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as inferred from $Sridharan and Sharma (1976} and Alvarez-Fuster et al
(1980). The effective concerntration driving force was thus based upon the
(0, concentration relative to the equilibrium value. However, equilibrium
was never reached over the cowrse of any eperiment. The ratio of equilib-
rium driving force ([CDZ‘] - [CDz‘]eq) to concentration driving force
([CDZ‘]) excesded C.B5 in all experiments. The presence of a reacticn
egqiilibr-ium thus only had a minor effect upon the rate of transfer of CDz.
To a first approximetion, a simplified rate expressicn could be used:
Rra = a[CDz‘] [CHAo] Dm2k12 {S)
The complete expression was retained in calculations for accr-acy, however.
The value of the recycle ratio, R could not be determined indepen-
dently in this study. Since the conversion of (D, was often as great as
8 initially. the caleulated wvalue of a was very dependent ypon the
postulated residence time gas distribv.ltion as characterized by R. Thus a
as calcalated could vary by as much as five-fold with the extreme limits of
the value of R. Consecuently. only relative values of 3 are reported here.
These were determined by assuaming that the gas phase RID rerained constant
at a fixed stirring speed as solids lcocading was changed. In this study
R =0 (PR} was used as the basis for comparison of the interfacial areas.
The discrepancy among interfacial areas caused by uncertainty in the
gas phase RTD has been addressed by Schurmpe and Deckwer (1380} and Midoux
et al (1980). They copared the value of g calailated for a particular
ubble size distribution wvith the wvalue of a calculated for a simplifica-
tion eof the gas phase RD (either PR [aPE'R] or TR [acsm]). T seems
clear is that the values of 3 calaulated for all possible choices of hukble

size distributions converge when the calculated values of g, and a~gmy



converge. This criterion can be used to establish when a particuiar
rFeaction is suitsble for calculating &, independent of any gas phase
assumptions.

The sisplification for R (Equation 9) canbes situted into Equa-

tion 4 together with Equations 6 and 7 to yield an integrated exgressicn

for X'

. <
E‘yiH ?\Eo:)zklz [mo] xOR - X,
- = x; ¢+ X ¢ R+ l)loge )T_(RF*_%)- (20)
0

st, = &, N
v

A dimensionless rass Stanton mumber can be used to characterize the system .

As formulated above, Stl is the ratio of the amount of CO2

ransferred into the liquid te the total amount present available for
transfer. At low Stl values the solutions to this eguation in x, are indistin-
guishable for varying values of K. Ranges in 5ty for typical reactions
used in determining a are indicated in Table 4 and Figure 3. The physiceo-
chemical constants of these reactions satisfy the critveria of Table 1.
Figure 3 indicates why the sulfite method remzins in use despite these new
classes of reactions available for determining a: a can be determined
without any a priori knowledge of the gas phase RID.

An attempt was made to lower the reacticn rate constant for the QA
carbamation reaction by peasuring interfacial areas at 5 ®c instead of at
20 OC for which kimetic data was available. An estimated four-fold reduc-
tion in rate constant was effected, based upon the activation energy for
similar carbarations (Alvarez-Fuster et al., 1s80) . Conversion of cn?_
exceeded &Y/ in all of these experiments, however, still requiring acourate

knowledge of the gas phase RID to calaulate a- This result can be
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Table 4

Comparison of Different Chemical Systems
Used to Determine Interfacial Area

C, + 2BA —> (D, + MEA —> 0, + 250, % —>
QIA., CRA DEA QO .DEA 250, *
Reference 1,2 2 3
Sclvent = toluene ethanol water
13, iscproganol
o 1 1 1
n . ' 2 2 1
H* (kg mol/m MPa) 1.0417 0.3788 0.0118
D, (n%/s) 4x 1077 1.9 X 1077 2.4 X 1077
Ky, (007 /kg.2017s) 2900 840 65-1628 (3)
3.1 (kg.mol/m) 0.25 0.25 .80
= T BT -6 ) -6
He [k, [B] 89 X 10 12 X 10 0.2-4 X 10
VB/S (mos-MPa/mol) 280 280 280
a (m ' 120-5C0 120-900 120-900
sty () 3-23 0.4-3 0.006-0.5
aVPH~/ Dk, B "
Sr. = Aln o]
1 G
(3) ky, for the sulfite oxidation is ky,'[Co™2) and thus varies with [Go°%)
Referenges - {HA = cyclchexylamine

1 Alvarez-Fuster et al. (1%980)
2 Sridraran and Sharma (1578)
3 de Waal and Ckeson {1366)

DEA = diethanclanine
CHA D, .CHA = carbamate of (A

2

DEA COL . DEA = carbamate of DEA

2
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predicted by Figure 3. wherein a four-fold rate constant reduction trans-
lates to only a two-fold decrease in Stl. This decrease is insufficient to
be within the range where 2orr and B-gg CoMverge.

