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ABSTRACT

m EFFECT OF PARTICLE SHAPE 08 SOLUTB DISPERSIOH

ll aqua-«noun canomrocwuzc

comm

by Joseph P. Gentile

A. part of a continua; affort to dual” a raliabla acala-up

procadm for liquid-00nd chromatographic aaparationa tha affect of particle

aha” an axial diaparaioa in packad Sada baa baan invastiaatad.

m pulaa input aathod m and in calculating tha axial diaparaion

oaattiaiaata. Tbaaa calculation var. accomliahad by obtaining aoluta

(liaCl) mutation varn- tiaa data at two poaitiona in a bad of irragulnrly

ahapad claaa particle. Coocantrationa vara manna by alactrolytic

”data.“ at tha two aaaaurin; points.

la Otdat to ”nah“ tho data from thia work vith thoaa obtained in

a aiailar imtigatiaa involving bad. of apharaa. it vaa nacaaaary to

datarlina maria-null] an attactiva diamatar for tha mapbarical particles.

111a attattiva dimtar Iaa dafiaad aa tha diaaarar a aphora would and in

ardar ta paaaaaa tha aaaa aarlaaa araa aa tha irragular particla.

Uni-a thia,aaaia for diaaatar aaapariaaa. it vaa found that for flow

rataa ham am and m—hundrad faat par hour tha axial diaparaion

ooafficiant for a bad of My on.“ particle vaa aisnitioaatly hiflxar

than that for a ainilar bed of apborna.
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IIITRODUCTION

- Dioporoiou in fluid {loo throngh porouo uodio hoo hoou tho ouhjoct

o! intonoivo otudy by ociontioto ond ouinooro for uony yooro. Smrol

9 11
tronoport thoorioo. ouch oo tho lining non nodal,

8

tho diffuoion uodol.

ond tho ototioticoi opprooch. hovo rooultod trou thio offort ond hovo

hocouo involunhlo in prodictin' tho outcouo of yoriooo moriuooto. ‘rhooo

tindinp. for mu. hovo oidod in tho dovolopuont of ouch procooooo oo

oxtroction. drying, ond ohoorption.

Hovovor. tho phoruocouticol indnotry. which oooo tho ooporotion

tochniquo known oo chrouotogrophy for iorgo-ocoio production. hoo hoon noblo

to ocoio—w chrouotrorrophio ooporotiono roiiohly. m: io. tho curront

thoorioo did not ootiofoctorily occount for tho oovorol procooooo (fluid

:1... ohoorption. ond dooorptiou) which occur oioultonoouoly within tho hod.

It voo thoroforo nocoooory to rovi- tho voriouo hypothoooo in oo for no

thoy portoinod to chrouotogrophy.

furiously. thooooticiouo trootio. tho phomuono o2 uooo tronofor

ond fluid flow through porouo uodio hovo workod only uith pockod hodo

cowriood of tiny ophoriool portioloo. Io chrouotomphy. honour. tho

ohopo of tho ”chin. uotoriol uouolly qloyod io highly irrogulor

(nicrophotogropho of too of thooo uotorioio. octivotod corhon ond diotouocoouo

oorth. onoor in tho Appondix oo Intro 1-! ond I-II. roopootivoly). For

thio roooou o otudy of tho offoct of porticlo ohopo on fluid flowing

through o puckod hod uoo initiotod.

-1-
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An invuotiption of thio noturo io nocoooorily onpiricol. That in.

tho nth-otiu doocrihing oxiol dioporoion in fluid flan through o column

fillod uith on W); ohopod pooling uotoriol io outficiontly

couplicotod thot tho prohlou hoo not hoon oolvod. Hanover. o quolitotivo

thooroticoi diocuooion will ho prooontod.
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IIIOIIIICALFDISCUSSION 0! THE YRGBLEH

A

‘ T o.

It io firot noooooory to prooont tho nothonotiool trootnonto!

oniol dioporoion in plug tinthrough o pockod hod.

I «:9‘

Tho oocond ooction .1 thio dioouooion will dool with tho nixing

1.10
coll nodol o! dioporoion in pockod hodo. Although othor thoorioo howo

prowod oquolly oopohlo in onploining thiophonouonou. tho nixing coll nodol

io oopociolly onnwoniont !or tho quolitotiwo prooontotion giwon holow.

A lottor portion 0! thio oootion will oonoidor tho thoorotiool offoot o!

porticlo ohopo ‘5. tho oniol dioporoiou in pookod hod‘o.

o n' 1o a -

Dionroig in o Hon-I-odogrhigg g5

Conoidor o poolod .“.. «ah-mud o! d Ion-odoorhing notoriol. um

oonoontrotion nooouriog dowicoo loootod ot x. ond 11 (Figuro l).

‘o "1
_L l

T T

ad

:1...

