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The initial analysis ¢f the experimental data, by J. K. Frey and
G. N. Brown, used & tanks-Inm-sertes model [1). This sect'cn summarizes
the thecry and results af that analysis.

A. Backaroupd

xirg in rti Svstems ¢ Fh Mixin

Macromixing is a term used o describe the distribution of
residence times of fluld elements through a reactor. The degree
of macremizing is guantified by the residence time distribution
(RTD) or exlit age distribution E{t) defined so tnat the fraction
of fledd 1n the exit stream with age less than t) 1s

t
| ECE dt (3
)

The mean restdercs tims 15 given by

— oo )
taft ECOdy (4)
o
= /4 {E]

The exnit age distribution is obtained experimentally by inlecting
a puise of tracer and measuring the response at the reacter outlet.

ECt) o —C€1) ¥
[ cttrdt
o

where C(t) 13 the concentratien at the reactor outlet. E{t) {s
simply the normalized reactor outlet concentration.

The use of rlassical residence time distribution theary for
predicting reaction conversion in reactors 15 valid for linear
reaction systems, such as first order reactions. The ccnversion
of a first order reaction depends only on the tims allowed for
reaction. In thls tase, tws extremes of macromixing can gocur.
Qne extreme of magcromixing i3 represerted by the CSTR, which has
an exponential distributicon of resldence times. The gther extreme
of macromixing 1s represented by =he plug flow reactor {PFAJ. in
a PFR, since gvery element travels through the reactar with
exactly the same residence time, E(t) would be a spike if 2
perfect impulse were Injectad.
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Residence time distribution theory can be used with non-linear
reaction systems 1f a premixed feed stream is available. However,
macromixing characterization is not sufficient to determine
reaction conversion in the non-linear reaction case. Micromixing,
defined as the mixing of molecules of one age with molecules of
another age, is also important for non-iinear reaction kinetics.
For a PFR, molecules of different ages cannot mix, so micromixing
effects cannot occur. For a CSTR, Nauman and Buffman [18) state
that micromixing can affect the conversion of a second order
reaction by only 74. For the LPMEOH PDU, micromixing effects were
negiected and the characterization of macromixing in terms of the
PFR and CSTR extremes was studied.

Once the macromixing information is experimentally obtained, the
age distribution function can be used to predict reactor
performance in two ways. The first way is to calculate the outlet
concentration (Ca) based on

Cp = | Catt) ECD)dE (7)
O

where dCp = rp
dt

with Cpl t.0 = feed concentration
(Ca(t) is the concentration of A in a batch reactor.)

The alternative method is to fit the measured E(t) function to a
tanks-in-series model. The number of tanks and the tank residence
times are used as adjustable parameters in fitting the model to
the data. If the reactor behaves as a CSTR, then the mode) will
predict one tank. If the reactor behaves as a PFR, then there
will be an infinite number of tanks-in-series. The
tanks-in-series model can be used to predict reactor performance
by these equations.

dC C -C
An “A(n-1) An
dt = . -ra n = }, . .. N (8)
n .
with 1, = Vp/Q &)
and EA = CaAN

The number of tanks (N) and the tank residence time is evaluated
by fitting the normatized data (Epn) from an impulse/response
experiment to the following equations.

1 _0 1 (10)
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where £ = Fraction of a tank
Ep = a Gausstan impulse

II_ -
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ED = &xp ]* 2 : [ ’-] (&)
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The adjustabte parameters (tr, number of tamks) are adiuzted by 2
Newton-Raphson algorithm or a twe varlable search atgorithm unti
the error between the respomse data and Ey 15 a mintmum.

