ‘from
a high téhperature’ entrained flow gasifier.. The reaction
chamber was 7.6 cm ID by 28 cm jn fength. Pu]verizéd coal wés
blown into the top of the reaction chamber with recycled
product gas. The recirculation rate near the -point where the
feed strgams were injected was estimated to be approximate]y_
150% of the mass flow of the feed streams. The kinetic data
were analyzed assuming the reactor to be completely mixed.
Diffusion rates of steaﬁ and carbon dibxide to the sdrface of
the char particles were considered by ca]cu]ating'the diffusion
limited reaction rates. These were estimated to be of the
" order of 3000-6000 min']; several hundred times greater than
.the measured reaction rétes. It-is in géneral'reasonab]e to
assume very rapid intraparticle and interphase Heat and” mass
’transfgr for conditions e;isting gn entrained flow reactors.
However, since most transpgrt reactors are long narrow, fubes
with nb external agitation other than that provided by the gas,

the completely mixed assumption is questionable.

I

83 . ‘ _ .
) discussed the use of a continuous

thnson(
dilute-phase entrained bed:in studying the hydrogaéification of
1ignité..‘ The) reactor had a unique ‘featurel of wvariable

' temﬁerature control along the Jlength of the reactor which
pefmits the establishment of various desired gas-solid
ime-temperature histories. Resu]ts were reported for boﬁp
Ylothgrma] conditions énd for conditions qf constant gas-so]ih

* heat-up rate (50°F/s) in 'the temperature range 900-1550°F-
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and pressures from 18 to'52.atmosphere§; The‘he1ica]-coi1ed
transport reactor measured 1/16" ID with a pofa] 1engfh of 200
feet and a vertical height of é 1/2 feet. The particle size
was between 170-200 mesh.  Such small particles flowed
éssentially at gas_'velociti_es;and calculated temperature
differences between the gas and solids and between the reactor
tube wall and thé flowing gaé-so]id stream were negligible.
fhﬁs assumption seems reasonable 1n'view_of'thé small parﬁiéies
‘ and provided fhe apparatus has beeﬁ given eﬁough time tosreach
steady state before the run begins. Gas-so]ids‘residence tiﬁes
'for tﬁe isotherﬁa] tests ranged from 5 to 14 s. Défa analysis

iso]ids were 1in

was based on the assumption th&t the gas and
plug f]ow'througn the coil and slippage pf the solids relative
" to the gas flow was ngg]igib]e; Differential conversions were
acﬁieved in  all experimentsl by using sufficienti} small
solid/gas Feed ratios (0.02 by vo]ume).in order to facilitate

the quantitative kinetic analysis.

In free-fall reactors, the solid particles age usually

introduced at the .top of the reactor and are allowed to fall

\

through the reactor.

(7

Uncertaintie@ arise in 'the
measurement and/or ca]culation(BS) of residence timés
based on terminal velocities. This is perhaps the most serious’

drawback of this type of reactor.

L3

86)

Feldmanh and coworkers( . found a simple rate model

adequate'to correlate hydrogasification data obtained from an

-
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integra1 free- fa11 dilute bhase reactor' The firét-order rate

constant k during the1r 1nvest1gat1on depended quite heav11y on

the type of reactor used as was shown in Figure 1- 1 When a

differential bed was used to generate Tow temperature data they

~ observed a wide disparity in reaction rate constants for

methane formation. Although some..tentative explanations were

. — _'_'—/. . :
of fered; the assumptions madé about the transport reactor (i.e.

\\\\\\totalbackmixing) were never verified.

\\

Dotson et. al

(7) I | -

used a visual method for measuring

\\ solid residence *times in their kinetic study of the steam

\carbon reaction in a free-fall reactor In these experiments,,

res1dence t1me was the time required for carbon to travel from

/“—--.
the\feeder bow] at the top of the reactor to a col]éct1on plate

\

and \this time was measured with ‘9/’sf“puatch When - the

r851dence time was estimated from fStokes 19w and the linear

/
ve]ocity.of the steam in'the,reactaf, the time calcuiated at

2000°F wes 3% longer than the measured time. Furthermore,

- the longitudinal. temperature -profile for a 3'in. ID by 6 /2

ft. long reactor was .measured once, at noﬁ;nal temderetures
between 1800 - 2500F. .These prdfi]es were used to correct the
data for deviation from fhe nominal furnace temperature., It
was implicitly assumed -that the particie temperatures were
identical with these profiles which is not ]ikely when there is

a distribution of particle sizes.
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One can see from the.number\ahd the type‘of assumptions
that have to be made with these reactors that the reliability

of the kinetic data is questionable.

Miscellaneous Reactors

While packed beds{ thermogravimeiric balances, f]uidizéd'
beds .and transport reacfors account for the majority of
gas-solid contacting schemes, it may be of dinterest to briefly
mention some of the alternate contacting arrangements that have
been used. Among these are the spouted bed, the electrofluid

reactor, the batch reactor and the diffusion cell.

Spouting refers to a gas-solid contacting process somewhat .
similar to fluidization. A schematic diagram of a spouted bed
is given in Figure 4-11. In~spoutéd beds, the upward motion is
very rapid and is restr%cted to a well defined central core
(spout). In the remainder of the bed there is never any upward
motion Af particles, ratherl a packed bed moving steadily -
downward and to some extent 1nwérd. This steady motion
eliminates backmixing of particles in the annulus. At the same
time, the fairly fast bed turnover tends to reduce the
temﬁeraturé differences associated with packed beds. The
spouting process does not require the smai] particles necessary
for fluidization however the spouted bed does share some of the
disadvantéges of the fluid bed, namely, the gas flow pattérn

and the solid flow pattern are not clearly defined and require:
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substantial . modelling. Carbonizatieﬁ;" pyrelysis and
gasification have peen  carried out  “using spouted
beds(87)(88) A model which bredicts the ekit ehar volatileﬂ
matter from 10w temperature caﬂ§291zat1on of coal in a'spouted

(87)

atcliffe and R1gby Gas

composition profiles, temﬁerature'profi]es and the gas velocity
distribution- were all measured experimentally in their spouted
bed (6" ID by X" length). At the present time Foong et.

21(89)

beds on a commercial scale for steam gasification. ///f/fg/

-

The electrofluid ‘reactor f is - an’ eiectrically' heated
fluidized bed of conducting solids. It offers several .
1mportant advantages over the other systems for carry1ng out
react1ons which are favored by high temperatures and require
substantial energy inputs. These advantages are due to the
direct conversfon of e]ectrical energy to heat ‘within the
reacting system. Pulsifer and. Hheelock(go) have investigated
the use of such a reactor in steam gasification of chars. The
electrical characteristite of the reactor have proven to be
very complex and do not .lend themselves to aecurate analysis.
The resistivity of the fiuid bed is apparently affeéted by gaa
velocity, ;temperatere, particle size and the electrical

conductivity of individual particles.

A modified version of the batch reactor has been used by

Butler and Sne]son(glj in  their investigation of coal

are .investigating the possibility of using spouteg,,zf”"f
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gasification. All ekperiments were carried out using stainless
steel tuning -5 inch OD with .03 inch wall thickness and
1engfh approximate]y‘S inches. Water and coal were weighed and
inserted into the:tube; The air was evacuated from fhe tube
and replaced by argon. The two ends- of the tube were welded
shut. fhe tqbes were.fhen transferred to a heated oven and the
temperature range studied was between 400-700%C. The length
of time the.samp]e remained in the oven varied between 15 and
60 minutes. The tubes were.then removed from-fhe oven after
the allotted time and allowed to cool-to room temperature. The
reaction products were removed from the reactor and the volume,
pressure and temperature of the collected gas were recorded for
calculation qf product yield and distribution. These -
experiments éré-very time-consuﬁing and the exact reaction time

- is difficult to determine.

A'diffusion—cell technique has been used for measuring the
chemical reaction rates in the diffdsion/chemicﬁl reaction
combined controlled region in studies- of the reaction between
cu, and both graphite and chars 1in the temperature range
1200-1600°c'%2). " In this method (see Figure 4-12). a solid
samp]e'ié placed on the bottom of a cell (1-1.6 cm 1D, 1-2.5 cm

'depth). The r;actant gas ié passed over the open end of the
cell. The nreaction system is maintained ~at a constant
temperature and pressﬁre. Weight of the cell 1is continuously -
measured and recorded on a thermobalance sO that the overa]].

rate of the gas-solid reaction can be calculated. The

intrinsic surface reaction rate has to be extracted from the
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solution of the diffdsion'equations which govern the system.
Estimation methods of determining diffusion coefficients in the
high temperature range are inadequate and limit the usefulness

of this approach in gasification studies.

Summary

A summd}y of the advantages and disadvaﬁtages-associéted
with major bench-scale char gasification reactors used to date
is given in Table 4-5. It- appears from the reported
investigations that the essential design featurgﬁ of bench

scale reactors discussed in Chapter 3 are difficult to predict

~and control in the -reactors presently in use. -Either the
‘maintenance of isotherma]ity (absence of internal and -external
temperature gradients) or the assumption of an ideal flow

pattern or both are often highly suspect. Bench-scale reactor§

which were spécifical]y designed to address and facilitate
these problems have Been in use in catalytic engineering
research for several years. The subsequent subsecfion is
devoted to exploring the potentﬁaf‘ of- these so-called
'gradientless' reactors in the study of noncatalytic

gasification reactions.

Selected Alternative Reactor Systems

The term differential reactor refers to a reactor in which
the gas conversion is limited to not more than a few percent.

Furthermore, the gas and solid composition, pressure " and

-



-130-

sjuatpeub auanjedaduwa
pue UCLIRJIUIIUOD UMOYS dARY Sia][ad

3| dues pue sJaploy a|dures juaJasyLp

~ . 934 UOLJBINDULD
-a4 mmm SjLwL| A3LALILSUDS 2oue|eq uybLy
N0 paLJdded A[Lsea

JOU SBLPNJS UOLINGLUAISLDP DWL] BOUIPLSAL
. stsAeue seb ganp
-0ud 31wJad jou S30p UOLSJUBALOD SeB MO|
a|Lbedy pue aaLsusdxa

) u_auﬁmmpn

AdBA SL SoL33ULy xmﬁasou 40]) s1sA|eue
dodp sJnssauad 4032834 ybly

paJdajunoous ua3Jo Mop) Bnid

WO} SUOLIRLABD 43Y30 pue but|auueyd

. (swa31s£s

spLlos-seb uot A[|eLoadsa uc_oa 03 juLod
WoJJ SUOLIRLJRA Bunibusdway JuedtLubyLs)
£3L|RUIBYIOSY ULRIULeW 0F J[NDLILLP

:Lm“pma MOl J uLelJdaose
03 A311LQe JLWL| S3WLY 2IUIPLSAA 1J0YS
" palpni3s uoLsJaAucd jo 3abued

lews 03 uotjedi|dde pajLwi{ sey [opow 3jed
sisAleue 19npoJdd U404 uOLSLDaUd

qupaanmcm cmng 8J4Lnbaua SUOLSUBALOD ||PWS

mquhz<>9<mwa

saunssaad Mo| a0 ybLy Ja3yiLe

. pue aunjedadwsa ubry e ajedado ued
paaLnbad 9z1s g|dwes [|ews
(A11AL30e24) 91R4 uDLldunsuod
uogJed’ JO 3JUnsesw 133J4Lp pue ¥o3Lnb

N0 patJaded aq Aew sSaLpnis gLy

SLsA{eue

_muﬁaa_m:m 9707]L[ LIRS SUOLSJSAUDD DILULY
uorjeusdo xajdwod atayz

but|{spow 404 [nJasn pue pag payoed

‘leLJdasnpul sbde) s3s|quassad A1aso[d asow

BALSuadxaut pue 3anJ3isuod 03 a[dwts

SUOLSJUTALOD MO]

ou onp a|qtbrbau s3129149 Burxiwyoeg
pautequiew ApLsea

9J40w st A3L|PWLDYIOSL | |PWS 3q [[LM
$729449 3P3Y “SUOLSUBAUOD | [PWS 03 anp
\ pag syl ul uolledy
-U32u02 3beudAr 3yl e UOLIDEIJL JO 37Pd
3yl 404 anjeA e A|323dLlp Saalb unda yoea
dALSUIdX3Ul puR 33NJ41SU0D 03 3ldwLs

SIIVINVAQY

SJ40]003Y UOLJRIL4LSPY JRY) B|RIS-YIUIG JO UOLIRN[RAJ UY

G-t 3149¥L

aoue| eg
Jtd1swtaeabowasyy o

. p=2g pP3aXlL4
Jdepngny [eabaqur 7

pag pax14
Jeingn] [eLjuadelylg L

3dALl ¥OLOV3Y




._ .uwcwEmeww
, - 9gq 3shw pLios pue seb Joj suualled Moly
prs . abeddLys
~ pLOA® 03 AUBSS3D8U dUR S3LILI0|3A YbLy
99ULS SawL] IIUSPLSIL J40YS A[DAL]T]3d
utejuiew 03 3[N2t44Lp K31 |RULIBYJOSL

: waqoud

e juasasd Aew bBulidues aarjejuasaddad
uorqeaedss j3anpodd Foinb

404 juawdinbs Aaet|ixne pajedl|dwod

uoL3eZLPLNi 4 J0F IZLS 3fIL34ed pajluL]
sajeJmoy } seb uoy abues burjedado pajlwi|
(sotweulp xa[dwod) sJojeqLbe jesrueydsw
YILM UBAD pauLyap [[am jou bulxiw seb

. SI9VINVAQVSIA

100 paLJdJ4ed 3q Aew

S2LPN3S U0LINGLJLSLP 3wy dJuU3pLsad

. s1sAjeue seb jonpouad ol

poULRIIR 3G URD UOLSUBAUOD JUILILIINS
(*018

‘seb-1g “%0z10]-428ddoy) 403oeaU |RLIY
-snput 03 dn-3[eI2S 3J[LIS-YIU3q 3IJ4LP
pauLR1qo 94 ued U0L1RQL43SLp seb 1onpoud
. payoseoadde 3q
ue> SUOLILPUOD (PWABYJOSL SNY} pue J3j)
-suedy jeay pided ssplLaosd uoljezipin(y
. ‘ ("01°

‘sebAY U4 qULM ‘SueyIUAS) U03IRIL |BLUD
~snpul 03 dn-3|e2S 9| LIS-YIdUaQ 1334LPp

SIOVINYAQY

(p,3u02) S403108dY Uo13ed1 150D ARy B[PIS-YOUIE JO UOLIBN|BAT

G-y 319vL

uy

407003y 140dsued]

pag pazipingd

3dAL ¥010Y3Y

G

Y



-132-

temperat re must be un1form throughout the reactor for true
d1fferent1 1 operat10n A reactor operating in th1s way is
h]gh1y desirable for k1net1c studIes As d1scu§sed ear]1er a
laboratory packed bed reactor may possibly “be operated in a
' differential mode'ﬁut in practice it is aifficult to do so. over
a very wide range of operating conditions. This limitation as
well as the other major drawbacks of the differential reactor
{precise broduct gas dna]ysis required, need for synthetic
feeds) can be overcome by the wuse. of an external recyc?e
reactor. This reactor is able to achieve high averall
conversions ‘through low conversions per pass. This basic
concept of the external recycle reactor has been used to design
_othéf reactors for studyiné gas-solid . catalytic feaction
kinetics, namely tne continuous stirred tank and the internal
recirculation reactor. A good discussion of these so-called
‘gradientless' reactors can be found in the puolications by

Carberry(zz), Bennett  et. a](gq)

an& Doraisﬁamy and
Tabj](asj. Schematic drgwingsr of these- three reactor types
are provided in Figufes 4-13, 4-14 and 4-15. In each case, a
sma&] émount of catalyst "is used and the reigtive velocity of
the gas with respect to the solid 1is increased qver that
“achieved in an lbrdinagy laboratory fixed bed reactor. -This
improves the heat- and mass-transfer characteristics external
to the solid particles. The possibility of using these

reactors to study gasification kinetics will now be explored.
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Ve Xr

Figure 4-13 Schematic of external recycle reactor
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Figure 4-14 Schematic of continuous stirred tank reactor, two versions
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Figure 4-15 Schematic of internal recycle reactor
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4.2.1 The External Recycle Reactor

The schematic of an external recycle reactor in- F?gure
4.15> provides the notation for the following discussion.
Feed Vg at conversion Xg is admitted steadily to the system and:

effluent at conversion_‘x0 is  withdrawn at the same rate

~{assuming no volume change on reaétion).-ijthin the loop, a -

pump recirculates gas at a rate Vp -« The conversion "rate

across the bed of volume V per pass is

ey Equation 4-]
+ Vi (x0 xl)

The average overall rate based on feed and effluent Js
o= Ve (x - XF) B _Equation 4-2
By material balance,

X1 T Vp X T Ve X " ‘Equation 4-3

Vp

In order for equationd4-1 to express differential rates,

then Xq 7 X or in terms of Equation 4-3, Vp>> Ve . If

0
the recycle flow is made much greater than the net feed, then

the overall rate must equal the rate per pass:

rA,F = (x0 - XF) ZE =:(x0 - Xy )(VF+V ) ‘Equation 4-4
-V
)
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Consequently, while the conversidn per pass ‘is differential,
overall conversion is integral. One obtains. therefore a direct
‘measure of the rate of reaction from the measured difference

between inlet and outlet concentrations.

Nlth rec1rcu1at10n rates 10 to 15 times the feed rate, the
reactor tends to. operate nearly 1sotherma11y(22) - H1gh:
velocities -past the bed of part1cles may :éjiminate.'a]most

completely external mass-transfer 1nf]uence‘ on the -reactor

performance. This can be achieved simp]j by varying the
recycle rates to establish the minimum rate Seyond“ﬁhiéh m;ss
transfer effects are negligible. The degree of mixing can 'be
controlled ana calculated from the recycle rate. It has been
shothé ) that at 1ar§e values of VP/VF {> 25)-.the redction
proceeds at of very closely toldiécharge conditions found for

the ideal continuous stirred tank reactor.

