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Attached is a copy of the paper which Dave Ying has identified as a likely
basis for modelling his solids accumulation data. The model is based on
diffusion superimposed on bulk flow - as you have suggested - and it has
the following features:

1. The particle flow equation is numerically integrated over all the par-
ticle sizes in the system. -

2. Liquid velocity is found to be important in determining the particle
concentration profile (see Figure 4).

3, Stokes' law {or a more generalized drag coefficient) 1s used to predict
particle/1iquid slip velocities.

4. For co-current upflow of solids, liquid, and gas, 2 solution to the
unsteady-state equation of particle flow is required; a rigorous ana-
1ytical solution could not be found.

1 think that a set of solutions to the transient particle accumulation equations -
covering the required ranges of the variables - could be generated relatively
easily by numerical techniques. These solutions could be compared to the re-
sults to see if the model fits. During Dave Ying's and my discussion of this
program with Ken Smith on 10 January, Ken indicated that he did not recommend
using calculations of the moments as a basis for fitting the mixing data.

The results of the solids accumulation tests with ethanol/water mixtures 2as
the liquid phase may prove to be difficult to explain. (In these tests, the
steady-state concentration in the column was independent of position, but was
higher than the feed or outlet concentration.) Ken suggested that surface-
active effects, with particles being carried completely up the column at
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liquid/gas interface of the bubbles, might provide an explanation, provided
that some of the particles settle back into the column when the bubbles reach
the top. An alternative hypothesis is that liquid mixing is very different
in this system due to the higher viscosity and/or the presence of the large
number of small bubbles.

[

R. F. Weimer

aee

Attach.
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CATALYST SUSPENSION IN GAS-AGITATED

TUBULAR REACTORS

R. COVA

Reswarch [epariment, Orzzaic Chemieal; Diciion, Monsnate Ca., Scint Loz, Ma!

The susoension of cotalyst in o gos-agitaled 1.8-inch i.d. reoctor wos abserved for the cases of Roney nickei

calalyst in waler cnd in ucelone,

The eFects of gas onc liquid llow rotes were investigated. A model

wes devaloped which pradicts the calalyst profile in a reaclor s o function of pnysical properties =nd
operaling conditions, ond was opplied with syceess'to balh laboralory ond plant scole reactors.

Titf. applieation of seaction kineties to the scale-up and
design of wbular reactors netessitates a knowledge of the
cataly.t concentration within the reaction zone.  Ia the case
of heteroseneous caalysts such 3s Raney nickel this i a com-
plivating actor, in that the catalyst parsticles have a fall velocity
with respect 1o the liguid in which they are suspended.  De-
tawse of this, the catalyse concentracion in the mactoe will be a
function not only of catalyst concentration in the feed stream,

-

but also of the direttion and magnicude of the liquid velocity:

tirough the reactor, mixing characteristics of the system,

position in the reactor, 2nd physical properties of the liquid

and the catalyst.

‘eary

The motions of particles suspendzd in a liquid medium in a
gas-sparged tubulzr reactor may be analyzed through con-
siderniion of the various cornponents of flow,

-in a still Lquid will exnibit a downward Aow under the influence

of zravity. This 21} velocity of the particles, V', is a functioa *
*of the particic size and shape, particle and liquid densities, and -
1f the liquid medium is Rowing in a vertical

dicection, its velocity, }';, will be superimposed on the particie
fal! velocity-- In downward liquid flow che velocity of the
pacticl=s, Fp, with respuct to laboratery coordinates will be
Vp = ¥V, + Vr. -In the countercurrent tubular reactor then

(gas Nowing up and liquid Nowing dowr) the particle conten- -

ttation in the reactor will be less than, or at most equal o, the
concentration in the feed stream, since the particles in
the reactar have a greater bulk velocity than the liquid.  In the
cie of upward liquid flow, Ve = Vi = Vp. Thus, in
the concurrent tubular reactor {gas and liquid buth Rowing
upward) the conceniration of particlss in the reactor will be
greater than, or at least equal to, the feed concencration. .