Mixing in Batch Systems f5lurry Mixing:

S4nce the sTurry phase does not leave or enter the reactar, a
residente time distribution ana®ysés 15 not possib'e. A nimerical
solub'on to a reli modél with 2 Gaussian tmpalse was choses -as the
mizing model to provide an amalysis of the slurry consistent with
tne gas phase analysts, The c21) model chosen far the Tiguid
rhase 1s similar to the gas phase model except backm! xing cecure
from the upper cells o lower cel’s and there §5 po aJdtlet

stream. The eguation: arg:

et O T Bl .
c 3y

dt T,

dac C - L, + C

il | i-1 1 141

e T P =200 0 K-

T 0

it - 5)

N
{hhere Cpo 15 giver by equation 12}
The adjustable parameters tn this model are N ang ti.2.. . .tW

and are determined vsing a Newton.Raphson adgorithm. '~ '

& r kar

An excellent review of mixlag tn gas-liguid reactors s provided
ky Shah, et al. [200. 1r thig review, methods for measuring
resldence time distributions, mixfng modele, data anag'ysis, and
various mixing studies are discussed. It 1g apparent from this
review that much ¢f the m'xIng work has heen done with air-water
systems. smzl” tolumns, or Tgw 3as velocities.
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B.

Mixing references titing large scale, multiphase reactors zt kigh
temperature and pressure ‘nclude articlec by Nalltham and Davies
E17]. Tarmy, et &1 [21], and Fteld and Davidsam [21: however. the
highest superficial gas veloclties reported were 0,05, 027, and
0.18 ft/s, respectively. & mixing study on the liquid phass
methanol reactor provides needed miving data for large scale,
mrltiphase reactors onerating at high temperature, high presscre
and high gas veloclty with organic ligquids and gases.

f rical Anzlysl
t Mlging ! 1 1

The most suitable place <o measure the residence time dlstribution
(RTDY 15 at the reactor ovtlet whero there exists & uniform
velocity profile [22]. 1In the LPMEQH reactor, however, gas mixing
information ottained at the reactor outlet !ncludes the mixirg
Febhavior of the gas in the sturry zection and atso the mixving
tehavior of the gas 'n the freeboard section., Hixing of the gas
in the slurry sectlor §s of primary impartance for predicting .
reactor behavior. 7o satisfy the condition of a uniform velocity
orofile at the measurement locatior and to satisfy the requirement
of obtaining an RTI for the sturry section, the numarical analysis
gssumas; the freeboard 15 3 plug flow reactor (PFRY. The response
from the outlet detector i< shifted in time by a time eqrivalen+t
te the height of the freeboard divided by the gas velacity. The
resulting RTD should be the RTD of the gas in the slurry region If
the freeboard is a PFR.

The normalized data were T1t to a two dimensional model. As
discussed by Shah, et al. [20], evalvation of mixing parameters
from the variance of an RTD curve cam be inaccurate when there 15
uncertainty 1a the tall of the response curve. To minimize this
grror, mixing parameters were evaluated by comparing the numerical
solutlon of a tanks-in-series model to the actual data. In thit
way, each point carries an equal wetght 1n the optimization
routine. For the gas phase data, the mode! (equation 10, 117 was
a series of C5TRs of equal wolume with no backmixing between
CETRs,.  The number of CSTRs 11 serles ang the individual residence
time of each CSTR were the two parameters that were adjusted to
minimize the difference betwgen the experimental curve ard the
cafeulates curve,

The tnlet impulse was defined by a t'me 1ag, a splke width, and
equation 12. A lag-‘ime parameter was used ‘n the model fitting
algorithm “o account for the time which elapsed betwsen time zero
and the actual injection time. These parameters wersa determined
fozr each injection by diresz= exwamingtisn of the normalized Impulse
spike data. The spike lag time was determined by the following:

Spike lag = {(splke peak point & 13 4 T (sec)
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The spike width was determined hy:

Stama = (B Ed ir = ding Edge Point #i« AT iser)
2

For the analysis of the sTurry level detectors, an additlonal time
tag was Included that represented the time the gas took to travel
from the liguid level to the detectors sbove 11quid level. This
was done to account for the detectors not being precisely at tne
Flguid level. In these casas, the additicnz! time lag was
estimated assuming the gas behaved Tike a2 PFR in the reactor
freeboard. Ar examole of 3 typical madel Fit from this analysis
15 shown tn Flgure III.B.1-1. For the ya: phase, the anaiysis

of the detectors directly above Tiguid level and the reactor
cutlet were of most interest and the model fits were determinad
Using each response.