F1nd1ng the ]1m1ts of the recycle flow rate is a critical
point in the’ construct1on of a recycle reactor for k1net1c
studies. If arhigh_recyc1e flowrate is chosen, which means the
internal volumes of pump used and pipe§ are large compared to
the reactor volume, the time needed to reach steady state will
be long. If on the contréry, a low recirculation flow rate is
chosen, it will be difficult to maintain constant gas
concentrat}oﬁs throughout  the solid  bed. Nystrom(gs)-

discusses the derivation of a criterion for determining the

highest recirculation flow rate required in a recycle reactor
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in order to be free from gradient effects. The criterion is

-~
u

gfven.bglow: .
q > 40 Dyee V (1-e) - Equation 4-5
R |
where Déff = solid effective diffusivity
v = total ﬁed volume
€ = bea porosify ©
dP = solid partig]e diameter.
q = yolume f1ow.capacity of pump F/CT.
CT , = total cpncentration in bulk flow
F o = molar flow rate

A critical hardware problem aﬁd expense associated with
thé external recycle reactor_ié thé fecyc]e pump; The recycle
pump should have  the following characteristics:
noncontéminating, .leaktight, 1low hold-up and <capable of
operating against a moderate back pressure. Some pumps have
been developed for specific applications which meet these

(96, 97)

requirements , but a pump which will éatisfy the

giverse needs of a wide range of conditions characteristic of

. od
gasification studies is'not available. ‘aﬂf///

An external recycle reactor, 'in which control of gas
concentration was achieved by adjustment of the feed rate, has
been .used recently to study the kinetics of  the

carbon-dioxide-carbon réaction(gg). - The influences of
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reaction temperature,‘gas concentrations, degree of-burmoff and
methods of pretreatment upon the reactivity of cathn p]atk

were - determined. The temperature range’ for the reaction

the recycle pump. Temperature contrel in this external }ecycle
system was cbmplicatéd by the necessity to thermostat ‘several
ifems, viz., the reactor tube, the pump and the reéyc]e loop.

Perhaps ~most {mportant, because of the .1aﬁge "volume of the

)

connecting loop necessary for heating and cooling.the system A

componentsy the system had a relatively slow response to

changes. Very little detail is provided in the publication on

- :the experimental apparatus. It is also not known what recycle

4.2.2

(900-1200C) made it necessary to separate the reactor ‘bed from '

ratio was used and whether diffusional effects were hindering

the:progress of the reaction.
v

8

-The Continuous Stifréd Tank Reactor

-~

The ;ontinuous stirrea tank reactor illustrated in Figure

4-14- has ‘many equivalent design versions. In the Carberry'

’ reactor(ZZ) for example, the solid particies  are placed in

wire mesh containers forming the arms dfﬁ;he stirrer and the

-

whole basket is rotated at high speeds. Thé}agitation promotes

good heat transfer and_ can lead to isothermal operation(zz)

The rotational speed (up to 5000 rpm) and the gas feed rate can
be adjusted to achieve perfect mixing. . The high linear

velocities achieved tend to minimize external mass transfer

effects. Bennett(94) hggz demonsirated that - residence time
. ' ’ o Ty

4
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sAdistribution studies can bé carried out easily. MWhen the
complete mixing assumption “holds, a direct measure of the

‘reaction rate can be,fdund by measuring the inlet and outlet

gas concentrdtions as stated below:

TALE T *a0 T faLF

: Equagion.4-6
N/FA,p

Since these conversion levels are finite, gas coimposition can

be accurately measured.

i
Cow

The catg]yst-béﬁkets which have been used vary.in form.
-Figﬁre 4-]6"1]lu§trates a few.. While the external recycle
' reéctor_ often poses récyc1e pump d%fficu]ties,‘ tﬁe CSTR  may

often exhibit agitator seal prob]emsl especially at .high
reaction -températures. Tnig type of feactor- ﬁéég not -Tend
_1tse1f'to‘température meagurements of the_éoIid bed because of
:_Ehe rotation and s@ ‘the use of .this type of reactor is not
reqoﬁmended for reactions involving high heats of reaction:(dde
to the uncertainty in Bredicting the solid témperature)(33),
A common experimental ﬁfffiéu]ty of these reactors is how to

K}

'L.’
determine whether® all the sonds\Eée the gas uniformly. Also,

-

in the ?frberry reactor for instance, the bulk mass transfer

‘ charactgristics may vary. substantially betwéen the particles

close to the axis and those -far from the centre(lg).' Since’

in these reactors, the true gas velocity relative to the

catalyst is not Kknown and- varies radially as well, it is not

- .



Figure 4-16 Catalyst, baskets used in CSTR ©

a four rectangular paddje baskets for éing]e Tayer of café]yst-pel]éts
b four cylindrical baskets made of wire mesh for catalyst of any form
\\\ c wire mesh circular basket '

\

\
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‘pqssib]é'to predict heat- ana nﬁss-transfer coefficients. In

the revolving basket reactof,' one must also ensure that

bypassing of the feed gas to the exit does not occur. For a

finely powdered solid (and in the .case of a shrinking solid

. reactantjr -specjaT containment methods must be - devised.

A]though the CSTR has been used successfully in many catalytic
gas-solids reaction studies, the disadVantages outlined above

make -it of )limited potential in gasification studies.

fhe Internal Recirculation Reactor
: ’

In an internal recirculatjon reactor, gas phase mixing 1is
achieved by recirculating the reaction mixture through a
statiOpary"5011d bed using a 'sﬁeciaily designed impeller.
(99) has dgﬁonstrated that the recirculation rate may be

determined by the rotational -speed of a centrifugal blower

mounted on the top or bottom of the solid chamber. ~The flow

. rate of the reacting mixture and the degree of recirculation

through the catalyst bed are well defined quantities for these

- ? N .
reactors and the actual -rate of dnternal recycle can be
estimated by experiment(gg). Well-mixed isothermal

-

conditions can be achieved. with proper choice of impeller
speed, gas flow rate and particle size. Internal recirculation
reactors have proven to be versatile and have been employed in

a number of gas-solid catalytic reactions successfully. The

" solid partic]és'can he of any form or size since the solid bed

]
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is stat10nary Nominal bed temperatures can also be measured.
Heat— and mass- transfer rate correlations obta1ned in a f1xed
bed reactor can_be app11ed to thts type of reactor to determine
possible diffusidnal-resistances In comparison with the CSTR,

an internaily recyc]ed reactor possesses two merits of some
pract1eal lmportance. First, the mounting and replacement of .
the solid ie ‘more simply carried out without .any danger of
unbalancing the stability of the rotating parte.' Second, the
effect of 1mperfect’mixing 1n-the‘internal recycle reactor can
be est1mnted from a know]edge of flow rate through the solid
bed( ); .Residence-time d1str1but1on studies can e]so be
‘carried out with this reactor to determine flow pattern. As in
- the caee of the.CSTR, a direct measure of reaction rates result
fron *the difference between inlet and 'out]et_ reactant‘ gas
_ concentration. -

: )

Two technological problems .emerge in the design of an
internal recycle reactor because ﬂbf the insertion .of an
agitator shaft into the reactien chamber. The first problem is
to protect the shaft bearing from oterheating when high
temperature reactions are studied. This problem may'be solved
by coo]1ng the bearings or by using a long shaft with the
bearings placed at one end safely removed from tne high
temperature zone. Both these. methods of tackling the -
overheating probiem have limitations. and use of one method or
the other depends -upon- the specific ?eection conditions. The

second problem is to.seal effectively against.Teakage along the-
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shaft and along the reaﬁtoé/shaft Fonnect{oﬁs. ‘-The sealing

problem for high pressure .studies a¥ moderate temperatures

(SUOOC) has been solved using a magnetié, _drive(]oo).‘-

Howevet, high temperéture sealing sti]]!presents a .challenge.
P

(100) has employed a version of the internal

Maﬁoney
recycle feactor modified for operatjon af high tehpératures and
pressures (]1000F max imum up to 1000 p;ig, ]OOOOF magimum
uﬁlto 2600 p§1g) which are preVa]ent in petroleum processing.
‘The studies were concerned with the reactions of n-Heptane
catalyzed by a commercial platinum-on-alumina catalyst.
‘Process conditions were constant so that thg catalyst g
deéctivated at | a .constant‘ temperature and  pressure,

Experiﬁents were conducted using particles which ranged from

1/12 inch extrudates to small 40 mesh particles..

Berty(gg) has recommended that a lower pressure limit of
45 psig be used “"because at 1ower pressures and corrésponding
1ow‘lgas densities it is di%ficult to maintain good mass
velotities". High mass velocities are required to minimize the
thickness of the stagnant boundary layer between the'extérnaf‘
catalyst surface and the bulk gas phase. Kuchcinski and

(116) however have shown that the internal recycie-

Squires
reactor can alsc’ be used at low pressure i.e., 1 atm, provided
Certain conditions are met. They found that the reactor could

behave as a perfectly m¥xed vessel when the recycle ratio was

greater than about 20.



-145-

4.2.4 Summarx and Cbnc]usions

The differential éeactor with recircu]ation‘by meanslof an
external pump, the stirred tank reactor ‘and the internal
recirculation reactor have been described and discussed in view
of pointing out the major merits and demerits of these reactors
for undertaking gasificatfon kinetic studies. A gummary of
these findings is given in Table 4-6. The most important basic
‘requirement of these reactoré is that they should be operated
under gradientless conditions. Physical measurementsA should
therefore be carried out in order to evaluate the reactor
behavior both with respect to the heat and mass transfer and
mixing characteristics under-different conditions of flow rate
and stirring speed."Except for construction difficulties the
internal recirculatibn reactor shows great potential in
gasification studies. An internal recirculation .reéctor. has
been constructed in order to evaluate this potential for
investigating gasification kinetics. The design, development
and testing of the reactor are the subject of the following

chapter.

i
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5. TESTING AN INTERNAL RECYCLE REACTOR.

Introduction

An internal recirculation flow reactor was constructed in

" order to investigate 4ts potential in overcoming the
,shoricomings of the current bench-scale reactors used for

- studying char gasification Kinetics.  Uescriptions of the
: : Al

reéctor and_its operation are given in the following sections.
An evaluation of the reactor performance based on the results
of tests carried oqt to determine mixing characteristics and
possible 'temperature * gradients wWithin the reactor is
presented. As a result of this evaluation ne gasification runs
were pérfbrmed with the experimental set-up. A descriﬁtion of
the ancillary equipment -<required to carry ‘out steam

gasification at atmospheric pressure and‘hign temperatures as

well as a product analysis system is nonetheless provided for

future work with a modified version of this reactor or with

3 :
alternate reactors._ o \\

Experimental Equipment and Materials

——

The experimental equipment set up in the present study is
shown in Figure 5-1. It consists .essentially of an internal
recirculation reactor, a heating system, a system for
generating K steam and varying the steam partial pressure,
gquipment fort removing unreacted steaﬁ and facilities for

sampling, metering anda analyzing -the product gases. £Each of

these will be descr%bed in detail subsequently.
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5.2.1 The Reactor

The bench-scale internal recirculation reactor used in the |
present study is shown 1in Figure 572.- The two compdnents of
the reattor assemply are the stirrer drive unit wiﬁh stirrer
snaft and the reaction vessel. A detailed view of the reaction
vessel internals is provided in Figure 5-3. The reactor shell
was constructed. of 516 stainless steel whiEh can withstand

' temperatures up to 1100°¢ ' at moderate pressures. hThe
cylindrical vessel measured” 17.8 c¢m by 5.7¢2 cm outer
dimensions. Tne total free volume of the reaction vessel was

' 3;$mL + 1 mk and the volume availab]e,%or the solids is 14.5
cm3. Up fo 15 grams of char could be charged in the énnu]ar
solid pasket. (7.0 cm height, 1.6 cm 6D, .3 cm IDi. The‘solid
was supported .by a fine mesh stainléss steel screen..h'Four
vertical pafflies were placed at rignt angles to ome another on
the inner wall of the chamber. The feed géses entered the
reaction cnamber at constant rate through a 0.16 cm inlet port
at the top of the vegéel and the product gases left through a
b.]b.cm outlet port at-the side of "the reactor. The gas in the
chamber was recirculated bfh means of é f]at-bladé impeller
mounted at the top of the chamber. A schematic of tﬁe impeller
is shown in Figure 5-4. Al thermowell was fixed 1n$ide théﬁuﬁ‘~'f?
annular Dasket to permit temperature measureﬁént with a
chrome}—alumei thermocBuple embedded in a stainless steel tube

sheath, throughout ‘the height of the solids bed. A "second

chromel-alumel thermocouple inserted horizontally through a
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stirrer unit

) | i 4

1

/L g

!

water
coolers

-t drive

ﬁotor

Drive Unit

reactor vessel

retractable furnace

Figure 5-2 Reactor Assembly

thermocouples
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Figure 5-4 Impeller
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L]

nole in the Sige of the furnace with the hot_juhction placed

against_the outside wall of the reaction chamben was used for

- h ' > '

~ temperature control purposes. | L .

v L

- +

". A completely sea]ed magnetically coup]ed drive 'wa; used
to rotate the impeller at speeds up to 1900 RPM. é%§1nce the
standard magnedr1ve assemb]y suppJ1ed by Autoc]ave Eng1neers

can w1thstand a  maximum temperature of about , 600° F A

modified. version of this assembly was used, & schematTc of

‘whiEh is'given 1n Figure 5-=5. There are two ways»of-protecting

the shaft pearfngs (graph1té or teflon) from. overheat1ng when

-high temperature react10ns are stud1ed The f1rst ﬂay 15 to

“

"coo1 the bear1ngs with water Jackets ana-the second is to ‘use a.

long shaft with the pear1ngs p]aced at ‘one enq‘safdly removed

gl’

Afrom .the h1gn temperature zone.~ Both methods weke - comb1ned in.

- ]
an effort to m1n1mlze the inherent weaknesses of ‘the solut10ns

- -_‘-‘-

when:used separate]y. The magnedrmve,1s bolted to the reactor

L3

and a stainjess steel ring, similar to a "Swagelok fitting", at
. v * :

the top of the neck of the reactor vessel prevents gas ¢leakage

along the joining flange even at high-temperatures:

‘. .

Heating for the reactor was suﬂplied by 2 semi-cylindrical

.04 m Tong Lindberg~furnaces (model 5010;]065~00A) which could

o : : : _
attain tempeﬁhtures of IZOOOC.] Because of the length of time

required for tnis snort. heater: to reach . temperatures of, the

~
2

order of_10000CT( 4 hrsj, a'hopster heater which-consisted ofgs
a tightly wound coil of resistance ejements was embedded in the

insulation surrounding the furnace. Electrical leads from the -

‘l. - . ~5’ I "

-
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" THE MAGNEDRIVE ASSEMBLY

ADAPTER--316 S§
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TACHOMETER COIL

RETAINCR—C. STL.
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Lindberg heater were connected to an automatic on-off Honeywell
controller actuated by a type K thermocouple. The current to
the booster heater was contrglled manually wi;h' voltage

o

step;down through a rheostat. .

Kaowool blanket and Kaowool bulk fibre were used to
insulate the reactor/heater system. Kaowool, a tkeoe name for
ceramic  fiber  provided " by Babcock and Wilcox, 1is
non-combustible, has a low thermal conductivity and ma1nta1ns

its structural integrity up to l.ﬂOOG

L -t

The Feed System . , . %

Distilled water, stored in three 20 milliliter ges tight

'syringes was supplied at-constanﬁ flow rate by'a syringe pump

" to an electrically heated vaporiser-superheater Wwhere steam was

generated and superheated { -~ EUUOC). The Sage Model. 355
syringe pump offered,d continuously variable flow range. The
pump was calibrated with the syringes to deliver the required

water flow to the supernheater (0.002 - 0.02 gw/s). The
. . o

vaporiser-superheater was made from stainless steel tubing and

measured 0.015 m-ID by 0.3 m in length. The syringe needles

were welded to the'Superheater at oneéqu'and tﬁe other end of

the heater was fitted with a quick opening valve. The entire

vaporiser was packed with crushed quartz particles (. 004 m -

‘.006 m diameter). The tuue was wound with a heating cqi1

connected to a variable transformer and insulated with 0.06 m

of Kaowo¥1l.
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Nitrogen could be circulated through the reactor during
the heat-up time and could be used as the inert gas in the
experiments. The inert gas supply train consisted of a tank of

high purity nitrogen which dischargéd to a 0.15 m long drying
£

_tube (0.01 m 1ID) containing -indicating drierite (CaSO4)

followed by a 0.3 m 1long purifying tube containing copper

turnings A(to PEmové traces of 02) maintained at 30°C. The

‘ b
nitrogen flow was measured with a Matheson type 602 rotameter

5.2.3

in the (O-S.L/s) range. The_rotameter was calibrated against a
standard wet test meter. The -gas was passed to the
vaporiser-superheater if H20 /Ny mixtures- were to be uged
or dire;ﬁ]y to the reactor during the warm-up period. Tﬁe
process line coﬁnécting the vaﬁorizer to the reactor inlet was

wound with insulating tape to prevent condensation of the steam.

Product Analysis

The product gas, sfeam, and 1'_,r|er'1:\lT diluent gas at the
reactor exit could be carried through 0.3.cm ID stainless steel
tubiﬁg to a doyb]e—pipe.heat exchanger for condensation of the
unreacted stea@,. :The condensatei-was collected in a 60 mi
plastic receiver which could be emptied reqularly. The product
and diluent gases were separated from the water in the
condensate'c0]1ector. -Iﬁe main s£ream of effluent gases was
supsequently ﬁassgg‘through a 20 cm long 1.25 c¢cm ID drying t:be
filled with anhydrous calcium sulfate (Drierite) and through a

calibrated wet test meter. Experiments were carried out to
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-,

. inves;igate whether reaction products such as CO _and chz
would be adsorped on the Drierite. These Experiments_destribéd
in Appendix D detéfmined the allowable size of the drying
tube. A smal] gasl stiream was continuously sent through a
§§mp11ng valve for analysis.' Sampling of‘the gas at 12 minyte
,intervals_was.achieved through an air actuated 6 bort automatic
Valco samp]in§ valve with a ]00p_v01ume of 0.5 mL and a digital
timing system provided by Chromatographic Specia]tie§ (Digital
Valve Sequence P:Qgrammerj. - | \?

A system for product gas analysis was designed, calibrated
and tested althougp ng gasificafion runs were pérformeq. This
system will form the basis pf product analysis systems for
future work and thus will be described bfief]y.

§ _

the gas samples were analyzed on a Fishef;HahiTtoﬁ Model
29 dual column/dual detector™gas partitioner. The detectbr was
" kept at a nominal temperature of 70°C "and ‘the cell current
maintained at 225 ma. Helium supplied at 18 psig and - a
flowrate of 40 cma/min was used as a carrier gas.: 'The
.chromatographié‘system congisted of 5 columns kept at amfient
temperature as shown in Figure'S-Q. The fir;t column consisted
of 2.4 meters of .64 cm ID aluminum tubing packéd with 0% DEHS
an 60/80 mesh Chromosorb P. [ts function was to separate C0p
from the other gases in the migture. {he gas sample thus
separated was detected and recorded as two guccessive peaks,

one for the mixture of nitrogen, oxygen, carbon monoxide,
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Figure 5-6 Chromatographic system for product gas anaiysﬁs
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X

hydrogen and _‘hethane and onéﬁi for | the carbon dioxide
respect1ve1y é?e columns in position number 2 were in ser1es
and consisted of 1.8 meters of .64 cm ID copper tubing packed
with 60/80 m Cnromosorb W followed, by 1.22 meters of .64 cm ID
| copper tubing backed with 60/80 mesh Molecular Sieve 13X. The
molecular sieve column seﬁhrated Hé, 02, N2, CH4 ‘and Cd
in that Iorder. However because o? the sho}t length of the
"molecular sieve éo]umn used, a spacer column was needed so that
tne t1me for. hydrogen elutriation Wwas far enough from the CO,
'peak to enable detection. Since the Chromosord W pack1ng is
inert, Column 2 served as the delay column.” This column
tnerefore ensured that the first peak from column 5 (H2'peak)

did not overlap with the 602 peak on a chromatogram.