The overall mess transfer coefficient, ka was calaulated from a mass
balance upcn helium in the 1liquid and in the gas phase. The pertinent

egiations are as follows:

dCt

gas: egV —EE = kavig, - C) - & (11)
ligaid: V(1 -e) g7 = kav(g - C) (12)
C; = Cf avell (13)

ct . = C (R'*lz) (14)

g.ave g.o\ R+ 1
C, = C at t=0 (15)
C = O enr at t=0 (26)

The concentration of helium in the reactor, C*g. was modelled as a linear
increase from the inlet to outlet value. The average concentration,

e was thus the integrated average over the length of the reactor.

g.ave'’

The resulting coupled differential equations yielded a solution for
the cutlet helium mole fraction which could be approximated by a decaying
exponential at long times. The logarittm was thus taken of the outlet

lium concentration. the slope o©of the linear region being approximately
equal to }:;La/(l-gs). This measurement was relatively imsemsitive to R.
Variation of only 10% between R = 0O and R = « vas calculated for any given

B,La measuranent. Values of kLa could thus be determined independent of ary
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gas phase assumption.

In the Fischer-Tropsch studies, ka was not measured directly, but was
rather related to conversion (X). The methed of analysis used was from
Satverfield and Ruff (1982), which related ELE‘ and X as follows:

L1 1 7 1 -
Hi'py ( sg) -

+

XS,  Kr R

A change in B‘Li thus d;id not result in a proportional change in conversion.

Exper iments were first conductad without inert solids present to
escaslish the variation of a and ka with stirring spoed. (Figures &
and 5). Both varied linearly with stirring speed cver the r;ange encoun~
tered in this study, assuming R = O. This linear relationship has also
been reported by Mehts and Sharma (1971) and Sridhar and Potter {1982) .
When a CSIR in the gas phase was assumed R = =), the calculated inter-
facial areas varied nonlinearly, showing sharper Increases at higher
stirring speeds. Various volume sractions of the sclids indicated in Table
2 were then added to the systems at constant slurry volume to determine
their effects upon @ and ELa (Figures 6 and 7). A linear decrease in both
2 and H,LQ with volume fraction of inert sclids was chserved at all stirring
speeds encountered in this study .

The decrease in a and K3 was independent of particle size over the
range of sizes examined in this study. This can be observed by campar ing
the values of a and ka2 for soda-lime glass in Figures 6 and 7. This
result wos also demonstrated by ledakowicz et al. (1983) . but only for BLR'
The decrease in both g and ]gLa was alse independent of particile density .

The hollow glass spheres used in this study were compesitionally similar to
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the solid glass beads, but varied in density by a factor of almost four.
The effect of particle density was thus able to be tested free from the
effects of particle composition. This independence of both g and kn“._‘a, from
particle density also indicates that stirring speed is the proper basis for
comparison amcng gas-liquid-solid systems in mechanically stirred vessels.
Constant power is often used as the basis for comparison in stirred vessels
(Joosten et al., 1977); however, in this study the plots of kia‘ ard a
versus volure fraction solids would not have remained colinear for varying
particle demsity had they been reduced to a constant power basis.
igcher- cti St

The steady state measurements in the Fischer-Tropsch reacter showed no
significant effect of imert particle loading upon conversion under partial
mss-tra;rnsfer limitation at 320 rpm (Figare B8). This result was cbtained
in both Fischer-Iropsch runs, which duplicated each other in most respects
except for the choice of inlet H2/® ratio. Only the results of the second
run are displayed here. These results seemingly do nct parallel those
abtained for the unsteady state L;La studies, which showed a decrease in kLa
with solids loading. However, the mass transfer resistance in the Fischer-
'i&-opsc.h reacticn represented only about 20% of the total resistance to mass
wransfer. From the unsteady state determination of }_gLa_, the addition of up
to 20 volume % of inmert solids can cause a decrease in B.La of about 213y
(Figwe 7). When the slwry volure increase due to solids addition is
accounted for in the Fischer-Tropsch reactor, the expected k a decrease is
about 107. The predicted decrease in conversion in the Fischer-Tropsch
reactor with inmert solids addition based upon the unsteady state measure-
rents of Kk a was thus only calculated to be a maximm of about 2 (23 X

13%) . The calculated and cbeserved change in conversion matched within the
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acauacy of the measuremsnt.

The amount of decrease of a and kg a with increased solids loading also
varied moderately with particle composition. At high sclids loadings, Ka
and a decreased more in the presence of polypropylene than any of the
glasses. even though the density of the polypropylene is between the
extremes of the glasses. The polypropylene particles are granular, while
the glasses are spherical, but this possible effect is discounted since the
decrease in kLa is independent of particle size. This effect was also
reported by Joosten et al. (1%77) for B,La reasuraements, although attributed
to density effects in their work.