In gas-agitated reactors there is a third motion to be con.

sideced, that of mixing.  The How of 323 thraugh a liquid in a
tub= hay been shown to induce cansidcrahlc mixing of the
liquid (7, £).  This finw of the liguid will bring abouta sitnilar
flow of the solid particles.
solidds this Row has been successfully represenred by a ditfusion
waism {J, 3, 4. 5). Particle motion in a tubular reactor
1y then be desenibed 2s diffusion superiroposed on a budk
ﬂuu‘.

[5 the following thiz dascription of particle mation is placed
a3 guanticirive basis,
T fRaney nichet amd sienilar
tapsitee over a wigle spectrum of sizes.

catalyses are comngened of particles
Tor ewse of analysis,

M IV T PAAFAESS NIRSIMmA Leim artissane. e

Thus, particles -

-

-

In the cases of hoth liquid and -

the mathematical treatment which follows is concerned with
only one speciss—=ie., size—of particle. When ncemsacy,
the analysis iz expanded to cover all the speciss invelved,

For a differential clement of reactor volume the continuicys
equation for a given specics of catalyst particl=s may be wwricen
as: ‘ .

aC o
——+v ) =0 OR

With the assumption that thers 2re no radial gradienn,?

Equation | reduces to:

np & e

2 d, T %
gt =0 - 2,
- L ’ r\,_‘-_.;‘_

‘The mass Nlux, n,, may be repeesented by a modifcation of
Fick's law. The modification is necessary in order to take into
account the clfzet of gravitational forces on the caalyst par-

ticles. The resultant equation is: LT A
Clp+rd . .~ dC oA
- ""c""'"a";,.f-* - (a)l

where C1°p represents the effect of gravitational forcc on the
particles {17 bring the terininal fall velocity o the particles}.
It is now assumed that r, is small relative to ny, so that -

- L

. PRRCE
L m ¥, - . 74
T, [ L) Vr- {4)

‘ o /7
Substituting inte Equation 2 with the above assumptioas, |
there is obtained:

AC 2~ ¥C -
—+(v,.+l',)—-e——.-o- ®
o . :

In amriving at Equation § it has been assumed in the anpiica- -
tion of Fick's law) that particle mixing can be deseribed her=d
by a ditfusion mechanism. This 2:sumption and the ove e
regarding radial gradients are not universally applicable .t
these gassparged  systems,  The conditioas wnder which
these assumnptions break down are discussed by Aegn and Cava
(1. Foc the cases tuken uuder consideration here  chess
assumiptions preseat ne ditliculty. :

There ace twn cwes w be considered, concuerent are
countereurrent npeeation, I conntercurtent operation, e
liquid ferd cuntaining cutalyst purzicles enters ag the top of 182
reartor, while ooasis htl in at the bowoiz. Sings the particies
have somme dufiite fall selocisyv, they tuul (o praaes down thrih
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£ oat yaetg ncentation i the vdnt is b ihan t

Al B e ol this, steady st S achiesed in istatively

an the

TURIETUN PITIIN noly the cendy stie is of iniporancs
ae, andl Fagrestivn 3 i moditiend v .
DA . . or oC
s U — ik VX S e o ©
heger walutican of Equatian 6 is:
x
Cm At Besplbe + 1%) : (7
‘wa Lrrineliey conditions are now required,
At ti= toop of the reastor (v = L),
dC
Felr = (Ve + Vi), =« = {8)
R Ox n
L the batiom of the reactor (x = ),
. oC
3 Felr m (Ve + Vi)Cr ~ 'EL 9

The firet boundary conditina, Equation B, expresses the
xt that the rare of leed into the reactor must equal the Aow
om the inict plane by bulk fluw and diffusion.  “The meaning
f Equativn 3 is coenpletsly similar.

Applicusion of these boundary cenditions to Equation 7
izlils (ke following:

J_
iFel + [V

¥ ok
(‘ AT mi)exp[- (17ef + lirlJ@]} (10)

10 defines the particle concenteation at any level,
.in the wbe ag a function of the liquid and particle fall
“logitics und the eddy dilfusivity. For the case of a totally:
fxed reactor (¢ = ®), Equation 1D reduces to C = C; for all
s of v For the casc of plug flow {« = 0); Equation 10
duces 0 € = & X |Fef/({07:] 4 |Vpf) for 2ll &. For the
1 of parual mixiog (0 < ¢ € =), the concentrution lics
etaxen Cr X [Fi/{|Vo] + [V)) and €y, incrensing o G,
ix =0 Acvording to Equation 19, an increase in mixing,
a tucrease in linuid velocity, and a decrease in fall velocity all
=ad w higher and more uniformly distribuced catalyst concen.
Gimng,