The results for the rumber of CSTRs in series Tor the a5 in the
sturry region are reported in Table ITI.B.1-1. HNote that bzsed

o1 the outlet detectors, the number of CSTRS th the slurry
Tnereases with an increase n gas velocity ard the number of C:TRs
in the slurry decreases w!th a decrsase in L/D.

The detectors directly above the slurry level were also used to
aralyze the gas mixing in the $lurry section. The number of
tanks-ip-sertes as a function of gas velocity calculated from the
slurry ievel detectors for cases 1-6 are U1lustrated in

Figure ITI.B.1-2 and 1istez 1n Table I1I.B.1-1. The

caliulated model parameters ¢N,t) are listed in Appendix C for
each Tiguid Yevel detector and each case. &g ga5 velocity and L/D
increases, the slurry regicn behaves more 1ike a PER. This trend
agrees With that predicted by the outtet detectors. Note that in
a1l rases except for the hign velotity case, the mymber of CSTRs
talcutated from the outlet detector 13 slightly less than the
number calcuiated from the Tiquld level detector, indicating that
some degree of mixing is cccurring in the gas space. Although
some mlxing §s present, a majority of the cases show dgreement in
tae number of CSTRs calculated from the Ewo different detectors.
Therefore, the assumption of plug flow in the 935 space does not
have a large impact on the number of CSTRs caleulated,

Flgure 11I1.6.1-3 shows the number of €STRs per /0 as a functicn
of gas velocity calculated From the slurry level detectors. The
Iwo curves of Figure TI1.8.1-2 do not ¢ollapse perfectly into
&ne rurve when divided by L/D because there appears to be 2
stronger deoendence on gas velocity at the lowar LD than at the
higher L/D. The curve of Figure I111.8.1-7 could be used for
calculating reactor pecfarmance within the Eounds of the cutlet
gas velocities C1T¢¥e.5 ftfs) and L/Ds (6. 7¢L/D<10.20) studied.
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By assuming that the freeboard may be modeled as plug flow, the
resporse of the detectors from above the 11quic level may be ysed
without interference from tracer tha® has backmixed from the upper
9385 space. If the assumption 1s carrect, the rFesponse from the
reactor outlet should te ldentical to the responte from the Yiquid
level but shifted by a time representing tha time to travel
between detectors. If the assump*ion is incerrect, nixing wil;
QLcUr 19 the upper gas space and the cutlet detector Tesponse will
be much brozder than the liquid level detectors response .

Figure IIL.B.1-4 i1lustrates that a* high gas velocities and

L/D, the assumption is goos since the outlet detector response 1:
orly slightly breader tham “he 1iguid level response. A+ the
lower gas velocities anc especially when taere is a small L/D
{large freeboard), the ocutlet cetector response appears to Be much
broader than the liguid "evel response and the freeboard plug ftow
acsumpticn may ke in Jecpardy. (See Figure IIL.B,1-5.)

The total residence time For the slurry section vsing the two
detectors described above was calrulated by multiplying the
ingividual tark residence time By the number of tanks, The vatues
of the total restdence time are 1iste? in Table IT1.B.1-1. The
total restdence time from the outle* detector shoyld be identical
to the residence time fram tha slurvy level detector since the
outiet response was afready shifted in time by the freeboard
residence *ime. In all rases, the res'dence times caleulated from
the cutlet detector are larger tha+ the times talculated from the
slurry level detector. At Jeast three effects rould be
responsibie for this:

1) The radicactive argon ¥s5 not passing through ir plug flow in
the freebeard, but rather some i3 remaining for lenger times
ane ccntributtog to a kigner residence time for the outiet
detector. Tre total residence time s prabably quite sensitive
to a smalil amount ¢f tailing because the prodyct RECEY will
Loniribute significantiy to the integral
T m JREECEIdE 4t Jarge times.

2) Shielding ard the width of the reactor may cause the licwid
level detector {0 miss the 1ow levels of radiation that pass
through 1n the tail, while the ocutlet detector may detect this
tail.