Since the DEHS aﬁd MS ']BX columns read%ﬁy adsqrb water
(]OBj a .process which gradually causes deactivation{lsij,the
coTumn and results in the loss of separation of the gases,
reactivation or conditioning is necesséry.i. Column 1 was
cond1t1oned at 100 C overnight housed in a Varian Model 1400
Gas Chromatograph and Column 2 was Bnd1t1oned ’at 325°¢C
overnight in the same chromatograph. Helium gas was allowed to

flow through the columns during conditioning at a rate of 10

cm/min.

Complete gas’ mixture separation was accbhplished in
approximately . 10 minutes. A typical chromatogram for a

prepared gas sample is shown in Figure 5-7. Gas concentrations
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Figure 5-7 Typical gas separatfon and apalysis
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could be determined from a chromatogram obtained on %
Hewlett-Packard Modei 380S . integrator witﬁ the aid of
_calibration curves. There are éevera] procédures avai]ablé:for
gas calibration, namely - direct calibration, | internal
normalization and normalization of areas (correction. factors).
The method adopted here 1is direct or absolute calibration.
Blends of the componénts (Hy, co, Cbz, ‘CH4, N,) were
-prepared and chromatograms were made with these mixtures. The
value of the peak area was thep plotted égainst the amount of
sa@ple injected, thereby determining the calitifation factors.
Once these factors were known the actual amount of component in
“an unknown sample could be calculated from peak -area and sample
size.l This method is espec1a11y useful for gases since b]endS'
of exactly known compasition are not easily made. ‘A method: of
injecting a known fixed sample sﬁzéw(O;S ml samplé loop, 1 psig
pressure) was uﬁed as deséfibed in detail in Appendi§ E. The
main disadvantage of this procedure for qd11bration is that
.cé1jbration is time consuming. Also, frequént spot checks‘are
necessary since. the sensitivity of the detector must. remain
constant from rup to run and day to da} in order to compare
results with the calibration graph. After  screening
experiments, when the cqﬁposition‘range of the reaction produgt
gas .is more or less known, the most exact analysis of the
mixture may _be obtained'by comparison of the chromatogramlwith

, [/§:iz;;;;;rams opta d from synthetic mixtures of approxiately
the same cohposition. Analyses ,Qf two synthetic mixturgs‘

prepared by Matheson Gas Products are alsc given in Appendix E. :
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5.2.4 Materials .

o
.
QG

The char used in this invéstigatioﬁ wa;‘ prepared from
Byron Creek coal by a devolatilization technique -described. in
detail in Appendix F. The coal. and coal char ana]yseé are
pfésented in Table 5—} and 5-¢ respectively. Char' obtained
from a sub—bituminoué 'A! (Foreéfburg) coal was used Tn some of
the preliminary experiments. = It was obtained from Dr. B. Lu,

University of Ottawa.

Indicating Ascarite ;;)(8 mesh) was supplied by the Arthur

H. Thomas Co.; Philadelpfiia, USA and indicating Orierite (8

-m%\ was supplied by Chromatographic Specialties, Brockville,

Onta¥io.

Gases hsed for calibration purposes and for mixing studies
were all high purity or ultra-high purity grade (99.8% min)

supplied by Matheson Gas Co., Whitby, Ontario.

Gas Phase Mixing Tests -

s

Residence time distribution studies wer€ performed on the

bench-scale internal recirculation flow reactor degcribed in

.‘t <

Section 5.2.1 in order -to determine the operating conditions

(agitator speed; gas flow rate, solid particle .size undef

. ) - i

which the completely mixed assumption prevai To

invéstigate the degree of .mixing in the §ps phase of the
s .

1
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TABLE 5-]

ANALYSIS OF BYRON CREEK COAL

. As Received:

Moisture - ©1.99
Ash , . 14.96
Volatile ‘ % 25.69
Fixed Carbon % 57.3%
Carbon % 72.&6
Hydrogen % 4.23
Sulphur % - 0.78
Nitrogen % 1.13
Ash % 14.96
Oxygen (by diff) % 5,95
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TABLE 5-2

ANALYSIS OF BYRON CREEK CHAR

As Received
| Moisture p4 1.14 -
Ash % 21.5
Vglatile % 3.50
Fixed Carbon. % ) 7 3.86
Cafbon 2 74.5
“Hydrogen- % o 0.952
Sulphur % .0

i NitrogeA" % 1.28
Ash % 21.5
Oxygen (By diff) % -

o
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reattor,'the c]assiéq} stimulus-fespohse experimental technique.
was used. For ease of experimentation and data analysis,_tﬁe'
fesponse of the non-reacting system to a §tép change:in feed
gas composition was monitored and modeiled.- Norﬁai]y,. for
relativeiy‘]argg reactor volumes the dyn%ﬂics of the measu?ing
devicé layhich usually have .faét résponseS} _can bex ignoredf
However, for the small 1abqrat0ry'redctorswthe'response.time of
the measurement device can be‘of the .same oéder'of.magnitude as
that of the 'rgactor itself '(]-Zs). No evidence that fﬁis s
problem has been tackled by other workers could be found. It
Was necessary theréfore,' in this study'.to use a differeg}i
ébﬁroécn with respect fo the  analysis of the step re;bonse-
data. The approach adopfed ‘here to handle, tne proﬁ]em of
%deriving the RTU of the reactor when thé measuring jns%rument
> dynamics are included is to model Engﬁtw&wqpntkibutions to the

experimentally measyred response curée'Separately. Appropriate

models were therefore found to simulate the behavior of both

- the instrument and- ;hé redctor. In this section, the

experimental procedure, the basic abprdach, the instrument
model, the reactor model, the data analysis .and the mixing test

results are discussed.

5.3.1 Experimenﬁa]'Apparatus

~

;
The ‘experimental schemeddopted to impose. the step change
in inlet gas composition is given in Figure 5-8. To generate

step changes, a 4-way manual switching valve was used. Known

& ~ t
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compositions of feed gases were prépared from c}linder gases by
adjustment of the rotameters. The needle vaivel on the vent
‘stream was adjusted so that when a étream was“swifched from the
reactor to the vent, there was no. change in flow rate. The
_remaining needle valves.were adjusted so thaf both gases flowéd
at the same .rate. 0One stream from-the‘i—kaxrvalve could . be
difected gither through the reactor or through:-a temporqty
bypass aroﬁnd the reactor.. In this study, step chénges'from
either pure He'ta pure N, or from. pure He to He/N2 mixtures
were Sonducted by switching the 4-way valve from one positior- | pre
to another at a specified time. .Negati§e step changes (e.g. t
N, to pure He) could similarly be applied. The physical
propertiés of He and N, are similar and bothlgasgs are inert

to the char.

.The outfbt stream from the reactor was fed continuously
thrbugh a Gow Mac Model 40-001 thermal conductivity cell,
consisting of 4 WX filaménts. The heated cabinet was
maintained at a constant temperature of 100°%. A current of

200 ma was maintained in the bridge circuit.

Analysis of the RTD‘data is greatly simplified if there is
a linéar relationship between thermal conductivity and gas
composition. The results of tests car}ied out to ensure that
such a linear relationship existed are shown in Figure 5-9.
The lineaqjty is clearly verified. Additional 'tests' showed

that the linearity of the response did not depend on flow rate
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when varied from 100 cm /m1n to ]000 cﬁ37ﬁih. The ‘signal
from the thermal conductivity cell was recorded on a NATANABE

!

linear mark V high speed.recorder.

Expérimental Procedure

-

o

Before each -run, approxiﬁate]y 5 grams of  sized char was
weighed and set aside. Quartz particﬁes of Tfhe same Ssize
fraction were also prepared. The splidé basket was then filled
with the char and quartz as *shown 1H Figure 5-10 with fine mesh
stainless steel screens separating the layers. The manner of
packing-was jidentical to that planned for actual gasificatibn
experiments. In order to ensure consisteney -in the packing,
the packing technique was not varied. The volume of each
section (f.e.; A:B,C) was kept constant. The magnedrive.
assembly was then bolted to the reactor and the pressure in the
vessel increased to 30 psi. If no pressure. change was observed
on a Boueeon pressure gauge on the upstream side of the reactor
within one half hour, the reactor was con51dered leaktight and
the tekt continued. The appropriate gas flowrates were then
established for the reference gaé through the cell, the gas
exiting the reactor and the gas being vented by adjusting the
needle valves. The bridge current was then turned on. The
thermal conductivity cell was always kept heated to the_proper
temperature. At this time the_magnedrive was activated and the
correct rotational speed was determined with the use of a

stroboscope. Once a steady baseline was achieved on the



Quartz {1.25 cm}

Fine
Mesh

Char (3.8 cm)
Screens '

-1 Quartz (1.25 cﬁl)

Thermowel]

Figure 5-10 Schematic.of bed packing
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. recorder with helium flowing “through the reactor, the 4-way
valve was  manually switchéd_ to “2 (or to No/He mixtures in
case bf.ca]ibration)_and the outpui of the thermal conductivity
cell recorded. At the same time the step changé .wgs
introduced, a stopwatch was started and once the output on the
recorder reached a new steady level (corresponding to‘ 100%
'N2) both the stopwatch and the recorder were tﬁrned off.. In
this way, the time 'at which the step input was applied was
“determined by the'elapsed'time and the chart speed. At the end
of each run, the alternate char/quartz layers were carefully
removed by first pulling out ‘the scréen and then pduring out
the material.
v
The. ranges of‘thé operéting variables explored are listed
in Table 5-3. A 23 factorial .design described in Table 5-4
was used to examjne the effects of these variables on mixingl

w%th the high gas flowrates used and the small reactor
volume (X0 mL3), the average residence time of the gas in the
reactor was in the order of 2-3 seconds. In this time scale,
it became'important to measure the thermal conductivity ce]l's-
réspopse to a step change aé a function of f]oﬁ‘ rate. The
Ainsfrument response was determinéd by imposing aistep changé in
the feed gas from He to Nz, with the feed gas stréamrentering
the temporary bypass 1iﬁe. The recorder fime constant 1is 1in

the order of mil]jseconds and can be ignored.

? -
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L TABLE 5-3. ™

Range of Operating Variables

Gas Flow Rate = - : 500 - 1000 cm/min

Impeller Rotational Speed : 0 -'1800 rpm

Particle Size : 0.2-1.4mm
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TABLE 5-4

'23 Factoffﬁ] Design for Mixing Tests

-(as

Char/Quartz Impeller
Particle Size | Flowrate Speed
[mm] tcmB/min] [rpm]
0.2~ 0.4 7500, 0
1000 0
500 1800
- 1000 1800
0.4 - 1.0 500 0
1000 0
500 1800
1000 1800
a.0 - 1.4 750 300
" 750 900
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A1l .of these experiments were conducted at room
qtemperature because this'great]y reduced the time jnVolved for
the tests. Bennett et.- a](94) *have reported RTD studies by

L

Brown (using an internal recycle reactor) carried out at room

temperature and at reaction temperature -(EOOOC). It was

noticed that as  the temperaturé was increased to reaction
temperature, natural convection improved mixing evén with no
agitation. This 1is thought to be true for the present stﬁdy

where temperatures are much higher (GOU-IOOOOC).
5.3.3 Mode]]iﬁ Approach
) g App

As' was mentioned in the introduction to this section,
deriving the RTD of a bench scale reactor from response data in,
which the measurement device dynamics cannot be ignored is a
probleﬁ which (to my knowledge) has not been tackled. It was
necessary therefore to develop a means of handling it. The

' basic approach adopted here is to model the reactor and the
instrument dynamics separately. A simple empirical model (the
'tanks in series model) has been shown to -dadequately describe
the measurement device contribq}ion. The }ecirculation
reactor, on the other hand, was modelled using a mixed model
which allows for possible deviétions from comp]éfe mixing as

represented by the parameters in the model.

The step-response curves for the measurement device and
for the combined reactor/measurement device are continuous

o : concéntration-time curves. On the other hand, the estifation
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of parameters. jn ‘the models for, the reaétor and- for the.
measurement device requires diséfete-data. biscretization by
sampling the .Continuous data pfesepts no prbbiém in. itﬁe]f,
-howeve% the .duestioh of the number and spacing 6f samples
~arises. T‘e-imbortaht factor here is that the discrete_data

points selected should allow accurate redbnétrdctiqn of the

'con;inuous data.

A prob]eq which ddes arise however is that the data taken
from any one steh response curve is autocorreTated. One of the
basic assumptions involved in standard parameter 'estimation
methods is that the response measurements are. independent.
Thus using data from only one step response curve would iead to
unreliable parameter estimatés. Several correldted error
models and parameter_estimation techniques for a simple system

with -cumu]ative errors are available in the
(103-108)

-

Titerature However, the search for an appropriate
correlated eréor' model is vefy time-consuming and requires
considerable computation. To circumvent this problem it was
decided to ootain uncorrelated aata via experimentation. This
was accomp]ished by repeating -the step response experiments at
each of the desiredioperating conditions a number of times and
only one data point was taken from each. of the continuous
concentration curves generated. Since the duratjoh of these
experimental tests -was ‘relatively short (~ 0 min) ?his
represented a viable and favorable alternative. The response
data used to fit both the measurement device model. and the
combined measurement device/reactor model wereiobtained in this

manner.
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5.3.4 MeasUrement Device Model

w

The thermal conductivity cell's response to a step .change
in feed gas at a gas flowrate of 1500 en*/min s shown in
Figure 5-11. fhe transient bortion‘of the‘respoﬁse takes place
in aﬁproxi ately 1.7 éecond&. This short res;onse time would
‘usually be\ negligibie, howevér because the nominal réactor

residence times are 1in the same order of magnitude, the

. dynamics of the cell” had to be accounted for. The thermal

conductivity cell's response curve ~ has been mode]]ed
successfully with:. the tanks 1in series model{N equal .size
backmix tanks in series). An advantage of this mathematical

representation is that the parameter N gives a measure of the

‘approach tq/a perfect plug flow response (Figure$i2). The exit

age 'dié%ribution for the model «can be expressed as

fo]]owsﬂza):
E(t) =1 (L)N_l 1 exp (_—_1;)
- T \T (N-17" T
where t =.time |
T = residence time in a singfe tank
N = number of tanks in series

Since-the exit agé distribution is the time derivative of the
F-curve, the above expression can be integrated (details are

found in Appendix GY to obtain the step response:
N N-1 P N-1-r
F(t) = c(t)/e, = (/) exp (-t/1)s [(-1)" ¢

. =0 (N-1er) ! (1) J

Equation 5-1
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A noniineaf Jeast Squafes techniqug can be used tolobtain the
parameteﬁ; T and N in the model provided. the data satisfied
- the least squares assumptions. Uncorrelated data, obtained in
the manner .described in the ‘pfevious §ection, were used in -
fitting the model. Figure 5-13 shows the Fesults of que111ng'
the measuring instrumeﬁt using uncorrelated response values.
For comparison, Figure 5—14-shows the results oféfittﬁng the
model to the cofrelated response values obtained from one
'concentration—time curve. . There 1is more scatter in the
uncorrelated data which reflects the uncertainty .ih the dataA
hoints obtained from different experiments. This scatter is
not unrealistic when one notes the time scale of 1 second. The
trend in the residuals (predicted concentration value at tu
less the measured vaiue at tu) in Figure 5-14 is typical of

autocorrelated data.

The two parameters -7 an@ N 1nntﬁe tanks in series model
were obtained by using a non-linear parameter. estimation
technique in the Fortran package called NONLIN. The parameter
N presented a problem since values of N were restricted to
positive 1nteger' values. Therefore in order to estimate N.the
value of N in the model was fixed and the value of T obtained
by minimizing the res1dua1 ‘sum of squares. The value of N was
then changed and the procedure repeated. Several values of N
then generated the gfaph shown in Figure 5-15. The ideal
number of tanks to use to model the instrument responée is that

value of N corresponding to the minimum in the parabolic



1.0

0.8 L. -

)

0.6

0

0.4 L.

0.2

Instrument Response (C/C

~180-

Figure 5-13

0.2 0.4 0.6 0.8 1.0 ' 1.2
. Time (Sec)

Instrument Response Curve Fit with Independent Data,

| Gas Flowrate® 1000 cm3/min, N="40, T = .014s



-l

Instrument Response

-181-

F - Curve

0.4 L

0.2 |-

® | L l

Figure 5-14

0.2 0.4 - 0.6 0.8

Time (Sec)

Instrument Response Curve Fit with Aufdco?re?ated Data,

Gas Flowrate 1000 cm3/min, N =12,

1.0 1.2

T

= (.039s.
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. very litt1e'improvem§nt was taking place as N increased beyond
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v -

_ curve. Unfortunate]y for gas flow rates aboﬁgr‘ESO cnﬁ%min

the number of tanks exceeded 40 which surpassed the computer -

calculation range. However, the shape of the curve in Figure

5-15 suggests a very shallow sum of squares surface so that

20. The best-fit models in the least squares sense for the

instrument resbonse at three feed gas flowrates are presented

in Figures 5-16, 5-17 and 5-18. These values of T and-.N were

used as initial gquesses for the multiresponse parameter

estimation in the combined reactor/measurement device model.

Reactor Model
Sy 47

Many approaches exist to model the mixing charactefistics 

of reactors. Some of these were discussed in Section 3.4. For

-the purpose of modelling the internal recircuiation reactor

used in this study, a mixed model was chosen because

1.  complete mixing behavior could be described

and

2. the extent and nature of any deviation from complete
mixing behayior could be described.

A schematic of tﬁe reactor mixed model is given in Figyre

5-19. . The three different flow regions were suggested by (the

internal structure of the reactor. The series plug flow Tegion

(TPS)‘ representé a time delay encountered in the inlet and

exit lines of the reactor. The parallel plug flow region

{Tpp) represents that portion of the feed gas moving from the

I
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- reactor inlet to the reactor exit without being backmixed (e.g.

gas flow up'magnedrive shaft, gas'f1ow short-circuiting solid

bed, etc.). The backmix region (TB) repreéents that portion

of the gas which isAbéing completely mﬁxed. If tﬁe_free volume
in the reactor assembly is dehoted by VT(mL) and 1 ‘, m'and n
correspond to tnose fractions of the total volume of the
reactor that behave as the gas regions just descr1bed then one

can define the following parameters:

= W, =V

Tos = Wp =Vps s Tep =M Vpp i TgTMr® g
vy v, v, v, vy v,
where = v, is the feed gas_%]ow rate :

TPS is the residence time of thé gas in the
sefies plug flow region

To/R 1s the residence time of the fluid iﬁ the
Backmix region |

R .is the fraction of the feed gas flow being
backmixed | |

TPP is the res1dence t1me of the fluid 1in the

1-R plug flow region in para]]e] with backmix

region

VPS volume of series plug flow region
Vpp  volume of parallel plug flow region

VB volume of completely mixed region

VT total reactor volume

The step response of this reactor mixed model is derived in

Appendix H and is summarized below in the time domain:
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F(g)= R{1-exp (R (T,¢-t)Ju{To  )+(1-R)u(Tpp * Tpq) Equation 5-2°

T8

(I-R)

This is a very flexible model and depending upon the wvalues of

the paraﬁéters R, Tpps TPS and TB several special .cases

can be described:

3.