"= C" 'F

Enuatiua 10 is anplienble only to particles of 2 given snecied

lu apphy the equation to A entalvat such as Ranev nickel jtis

P s ey

wWeeatary to integrare the equatinn over all the pargiely sivzes

This can be done by a numerical
Megrativn using the log-noemzl distribution function to
Lefine the partivle size-concentration relationship.  Srokes'
aw provides the relation between particle diameter and fall
aclocicy.
“Ehie caer for cuncurvear Aow is more complex.
the feedls =nter at the Sottom of che tube.
wed to concentrate in the tube.

nmesent in_the catalvst.

Here, all

by mixing. Lo the case of Ranes nickel catalyse, it was found
andec the conditiuns of the labaratory experiments that an

exr- _ tung time would have bren required 0 build up

sizie. concententions of these heavy particles and achieve the
steady ataie.
Mate canant be ignareed,

For the: steachvesliite soluting the [ollnwing banmdary coadi.
tens ave sallivient:

Alt caalyst particles
In Mact, pacticles foe which ;
)0 > |F.! irave the reactor onty because of the Hows caused

For econcurrent opzration then, the transieny -
i

o - R R ;
fetm Lyl
Atz = L {iop and exit ei), '
"';Cr - (Vt.--—- ."r]cr-".:.ﬁa;. ‘.’ (IZ) :
The steady-state solution then is:
. SRR L e ¢
O m G o — N : .
'{w—w SR
1] ) [ (z. -\
1 = t——— Jexp| = (V) = W, —
( wa-wi)=el - = (5) ] w
. b
For particles with [V, < [V;] Equation 13 predices a concen- Cr: ‘

trationof Cy atc = L. Further down the tube, the conc. atra-
tion ineveases and approaches a litaiting value given by .

LA

- P LA B
C=Cwi-wa
Foc particles with |[V,| < [V,] the predicted concentration ac
x= Lisagzin C,. The concentration thea increases exponens:
tially as z decreases. - .

A rigorous solution to the transient case presented con--
siderable difficulty.. Later on, an approximate transient -
solution will be presented.

In the foregoing equations liquid velocity and diffusivity :
arc based on that portion of the reacior cross secrion which js .
occupied by liquid rather than on the superficial cross section. -
Fquations 15 and 16 give the relationship between the “accual”

and superficial quantities: - »
i - [
: . ¥ breaame @, SO0 T ATy
b Sead 3 S
Vy = = e ‘-dul M (IJ)-.-__
".~ !
' - 1%
¢ - ——— - L.
T—e ¥ ., 5 (16)

s - ,.......-.x.i"--r.-o.-
Experimantal Wark

Apparatus. A diagram of apparatus 3 given in Figure 1.
Experiments were conducted in a glass wube 1.8 inches in i.d.
and 4 fzct long. Sampling taps were mounted on che side
of the whe, spaced 6 to 1D inches apart.  Clear liquid and
concenirated cadalyst sturry were mixed in a continugus-flow
stirred llask to provide the desired slurry [ced to the tube.
The concentrated catalyst slurry was metered through a
Sigtaa pump. The clear liquid flow rate was determined by

L8" 1D X 4'LONG
GLASS COLLIN

CONCENTHATED i
J SURAY , / . ) i

|
L ‘:

) CLEAR LICUID
SALPLING — [ ErmLvenT
Taps -
-1 SEYTLING
TANK
1 u
PUMP
v ROT, MIXIG RQT,
FANK GAS SUPMLY
CLFAR .
LIQuid SUPALY

figurc 1. Schemalic dingrom of coneurrent flow apparotus
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'Figurc 2. Concenlrotion profile for Roney nickel cotalyst
in acetons in countercurrent lube :

4+ Eaperimental duta for Vi = 7.4 frfmin, Vg = 11 t/mia,
Crm 19%

© Eapermwntol darg for Veg » 124 hfmin, Ygs = .1 f1,fmin,
Cy = 3.2%

— Caltvloied profilas {or above tendiliom

r

rotameter. The gas eatered the wbe xt the bottom through 2 -

_sintered stainless sweel gas disperser, which for the water
werirtrents was in the foemof 3 hollow cylinder; for acetnnc,in
furm of 2 hocizontat disk.  The ePluent was passedd theough

a large settling tank for recovery of the catalyst particles.