D .

Measurements were performed to determine }:;La and g in identical
vessels using identical slurries. This procedure should thus allow direct
calculation of K . based upon the ratio of kLa. and 3. However, imprecise
lowowledge of the gas phase RTD did not allow a to be calaulated exactly.
The values indicated in the figures are based wpwon R = 0. If R is assumed
constant at a fixed stirring speed, though, the relative effect of particle
lgading upon B‘L can be ascertained. Figure 9 indicates the variation in EL
with solids loading at 950 rpm. This is the value of BL for helium, since
the IgLa experiments were conducted with helium desorption. The value of g
in the absorption with reaction eperiment was assumed the same as the
value of 3 in the 1&3 measurament . Sharma and Mashelkar (1968} demon-
strated that g was independent of gas composition, justifying this assump-
tion.

No variation in B‘L with solids loading was observed, indicating that
the decrease in k-2 can be attributed entirely to a decrease in a. This

result is consistent with the work of Calderbank and Moo-Young (1961).
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They identified two huhblé classes, rigid (small}) or elastic (large)
bubbles. They cobserved that K is constant within each hubble class, is
smller for rigid bubbles and varies linearly with bubble size in the
transition region between classes. If the addition of solids were causing
bubble coalescence and  concomitant bhihble diameter increases. but only
within one class of bubbles, both dbservations in this study would be
eplained. The value of g would decrease while that of kL would remain
constant.

No successful theoretical framework has been proposed to encompass
mass transfer in three phase slwTy reactors. Joosten et al. (1577)
attempted to correlate variations in kg a due to increased solids loading in
2 mechanically agitated vessel with apparent viscosity, the bulk property
¢f the slury which changes the most.  However, while this correlation
allowed them to explain differences in particle size upon kLa, it allowed
no simplification for particle density or composition differences.

The results of this study indicate that such a simplification may be
deceptive. Theories for mass transfer propose that kL is proportional to
diffusivity raised to a power between 1/2 and 1. Diffusivity is in tum
inversely proporticnal to viscosity. Converted to a relative viscosity
basis, orme would thus anticipate that kL would decrease with increased
selids loading. The fact that EL in this study instead was constant serves
to clarify the difference between macroscopically and microscopically
measured fluid properties. Over the length scale important for diffusion
(and hence mass transfer), no effect of particle concentration upon mass
transfer would be anticipated.

Additionally, experiments Deasuring thé change in mass Uransfer

parameters due to increases in viscosity yield differing results depending



upon whether the viscosity increase is caused by the addition of sclids or
py the addition of a high viscosity fluid. Sharma and Mashelkar (1968) and
Ardel-aal et al. (1966) demonstrated an increase in gz with increased
viscosity for a glycerol and water mixture in a bubble column. Godocle et
al. (1983) and Gollakota and Guin (1984). however, reported that a
decreased with increased viscosity caused by increased solids loading.
Clearly, the mechanism for micble coalescence and breakup depends upon how
the viscosity increase is brought about.

Godbole et al. (1983) have attributed the changes cbserved in a4 With
increased solids loading for different solid compositions to wetting
properties of the solids. This was done for an aqueocus sulfite solution in
a bubble column. However, in the present study, all particles used were
completely wet by the organic solution. This suggests that ancther mech-
anism must be operating to cause the reduced interfacial area with inert
solids loading.

Irerfacial area is determined by the extent of both hubble breakp
and sdbsequent burble  coalescence. The orifice Reynold's number
(NRe,O = 4ro{=d° ug) is the key parameter characterizing the amount of
kinetic energy in the gas available for buitble breakup at the exit from the
orifice (Bnavaraju et al., 1878). For the high NRe,O used in this study,
Phavaraju et al. (1978) have shown that buble brea}c.:p is independent of
the properties cf the liquid. Comsequently. a marked effect upon bubcle
breakup is not expected by increased solids loading. An increase in kuibble
coalescence due to increased golids loading s thus hypothesized as the
cause of reduced interfacial area. Perhaps a cage effect is ocourring. As
mibles move toward each other the concemtration of solids immediately

suwTounding the busble pair could imcrease. The resistance this cage would



provide could increase bubble contact time and enhance coalescence prob-
. ability. The cage of particles around colliding bukbles would provide the
major mechanism for bubble coalescence to which decreased interfacial area
is attrlib..lt.ed. 'Wetting differences would b;cvide a secondary mechanism.
The presence of sclid, nonwetting particles could in@ce bubble coalescence
via a bridging mechanism. As two bubbles a;:proach, particles in the film
between them or attached partially to ore butble or another could at some
peint contact beth bulbbles. The lowered surface ten.s.ion at the ukblie and
particle interfaces would provide a mechanism for increasing bubble contact
time and would thus emhance coalescence prabability. This additional mech-
anism would explain why polypropylene particles exhibited a greater rate of
area decrease at higher solids leading.