4.

As R> 1, Tpp > 0, Tpg+ 0

e

AsR+ 1, T =0

pp
0< R <1, Tpp+ 0
0 <R <1, Tpp> 0

complete mixing behavior

is approached

‘complete mixing and plug

flow sections exisf in
series (e.g. inlet and
outlet  lines of &
cémplete]y mixed system
are a significant

portion of the - total

reactor volume)
some bypassing
{short-circuiting} is

occurring

paraliel plug flow

region exists
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5. As R +0 : plug flow behavior is
' approached
\ 4
6. Vi (VB+VPP+VPS+VD) dead space or stagnant
~ o . zone exists A

< known reactor volume

It is evident that the model chosen is genéfal enough to’ cover
a wide variety of flow situations that may exist within the

reactor.

The reactor response to a step change in feed gés
concentration cannot De determ%ned independently of the
measuring device. Therefore, the pwo_models, the measurement
device model discussed in the previous section and the reactor
mixed model presented here must be combined to fit the step
response data. A schematic t?presentation of the combined
reaQFor/measurement device .mode1 js depicted in Figure 5-20.
The step response of this combined model can.be‘derived most
easily .in' the Lap]ace Domain as shown in_ Appendix I." The
mathematical equation is given below:

Fis) = (L) (1/¢s + 12N [R exp TPSS)/S {R/Tg/ (sHR/TR)Y
+ g}—R exp {-s (TPS + TPP/(l -R) ))/s] Equation 5-3



-191-

wh

(BpOUl BILASP JUBWIANS BN/ U0F DB

pouLquOd JO UOL3EIUDS3UdaL DLIRUBYDS om-w 34nb1 4

.U. v.mu‘v

o S Tsr




5. 2.6

- -192-
‘ . o ‘ ~—
Analysis of the combined reactor/measurement deyice data alone

using this model may yield misleading results sinCe deviations

* from complete mixing behavior could be mistakenly accounted for

by the instrument. =~ The indépendént' determination of the

instrument response model as described in the previous section

" and the multiresponse parameter estimation technique discussed

in the next section will nelp to avoid this piffa]l._

Parameter Estimation
f_» ;"'
4 .
Conclusions about the mixing characteristics of the

reactor are based upon the values of the parameters found in -

- the mixed model. Reliable and precise estimates of these

parameters are needed thérefore to determine the signitficance
of poééib]e flow nonidealities. Multiresponse parameter
estimation techniques offer some means of improving the
precision of the parameter estimates for  two or' more
responses. Since step response data was collected not only for
the reactor/measurément dévice system but also for the
measurement device alone, and since the mathematical
expres§30ns for the tombined reactor/measuring devicé model and

for the measuring device. model share some common parameters,

namely T and N, multiresponse techniques can be used to fit

the data simultaneously from the two responses.

N

A sampie of ;he type of data collected with the mixing
experiments is listed in Table 5-5. If it is assumed that

there is no correlation for a single set of data between the
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TABLE 5-5

. Responses to a Step-Change in Feed Gas

 ELAPSED

TIME (s) RESPONSE 1~ " RESPONSE 2
LTI Y . Yau
T T A E—
0.3 | 0 0
0.4 0. 358 0
0.5 0.151 0
0.55 0.275 . 0
0.6 L 0.80 0
0.7 0.909 ' 0
0.8 0.9% 0.0980
09 0,977 ' | 0.0471
1.0 0.966 .~ 0.1568
1.3 T | 1 0.2553
1.7 o S 0.4471
2.2 - 1 0.5490
' . &
2.7 1 70.694)
.2 1 -~ 0.8078
3.7 ' 1 0.8627
4.2 | 1 0.9019
4.8 1 0.9451
5.3 ] 0.9490

Response 1: Instrument Response for Gas F]ow‘rate 1000'
cm 3/m1'n | |
Response 2; Combined Reactor/Measufing Device Response for,
Gas Flow Rate: 1000 em®/min, Particle Size:

1.0 - 1.4 mm, Impeller Speed: 1800 rpm
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observed instrument responée value at :tuf and the observed

combined response value at t , then' the appropriate criterion

to use 1is ‘to minimize the following weighted sum of

squares(]]7).
SS = SSI + SS2
o 2, 2
554 E=1 o - T Gy 8% /oy
' Equation 5-4
n
2, 2
552 = £=1 (yuz fuz .(t ’ E)) /GUZ
where t s the value of the independent variable,

. time, for the u 'th observation.
Ya experimental value of C/Cy for measurement

device response at tu' R

ful calculated value of C/Cj for measurement
device response at t with parameters .
8  vector of parameter values

Yu2 experimental value of C/C0 for combined
reactor/measuring device response at tu

fu2 calculated value qf C/C0 for-- combined

response at t, with parameters 8
2

9,1 variance of instrument response at tu
oug variance of combined response at t

#

* This sum of squares is a generalization of the nonlinear least

squares parameter estimation technique. The assumptions
£
1



-195-

-

involved are justified in ‘the present context because the two
responses were measured independently - with very similar

experimenta] arrangements.

The mathematical model form given.in Equation 5-35 for the
combined model (fuz ) is in fhe Lap]ace domain. In order to’
compare the actual experimental data with the model Eé;pOnse in
the time domain using the criterion just presented, it was.
neceséary to obtain the time domain sblution of the model. An

" IMS library algorithm- (FLINV) was used to find the inverse
Laplace of the model function at every required time value.
The "advantages of direct non-linear regression in the time

- domain over parameter estimation in the Lap]gcé dqmain were
discussed in Section 53.4.4. Briefly, regression in the time
.domain is preferred because one is comparing the actual data
with the model response and so- the criterion is minimizing
errors directiy with the data. Laplace domain techniques
require transformations of the actual dafa to the S-domain. If
the original data have constant variance, this may not be true .
of the transformed data. Also, a fit obtained in the S-domain
‘does not‘guarantee the best in the least squares sense "in the

time .domain.

Estimates of the parameters were obtained by using the
criterion presented in Equat{on 5-4 and the IMS library
minimization routine ZXMIN. ZXMIN is a general Fortran program

dyhich'obtains the minimum of a function of n variables by a
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Quasi—Ngwton method. - Several parameter transformations. were

: _fgund';usefu1 in obtaining convergence. Since the parameters

TB;' TPS and TPP must be positive real numbers, the simple

.o . _ 2 o 2 -
transformations Tg = Xgs TPS~ = X 0g > TPP

2 s .
XPP’ allowed the routine to search. over all possible
values of X. Similarly, the value df R, the fraction of the -

gas'flow-which is being backmixed must be in the range zero to

“unity. In order for the minimization routine to search over

all possible values of Xp, the following transforimation was

2
R

approaches zero, R approgched unity. As the value of'XR'gets
very large (+ ), R tends to zero. The minimizatiqn routine

was highly sensitive to estimates of t , the tanks-in-series

' parameter. It was necessary’ to use  the . following

transformation on the parameter T in order to limit the range

over which the search for T could be carried out, t =

SlNd( T Xf/ZXlO4 ). As Xe varies between 0 and :1100,

" the value of T ranges from O to 1. Initial estimates for 1

which were obtained with the measuring device response as
described earlier, proved useful. A procedure similar to that'

used for obtaining the initial estimate for N was adopted in

_estimating the .values of N in the muitiresponse case.

Transformations of both the independent variable (time) and
dependent variable (concentration ratios) by a simp]e
multiplication by a constant was also necessary since the
inversion algorithm (FLINV) encountered some difficulty when

the time vector contained a wide range of values. Scaling the
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time vector by a factor of 20 and the concentration’ ratios by a

factor of 4 improved convergence to the accurécy required.

An approximate. 100(1- o )% confidence interval for each of

the parameters t , TB, T T

Jopr 'ps .and R was calculated as
{(148)

shown.below

8 - AL <8 55 Equation 5.5
.85 tv,u m=" <8, < GS + tv,a ] |
“where ésl is the estimated value of the parameter s
L is the t-value from tables for v degrees of

freedom at the (1-a ) confidence level

m>>  are the elements of the inverse of the

following matrix:

T

- 2 T
MT'il L7011 T X

2
Xy 10 55

™~

The matrix X; s the nxp matrix whose elements are {xus} shown

below:
{xus} = Efi (tuaﬁ)
38 9=5
where n = total number of time values or independent
runs .

= total number of parameters
= the vector of p parameters to be estimated

= the vector containing p estimates of the

[y |
|

parameter
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$

variance 022 was estimated by ‘522/(n—p). A copy of the

- fortran program and output is brobided in Appendix J.

Results and Discussion

Parameter estimates obtained from using the multiresponse

‘criterion and approximate 95% confidence limits are given in

Table 5-6. It can be seen that in all cases; Tpp and
therefdre Vpp the parallel plUg flow volume are negligible
and R the fraction of the total flow @hich is being backmixed
is unity. The apprbximate confidence intefva1§ %ok these two
parameters encbmpass 0 and 1 respective]y. These parameters
were subsequently deleted froﬁ the combined model. It was not
found necessary to search over different values of N becausé of
the closeness of the value of t found in the multiresponse

case to thaf value found in the single response case.

The completely mixed vo]umé (VB) and the series plug
flow volume . (Vpg) corresponding  to  Tp and TPS
respectively as well as the 95% confidence limits. are given in
Table 5-7. The fit of this four parameter model (Tg,
TPS’ f , N} to a typical set of experimental data is shown in
Figure 5-21. There are no signiffcant trends in the residual
plot shown in Figure 5-22, therefore the model appears to be
adequate. Since the estimates from the single response fitting

of the measurement device model yielded estimates of N and T
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TABLE 5-7

Specific Volumes of Components of Reactor Mixed Model

Operating Conditions

S

Particle =~ Gas Impeller
Size Flowrate - Speed " Vg Vo
. [mm} [mﬁMgﬂ - Lrpm] : {mL) (mL)
- - 1000 1800 25.9 + 2.7 11.3+ 36
0.2-0.4 500 0 20.5 + 2.2 4.17 + 1.4
£ 500 1800 24.4 + 2.7 .27 + 1.9
1000 0 22.5+ 5.1 2.58 + 1.5
1000 1800 23.3+ 4.2 © 8.21 + 3.2
0.4-1.0 750 © 900 6.2+ 2.3  3.0+1.4
750 900 27.9+ 3.9 3.8 + 2.3
1.0-1.4 500 0 25.4 + 1.7 5.33+ 0.9
500 1800 23.5 + 1.5  7.25 + 0.9
\ 1000 0 25,0 + 1.8 3.33+ 1.0
| 1000 1800 26.4 + 1.9 3.33+ 1.0
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C/C0

—

Figure 5-21 Combined Reactor/Measurement Device Step Response
Particle Size 1.0 - 1.4 mm, Impeller Speed 1800 rpm,

Gas Flowrate 16.7 cm3 s'1

i~
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Figure 5-22 Residuals for combined reactor/measurement device model
" Particle Size 1.0 - 1.4 mm, Impeller Speed 1800 rpm, Gas

Flowrate 16.7 cm3'_s_1

1
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which were not significantly different from those obtained from .

the multirespon fitting, a graph showing the fit of

measurement device modd] to the data is unnecessary.

The empty reactor | volume found by water displacement

{
experiments (i.e. by measuring the volume of water required to

£i11 the reaction chamber) was found to be  ml + 1 mL. The
volume of the connecting lines to and from the reactor are
estimated £o be in the order of 1 mL. The total reactor volume
fbund 7ouuh the mixing experiments is 3.2 # 6.1 mL. This is
~ therefore consistent with.the water disp]acement tests in the

lower half of the interval.

Estimated theoretical voidage volumes in the char bed
corresponding‘tﬁ the different particle sizes were found based
on Leva's correlation, details of which may be found in
Appendix K. A comparison of the total volume avaiiab]e For the
gas found by the modelling and that es;imatéd based on the
voidages is presentea in Table 5-8. The total gas volumes

found with the two methods are consistent.

Analysis of the faétorial design Ted to the following.

expression for the backmix volume:

vg = 24.50 + 0.55 ERPMJQOO] + .41 &FR-?SO% + 0.115PS Equation 5-7

u

where RPM impeller speed

FR = feed gas flowrate
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TABLE 5-8

\
).

Comparison_of ?fee_Gaé Volume in the Reactor

Operating Conditions

Particle Feed Gas

Estimated*

ImpeT]er "Calculated
'sze Flowrate Speed VT VT
S 3, : -
{mm] [em™/min] Lrpm] (mL) (mL )
0.2-0.4 500 0 24.6 + 3.6
500 1800 26.6 + 4.3 Avg . 28.1 + 9.1
1000 0 24.9 + g;ﬁ 26.9
1000 1800 31.5,;_7&4‘ A
0.4-1.0 750 900 29.2 + 3.7 Avg
750 900 3.9 + 6.1 3.6 28.6 * 5.0
1.0-1.4 500 0 0.8 + 2.6
\ *
500 1800 0.8 + 2.4 Avg
1000 0 28.4 + 2.7 2.0 28.6 + 5.0
1000 1800 29

* Based on an Empty Reactor Volume Between
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ps = .partic1e size = 0 for particles ‘0;4 -
o 1.0 mm -
-1 for particles -0.2 =
0.4 mm |
+1 for particles 1.0 -
1.4 mm
The volume of(the reaCtor.whicn is being completely mixed can
be increased therefore> by increasing the impeller speed,

increasing the feed gas flowrate, and decreasing the bed

pressure drop by using larger particles. The small plug flow

" region, which under the operatirg conditions examined accounted

for 8 to 12 percent of the reactor volume, may only be reduced
by using feed gas flowrates above 1000 cmsl%in since the
impeller speed of 1800 rpm is at the maximum tolerance, and
particles larger than 1.4 mm will present. pore diffusion

prnb]éms.

Other Tests

Gas Flow Pattern in Solids Bed

Tests were carried out in order to determine whether the
gas flow £%rough the solid char bed waé uniform for those
operating conditions which most closely approached thé complete
mixing assumption. For this purpose, the annu{ar basket was

charged with indicating drierite (CaSO4) and indicating
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ascarite II as shown in Figure 5-23. Helium with a small

amount of CO2 was fed to the reactor for X m1nutes. During

~use, the norma]ly 11ght green1sh brown color of Ascar1te I,

should gradua]ly turn to ‘white due to absorption of 602 and

format fon of sodium carbonate At the eqd, of the allotted

. time, -the reactor was taken apart dnd the layers visualiy
inspected.  This exheriment was repeated ' wifh’ various

“quantities of CO2 added .for vhrying lengths of ;jme‘(up to 1

1/2 hrs). The results of all these experiments were the same.

The layers of ascarite which should have turned white with the

formation of Na2005 in the presence of C0, did not .thange

cd]qr. Layer A was always very‘moist so that a small amourt~of
reaction with carbon diPxide was taking place. However, very
little if any color change was observed even in this layer. In
thg upper layers the ascarite was progressively less moist.
This would indicate that some of the gas must be bypassing the
soliﬁ bed since the quantities of C0, and the flowrates of
the feed gas used should have made the astarite turn white.
Appro;imgke calculations of the pressure head deve]bped by-the
impeller (see Appendix L) show that the suction provided may
not be sufficient to 'aT]oQ for recirculation through the

ascarite/drierite bed.
Temperature Profile

The three Chromel Alumel Type K thermocouples used in

measuring the reactors temperature were checked against a

.
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Figure 5-23 Schematic of solid packing for gas. flow determination



3" mvam

2]‘5“‘ .

éll
1" .
.lll

léll q

0

_( —y water cooling (for Teflon seal)

leads to potentiometer

Figure 5-24 Thermocouple arrangement inside reactor bed
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Figure 5-25 Axial temperature profile in char bed
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merﬁury thermometer up to 650°C and against a p&kometer over
the range 400-10000C with a Leeds and Northrup model 8686
mi]fivo]t _potentiometer. As expected, at temperatures above
600°C there was very little difference in the millivolt
réadings from- all three thérmocoupies-( v L3 mv'éﬁuiva]ent to
89¢). _fhe‘_positioning of the thermocouples in;ide the
reactor is tllustrated in Figure 5-24. The central TC could be
moved ?hroughout the height “of the solid bed. with.'N2
flowing’ thrbugﬁ the reactor, the reactor was heated to
800%.  The magnedrive was activated and the temperature

inside the :centra1 sheath was measured at the different

* positions. The axial tempekature profile for the nonreacting

system fdund in this manner is given in Figure 5-25. It can be
seen from this profile that a large temperature gradient exists
throughout the solid bed. This gradient may be due to a number
of reasons. First, despfte the heavy jnsu]a?ion,‘the influence
of the water cooling (needed to keep the shaft bearings below

SOOOC) on -the temperature in the reaction chamber is

significant, i.e. a large driving force exists for conduction

of heat up the shaft. A Tonger shéft may improve this problem

in the upper third of the bed however, increasing the length of
shaft further is not possible because of problems encountered

in vibrations of the impeller shaft. The reason for the large

. temperature drop. in the bottom 1/3 of the solid bed is due to

conduction-of heat along the thermocouple well to the exterior
of the reactor where water cooling is provided to keep the

Teflon seal in operation. The seal allows the thermocouple to
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be moved vertically in the bed. This problem could have been
circumvented by using a multipoint thermocoupie inside the well
with the leads connected to a multipoint potentiometer.

Finally, since there is some evidence of poor gas circulation

~in the char bed, - this too may contribute to the existing

temperature gradient.

The radial temperéture profjle jnside the solid bed cannot
be assessed w{th the present reactor. Neverthe]esé, there
appears to be a large temperature difference between the
temperature of the controlling thermocouple (80000) and the
central. thermocouple. Some of this difference can be accounted
for by conduction of heat acros§ " the steel surfaces.
Isothermal operation even for the nonreacting system could not
be ..achieved with this reactor  without some * major
modifications. It was -therefore decided to assess  the
potential of the reactor based on the testing carried out up to

this point and to determine whether further testing was

warranted.

Conclusion

Analysis of the reactor mode]l parameters has revealed that
o

the internal recirculation reactor designed and built in this

study is not completely mixed under any of the operating

conditions examined. A small plug flow region (in the order of

10% of the total available volume) exists in series with the

.
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completely mixed section. This plug flow region is too 1arge'
" to be entirely accounted for by the 1n1et‘and exit lines to the
reactor. This suggests that scome minor changes in the reactor
design or in the opefating conditions are necéssary to obtain
. complete mixing in the réaction chamber. Because of the nature:
of the reactor, mpdifications to it are both"expensive and

time-consuming.