Clear liquid from the seutting tank was either sewered (water

experiments) or reeycled to the tube (acetone experinienil.
Experimenital Trocedure. [n commencing a cun, the zas

fecd 10 the wbe was started frst and set at the desired magai-.

‘tude. . The siurey feed was then starced.  Foc the concurrent
fiowv case all flow rates were then hetd constant for the desited

length of the experimeat.  During this time samples ol the

eMuent feom the tube were ohtained, At the end of this time

samples were taken [rom the sawmpling taps, beginning dt the

top of the tube and working dowa.  Care was taksn to Fush

the taps clear of sealud solids and to remove the sumples aca

flow rate sufficient ta prevent settling of solids in the lines.
{n <he case of conntercurreat Bow (where steady state conld be

achieved in a reasonabic length of time) the Hows of slurry and

gas were maintained constant until steady stac had been

teached.  Arrival at this point was indicated by equality of

the eatalyst coacentrations in the liquid fred and effluent

streams.  Saruples from the tube were then taken starting at

the: bottem and working vp. )
Samples were anulyzed by two methods. In the casc of

witter, density muasurements with a pycnuineter gave the

concentration ul-catalystin the sample.  In the case ol acetone,
the catalyst was sucked dry on 2 tared sintercd glass fuanel
under an inert aunesphere.” Weighing of thz dnced ¢acalvit
then allowsd calgnlation of tihe catalyst concentration in the
sample.  The variables and range of variablus studied were:

For Water

Superfiei? lignid veloriyy, I /min. 0.94,5 .17 Figure 3. Concentration profils for Raney nickel cota- :
Suprefeial gas velucity, fewin (STP) 3.6-15.0 .~: lyst in countercurrent hydrogeaation piant and piict ]
Run tieme, haars 3-8 plont unils
Fox ACETONE + flpﬂl’heﬂ'ﬂ‘ date for plamt unit 17.4 inchet in diametsr by 74
. . PRI B FOr . - . t lon
-‘:u;u-rlu el tieguied velacity, f. /min. 0.6-.1_0 10t ‘-::vo :, aperimentol dnla for pilal plant it 2.5 inchet In
Supeerfeial gas vetoity, temin. J.6-l50 diomeler by ¢ fact long .
Run titme, huaes 2-k Calevioted prufilay far ubave condinans
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. . : R * . o -
the experitenii wai decrrninetl by the smdimentining meh, o -I

Riipue, beetise it nead § oparticte fall welocities diemidy 220
Since Ll velity cers it dhue calondaidon of Lluu.Lrt:ts'n.;.;n
protiles, o sedinwntation methid i wdeal e these ovmanz, .

e et

Wenii.

An Ancdveasun satitentation pipet was wil.  Dilie daees __
wis placedd in the wdineatation vessel and aliowed e cquisia :
brate in o consiant temperatare biath. “Fhe pipen wis shuken 3
s disperse the shary and then replaced in the bach, Siactine -
at this time, samples were withdeawn at selecied tnes Liom . -
a point 20 em. below the liguid sorfuce, Fadl velovies dige .
wribution was then calouwlated according o the Inliwing © &
frusoning: At _giw-n titnie, f, ali purtfc!-.-« FELHLY i th;
shurey at the sunpling poinc had full velocities eoquad o ne leys
thun 20/t ¢, per wait tiene, Feonu mensureiments of oesgen. 7
tration in @ serics of such samples, a plor of foll vebeioy disa
tribution was develuped.  Stokes” liw was wed o teanalate tail
velocity snte paticl: dinmeter:

18 u¥s o
d, = m——— 17 H
’ \/ P ( 7)‘_,._.