E:QD’“‘H_S J ons

The overall mass transfer coefficient and the interfacial area
decrease linearly with imnert solids Jloading in a mechanically agitated
vessel. The decrease in kLa. can be attributed to the decrease in a: K is
independent of solids loading for the conditions of this study.

Beth BLa and a are independent of particle size in a mechanically
agitated vessel for particle sizes below X0 . m. Both are also independent
of particle density. Stirring speed is shown to be an appropriate basis
for comparison of mass transfer parareters.

At high solids leadings kLa and a4 become dependent upon particle
corposition. Particles which are more nonwetting cause a larger decrease

inlgLaa.nda.
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NCMENCLATURE
a measured interfacial area per volume of slurry (m /‘m solid + 11q )
dretR calculated interfacial area assuming CSTR in the gas phase (m )
3R calculated interfacial area assuming PFR in the gas phase (m )
A gas phase species in reaction {usually 002)
[A*] saturation concentraticn of A in ligeid (kg m::l/‘m }
B liguid phase species in reaction (usu.ally HA)
®B,] bulk concentration of B (kg.mol/m )
A cyclchexylamine

(@) bulk concentration of QA (Kg. m::l/‘m )
[G-EAO]O Uik concentration of (HA at t:0 (k3. m:u./m )

[,*] sa-uration concentration of (O, in liquid (kKg. mol/ma)
[ODZ*]eq concentration of CII)2 in equll;brlum with amme (kg. ml/m )
c concentraticn of solute in bulk (kg. mol/. )
c o concentration of helium gas exiting the reactor (kg. mol/m )]
Cg* concentration of heliun gas inside the reactor (kg.mol/m”)
C‘U ave average concentraticn of helium gas inside the reactcr (kg.mol/m)
C, concentration of solute at the interface (kg mol/m )
ol concentration of helium in ligquid (kg.mol/m )
C: sat heliln saTiration ceoncentration in the liquid (kg mol/m )
d. d.. dg de diameter of baffle, impeller, orifice, tank (m)
DA’ D, D%, D ;llggsglg :;eAlch;_ug{T-n C/Jgf helium,
molar flow rate cof inerts (usaslly NZ) {g. m:l/s)
H Ostwald coefficient for helium {ml dissclved gas/ml liquid)
He, Hiy Henry's law constant for CD or G, Hz (kg.mol solute/MPa- m3 lig.)
Ker first order kinetic rate constant for Fischer- 'I‘ropsch ™. (s-l)

gas phase mass transfer coefficient (kg.mol/m s-MPa)
liquid phase mass ransfer coefficient (m/s)

K
g
)
kL. y liquid phase k‘L. for hydrogen (Ws)
o?
k

a overall mass transfer coelficient {s™)
rate constant for irreversible reaction;
— -
m order in [A'], nth order in [Bj 3 (mwaﬁ Bﬂtg.mlmn 15)
“12 rate cocnstant for irreversible reaction:

1st corder in [33 *]. 2nd order in {G{A ] (= /‘Kg mol s)
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order of reaction in gas phase component
Hatta number = Dk (A} (B,17/[ (=0 1)k 2]
order of reaction in liquid phase component
nondispersive infrared analyzer

mass flux (]-cg.ml/mzs) |

orifice Reynold's rumber = o/ u
partial pressure of solute in bulk (MPa)
paftial pressuwe of solute at the interface {MPa) -
partial pressure of hydrogen in the reactor (MPa) -
total pressL;re in the reactor (MPa)

pu.rge or reaction gas flow rate (m3/s)

recycle ratio = flow of recycle/flow of fresh geed {-)

kinetic reaction rate of 00, and CHA (kg mcl/o”s)
rate of transfer of A or CDz into the liguid (kg.m::l/mzs)

standard temperature and pressure (0.101 MPa, 20 °C) for gas
flow rates and physicochemical properties, unless specified

space velocity of inlet Hz .and QO (kg.mol/m35)
ton number (Table IV.2) = aVG Dk (B 1" @ep) ™ 112/
time (s)
thermal conductivity
temperature (XK)
sperficial gas velocity = Oh/V (m/s)
velume of ungassed slurry (m3)
moles of A inlet feed/moles inert inlet feed (-)

moles of A inlet plus recycle/moles inert inlet plus recycle (-)

moles of A ocutlet/moles of inert outlet (-)

conversion (-)

mole fraction of A in inlet feed {-)

role fraction of A in ocutlet {-)

stoichiometric coefficient relating [A*] to [BD} {-)
gas helcdp = volume gas/velure ungassed slurry (-)
solids'ho'ldup = volume solids/volume ungassed slurry (-)
gas viscosity (kg/m-s)

gas density  (kg/m")
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