Testing carried out to dqéérmine the reactor'temperature
profﬁ]e has shown that even for the non-reacting system,
isothermality has not been achieved. It remaiﬁs quite a
Eha]]enge in reactor assembly construction to miniﬁize

conduction up the shaft at elevated temperatures.

.The problems enumerated above are serious since
recirculation reactor data analysis is based on the assumptions
of isothermality and complete mixing. In view of this, no

gasification experiments were conducted with this reactor.

1.*
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6 CONCLUSIONS AND RECOMMENDATIONS

1

6.1 Conclusions ‘ -

1. A critical evaluation of bench-scale reattors in current
use for studying gasification kinetics has led to the following

conclusions:

a. Many 1nvest{gators fail to completely characterize the
reactor system and use unfounded assumptions about the
system to derive gasification kinetic models from the
measured rate data.

b. Two major weaknesses in the'reactor systems in use have
been igentified. First, in all the reactors (with the
exception of the fluidized bed, perhaps), the maintenance
of isothermality is difficult. Second, the degree of gas
phase mixing in the reactor§ does not usually approach the

mixing state generated by either of the ideal flows.

2. Three alternative reactors which have some potential in
overcoming the major limitations of the reactors presently
being used in char gasification have been jdentified, namely,
the internal and externa]I recirculation reactors and the

continuous stirred tank reactor.
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3. Exberimenta],testing has been carried ouf on an internal
'recircu1ation reactor designed ‘and built in this study. Two
distinct problems have not béen overcome: severe conduction
along the rotating shaft and reaction chamber design for

complete mixing behavior to prevail.

4. The approach presented in this study for deriving the

residence time distribution for small reactors where the
measurement device dynamics are significant has been shown to

be a useful toal for testing the gas phase mixing assumptions.

Recommendétions for Future Work

It is recommended that further work with a modified
version of the reactor discussed in this study be considered
because of the potential of uéing an internal recycle reaétor
to study gasification kinetics. Modifications to the present
reactor are needed in two major areas. First, the reaction
chamber internals should be modified so that the fluid flow
approaches complete mixing and second, the magnedrive assembly

bearings and seals should be changed to allow operation at

" higher temperatures without the need for cooling. The latter

may be accomplished by investigating the possibility of using
ceramics instead of teflon and graphite as materials. Several
suggestions for designing the reaction chamber so that complete

mixing is approached are given below:
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1. increase the capacity of the drive motor so as to increase
the impeller RPM.

2. obtain the pressure drop versus f]oﬁ'relationship %or the
solid bed. '

3. obtain the velocity head deve]oped by the impeller as a

* function of its rpm by bu11d1ng a precursor to the reactor

~with special pressure taps.

The solid bed dimensions and the impeller design can be

determined from 1, 2 and 3 accordingly.

If sufficient funds are available, commissioning this work

to Autociave Engineers is recommended.
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APPENDIX B

Testing for.Film Temperature Gradients

+

\ “Feldkirchner and Hueb]erMB) in their study of .steam-hydrogen

gasification using a thermobalance reported the following operating

cdnd{tions and resu]ts:

¥

TGA BALANCE TUBE DIAMETER 1 inch - .

SUPERFICIAL GAS VELOCITY 50 SCF/HR
PARTICLE SIZE . -16+20 (.0328 - .039 inch)
TOTAL PRESSURE 1000 psi
BULK DENSITY OF SOLID * 501p/Ft S
SOLID THERMAL CONDUCTIVITY 75 - 8.6 x 107 cal/sem C
EMISSIVITY . 0.55
BED POROSITY 0.40
AVERAGE BED TEMPERATURE - 1700F -
" GASIFICATION RATE - (0.4 -61bC)
' ' - ' 1b hr
i L ' 2 2 2 2
(ROSS-SECTIONAL AREA OF TUBE X DT = 1m(1)° X 2.54° =5.067cm
‘ 4 4 R “
SUPERFICIAL MASS VELOCITY OF GAS : .
1. 416 _x-106cm3/hr 1 . 1 18g =0,062 go::hrn-z"'_-*,_l
22,400 _cm3/m01 5.062cm2 3600s mol
PARTICLE SIZE e .09 cm diameter

4

VISCOSITY (steam 1700F) = 425 x 10™*cp = 425 x 107 poises

Reynolds Number: Npe = dpé = (0.091)(0.062) = 13.28 "
C b 425 x 107°

MASS TRANSFER number jp = 0.84 NO*>' = 0.22
HEAT' TRANSFER 3= 1:076 p = 0.242
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CONVECTIVE HEAT TRANSFER COEFFICIENT

¢ G j . B -3 2 -1_-1
- i ) 5)(0.06?/(30_242) = 9.52 x 10" cal em a7
(Cf/k) S (0.7)

RADIATIVE HEAT TRANSFER COEFFICIENT

he = 1.5 x 10712 (L53) (41%)
ho= 1.9 x 1077 (.53) 4 (1200%) 3 -
= 5.02 X ]0'3 cal crn“1 sul C'—‘l
b =h_+h_ =0, 0145 cal emZslct
Using the appropriate criterion for determining whether

interphase temperature gradients exist,’

IS
) L v,obsLAHr
(Equation 3-27) A T;= N
For, rv,obs =0,4 gC/gC hr | |
0,4 0. : .
1 mol lhr eC BgBCl (0, 091) (41900)
- Lo 12 gC ‘_ 3600 s .gChr cm . mol
v, aohs Tr_ = =
N o Y0, 0145 cal .
‘. ’ cm2 s C
AT, = L91°%C o

Cam —f A : o
For r, obé"é gC/gC hr, T =29 C

’
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i

APPENDIX C

- . Testing for Transport Limitations

.

" Dutta et a]f;a) in their study of the reactivity of coal char

with. carbon dioxide at atmospheric ‘pressure in a thermobalance report

t

the following findings:

Thermobalance diameter: 19 mm .

Sample holder dimensions: cyiinder 6 mm x 15 mm (35 mg)

€0, flowrate: L 150 ml/min  (NTP)
Reaction temperature: 1000°¢
Char sample: IGT char #155

|

density = 1.54 g/cm®

porosity = 0.767

Reactivity: 0.067 min~"
Activation Energy: . . 59.%? kcal/mol

- Heat of Reaction: 47 kcal/mol

Since the resistance to gas flow is so much less outside of the
wire mesh cylinder, it is not unlikely that the entire holder and
contents behave as a single pellet. .It will be treated as such in the

following analysis.

Effective length: v L = volume of hqlder

external, surtace aread
A m°h /4

D> / 2 + ﬂDﬁ ‘

-

L= 1.25 mm = 1.25 x 10~
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, 3 1273
" Linear Velocity: - u 150 cm'/min 298
i (1.9)2 cm2
4 .
o ' U= 226 cm/ min
% . U= 136 m/hr

Carbon Djioxide Physical Properties at 1000°C -

.Density; p= _P _ 1 _atm _ -6
: RT = (82.05) (12737 - °-6 % 10
L%
3
P =:0.4224 kg/m
"Viscosity: 9.4 x 10"7' by s x 1 N s /m2
££2 0.020886 lb. s/ft?

5 107° kg/m s

e e s : 2
Kinematic Viscosity: v=p/U = 1.07 x 10—4 m°/s
’ 2
v= 0.385 m" /hr
Thermal Conductivity: 0.046_Btu = 0.0685__kcal

hr ft Op hr m K

N .
Effective Diffusivity: Porosity ranges from 0.30-0.77

() - 2 1.3
*Walker et al Degg = 0-14 8 (fgﬁl
L . .
Average porosity, ©, 0.53
Temperature 1273 K
2
"D = 0.113 m"/hr
— eff

_ Effective Thermal Conductivity of Char: 0.004 - 0.005 cal/cmsk
| = 1.8 keal/hrmk

m3 '
’ -5
4.5 x10 kg
m s
%) ‘
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PREDICTION =~ OF MASS TRANSFER ~ COEFFICIENT: . (RANZ and -MARSHALL
correlaticon) : :

Reynolds Number: MNge = UL = (135 m/hr)(] 25 x 10~ 3m)
. . 3b-me/nr
Vo =0.438

LY

Schmidt Number: Nsc = _v = 0,385 =" 0.489
| Dco-coz 0.788

Molecular D1ffus1on coefficient calculated us1ng Slattery-Bird
Equation as follows: .

A B
. 0 - COp
Te 132.9 4.2 K
Pc #.5 72.8 atm
(Tca Tcp)3/12 = 83.07 o Ma=28
(Tea Tcg)1/2 = 2011 Mg = 44
< (PCA PCB)1/J = 13.59
(1 +_1)V2=0.282
My My
At 1273 K, T b=| 1273 |1-823= 28.9
; | (Tea Teg)V/2 | _|201.1 '
Dcop-co = (2.745 x 1074)(28.9)(0.242)(83.07)(13.59)
: = 2.16 ¢m4/s
= 0.79 m¢/hr

Sherwobd Number:  Nsh

Mass Transfer Coefficient: kg = D Nsh = {0.778)(2.313)

o : L 1.25 x 10-3
» : }<g= 1440 m/hr

Calculation of Rate of Reaction:

According to Dutta et.al,

dx = a kv CA (.I X
dt

=1+ 100 X Be-BX
‘kv = kVO E-E/RT

IGT char: kyg = 0.113 X 1015 ch/mo] min
T=1273
= 0.75
= 5.5 . '
X=0.20 - \W

a=12%100 (0.2){-75)(5: 5) (-5. 5)(0 2)- 1. 043%



k, = 0.113 3'1015 exp(—59,9§0/(1.987'x 1273)) = 8376.5 cm>
B by mol min
IR W | 6y (4 _ 3
Lobs™ dx/dt¥(1.0436) (8376.5) (9.6 x10 ) (1 0.2) = 0.067 gC
gC min

T . i ‘ — - )
Ty, obs =.‘0'067 gC r 1 gmol C. g o gCB 3
- gC min : 12 gC _ cm .
where 0, = the apparent density of the char
' = 1,3-1.5 (Laurendeau )
C . 103 _ -3,
Xy obs = (4.3 & 10 8.5 x 10 7) mol g
min cm
o = (2.6 x 10° - 5.2 x 10°) mol C
v,0bs : ' — 3
( ) hr m

Convective Heat Transfer Coefficient

Prandt] Number: Npy = 0.72

Nusselt Number: Ny, = 2 + 0.6 (0.438)]/2(.72)]/3

= 2.356

Heat Transfer Coefficient: h =

Radiative Heat Transfer Coefficient

hr =

T T = T3

e™Tg h =4 ¢

r

For T, g

1

h, = 216 kecal m 2h ™1k~

L}

(ﬁ?}

kg Nu -
‘ )
0.685 * 2.36 = 129 kca
1.25 x 1079 hrmek

i

- 2 2 //
£ O (TE o+ TS)(TE + Tsy :

4(0.53) (1.37 x107%2) (1273)3

=5.99 x 1072
-6 x l0—3 cal

cm“s K
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Transport Criteria

Pore Diffusion:

. 2 ‘ i
Equation 3-18, «r 6’ n=0
_‘ﬂ—_— < g where . (: } " . . ‘
s 1 . n=1
Degs™ Cs 1 :
‘ ©; _ 0.3 n=2
(3.9 x 10°) (1.25 x 10732 = 0.56

(0.113) (9.6)

This. result is conclusive if the reaction rate is known, no

pore diffusion limitation is expected.

Film Diffusion:

EQN. 3-26, Fv,obs ¥ <0.05 ‘
I
kg Cp . '
. 5y (1 -3
{(3.9'x 107)(L.25 x 10 <) = 0.035

_ (1440) (9.6)
No film diffusion is suspected. An approximate calculation of

- . v . . . : .
the mass transfer rate will help to confirm th1s-conc1u51on:(63)
Y,
& *
Joo. = - kg P 1n L+ Neo,
2 “RT =
- 1 + NCO

. ‘ 2
Avg Particle Size: 0.0333 cm
2

-

X-section of gap between cylinder and wall: 2.55 cm
X-section of empty tube: 2.84 cmz

Avg. linear velocity at 1000%C: 4 ca/s
Nco2 =1 i.e. pure COzfegd

Ncoz* = O
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Joo. = 2400 cm/min x 10'5 x ln 2 = 1.66 X 1072 mol min~tem™?
5 : | _ _
: s o |44 gco, 12 gC |
JCO = 1.66 .x 10 mol/min cm ' “t.= 0.2
T2 ' gmol CO, L44 gCo, min cm
Initial Weight of Char: .03 g )
Char Density ( ~ 1.54 g/cn’) - RS
“ Number o.f particles = ( 0.035)/(_[r (0.0333)3) - 586
(assuming spherical geometry) %'54 3
4
Rate of Reaction : (0.067)min" > 0.035 gC
586 ( 7(0.0333)%) cm?
i1 -3
= 1.15 x 10 " _ g
" min cm? _ . .'
Ratio‘of reaction rate to mass_tranéfer rate .
! L
1.12 x 1073 g/min em® = 0.006 .
' 0.2 g/min em?
The mass transfer through the film does not appear‘ to be| rate
limiting. = ' » '
Intraparticle Temperature Gradient | . o
. . ; 2
Equation 3-19 AH;'rv,obs L > Tz R
A T ,
eff’s E
. a
. (41) (5.2 x 10°) (1.25 x 1073)% = 0.014; 1273(1.987) =0.04"
- (1.8)(1273) L (1000} (59)

.No temperature gradient is suspected inside the particle.
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Temperature Gradient Across the Film

By Ty, obs U <0.05 'R Ty -
h T, =
CBH T peT o (41) (5.16 x 10°) (1.25 % 1073% = 0.06
h T _' (129 + 216) (1273)
0.05 RT - (0.05 (1.987 x 10°°) (1273) = 0.02
E 59 |

A temperaturg{differénce across the film appears to be likely.

The magnitude of thij/)temperature difference. is calculated

“helow.
r L AH ‘
v,0bs r, _ Tg _ Ts
h+ h_
Xy obst Yr = (5,16 x 10°) (1.25 x 107°) (41)
h +h_ (129:.1 + 216) .
C Ir -

L an O
(Tg—TS\ = 80 %

1

-

This represents a sizeable temperature difference..
KN - | . . _//

. . . { ) ) L]
‘ o
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APPENDIX D

Experimental Tests for Absorption of

€0/C0. on Commercial Drying Agent

Experimental tests- were caFried out in erdere to determine
whether Drjerite, a tradename for anhydrous calcium sulfate, could be
used as a drying agent for the moist effluent gas from the reactor.
The reaction ‘products present in the effluent gas include CO and
C02. It was necessary to determ1ne whether these gases would be’
significantly absorbed by the dr1er1te (or by a thin H20 1ayer which |
covers the drierite yhen it is spent). These tests would also help to

determine the maximum size of the drying tube that could be used in

gasification.

The experimental setup used to carry out ‘these investigations
is shown in Figure D-1. ‘Basically, the gases were supplied from high
pressure cylinders at or near atmospheric pressure. The flowrates of
lboth gases were ﬁeasured with catibrated rotameters. The composition

of the gas mixture was checked by bleeding some gas to the gas

partitioner. -TheX main gas stream was sent threugh a 0.5" 1ID

transparent plastic™ube of varying 1ength packed with drierite (é4
'meEh) 'Most of the ‘gas mixture exiting the dry1ng tube was
subsequently vented while a smdl fract1on of this gas was again sent‘
to the, partioner for analysis. Moist air could be sent through the

L)

dry]ng tube to deact1vate pdarts of the packing.
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. v

The results from these tests are shown in Figures D-2 for €0,
and D-3 for CO. The b]énks are analys sﬁbf-the gas mixture Befbre it
‘enters the drying tube. For carbon Qioxidé,‘_Tabﬁe “b-] shows no
signifiéant difference between the ana]ysi§‘béf0re or after the dr}ihg
tube.regardiess of how used the tube-was. On the 6tﬁer hand, Table
D-2 shows that theré is some différénce in ’the carbon wmonoxide
;analysiél The carbon monoxide content in the exit line from ‘the
drying tube 1is somewhat 1owgr after the tube was approximate]y half

-spent. - In order to avoid any loss of CO the maximum size of the

product drying gas tube for the gasification runs was 20 cm.
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TABLE D-1

Carbon Dioxide Analysis |

Y

Blank Runs (A) - - o | . Drierite Runs (B)
nA-= 14 - nB‘= 32‘
! xA = 730,540 : . XB = 732,314
s = 6772 | Sg = 10,133
s = 45.9 x.10° S = 102.7 % 108
A o B
vy = 13 vg = 31
2 _ o

SB = 102.7 = 2.24

2 45.9

Sp

—_

A
F(31,13,0.95) = 2.38

¥ . Y
| sg < F
5
The varianées;of A and B are tﬁe same
sg = vAsAz +‘vBsB2 = 85.9 x 10°
v VAt Vg

100 (1 - )% confidence interval. for (uA - uB) is

. : SRV y
| C Uty 2 g sy (L + 1)
- o - A Mg

i

t%a,0.05 = 2» S, = 9269

- 1774 + 5932

“ * t

- Interval contains zero, therefore My = Mg~
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© TABLE D-2

wi

N _ _ 7
. Carbon Monoxide Analysis-
- Blank Runs‘(A) - Dr%erifé'Runs (B)
s o ®
Xp = 1,098,796 - _ Xg = _1,091}}91 -
L = 63174 - sg = 11,312
2 _ 33.9x10%° - 2 = 127.9 x 10°
A . oo . B '
vp = 13 vg = 3
2 |
—y = - 3.0185
; s5
© F(32,13,0.99) = 3.6
&
— 2 < F
. Sp

The two variances are ‘the same

2 . 2
2 _ A " Ve

= 101.9 x 10°
: ‘ A
100 (1 - a)% confidence interval for (uA - uB) is

ey 4 3
(g = %) £ b0 gy 5p (L + 1)

t44’0.05 = 2, sp = 10,095

7305 T 6460

_Jnterval does not contain zero, therefore uA'# ug -

o7 ]
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FIGURE 5-1%

£

Schematic Représentation of Reactor Mixed Model
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Schematic Representation of Combined Reactor/
Measurement Device Model
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APPENDIX E -

Calibration Procedure for Gas Partitioner

~ The experimental setup used to determine calibration factors

for each of the producf gas components on the gas partitioner is §pown

;éhematical]y in Figure E-1. Mixtures of u]jra-high purity gaSeslwére
metered through ca]ibratéd rotameters and ,a small bleed Stream was
coﬁtinuohsly sent to the partﬁtioner. Algonstanf pressure of‘l;péi
was maintained upstream of the gas sampling valve so that the amdunt
of gas in the’0.5 mL sample loop could e kept constanthr Three to
five samples were taken of every gas mixture prepared.' The He gas'
flowrate through the partioner was 40 cmB/min, at*;about 18 psig

throughout the ,calibrations. The integrator slope sensitivity was

kept at 0.03 mv/m.