Sinve these particle discributions ollowed the log-vormal
distribution liw, they were plotted as /; on a fugarichiniv scale
against weight lvaction on a probubility scale. .
Scditnentation experirments were carrt=d out with Raner
pickel catalyst in water and .« aumber of organic liquids. .
From rhese measurernents the Ing-nurmal distribution funiion -
paramcters were calculsced, ST "= 137 microns ine€ian pare .-
ticle diameter and og = 2.06.  Fall velecities for uzeione
and fou the reaction Mmaises in the countercurrent reactors were
calculated using thess parametsrs. .-

Discussion of Resulis
Pacticle Mixing. ‘One problem in the calculation of 3
catalyst profiles is the need for-aa appropriate ditiusivity for i . L
the solid particles. In_the following apolications it has been % -
agstned that the diffusivicy for the solids i3 the same as foc the's
liguid > - The validic: of tive assmption is demonatrated by 1Be
work of Kalinske aad Piea {(3) on the swn=nsion of saud ia
Aowing streamy. Fuether verifcation wa, given by experi-
ments in which gas wus blown through water containing
particles of sand in the 1.8-inch wbe. The diffusiviey for the 3

2 T 4 T T
22| + .
. 20 + 7
- 1 -]
“ N
w ' + -3
D =
; 12 =
= 10 ~
P"
x -
@
w 1 =4
T g . :
2 -t
°o A B 12 - 1a 20
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ctivles wae Fveensially the gane! as 1) st ineusirea Tor - 4 URCS Gerr e, g

ek pY . o AL
/'_ prc waier (1) wuder the sune conditiens i * How fate, ! © Lhus, o the plant e e, i el Ievel ofetriineg siv e e oo
f"‘“ Lu¥, of ciwirse, rezives in which this ':s‘urupuun wolbe luv-hl cntfurin n.u.‘\h 4 rame !.lluom thessrshong sus vl oo
sy alid=—toF example, larue hoeavy pu -irles in a=! " ghly fuicl J_ Wl the ematisi. o il p.lm fivt eetmztor with a unch jower
"‘_,;1 an woekl obviewly be lictle affected by” nurma( mmng' Al el of mmu". Ealgit eontentrinns were seneeadly fower
- il the iquid,  Peskin £35) aml Friediimive () ¢ discuss this and, varu.ll cunsiderably with fieishe o the ccars, l ’
« ot Teagth. - Concurrent Gre. “The diltic nlty in haelizg & risorgus
tipuict diffusivities wseal in the caleulations helow were solumun ol the cuncuwirent cay lad o un attent o fod an
when fum ov estianued fronn the wark of Argo and Cova (7). approsimmare slution.  Consider the catalyst as divided jaems
Countercurrent Cave.  Two countercurrent catalyst sus- various [fenctions according o size. To each Iruction any
pefisia? experiments in acewens were canvied vut. Catalyst averaye fall velocity muy he assignel by means of Stokey’ b, «
 prafiliewrre caleula=d using Cyuation 10 in conjuactinn with Fructions with simall and inteemediute full velncitics will .
2 lag-rurmal diatridation function for particle size.  The otal achieve swadysiale concentrations in the wbhe, For thewe °
ﬂ”;_\,{ canceniratica at any level was then caleulutzed by the fractivns the catalyse profile is caleulated by Eguation 13 for .
Elawing cquations: the steady state.  Fractions with large fall velocities witl o .
. . — o (d,) = In AT achieve sufndy_smtc bc:ausc.they tend o buiid up o high -
exp { ————— ._.._......._} concer.'rations in the tube.  Fur these fractinns tac assunrtinn-
Ce- j (Inop) % . is made that the concentration at any time at any level in the -
. Ve XIne' ‘ tube is some fraction of the steady-state concensmation at thae &
level 2ad thau this [ractiva varies only with time (not withy
V.l ' - Vi . level in the tube).: With this assumption it is then relatively
Cr TAENZ Vel + (¥l " ety to calenlute lransient stacs catalyst concenteation. In-.

tuitively, this assumption is reasonable, .
) — WV + 19 . 1t i3 now necessary to consider some lurther mathematical
" exp [___."___"l'] dlin (d,)] (18) development. 'With the above stated assumption, the time- "3
L dependent and position-dependent portions of the concentra- -

and Stekes’ law, tion function are readily separable. ' Thus, this fuaction may

, ednld,) 09)— b= writcen as
L . ) . O} = O X Cx) 5 (21)
Where the particle Reynolds number was greater than 1.0, where G(t) is the above-mentioned fraction (u funetiun of time
Stohes' law was replaced by the more gencral equation: - only} and C,(x) represents the sicady-siate concentration at
- — point 1 {a function of « only).
(_ ¥V, = /‘ £d,30 (20) The form of G(1) can b= determined by a material balaneer
. Vipc® on the particles over the entire rube for the titme interval ¢

where €% s the drag cocfficient 2nd is a functinn of particle between sand 1 + . Th" )ldds lhc l'ollc.mng q“a""’“‘