3> As discussed by Levenspiel and Turner [22], a neneniform
velocity profile at the slurry level Mmay contribyte to a
different residence time than gbserved where a untform velochty
profile exists. :

The plug flow assumpticn #n the Treecboard f¢ ; good assump*ian to

use a5 & first approximation. For the slurry residence time, the
resuits that obey the z:sumpticn very well are the resylts at

- 19 _



Table IZT.8.1-"

Gas Mixding Behawicr uf the Slurry Valume
Based on Twy Cifferert Responses

Gas Yelocfty Basad on Basad ¢n
Case ftrs Surry Leve' Detecter Cutlet Detector
Tetal Tntal
Fesidence Resicence
Time {sez) Time fseg)
Humber for slurry Numbe far slurry
of L57TEs septian of CSTR: sectiane
! 25 2.8 + 4 42 + 3, 2.2 + .3 4.6 + B
2 5 1.6 + .5 s+ 1. 2.3+ 3 N.c - .8
3 .G £.1 + .4 £+ ¢ 4.2 + .7 26.8 + .6
4 N £.8 + .3 18 + 1, 2.2+ 0 27.6 + .7
5 25 1.6 + .5 40 = 9 1.01 + .01 71 o+ .8
6 .18 1.2 + 1 81 £+ N 1.02 + .0 108 + 3
* tim2s have been reduced to account fo- 335 volume zbove s5lurry
Tab-= ILI.A.:-7
Theoretical Iesicence Time {V/0)
/T [ser) WA [tz
Lsins Gas dgirg Total Gas
Gas ¥Yelgocity Votume in Slurry and Siurry Vo' ume
Lase ftis L/fw= Sectiagn in Blurry Section
1 .£5 9.k ¢0.6 i1
i .5 10,5 4.2 5.
3 8 0.4 2.4 1.4
4 .3 1.4 9.9 27,
t .25 6.5 13.5 49 %
& J1A B.2 14 .4 634

*wtotal L/D of reactar = 13.3
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Inlet gas velocittes greater than or equal to 0.5 ft/s at the high
L/D.  The residence times for the Tow velocity cases at the low
L/0 with the plug flow assumptton are iIn poor agreement for the
two different detectors.

A theoretical residence time (V/Q) was calculated and compared to
the restdence time calculated in the curve fitting.

Unfortunately, the volume (V) that the tracer gas "sees” is not
well defined for the liquid phase methanol reactor. The
theoretical residence times based on the gas holdup volume in the
slurry and based on the total reactor volume in the slurry section
are listed in Table II1.B.1-2. 1In all cases the theoretical
residence times calculated using these two volumes shown in Table
IIT1.B.1-2 provides bounds to the curve fit restdence time from

the Tiguid level detector shown in Table III.B.1-1. This
indicates that argon gas (1tke CO and Ho) is soluble in the

sturry and that the volume the argon “"sees" is between the gas
holdup volume and the total slurry volume. The Alr Products'
thermodynamic data base (Peng-Robinson equation of state) predicts
that gases such as-Ar, CO, and W, are 10-20 mol% soluble in the
o011 at the operating conditions.

. Liquid Mixing Numerical Analysis

A 3-cell mode! (equations 12 - 14) was compared to the liquid
mixing data at elevations of 44, B6, and 230 inches. The reverse
flow rate was set to be equal to the forward flow rate. The
analysis for the Tiquid tracer concentrated on finding mixing time
constants for each mixing cell. The experimental data at all
elevations are shown in Figure III.B.2-1. A Gaussian curve
centered at 11.4 seconds, with a width defined by sigma of

5.9 seconds, was used to simulate the non-ideal impulse spike.

The result of the model fit to the data is shown in

Figure III.B.2-2 with cell time constants of 7.4, 20.6, and

13.4 seconds. The 3-cell mogdel gualjtatively accounts for the
observed behavior. However, the model curves do not reproduce the
mixing behavior precisely. The model reaches an equilibrium,
concentration at 60 seconds, but the observed behavior shows a
slow approach to the equilibrium value. Nevertheless, a majority
of the Mny03 is well mixed within 60 seconds. However, since

it appears %hat a significant amount of the gas is dissolved in
the liquid, some of the effects of Tiguid mixing are accounted for
tn the gas residence time distribution.
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