The cq1ibration curves for ‘Nz,n co, .KUZ, CHy and Hy are
given in Figures E-2 to E-6. Two commercially prepared gas mixtures
- were éﬂg]ysed on thé partitioner and a comparison of the gas'analyéis_
is given 1in Table E-1. The analyses compare févorab]y with the
exéeption of perhaps hydrogen; However, Métheson Gas Products Co. did
not analyze for H, separately and report it as ;é difference which

may be misTeading.
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TABLE E-

[

Compahiéon of Analysis of Commercial Gas Mixtures

Spgcies .

co
co,

Air

Matheson Analysis

mole %

0.2 + 0.6
‘21.010.4
10.1 + 0.2
16.1 + 0.3
s;gg;g (by difference)
1100.0

| 3.06 + .06

2,95+ .06

_93 (by difference)
100

- from Calibration Curves

-

“mole %

3.5
21.6
10.5
16.8

141

93.5 -

3.0
2.6
70.5 (N,)
23.9 (0, by difference)
100

Mo,
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APPENDIX F~

Devolatilization Procedure for Coal g

A coal char sample was “produced from Byron Creek Coal jn the

L

apparatus shown in Figure F-1 by the following procedure:

1. 200 grams of coal are placed in the furnace tube at room

.temperature.

1.
2. Nitrogen flow through the tube is started and maintained at

r

3 L/min.

-3. Furnace is turned ontahd the warm up rate is contro]]ed'by dial
settings on the Lindberg furnace.
Start-up: Room Temperature 20°c

After 8 minutes: Temperature 250°C | 2°C/min]

4. Diai Setting is p]ifed at 4. The warm up rate i§ : 7.5°C/m1n

for 40 minutes. (T\z 550°C)

§.  Dial Setting was.placed at 8. The warm up rate is 10%¢C/min

for 25 minutes. (T = 800°C)

6. The sample is kept at 800°C for 20 minutes.
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7. The furnace is then turned off but N, is kept flowing through

the apparatus.

8.  When the furnace has cooled sufficiently (~ 150°C), the sample
is removed, heighed and placed in a-sample bottle, purged with

N, and sealed.

l .
This procedure yields. approximately 150 grams of char. The

temperature time history during chanfing can be seen in Figure F-2.

P W
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APPENDIX G

Derivation of F-curve for N-tanks in Series Model

The exit age{distribution of the N-tanks in series model is given as:

Bt = 1 () 1 ewn(trn)
T (N-1):
where t = £ime (s) |
T = ‘residence time in a single tank (s) a
N = .ndmber of tanks in séries )

F

Since, ﬁlt)=d(C/CO)/dt=dF(t /dt , the .above expression can be
intégrated to yield thefstep response. ' 55

r

“: ’ N-1 | |
dic/e) . (t) (l\)exp(—t/ﬂ

dt - _

(N-l)' T L
Y N-1 |
c/eg = 172 (_E Loexp (-t/1) dt
(N-1)! i1 ! T L

i

' i 1 1 N-1
C/C, = (E;IY| (—\ I gN-1 exp(-t/t) dt
1) At
ax

The intflegral is of the form x" e dx, which can be found in
tables th be equal to

m
2 (-1)7 mi ™"
r=0 _ (m=r)1 a'tl

exp(ax)

35
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X Y
where a= - 1/t , m= N-T
Thus,
1 v N
. C/Ca = . _\ exp (-t/t) £
‘ (N-1)1 | T r=

L4

This can be reduced to a simpler expression:

AU T | )
C/CO =(? exp-‘(-t/"r) £ (1)
r=0

-1
0

(-7 (N-1)1 ¢

N-1-r

{N=-1-r}! (1/7

tN-l-r

(N-1-r)! (1/7)

& -

r+l

)r""l
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* APPENDIX H

-

Derivation of Mixed Model'Step Response

The mixed model for. the reactor consists of a- stirred tank.in

parallel with a plug flow section-which aré both preceeded‘by a p]ug

‘f10w section as shown below: - _ v
Rv R
C
B
Y
Vo : : ) . v )
Cou IO o | S
“in 1 o o ot
K1-R)v
y

The response of the series plug flow section to a step change in feed

composition is given in the time domain by

Ce) = Cypu, (Vpg/vy) = Cyply (T

ps) Equation H-1
L
and in the Laplace domain by
- T . _ . E uatfon H-2
Cl(s) Cin exp( TPSs)/s q

A material balance over the stirred tank section yields:

o
Lo}
lus)

—
[nd

1l
o
—

1

0
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. The soTution of this differential equation is given .in the time domain

© by:

Ca(t) = Cjy (1-exp(R(Tpg-t)/Tpl) uy(Tps)

LY

Equation H-3

The expression for CB(S) can also bé found and. is givén below as.

ol (/) (VT 5.2 WT) 3Ty 9

Equation H-4

&

A material balance over the parallel plug flow section yields:

/

Cpplt) = Cqle} uy(Vpp/ (v, (1-R))):

¥

Cpplt) = G4y uy(Tpg) uglTpp/ (1-R))

In the Laplace domain, this can be described as

Cpp(s5 = (C;,/s) exp(;S(TpS +:T§P/(1-R)))

1

The compositibn of the exit stream, CO, can  be found

balance and the use of Equations H-3, H-4.

'RVOCB + (I-R)VO Cbp =‘V0C0
F(t)=Qit)/Cin=R(1-EXP(R(TPS-t)/TB)) ut(TPS)
+ (1-R) ug(Tpg + T,/ (1-R))
In the Laplace domain, CO(S) is given by:
F(5)=045)/C4=((R%/Tg) exp(-Tpgs)/(s* R/Tg)
+ (1-R) exp (-s(TPS + TPP/ (1-R)))/s

r

Equation H-4

Equation H-5

by a simple

Equation H-6

Equation H-7
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APPENDIX I

. ‘ 3 . ..‘ A - ‘Q ‘ . .,
Derivation of Combined Reactor/Measurement Device Model Step Response

L

The .step response of the combined mode 1 féh_the éystem can be -

simplx derived by using the Laplace Domain solutions of'Appendix H -and

a material palance over each of the tanks for the measurement device.

v — \'i
c.. 1 | c-'|$

in 0
;
" For 1 tank,
Vocb - VOCl =V dCl/dt
If V/vy = 1, then
C {s)
Ci(s) = °
(ts  + 1)

For 2 tanks,

Vocl = VLo =V dC2/dt

)
and
"€ (s)
Cols) = __°
(1s+P)%
For N equal size tanks in series,
C (s) 1
Cyls) = © =

. ‘ . C .
thres 0 A
A g -
.C1 C2 . : : CN;

) & “

Equation I-1
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§bnstituting Equation H-Z_ for -Cd(S} yields the - required’
response. | ; |
B CN(S) = -((Rf/TB) éxp(-TpSs)/ - Equation I-2 1

‘;- (s + 1/1)N

» -

(s + R/Ty) + (1-R) exp(-é(Tps +Tpp/ (1-R))/5)
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APPENDIX J

Computer Program for Parameter Estimation .

~ N

[

A brief déscription of the Fortran program'is-provided below:

(ba]ls STAT
[Calls ZXMIN

P_%eggis_ data_ __ _ MAIN ¢ S
" prograw | Cals RESID
Calls GOVAR
N
Reads initial - [‘calls FUNCT
~ SUBROUTINE J :
parangter _ - - Calls ZXMIN
ZXMIN | |
estimates 7 [catts verTsT
Reads final Calls FLINV

parameter va]ues Calls VIPROF

qu E§]EUIQPE§, SUBROUTINE Calls TANKS

partial - COVAR

derivatives Calls LUDATF

Reads values SUBROUTINE {Calls FLINV

- am o ——.— — P

of parameters: FUNCT Calls TANKS

at every iteration

Calls LINVIF

- wr1tes output

Produces converged values

Produces Varijance-Covariance

e e v e are—

matrix for parameters

Produces vaIues of C/C for

——— - =

both instrument and combined

models



Subroutine

Name

STAT

ZXMIN

RESID

COVAR

FUNCT

o -285-
Déséription

optional, when several values- of the dependent .
variéb]e are available at each time t, this routine
ca{cu]ates éhe mean and variance for the dependent
yériéb]e. It also carries out a Bartlett test for

equality of variances. ' (bypassed when IFLAG = 1)

IMSL minimization rodtine used to converge on

parameter values (uses "a Quasi-Newton method).

_ (ZXMIN, UERTST)

routine calculates the weighted or unweighted
residual sum of squares. Carries out Derbin-Watson

test for serial correlation.

routine that calculates approximate parameter
variance-covariance matrix by “caitulating partial
derivative matrix i‘aﬁﬁ subsequently M. Makes use
of matrix inversion, matrix multiplication, matrix
traﬁsposing routines (VTPROF, LINVIF, LUDATF)

routine that calahlgtes the residual sum of
squares, j.e. the fuﬁction thch is  being
minimized. lUses FLINV to obtain values for the
combined model and TANKS to obtain values for the

N-tanks in series model.
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Subroutine“
“Name - Description
FLINV. ' ‘- IMSL Lap]ace  inversion ‘routine used - to .obtain
. | - values of C(t)/C0 for the .combined model.
K ~ Algorithm required scaling of both dependeht ‘and
independent variable.
. N ’ # . 3
TANKS - routine that calculates E(t) for the N-tanks 1n

series model. Maximum number of tanks = 40.

A copy of the program listing is appended.
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o

5
|
C . PRDGRAM CONVERGES N 5 pAQAMhTCRs, TE.TP.R TAUZ.TD /\ FIv00010!
c ‘ o FIVOooD20
N ~ .
S IMPLICIT REAL*S (A-F,2-2) .. . . . . T < FIVO0OO30
EXTERNAL FUNCT - FIV0OOQan
INTEGER V‘NSIG.MAXFN.IDPT ‘ P FIV00050
INTEGER NEWTRI25) +NEWTS(25)NRWNS»NERNCS FIvVO0n6&o
QIMENSLOM T(7AY.YEXP(150).TI1{a0) . Ei1v0Q07a
DIMENSION X{S) H{L1Z)+sG{5)4(15) g FIVO00SG !
DIMENSION TR(235),YR{(23),VR(25) FIVODD90 |
DIMENSION TS(25)s¥S(23),V3(25) FIVCO100
DIMENSION P{S)FINVI25)»FINSI25), FRACT(S) . FIVOOLl1l0
DIMENSION 2Z(76)+SAV(25) ' FIVOQL120
DIYALE PRECISION DIFF(S).AM(S.b).QP(S.S)- AMAT(5,5) JFIVO0L130
DAUBLE PRECI%ISN COVIS +»S) +CORRI(S5.5) T ELV00140
COMMONZREACTIZTR Y EXP L EINV AW, BLOLEaTAT1 FEINGOLSD.
CCMMCN/SENSEL/TS.VSWFINS,PCOLS,TCT2 FIVOO180 .
COMMON/ZREACTZ2/NRWNEWTR $NDR FIvDool7a
cauMCN/SEwseaxub.N=uTa.NO: FIV0O0180
COMMCN/ZMAIN/CO .. FIVOO150 3
CIMMON/MALIN/NT FIVO0200
CCO = A4.0D0 FIV00210
TO = 20.000 ‘ Fivpo220
MY=AD : - FLVDQ230.
IFLAG=1 o - * F1V00240
c : : ) ‘ F1vod2so
< : o . . FIVD0260
NP e e e e e oL . FIvpo270
NS1G=4 . : - F1v0O280
HAXFN = 5090 4 _ FIVD02S0
"IOPT=D : FIVOO300:
WRTTELS 202 INT EINQQ310,
202 FORMAT(*. ', *NUMBER CF TANKS IN SERIES=', IS5) FIvo032a
. , RTEAD(5,100) (X{I1}sI=1,5)" CFIV00336.
100 FORMAT(5F10.0) - : ' FIvopiao
e (READ(S 2 200 INR - e e . CEIVOG350
200 FORMAT(IS) FIV00350 ]
REAC{5,200 )NDR FIV30370
- D3 300 J=1 «NR FIVQ0330
READ(S . 2QIITLI) SYEXELI) £1V00390
T(J) =70 * T(J) F1V00400]
YEXP{J) = CO * YEXP(J) FIV004l1Dd
WRITE(S +204)T{J Y YEXP(J)} vaooqzo]
304 . FOFRMAT (. ¢32D13.5) ... i} EIV0042D
200 CUNTINué FIVooasn |
301 FORMAT(2F10.0) FIvooasy |
READ(Ss 302 ) (NEWTR(L) »L=1,NDR) FIVOQ4&ED !
302 FORMAT (401 1) FIvaga7a !
READ(S+105 ) (FRACTITI ), I=1,NP) FIVD0420 |
105 FORMAT(SE10.0) FIV0O0490)
ol _ N - FLVOO0S500 i
e e WRITECE, 100 AXCLY s T=1,5)  F1v00510 |
101 FORMAT(* *.5C13.3} - FIVO0320 !
WRITE(6,201)NR FIVOOS520 |
201 FORMAT(® ',15) FIVOG540
WRITE(6.,201 }NDY . FIVQQS5n
WRITE( S, 305){NEhTR(L).L 1+ NOR) FIVDO0569
363 rURMAT(‘ " L401I1) FIVOQ57T .
C . . FIV0O0580
. “_”PFMD(D-200)NS e e i . L FIVCCSGD
READ(S »200 INDS N FIvVocsan
c F1Vo0s10
WRITE(6.201 NS F1Vv20620
WEBITE(6.,201 INDS FIV0O63Q
DO 400 J=1.NS FIVOOE50 4
K=NR+J FIVOOESD
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READ(S5,301)TI(J)» YEXPIK) FIVOCH60
TICII=TOXTI(J) FI1VON&TZO0

z FIVO0680
YEXP (K)=COXYEXP(K) FIVC0690
WRITE(64304)TI(J)s YEXP(K) FI1V00700

300 .. . CONTINUE e . FIV0OO710
G . _ FIVOC720
C : FIVOOT73a
_ READ(S+302)(NEWTS(L }sL=1NDS) FIVCO74G

< = - - FIV007SQ
: WRITE(6,303) (NEWTS(LIsL=1,MDS) FIVON780

¢ ' ‘ FIVOQO770
c , 3 FIVO0780
.C. S e FIV0O0790
: IF{IFLAG.EQ.13)GOTO 769 FIVO0S00
o ‘ FIV00B810
c FIV00B2Q
call 5 aI(I.x:xegl).ua.ung.u;pr Th.YF.VRJPCCLR-PRJ £1v0083Q

T FIV008aQa

c : FIV0O0A5C
0O 450 J=1,NDR : : FIVOO0B86Q

. oL WRITE(6:5030)TR(J)» YI(J)+VR(J) FIV008TQ
450 .  CONT INUE - . F1v00880
500 FORMAT(* *33D013.5) FIVOC850
WRITE(6,550)FCQOLR,CR : : . FIV009a0

550 FORMAT({(*® ®* 201 FD VARIANCE=*,D13 ;_:_1. hj CHI SG=* D1 3.0} EIV2QO21Q
C , FIVO0920
c FIV009320
CALL STAT(TI.Y“XP(NR+1J-NS,ND:.NEVTS-TS.YS.VS.POOLS,LS) FIV0094C

B . ] e - . FIVO095C
c FIVOO9ES
DO 603 J=1 .NDS EIVOOS7C

. WRITE (64+500) TS{J)sYS(J),VS(J) FIV0O098C

£00 CONT INUE L FIVA09gC
C Fivol00c¢
c FIV0O1010
WRITE(6+550)FCOLS,CS - FIVOl02C

R SR - FIvV0103C
C FIV0104ag
~ IF(IFLAG.£Q.0)GOTO 790 . FIVO105¢C

c , : FIVO106C
700 DO_750  K=1,NDS FIV0107¢
READ(5,751)VS(K) FIVO108C

750 CONT INUE FIV0109¢
. C FIvO110¢
DO 760 K=1,NOR+ FIVOll1c
READ(5+,751) VR (K) FIVO112¢

760 CONT INUE : EIVO1l13C
751 FORMAT (E1L ) - FIVOI14(
769 CONT INUE £1V0115¢C

C : , FIVOL116(
DO 770 K=1,NR FIVO117¢
TR{K}=T(K) - FIVO118(C

770 ____CONTINUE _ ___ . T ) - . FIVOl19c
c - FIV0120¢
DO 783 K=1,NS ) FIVO121t
TS(KI=TI(K) - FIvo1l22:

780 CONT INUE EIV0123¢
C FIVOL24(
C FIVO125¢
DO. I I=1,MR FIV0126¢(
el VRALI=00. ) X CFIVO127¢C
C FIVO128(
DO 2 I=1.NS FIV0129¢

2 VS(I1)=0.0 F IVO130¢(

< FIVO131¢
C EIVOL132f
c FIVO133¢
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CONTINUE . S o o FIve13ad

790 FIVO
[4 EIVO L3S0
c FIVO1360/
. C _ FIvOol1370
C R ' FIV01380]
. CALL ZXMIN(FUNCT ;NP NS IGsMAXFN» IOPT»XeHsGsFsWs ICER) FIVD1350
¢ . . . . ‘ . FIV01400
C . : ' , . FIVD1410
C . _ - . FIV0 1420
o : ! FEIVQO1430
C CALCULATING RESICUALS FIVO1440
c _ ) D FI1V01450!
CALL RESID(TRsVRsF INV, YEXP (1) s NDRINRWNEWTR) FIVO1460
C _ L o . ) S . o . FIV01470
CALL RESIDI(TSsVS,F INS, YEXP(NR+ 1)y NDS I NSINEWTS) FIVO1480
o ) - : . FIVO14aS0
C FIVD1500
C : EIVOLS1n
c FIV01520
P(1)mX{1)*X(1} FIVG1530
Pla)Y=X{2)%X(2) FIV0O1540
. P(S5)=DEXP (=X{3)*X (3}) o _FIV01550
P(2)=(DSIN(X(&4)a%2 *1 ,57079D-04) }¥*2 FIV01569
PL3)=X(5) . - - . FIVOL1570.
c FIVC1580
D0 5050 _K=1,.KP FIVQO1590
DIFF(K)=FRACT(K) * P(K} ‘ FIVO1600
. IF(DIFF(K) eLTe 14 0E-10IDIFF(K)=FRACT(K) FIVO1610
5050 . CCNTINUE - FIV015620
C o i il .. FINVOl&3aO
c ! . . C FIVO1640
CALL COVAR(P,DIFF,sF +AMsAP, AMAT,COV,CCRRZNP) F1V01650
c . X : _ Fivo1660
WEITE( A,900)(B(I),. 1=l 0P) FIV01670
9C0 FORMAT (' PARAMETERS ARE' +5D15.7) FIV01680
_ CWRITE(6+s901}(DIFF{I},I=1,NP) FIVO1690
WRITE(64803) FIVD17C0
 WRITE(6+904) ((AM(I»Jd)sJ=1sNP)WI=1WNP) & . . .. . ... .. ... FIvOl71o
WRITE(6,904) {(AP(L +J)sd=14NP)+1=1,NP] - . FIVO1720
WRITE(6,804) o FIVO173Q
WRITE(6,904) {(AMAT{I+J)eJ=14NP} I=1ehP) FIvol17ag
 WRITS(A.BOS) - EIV01750
WRITE(6+908) (L (CCV{ I sJd} »J=1 +NF) 2+ I=1,NF) FIVO176G
WRITE(6.8086) FIVO1770
WRITE(6,904) ({CORR(I+J)sJ=1sNP},I=1,NP}" FIVOl7E&C:
c . e i _FIv01l1794
c . F1v018CQa!
C : FIV01810
3ol FORMAT (' ¢,T10,'DELTAS'+5D13.5) FIV01820
204 FORMAT(® ' ,5D13,.,5) ‘ . FIV01830
803 FORMAT(' /' ', 'PROQUCT OF X TRANSFCSE X'» FIVO 1840
1"RESPONSE 1 TFEN RESEONSE 2°'//) FIVD18359]
204 EORMAT(! 2/t % ,1M MATRIX,XTX +XTX'//) l _ FIVOTEE0
805 _ FORMAT(' '/' *,'2PPROXIMATE PARAMETER VAR-—CCV. MATRIX'/} . _“QFIVOLBT%
306 FORMAT(® /% ", PARAMETER CORRELATICN MATRIX'//) ' FIV018890
c . _ FIv01890Q
sTOP _ . FIvD190C]
END : - - FIV0191dl
C . . - FIVC1l920
- C : FIV0O193¢
£ . - . < FIv01940
C. R e o . o o FIVO1956
c C : FIVO196¢C
€ SUBROUT INE ‘SUPPLIED FOR' ZXMIN FIVD1970
C ‘ FIV01984
C FIVO195(]
SUBROUTINE FUNCT(Ng+X3SS) F1v0200C
IMPL ICIT REAL%8 (A-H,0-2) FIvV0201d