Reynolds number, ([c"(,)] i :
From [igure 2 it can be scen that corvelation between theory - _"_'l-ci' - V,,C' (") Lol @

and experiment is excellent cxcept near the op of the tube, wid R AT

where deviation is coused by a rapid increase in the oxperi- where G (f) = average concentration H'l 'hﬂ tube at time ¢

mental concentration. Lquation 10 does not predict this {a function only of 1}, and C,i¢) = concentration of particles in

sucden inerease, which is caused by the cunfiguration of the the efluent streamn at time £ (a functivn only of £].

sturry [aed infer. Very likely this could be taken into 2ccount Now,

~in the thearetical development by assuming that the catalyst L L '

particles enter the tube with zeco fall velacity,  Since 2 short “LCqe(t) = f Clx)dr = €(1) ¥ f C.lx)dx (23)

finitz (though calculabls) time is required for the L ciicles to o1 . ’

accelorate to terminal (all velocitics, there would be a narcow and ‘ ‘

bamd ar the top al the tube where particle cancentration would G() = CU) X CLL) = ClC, (29)

be cuzater than at lower levels in the tube. Because of mixing, Substiwting into l"quauon 22 and integrating there iz obtained:

however, this band is spread our, giving a cegion of high —— L,

ca:ul?'nt' concentrarion, as i wen in Figure .2' Cons?tiFrntion : In “ - C(:)]' - ¥y ‘).C Cr X ¢ + 4 ) ('25)

of this in the thzory would iuvolve replacing a tonstane fail ] R e

seloeity by ong which is a funcrion of rusidenge time of the : . f. C (')d" - ,

particles and than salving Lquation 5 for the teansicnt state
in auder 1o ohiain particle residence time distribuations.
Cxperimentation on a  plantscale  hydeegenation  unit Aty =D, Gl =0 (26)
alfurded an cppwreunity for fucther checking che validity of ’
the mudel and i application o larger und operating gas-

One bm.mdan, coudition is requiced.

The final cepuation is then:

ergd tuhelar rractons. Dxperimental data weve obtained ' ’ -r, X cr X’l

o an the plant wnie (17 wfoot dianecer Iy 2--foat lengih) Gl = L = exp [ e . 2n
aned oo the pilat unic (2.3 Jach-diametre by Y-leat lengeh), ) f C.lo)dr
Cataly profiles dor thwss tee reactoes were cudeulated and ,
h_\'_l‘il".‘ ! "h"“. ) t!m[ g in somal l.'.url-‘c!.'m\m “I“.‘ obtained. - The quantity f C.(x) dr, is5 cendily evatuated by intesseation of

Figreee 3 dedciates the lusge ditfereness in charvacreriatics 't ) ' ' R
brtween Jaburatary aod  plont scal: reactoes of this type. Feuation 13;
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Figure 4. Effect of liquid velocity on distribution of Raney
micks! calclysl in weter in concurrent tube
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Enpcr-m«oml datg for Vay = 31 frfmia, Vi = 1.0 f1./min,
Crp m 0.9 rn timg = 1.7 houn

Eap.-umqnlol dato for Vi = 3.4 8 fmin, Yoy & 2.7 {1 fmin  Cp =
1,395, run fime = 1.] hovn

Calzvlated concantrotion profiles for above condifions

0 ] 1 M 1 1
0. 2 4 & 8 10 12
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“a 5. EFect of gas velacily on distribulion of Raney
1 catalyst in watzr in concurrent iube
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Figure &. Effect of liqud viscosity on distribution of Ranzy- 7-
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nicke) cotalyst in cancurrent tube

@ Eiparimental data for ocetone, Yy = 1.3 ffmin, Vg =
13.8 fr.fmin, Cr m 1275, eun time = 7.6 hourt, 4 = 0.33 cp.