INTEGER N, NSIG»KMAX.IE R
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_ FIvDo202
INTEGER NS < NS o Dl NDES E_umao..sq_
DIMENSION X(5) Fiv0o204cC
DIMENS ION T(?é).YCXP(lSO).TI(éO) FIvd205C
DIMEINSION TR(23)+sYR{23):.VR(25) Fivoz206¢
DIMENSION - T35(25),YS(25),.v5(25) FIVO207C
DIMENSION FIMV({25),FINS{(25) ] FIVO208(¢
COMPLEX*16 F+TB R, TAU2,TO,TP.DCMPLX ‘FIV0209¢

" COMMON/REACTI/ZTRIYEXP s FINV VR.PCCLR.TOTL TOFIvo210(
CCOMMONZSENSELI /TS.VSLFIAS.POM S,TCT2 Elv0zZiln
COMMON/REACT2/NRWNEWTR ¢ NDR Flvoz2lzc
COMMOCN/SENMSE2/NS «NEWTS » NDS Fivo214a:
COMMCN/PL/ACE/ TH.TALZ, TD.tP R CTFIV0214¢

_ "DATA .. CT/1«5370750-C4/ " F1VvD215.
C Fivoaleal

s FIvVo217C¢

) EXTERNAL F FIvDp2138:
(! . EIv0219cC
C - FIv0220¢
C . FIvoz221C
TB=DCMPLX(X(1)}%%2,0.0D0) FLV0222¢C

. TP=DCMPLXI{X(21%%2,0.9D0} FIvoR23¢
R=DCMPLX{DEXP(—X(3 ¥K2) 4 0a0D0) FIVD224:

C Flvoaasg
TAU2R=(DSIN(X(4)**2‘* FACT))%x%x2. FIv0o22s(

TAUZ =DCM2IX{TAUPE ,0.000) CEIVOP2TC
TO=DCMPLX{X(5)»0.00C0} FIvo228¢

¢ . Fivo2asC
C FIV0O2307

e e . FIvo231¢
NS IG=6 FIvo232¢
KMAX=200 FIV0O233:
ALPHA = 0,000 Flvo23a¢
WRITE(GS.2001(X{T1).I=145) FIvg23s¢
WRITE(S5.,200)TB,»TAUZ2,TD FIVO236¢

C ) FIvoz37¢
WRITE(6+200)TP R FIVD238¢

200 . . .FORMATI{* *,56D13«6) _ o , CFlvoa3gc
C : g . Flvo2a0¢l
iithFLINV(F.NDR.TR'ALPHA-NSIG-KMAX,FIhV.IER) "FIvVo241C

C & . FIV0242¢
o i FIvo243:
CALL TANKS{TS NDS, TAU2R sD.0D0D+FINS) Fiv0244:

c - FIv0245¢
o FIvoz246t
T e C FIv0o247¢
- FIvVv0248¢(
C : : FIV0249¢(
DO 75 J=1.NDOK FIv0250(

IE(TRE J) 1L T+ XL(SIIEINV( JI=0,000 FIV0O251¢C

75 CONT INUE FIvD2523C
c ‘ FIvo2s53¢
< : TFIvO254¢<

& .CALCULATING WEIGHTED _SUM ‘OF SQUARES CFIV0255¢

oo : CFIVORSet
JJd=n FIVO2571

. TOT1=0.0D0 Fivo2s58:

el F1V0259¢
DO 100 K=1.NDR FIV0260:
KK=NEWTR (K ) FIV0261¢

. DO 80 . J=1.:KK ( - Flvozez:
e TOTI=_TOT1l + (FINV{K)I=YEXP(J+IJ))*%x2 F1v02&3c
30 CONT INUE Filvo2e4s(
JI=JI+KK FIV0265¢

100 CONTINUZ FIVO266t
[ FIvV0o2671
C ‘ FIVOZ268
. WRITE(6+1013TCT1 FIVD269¢
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1 FORMAT (¢ ¢ +C15.8) F
- : : . Elvas710
<. Fivo2a7z2
TDT2=0.0D0 FIVD2730
JJ=NDR FIV0O2740]
DO” 300 .KS1.NDS FIV02750
KK=NEWTS(K ) FIVO2760
DO 180 J=1,KK . FIv02770
TOT2=TOT2 + (FINS{RI=YEXP{J+JJ))»*2 FIV02780
1 80 CONT INUE EIVva2790
] JI=JI+KK F1v02300
300 CONTINUE FIv02s10
c , F1v02820
c ‘ T N Fiv0283p
- WRITE(6+101) TOT2 FIV02840
c ‘ FIv02850
SS=TOT1 + TOT2 FIVD2860
C FIVQ2870
WRITE(6. 101)55 FIv02880Q
c - FIV02890]
RE TURN FIVD23200
: END C F1lv02910
o o~ FIv02920
< FIV02930
c FIvV02940
c : : EINQ2950
C SUBROUT.INE SUPPLIED FOR LAPLACE INVERSE RCUTINE FIV02960
C - - F1lv02970
C FIV02930
. CCMPLEX FUNCTION F#16 (S) "FIV02990
REALXB CO+DREAL FIV0O3000
COMPLEX¥15 S+TH,TP yR+TAUZ2,CNECDEXF,TD FIVO3010
COMMCN/PLACE/ TEsTAUZ2+TD»TPWR FIVO3020
COMMCN/MALIN/CO FI1V03039
COMMCN/MAIN/NT , FI1V03040
DATA ONE/(1+000.0.0C0) 7 FIV03050
F=(0.000,0,0D0) FIVO3Q60
... IF(DREAL(ONE=R).LT .1.0D-02}GOTO 10 FIv03070
F=(CNE-R)*CDEXP (—S*(TD+TP /(CNE-R) VS FIVO3080:!
10 CCNT INUE - FIV03090
F=F + {R*%2/TE)} * CCEXP{—TD*S}/S/(S + R/T3) FIV0O3100
F=E/{S+ONE/TaUPI%¥NT : FIVQ31LO
F=F/TAU2%&NT Fivo3l12Q
F=C0 *F FIVO3130:
RETURN FIVO3140!
ENO ., .. .. R . i e FIVO3150
C - ' T e S - ---FIV03160
SUBROUTINE COVAR{P +DIFF .55 ,AM, AF,AMAT»COV,CORR +iNP) FIV0O3170
IMPLICIT REAL*S (A—F,0=2) FIVOZ180
[o FIvQ3190
< . FIV0O2200
INTEGER NEWTR(25)s NEWTS(25),NR4NS.NORINDE F1V03210]
c ' FIv03220
) _DOUBLE PRECISICN _P(VP),D[FF(NP).X(S) FIV0323Q
.DOUBLE PRECISICN TR(25).,T5(25) FIV03240
DOUSLE PRECISION FIRN(25),FINSI25),FC(503).TALL(59) Flvo3asc
DOUBLE PRECISIGN vcxP(1so),vs<25;.vths . FIVO32&C
DOUBLE PRECISION AP(NP,NP) FIV0327¢C
DOUBLE PRECISIGN F1(50)+F2(50) FIVO328C
DDUBLE PRECISION A{£0,5)sAMINP, np) ANAT(NP.NP) . F1Vv0329¢
DOUBLE PRECISION AJUNK(5,+5) FI1V03300
.DOU3LE PRECISION AX(150,5) j“FIV03310
OOUSLE PRECISION FUNC(S0) FIVO3320
CCMPLEX*16 FoT8sRsTAUZ,TD,TP,DCMPLX : FIV0O3330
CONPLEX#15 ENEW(5) 2 "FIV03344
DOUBLE PRECISION ATA(15) s WKAREA(S),CGVIMP,NP) I CORRINP 4NP) FIV0335C
EXTERNAL F FIVO33€&Q
CCMMON/REACTI/TR.YEXP ,F INV,VR,FCCLR,TCT1 FIVO337¢
AY
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CCMMON/SENSE1/TSs VS,F INS,PO0LSH»TCT2

Fiv0o338ap

COMMON/RE ACT2/NB NEWTE S NOR . EIvQ3icn
CCMMON/SENSE2/NS . NEWTSsND S TWFIVU34Q0
COMMON/PLACE/ TBiTAUZ-TDsTP.R FIvO3a1lo
EQUIVALENCE (PNEw(l).TB).(Pwatz}.TAuaJ.(quw(J) TD) T Flvo3s20
EQUIVALENCE . (FhEW(Q).TP}.(PNHw(SI'R) F1v03430

o FIV03440
< FIVQ345Q
C . FIVO3aa0
NSIGE & FIV0 3470
KMAX=200 . . FIV03480
ALPHA=0.0D0 ' FIV034S0
PMEW(1)= DCMPLX(P{1),0.0D0) FIV0O3500

- PNEW(4)= DCMPLX(P{4)},{.000) FIVv0o3510
PMEW(S)=DCMPLX{(P(S5).0.0D7} FIV03520

- PNEN(2)=DCMPLX(P(2),0.0D0} FIV03530
PNEW(3)=DCMPLX{P{3),0.,0D0) - F1vo3san

c FINQ 3NS50
. C e FIV0336Q
. NE a=NR FIVO3570
DO 20 J=1+NEW Fivo3saa
IF{JLENDRITALL(J) =TR{J) FIV035%Q
IF{JeGTNDR)ITALL{J) = TS{J=NDR) FIV0O36090

20° CONT INUE . \ - FIVO3610
z L . FIv0o3e20Q
- FIVQ3Ia3n
CALL FLINV(F+NEWsTALL) ALPHASNS IG2KMAXSFQOLIER) FIlv0o364aQ

< . FIV0O3s5Q
. FIV0366Q
Z - e . FIv03s7Q
< FIV0368G
C FIV0O369Q
: DO 50 I=1,NP FIVO3700
PNEWLII=PNEW{ 1) + DCMPLX(DIEF({I) . .0.000) EIVO3710
IF(I«NE1)PNEW(I=1 )=DCMFLX(P(I-1).0.CC0H) FIV0O3720

CALL FLINV(F, N=w.TALL ALPHA WNSIGIKMAXyFUNC IER) FIV0O3730

© DO 40 J=1+NEw FIV03740

. e © A{Js1)=(FUNC(J)~FO(J))/CIFF{1) FIV0O3750
40 CONT INUE FIVO376d
S0 CCNTINUE FIV0O377Q
- . FIvO378BQ
~ . ! _FIVD3765a
: DO 55 I=1,NP FIv03800Q
JJ=0 FIV0O3810

DO 54 K=1.NEW FIvDo3s2a

. IF(KLE.NDRIKK= NEhTR(K) FIV03830
IF(KaGT «MDR)IKK=NEWTS{K—=NDR ) FIvd3840

DO 53  J=14.KK FIvV038s0
AX(JI+JI L I)=A(Ks 1) FIvVO3860

3 CONT [NUE FIV03870
CJJISJIHKK FIV0O3B8O

4 CONT INUE - FIV033%0
55 CONT INUE FIV03900
- . . s o CFIv039i0

. CALL VTPROF(AXsNRsNF,150,ATA) FIvo3oza

c : F1v0393aQ
C , FIV0394aQ
K=0 FIV03950

DO 60 I=i.NP FIVO3960

DN 59 J=1,1 FIV0397a

K=K+1 FIv03980Q

— . AMIILJI=ATA(K) . } FIV03994Q
IF(IaNELJ)AM{Jsy TI=SAM(L, J) FIV04000

59 COGNT INUE * FIV04010
60 "CONTINUE FIvV04020
o FIV04030
C FIVO404Q
Z FIVO405C
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DA 100 I=1,MP
Do_9s 1= 1 (MW

AlJsI1)=0.,0D0
IF{I.NE.2)GOTO 91
DELTA=0.000

. PARM=P({2) ‘ '

‘ FIvG4l
CALL TANKS(TALL,NEW,PARNM,DILTALF1) B9 FIVOat
" CALL . TANKS(TALL +NEWPARM,DIFF (2) ,F2) FIVD41
AGJ+II=(F2(JI-FL(JII)/DIFF(I) FIv041
91 COMTINMIIS : ElvVD4a
35 +»CONT INUE ‘ FIVO4l.
100 CCNTINUE Flvoal
c . FIvosl
C. e Filvoal:
DO 300 1I=1,NP FIVO4 2
JU=0 ‘ FIvDaz
DO 293 K=1,NEW FIvoaz,
LE(Kal EANDRIKK=NEWTE(K) ElvDap
IF{K.GTMNDIIKK=NEWTS{K—NDR } FIv0s2,
DO 293 J=1 KK FiIvDaz:
AX(Jrdd s 1)=A(Ks 1) FIvDa2¢
298 CONT INUE . L y FIvogz;
JI=J I+ KK FIVNg2:¢
299 CONT INUE - FIv0gzc
300 CONTINUE FIvV043(
o FIvQ43])
CALL VTPROF[AXNR NP, 150,ATA) ' FIVO43:
C . . FIVO43:
K=0 ~ FIv0a3s
prm e DO BT IS14NP FIvoa3s
: D0 65 J=1,1 FIV043e
K=K+1 F1V04a33
AP(I +J)=ATA{K) . F V0438
TE{ L aNE o J)APL J,TI=AP{ 1.1} FI1vOo43g
65 . CONTINUE . - F1v044q
67 CONT INUE "FIVv0ossl
C : FIv04a2
c . FIvO442a
C . FIv0o4ayg
c FIv0osas
' DO 150 I=1.NP FIVD44E
DO 125 J=1 48P S Flvgaar
AMATCI»J)=AM(L+J) /{TGT1/(NR=NF}) + AP{L,J)/7(TOT2/(NS=NF ) . FIVO44E
AJUNK (T »J)=AMAT(I,d) . \ FIv04ss
125 CENTINUE , J FIV0O450
150 . CCNTINUE. . : ‘ : A FIv0asi
~c ! . ' : FIvyss2
C ' : ‘ FIVD452
CALL LINVIFCAJUNK NP, NP ,COV, Qs WKAREA, IER ) FIV0454
¢ . ' FIV0455!
C CALCULATING ThE PARAMETER CORRELATICN MATRIX FIV0456:
cC oo FIV04a57:
DG 200 I=1,.KNP ‘ FIvD45et
DO 90. J=1,NP_ , FIV0O459
_ CORR(I,»JI=COV(I,J}/DSORT(COV(II1)4COV(Jpd)) FIVO4s6
99 CCNTINWE FIVO4611
200 CCNTINUE EIVO4sy
(o FIV0463:
C FIVO4645¢
RETURN FIVO465¢C
END . FIV0466¢
i L o ' _ FIV04a67(
SUBROUTINE STAT(Ts YEXP +NOs NN, NEWT s TT oY s VAR, FCOLS s CHT ) FIv0468{L
C - FIVoass:
o ! ) : FIvoa7o(
IMPLICIYT REAL*8 (A—F.0=2) FIVv047]1¢
DOUBLE PRECISION T (ND) .YEXP(NDIsTT(NN) s Y INN) VARINI] FIV0472¢
INTEGER NEWT{(NN) . FIV0473cC
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c FIv0a7a0
c : : , _ _E1V04750
¢ CALCULATION OF DIFFERENT TIME VALUES . FIVD4760
. C CALCULATION 0F THE MEAN AND VARIANCE AT EACH TIME FIVDaT70
¢ : - ‘ : FIV04780
PREV = —1.0C0 , FIV0a7S0

KJ=0 ‘ ‘ FIV04800

DO 453" J=1sND FIV0O4a810
IF(T(J) +EC.PRIV)ICOTC 450 FIV04820

K=Kt 1 ELVOaR30
YTT(KJI)I=T(I) F1V04840

. PREV=T(J) . FIV04850
L 450 CONT INUE F1v04B60
c.. - FIV04870
JJ=0 : FIV04380

DI 460 K=1,NN FIV04850
KK=NEWT(K) FIV04300

TOT=0e " - EIV34310

DO 455 J=1,KK , ' F1v04920

TOT=TCT + YEXP(JrI) FIV04930

455 COMT INUE FIVO494)
Y (K }=TOT /KK .o ) FIV04930

JI=KK+J J, < FIV04960

460 CONT INUE FIV0ad70
¢ | - FIv04930
J1=0 . EI1VQ4990

0O 470 K=1 NN FIV05000
KK=NEWT (K) FIVOS010

TOT=0. FIVO5020

... DD 465 . J=1.KK . . - . L _F1V05030
TOT=TOT + (YEXP(JJI +J)-Y(K))I*»*2 FI1V05040

465 © CONTINUE . FIVO5050
VAR (K)=TQOT/(KK=1) _ FIVOSOED
[E(VAR(K) oL Fels+OC=QRBIVAR(K) = 1.0C-05 F1v0S070

JI=JI+KK ' F1V05080

470 CONT INUE FI1V05060
o FIV05109
c 3 . | . FIVO5110
c | FIV0O5120
C SARTLETT'S TEST FOR EQUALITY CF VARIANCES FIV05130
SUM=0Q. ' FIV0S140