=+ Eaperimenint date for uc!u, Vi = 27 #/mia, Vyx = 34
fr.fmin, Cp » 1375, tun time = 1.3 hours, p = 0.90 cp.

«— Calcylated concantration profiles for above conditions

B T (
f.""""‘ c’(lm—mu ml-w,; =

.W‘lt‘ll"rl) “"["“’ti-lm)—J}) (28) "

Now, by use of Equations 13, 21, 27, and 28 it is possibie 10 4.
caleulate Clx,) = Gt} X C.(z). Thisgives the concentration Fx
-profle for catalyst of a given fall velociry. By splitting up 2y =
catalyst into a large number of fractions sccording ta size and - .33
calculating 2n averags [ail velncity [nr each [raction, the £
conceniration proflz can be calculated by the above equadions— =
for cach [raction of cataiyst. By sucurning Up these concantra=-o=
tions, the wtal concentration profile for the catalvstis obrained.; -5

Typncal results of these calculations are shown in Figures 4. %
5, and 6, where a'comparison may bz drawn with etpr.ri- TR
mentat data.  As can be seen, the calculated curves are con=-3773
sistent with the experimenal daw. Good corretation ‘i3 * -
obtained everywhere except in one case, where large cotaiys S
concentrations arc encountered. This discrepancy may Be '
explaincd by slower scutling of particles in concentruted sturries —!'!_
(hindered settiing) and the build-up of partcles on the reactor + =
floor helow the gas sparger. - Both effects wouwld cause lower
experimantal concentrations. o

Figuces 4, 5, and & show the eflects of liquid velociry, 3as 1 -
velocity (through its eficer on liquid mixing), and liguid &
viscasity (throvah its effect on V), respectively,  Thus, higher <342
g2 and liquid velacities and higher viscosities all tend 10 give ;= {
mare unilorm cacalyst distributiong, ‘ ~!’

Ln sununary, i¢ tay be stated that the athernancal ealed

e

appliced here gives resudts cumsistent with cuperitneatal obe - 7
servations.  Such calenlations shodd be of value io tebolae ™ 1
rractor design and Seafe-up wheve sturry-type catalysts 2T "t
anvolved. 2




qemrbers

« Dniritaul foteeation

- cmventration of caratvar, W, catalyst/eu, (o stasry
b Bty conesntation in inbe

Ceaneeniktation of Catalyat iz foold stegaun

-

o Voneenirationy IlfC:lt;lly-t M1 !!llilll [ ia reuctor

a . contnatien of catalyst in vlineal stream at tioe t
™ eoiration ol cataly st at poiot s atsteuly stule

3 ¢ arttivient

= . e dunetee, microns

» dlne-tor ol L weat 'mllii T in nltc 'I’.llll.ln Ve p.n‘-

cistribution, microns

= extnsrwniial funetivn

o aecelpaiion of geavioy, ft./xer?

= pieesCenendent g tion ol concentration fanction,
e muml-n

w et of rcactne,

= natural lugarithia

ol

-

(TR

Fedian p.-r.lrtr ¢: ameter, mirrons
mass s of L lmé in lt'll\"-uldm ul dl.l‘rcfiun, “J./Sq, fe.
.
= mass lux of particies, a veciorial auantity, [h. /5. {t.
sce.
= mass Hus of partieles in lungitudinal direction, Ib./
sy ft. sec, '
2 lliuc, st'C. :
w [all velonity of particle thrcnu--h still liquid, ft./see.
= wrperficial s v:lout), ft./min.
= liquid veinwity, ft./sec.
= supcrficial liquid vetociy, fe,/min.

= pariicle velocity with reapect (o laboratory coordi-
naies, [t./sec.

L<

& Ej\.. i.-;;’»..}:-w_ o MuKrd

o e abiabnge vadwr of suanties * ctaren tirivae s
€ = ey dalbuasiiy G b SOy

A e supechcial eadely ehillinivaey, 0.t/

p wa ll:n\ily ol sbaeey 1 Son, Tt

-

pr * dleasity wb Bopaad, /e, Ti.

Ap = ditfrrence briween pactivle and liquid densitie, b’
cu. ft.

H w figuid viscusity, op.

¢ pacticle dinnctor ag which 13.879) of particies have a
greater diuncter divided by inedium paricle
dimaetsr

o e gos fruction; fraction of reectoe volume oncupicd by
gus ‘

‘References

{1y Azyge, W. I, Cova, 1) I, Ino. Enn. Cursm. Prockss Desion
Deveror, 4, 332 (1965).
(2 Fricdlander, 8. K., ALCRE. .35, 321-5 (1957).
{33 Kulinshe, A. AL, Pien, C. L., “Expeeiments vn Eddy-Difusion
anc busprn(lcdn\lah.rl.u lmmport.;. ai i Opea Channels,”
Teansactivns of American Geophyzical Univo, 24th Aanual
Mervting, Section of Hydinlogy, pp. 333=-3, 195,
4) O'Briza, ML O., Treas. odm. Geaphzs. Union 1}, 487=91 (1933).
5} Peskin, K. L., “Dilf usivity of S:uall Su‘prnded Particles in
‘urbuleat Fluids,” AL.Ch.L. National Mzcung, Moy 20-23,
1962

(6) Siemes, W., Wriss, W, Chem. fny. Teeh. 20, T27-32 (1937).

(7) vande Vuuc 1. G, Cum Erg. Sci. 10, 229-33 (1939).

Reexven for ceview Febeuary 18, 1965
ACCCFTED Anguit 13, 1965

4 -

TiC ui‘ﬂpO\J'-\l FIXED- B‘TD SO’%PTIO\]

F .,‘-]T‘- R ERING SOLUTES

istem Behazior under Asymplolic Condz‘tion;

DAVID ©O. COONEY AND EDWIN N.

LIGHTFOOT

Depariment of Chemical Ergincering, University of Wisconsin, Madisan, Wis.

The. equchons whu:h describe asymplolic concentrotion profilas in single-salute fixed-bed s2parclions and

exchange processes are cxtended to mullicomponsnt systems,

The elylion, with water, of an ion ex-

chaonge resin bed uniformly prescturated wilh an agueous sodium chloride=glyceral solution is discussed

as an illusirative e:cmple.

Asou:‘rt concentration profile gencrated in a fixed-bed
ratration or elution operation tends to deve! op with tine
A one of two hasic ways. Depending on the general nature
dthe distritizion refationship, the wiute “front” will be either
‘aﬁnnucu.l\ hroadening or sell-shurpening in nature.  In the
e tase, the asymprotic limit of the praﬁl: consists of an
-..mu:{) broud front, while in the latter sicuation the asymp-
TC Stars i A rclau -ely sharp S- \hap- < fronc of invarinnt form
THat L, a “constanepauern” front.  Only solwte (roats
2wing rhiy {eontrivial) asymptotic shupe are considered in this
"l!:er
The |:l» tr deseription ¢f the shape of the moving-phase
b » ennceatrazion profides for any solute as a fuae-
o mm utey, in either case, he obtained by solving simul-
oy e repration of continuity amd a mass transfur rate
:"'ﬁ\rm\ e (e solute, undee apprapriate banndary condi-
L Eien dor singlesolule systes, however, woalydeat
"“‘°ﬂ1 A thesse eeuations are qv"'uf.r.cll, atwinahle anly for

a

Experimental dala for the process agreed weill with prediction.

’
cases of zero longitudinz) dispersion and linear equilibeia, or
fur a few special types of nonlincar egnilibris.  Thus, in many
instances, one muat either perform a twe-dimensional numen-
cal integration of the continuicy and rmc',cqual.ions or use a
lengthy 2pprasdmate procecture (79, 29).

I, huwever, one is primacily interested in the determination
of effluent curves alone (as is normaily the case in column
desiun work) and if the process involves the travel of a selfe
tharpening fcont aver o reasonable elistance, a simple approxd-
mate description of the system, aderpuate for moit design pur-
poscs, may usually be attained by aiswining that the system
reaches its asympeodc staie within the bed. This assumsption
offers a eonsiderable advantage, for i pernits the erduction of
the systeen cuntinuity equations Ioaen partial to ordinary
dlilferentiad equations. While this may aill not lead w an
analyiival solutiva, it vauly dr-ereases amouat of numecical
calrulation lime requiced foe solution.

Iu practice, we can expeet the wsmmption of ronitants
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