TQT=0. F1V0S150

DO 1001 J=1,:NN FIVO5160
TOT=TOT + NEWT{J) FIVOS5170

| SUM=SUM + (NEWT (J)=-1)*VAR(J} F1v05180
1001 CONTINUE _ FIV0O5190
c FIVOS200
. TOT1=TOT-NN F1v05210
POCLS = SUM/TOTI FIV05220

o . : F1vG5230
C=1. + (TOT~1/TOT )/ (3 +%(NN-1)) F1V05240

c , FIV05250
TQT = 0. _ FIV05260

DO 1002 .J=1 4NN S _ FIV05270

TOT = TOT + NEWT(J) #* DLGG(VAR(J)/PCECLS) FIV05280

1002 CONTINUE . FIV05250
c . FIVOS300
o . F1V05310
- CHI = —T0T/C FIV05320

o ) o FIVOS330
C FIVQ5340
RETURN . .. FIV05350

END ' FIV05360
SUBRAOUTINE RESID(TT sVARF>YEXP s NDs NCATA SNEWT) FIV0OS370
IMPLICIT REAL®B (A~F,0-Z) FIVOS380

o FIV05390
£ , FIVO5400
DIMENSION ZZ{100)sTTIND),VAR(ND),F{ND) FIVO5410

A
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DIMENSION YEXP(NCATA},.SAV(100) FIV0OE320
[NIEGER NEWY (N . EIVCEA30

2 g FIV0€440
c : - . F1V05450
WRITE{.6+520) ' T FIV0OS5460

‘390 FORMAT (* " »20X s *TIME(S )" yBXs"VARIANCE®' 48X 'PRED" F1v05470
1* VALUE®»15Xs'EXP VALUE* 15X, *PESIBUALS /7] = FIVvoS48C

. JJ=0 ' o o - F1Vv05490

DO 550 K=1,ND FIV0O5500
KEK=NEWT(K) v EIvass510
WRITE(G6+630) TT{(K) +VAR(K) +F(KI FIVOS5520

DO 525 - J=1.KK | ‘ FIV0OSS30
ZZLI+JII=YEXF(I+4J) ~F(K) FIV0OS5540

. WRITE(6.,60L)YEXP(JI+IS)ZZ2(J+JJ) FIVDS550
525 + * CONTINUE ; FIV0O5560
JJI=IIHKK FIVOS5TD

550 CONT INUE FIV05380
400 EORMATLY * 2T15:01528.T30,015.62T452015.6) FIVO5390
501 FORMAT( ' * 4 TES D20 +G+TS0D20.9) ‘ FIV0OS&00
C . , FIV0O5610
c . ‘ CFIV0S55620
o Do 900 . I21,2 . L T FIVU5630

¢ DEIBIN WATSON TEST FOR SERIAL CORFELATICN FIVDSE&D
KK=TI~NEWT (1) ' FIVDS5650

DC 250 K=1,ND FI1V05660Q

oAV =ZZ(KKENEWT(K) ) EIV0S6T0

KK=KK + NEWT(K) - FIV0S680

850 CONTINUE . FIVO5690
C ‘ ' FIVQST00
. o R FIVOS710
SUM=0.0D0C FIVOS720
TOT=0.000 FIVDS5730

J=ND-1 FIV0O5740

O B00  K=1..) £IVO: _
SUM=SUM + (SAV(K+1)-SAV(K))}**2 T FIVOSTA0

TOT=TOT + SAV(K)x*2 . FIVDS770

800 CONTINUE FIVDS780
.G - L FIVO57sQ
TOT = TOT + SAV{(ND)I**2 FIV05800

‘ D=SUM/TOT FIV0O5810
¢ : FIVOSSZO{
C _ FIVo I
WRITE(6,998) D - FIVOSS@O‘

998 FORMAT(* ' *DERBIN WATSON TESTs D=',014.7) FIV0OS5850 |
900 CONT INUE FIV0OS860D |
RETURN - CFIVO38T70

END FIVDOSBS80 |

c - FIV0OS890 ;
c - FIV0O5900 ;
C . FIVOSS10 .
SUBROUTINE TANKS{T,NsTAUsDELTA,F) FIVDS5920 |

C ) . . FIV0OS930
¢ SUBROUTINE PREDICTS OUTPLT FRCM NT TARKS IN 3ERIES wiTH EQUAL FIV05940
C TIME CCNSTANTS. . . o . ) o . FIVD3950
c NT=NUMBER OF TANKS FI1V05960
C ' F1VCS97Q
IMPLICIT REAL%B (A—-F.0—Z) FIivos5980

DOUBLE PRECISION T(N)sSMALLyTAUF (M) F1V059650
COMMON/MAIN/CO : FIV0O6E0GC0
COMMONMALNANT FIV06010

DATA: ONE/1 «0D0 /s SMALL/ 1. 0D-04/ . F1I1vV06020

C , o o : FIV06030
¢ CUTER LOOP CORRESFCNDS TC INDIVIDUAL CATA ECINTS FIV06040
C FIVC6050
IFLAG=0 "FIV06060

DO_100  I1=1asN : FIV06070
FLI)=0.0D0 ] ’ F1V0&6080
Q=T{I) /7t TAU + DELTA) FIV0&090

g \



IF(Q.GE.178)IFLAG=1
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FIVO6100

IE{IFl AG.EOL1LYGAOTN 75 EIvOAAalln

- DENOM=1.0D0" FIvV0s&120
. C ‘ ) ‘ CFEIVOB13Dd
P=DEXP (-Q) FIVO6140

—— DO 50 . .J=1NT FIVOELSOD
L=J—-1" ‘ ' : FIV05160"
IF(J«NEe1)DENCM=DT NLIMkL FIVOB170O
IF(L.GE.25)G0TO 30 ' Fi1vosl&Q
22=1.000 EIvOH19G

R1=0%x%L FIV06200

' GOTO 35 FIV0O&21Q
30 CONTINUE FIvDoez29
. M=Ls2 . FIV0s230
Ml=L-M FIV062a0

M2=M FIvV06250
R1=0Q%%M] LFIV062560
B2=0Q%k%MD : EINQB2TY

35 F(I)=F(1) + RI/DENCM¥R2 FIV0O6280
&0 CONTINUE : FIV0s290
c ‘ F1V0&300
e . FIvoe3iLo
' FI{I)=F{1)*P FIV0&6320
IF(F{I).LTSMALL)IFLAG=1 FIVoe33o

75 CONTINUE FIVOE340
. F{IY=COX{ CNFE~F{T11}} FIVQEISG
100 CCNTINUE . FIvVv0s360
c . FIVO&3TO
RETURN FIVOE3BO

e e BND - . ) FIv06390
c - FIVGeaQn
C FIVOESLD
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APPENDIX K.

Void Volume Estimates of Char Bed

"
Estimates of the fractional voids -in packed. beds. are ‘found in
Figure 5-53 in Perry's Chemical Engineers handbpbk‘(5th Ed.).

~

Fractiona1'VOids €)

Particle Size | Qpigt 1' | :SEheres ‘ 'Gréﬁulaé
0.2 - 0.4 mm 019 0.333 0042
0.4-1.0mm - .04  0.%8 . 0.45
1.0-T4m .07 0.3 S 0.4

gThe volume of the annular char bed can be calculated as

n(0," < 090 Dy = 125 in
i ,DZ = .625 in
V= 14.5 cn h =3 1in -

The volume occupied by the particles is therefore {1-g)V. The range

for these volumes is tabulated below:

'?artic]e Size Estimated Volume

mm Occupied by char (cm%l
0.2 - 0.4 | 841 < V< 9.67 '
0.4 - 1.0 ' ‘ 7.98 < VP< 9. 31

1.0 - A1 . 7.98 < Vp< 9.28



. APPENDIX L

\
)

Approximate Pressure Drop Calculation for.IHterna]

‘Recirculation Reactor

A simp]ified'Qiew,of the reactor internals is given below:
CD K17 M ‘ G)

"

D e ——

Assuming the gas experiences negligible resistance from the end of the
impé]]er. shaft to the bottom of the packed bed, one can get an
- estimate of thé‘pressure‘headldeve10ped by the impeller and available

for gas-f]ow.

Sk

A simple Bernoulli equatibn ignoring any potential energy changes in

the system is given below:

2V, o
%
S |
g, =32.17 1b-ft ;3 v=re=17m "1 ft" 2n1800 rev | lmin
b, s° | 25.4 mm/in .12 ini . min 60 s .
v =10.5 ft)s -
o= & = 1 atm = 4.1 x 1072 mo1/em®=32.3 1b/ft3
RT

82.05 cmS atm({298) K

mol K
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Substituting these values into the equation gives

(10.5)° + 4P =0

2(32.2) 32.2

8P = 55.3 Tb/ft% = 0.382 psi
This is.a very small pressure head.

%

The Ergun equation can be used to calculate the velocity through the

drierite/ascarite-bed (8 mesh) for this pressﬁre

_QE_ = 150 (1—8)2 T + 1.75 (.1—5) 0 V2
L gCES ¢Sdp2 9c €3 » dp
where ¢~ 0.4 ‘

. ¢S N (0075
L =0.25 ft _
dy = 7.75 x 1073t

- ' 2
AP = 55.3 1bf/ ft ~

L

The linear fluid velocity in the empty bed is found to be

~

v = 0.321 ft/s

This velocity is not substantially greater than the inlet fluid
— . .
velocity which is

Vin = 41000 cm3/ min 1 1
(n  0.375 2.54% 30.48 - 90
T

Vig © 0.29 ft/s

This--would indicate that there jisn't sufficient circulation through

the bed.
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APPENDIX M

Experimental Data From Mixing Tests

‘Particle Sizew - -

Gas Flowrate 1000 cm*/min

A\

Impeller Speed 1800 rpm

Elapsed L -~ Measurement Combined

Time [s] .. Device Response C/C, Responsg C/C,
0.2 T 0
0.3 | - 0 0
0.4 0.358 0
0.5 ' 0.151 ™~ 0
0.55 0.275 0
0.6 - 0.8 0
0.7 ©'0.909 o
0.8 . 0.9% . 0.04167
0.9 ‘ 0.977 . 0.00417
1.0 0.966 0.02083
1.5 1.0 0.11667
1.7 1.0 ©0.20833
2.2 1.0 : 0.41667
2.7 o 1.0 0.54167
3.2 .0 0.75
3.7 1.0 0.825
4.2 | 1.0 0.875
4.8 - 1.0 0.9167

5.3 1.0 0.958 33
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Particle’size . 0.2 - 0.4 mm -
Gas Flowrate 1000 cm¥/min
~Impeller Speed 1800 rpm '

Elapsed _ Measurement ' Combined

Time s} - \-Device‘Response C/C, ~ Response C/C,
0.2 . 0 0
0.3 0 .0 -
0.4 : 0.%8 = . -0
0.5 0.151 T 0.04
0.55 o 0.275 0
0.6 . 0.8 0.06
0.7 -0.909 0.0 -
1.0 0.966 0.2
1.3 | 1.0, - 0.3,
1.7 1.6 . 0.56
2.2 | 1.0 ' 0.616
2.7 . 1.0 0.76
3.2 : 1.0 0.86
3.7 : 1.0 | 0.90
4.2 . 1.0 0.928
4.8 ~ 1.0 0.952

5.3 | 1.0 . 0.9

w



Partic]g Size

Gas Flowrate
Impeller Speed
Elapsed
Time [s]
0.2
0.3
0.4
0.5
0.55

0.6
va

o

o v o

w NN - =2 - O O
- - ] - . M
A N T

s
L] -
o o~

4.8

o
.
(78]

- =302- -

1.0 - 1.4 wm J
1000 cms/min ' ¥
1800 rpm
Measurement Combined
Device Response C/C, -~ Response C/C,
0 0
0 0
0.%58 0
0.151 0
10.275 0
0.8 0
0.909 0
0.9% w© -  0.0980
0.977 . 0.0471
- 0.966 ©0.15686
1.0 0.2353
1.0 ©0.4471
2 1.0 0.5490 .
1.0 - 0.6941
1.0 0.8078
1.0 " 0.8627
1.0 0.90196
1.0 0.9451
1.0 . 0.9490



I
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Particle Size 0.2~ 0.4 mm -
Gas Flowrate 1000 cm®/min
Impeller Speed 500 rpm

. 1

Elapsed ~ Measurement Combined
Time [s] R _Device Response C/Cqy " Response C/Cqy-
0.2 - | 0 0
0.3 0 0
0.4 0.8 0
0.5 - 0.151 0.04
0.55 0.275 0.016
0.6 0.8 . 0.12
0.7 : 0.909 0
0.8 10.966 0.12
0.9 - R 0.977 0.
1.0 : 0.966 ' 0.24
1.3 | 1.0 0.3
1.7 W) 0.52
2.2 - 1.0 0.64
2.7 . 1.0 0.792
3.2 1.0 0.86
.7 - 1.0 0.872
4.2 ' 1.0 0.92
4.8 1.0 0.9%

5.3 | 1.0 _ . 0.96



“Particle Size
. Gas Flowrate
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1.0 = 1.4 'mm -
1000 cm3/min

Impeller Speed. 500 rpm'

Elapsed.
Time (s]

0.
0.
0.
0.
0.55
Q.
0.
0.8 .
0.9
1.

R

5

2

-~

3
4
5

b

7

0

-

D

1,
2.
2.
3.
3

4.
4,

7

2
7

2
7
2
8

-

o3

-—

e

Measurement ' Combined

Device Response C/Cq

0
0
0.3%8
0.151
0.275
0.8
0.909

. 0.9%
0.977
0.966

1.0

1.0 -

1.0
1.0
1.0
1.0
1.0
1.0
1.0

Respoﬁse C/Cq

0.05882
0.0784 3
0.08
0.3529
0.4706
0.5882
0.70588
0.7843
0.8588
0.90196

- 0.94118
0.9725



Particle Size

- Gas F]oﬁrate
Impeller Speed

Elapsed
Time [s]

0.3
0.4
0.5 -
0.55
0.6
0.65
0.70
0.80
0.90
1.0
1.3
1.7
2.2
2.7
3.2
3.7
4.2
4.8 -
5.3
6.0
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0.4 - 1.0 mm
750 cm“/min

900 rpm

_ Measurement
Device Response C/Co

o o O

o
0.1481
0.7481
0.96 30
10.9555

© 0.2963
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0

. 1.0
1.0

Combined _
Response C/C,

0
0.
0
O | .
0.0755
0
0
0.03773
0.09811
P
70,0755
-0.1509
0.2642
0.4226
1 0.60
0.6566
0.7547
0.8226
0.8679
0.8868

0.93%8
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Particle Size 0.4 - 1.0 mm
.Gas Flowrate 750 cm/min

;mpe1]er Speed 900 rpm

Elapsed L Measurement | Combined

Time [s] " Device Response C/Cy- Response C/Cq -
0.3 0 0
0.4 0 0
0.5 | 0 0
0.55 - 0 , 0
0.6 0.1481 - 0
10.65 o - 0.7481, 0
1 0.70 0.96 0 0.0377
"0.80 0.9555 0
0.90 - 0.2963 0
1.0 “1.0 0.1132
1.3 1.0 0.2264
1.7 1.0 0,143
2.2 1.0 0.396
2.7 1.0 0.5283 .
3.2 1.0 0.6792
3.7 1.0 0.7170
4.2 1.0 0.7774
4.8 1.0 0.8491
5.3 1.0 «0.9057
:'6.0 1.0 0.

9358
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Particle Size 1.0 - 1.4 mm
Gas Flowrate . 500 cm3/min
- Impeller Speed 500 rpm

© Elapsed | Measurement " Combined
Time [s] Device Response £/C, . Response C/C,
0.5 . 0.01852 70
0.6 ' 0 ' 0
0.65 0.3333 0
0.7 : 0.3333 0
075 0.2407 0
0.80 | 0.7185 0
. 0.85 ‘ 0.8370 0
0.90 0.5926 0
0.95 = 0.8555 0.0037
1.0 | 0.9629 <0
1.5 1.0 7 0.0741
2.2 1.0 o 0.18519
2.7 1.0 ‘ 0. 3148
3.2 1.0 -~ 0.4815
3.7 1.0 0.5370
4,2 , 1.0 - 0.5926
4.8 1.0 0.6667
5.8 1.0 . 0.7407
6.5 1.0 0.8148
7.5 1.0 0

.8889
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"Particle Size 0.2 - 0.4 mm
_ Gas Flowrate 500 cm’/min
Impeller Speed 500 rpm

Elapsed ~ Measurement Combined _
Time [s] Device Response C/cy Respoﬁse.C/CO.
0.5 | : 0.01852 0
0.6 0 0
0.65 0.3333 0
0.7 ) 0.3333 0
0:75 0.2407 0
0.80 0.7185 0.0 3846
0.85 0.8370 0.05
10.90 . |  0.5926 0.01923
0.95 0.8555 0.10
1.0 ©C0.9629 0.01154
1.5 10 0.146
2.2 . 1.0 0.2692
2.7 1.0 0.3923
3.2 .0 0.5423
5.7 1.0 0.6077
4.2 o 1.0 0.71923
4.8 . - 1.0 0.7885
5.8 L " .0 0.8.346
6.5 - | 1.0 0.90769

7.5 | 10 0 0.9.36
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Particie Size 1.0 - 1;4-ﬁm
Gas Flowrate 500 cm/min
- " Impeller Speed 1000 rpm

Elapsed - Measureﬁent _ Combined
Time [s] . o Device Response C/C, Response C/C,
0.5 | 0.01852 0
0.6 - | "0 | 0 |
0.65 . 0.3333 ©0.0037
0.7~ 0. 3333 0 N
0.75 . 0.2407 - 0
0.80 | 0.7185 | ~ 0
0.85 . 0.8370 0
0.90 0.5926 0
0.95 | " 0.8555 . . 0.0037
1.0 0 0.9629 0.0148]
1.5 o 1.0 - 0.05926
2.2 1.0 0.16667
2.7 o 10 0.3259
3.2 B W ' 0.4074
5.7 o 1.0 - 0.48148
4.2 1.0 K - 0.59259
4.8 1.0 o 087037
5.8 y 1.0, * L 0.7777
. 6.5 - 1.0 o 0.8148

7.5 ‘ 1.0 - '0.8778
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Particle Size  0.2.- 0.4 mm
Gas Flowrate ' 500 ¢m¥/min
- Impeller Speed 1000 rpm .

Elapsed  Measurement Combined

‘ Time.[s]' - i Device Respoﬁse'C/Co Response‘C/Cd
0.5 . “o.01852 - - 6
0.6 ) 0 ) 0
0.65 0.3333 | 0.00 385
0.7 1 0.3333 0
0.75 0.2407- 0.01923
0.80 0.7185 . 0
0.85 0.8370 ' _ 003846
_0.90 0.5926 - 0
0.95 0.8555 - 0.02692
1.0 0.9629 « 0.076923
1.5 1.0 © 0.17692
2.2 1.0 0.23846
2.7 10 0.4538
3.2 1.0 - 0.44615.
3.7 1.0 0.56154 .
4.2 1.0 0.67 08
4.8 1.0 0.75 ¢
5.8 1.04 0.8385
6.5 1.0 10.88462
7.5 1.0 '

0.02308