.‘Ibl\ ‘* w 

“rigoro T. i flogron of Bud

.*::',‘:‘L 7.:

lolwoot io continuouoly flowing through tho hod with o woluotric

5":

tIn onto ‘1. A poloo o! trooor oolutiou to injootod into tho colnn upotroon

u-O

!ron x.ood ollowod to polo through tho bod. Aooooiotod with tho pockod

1:. I I &

oootiou in on oniol dioporoion coo!!ioiont. D.

.t‘!(¢-«(

-.

-3...
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Itto ooeooooty to out-o:

1. Tho trooor 1o tuoetod uniformly oorou tho bod.

' " 2; Tho flow is {uniform ovox .tho ctou‘ooctton’ of tho bod.

3. Tho-mt of mo troutot by dioporotoo 1o proporttoool to

39

ax

c to tho ovotogo onuntrottoo of trooot ocrooo o oocttoo of tho calm;

tho nu: mutation pullout.

m mutton «touting tut ohm 1o ohtotood (too o ootortol

boloooo o! tutor on on toot-”ootol load of pond bod (than 11):
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L'XI-Xo ' (3)

II."

Ihoro t it o uooouro of tho oprood of tho poloo duo to oxiol dioporoion

ond io Minot! ont

. (112* a ,

p....._................l0’ ' <4)
1. ._“)2. _

oi it tho tint miucoof tho tonoontrotioo ot x1 and 3‘ to tho noon

ti-o coocootxotioo ot I“ _ P .

No.1: otfoct. ototoo thot tho oprood duo todioporoiooio

proportion]. to tho oxiol ditpotoioo ooofficiont.

Thi- nodol it hoood oo now-in. plug flow with oxiol diopotoion.

hon it tho nu dooo oot opproniloto plug flow. it it ooouod that thooo

nigh-rum m otcountod forby tho oxiol dioporoion coofficiont. ’

 

toy pooh-o too. of may. in «myriad of o "riot oi rota-1y

«intuyousoyoooo; tho-o void-totally rota-rod to um «11-.

onwothimohoodool oiooiu .m.. itvilluhttomioot to con-id“-

o to].- mull' 0! onion ton- ot-mtoxiatoly. ”minim.

lhofllldpuotllw mm to union: Woo-sly

litigant]. M-“ um ”III-Ilka coo void to «othor. tho

mu of tino o sm,mu u ”not 1. tho i"?m «u u dofiood

to tho rooioooco tioo lot thot portieulor void ond it doootod by 0‘.

for tho oooo oi piston no! thtoooh tho bod vith pottoot lino; in

ouch-ton

61.92-...'61-....9n.m0mt * (S)
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m: to. tho midnnco tint for oooh void in o amount. bio oitxotiat

Infill. tho oboonco o! hook and forward fixing, to in ofloct for n-NI,tho

diopotoiooiooono.‘ . ~ ,. e 1..

Hum ”111.Wunouuotpmm. tho

W'fll malt-ltd; ”nut to. («thou-oofoo-poaod.

ant-cm fixodmm4WIonhl‘bo infinito. can“? u.

upmodmmmuan«MM-u thomm

and I. In toW to nfinonoto thoo‘ thooo moist-onto afiid only

“M 5‘.mporfoct 1181!. 8.11. with mmt mid.“ til...

itmtmMm fill! “minutol Cu?

‘ 9"Okmlik, (or

in gonotoI. ond o touch-co tint diottihntioo “rude-J x. thiofi diotrihotion

hoe-nu .‘m pronouncod {tho moot of intorcoiinlor fixing. ‘ ~ond contoqoootly.

tho dinoroion. inttooooi." his. oitnotion it mini crootod vhon intro-

mmn um“; «flaw. u‘. m.“ - -‘ ; ‘ ' ‘ '

" ' Tho' tor-Toning officioncy it ”1.5.4” no. on indinotion‘ of tho dogroo

'of an... occurring within o void opooo. Tho fixing officionoy. z. u o

noxiou- ihon porioct‘ fixing in ptooont." Cioorly.' thou, tho' coll fixing

offloionoy “in mm; Emotion of tho coil in. on! io diroctly tolotod

to fluid turhuionco." Sooo'oooooto of tho tolotivo ton oiooo' at two or ‘

loin pockod hodo on ho ohtoinod hy “Bria. tho void froction of tho

”china. 'M'&$ohm will thon. in offoct, ho ditoctly rolotod to tho

is.

ma ftoetion.‘ "

“:Tnthnlonto viii ho oono‘ cooplox function of tho fluid voiocitioo

ond‘ yolooity' grodionto fithio tho bod.” Unliho tho volocity‘ gtodionto tho

flfid‘ volooitioo con «molly homolo‘ooly opprofiootod by tho ovotog‘o '



‘41.

1.51L’

.. ._

law-;‘&i£ a

V
I

t
o
o

3.,

..

“--

i
)



-7-

intototitiol velocity through tho column. Volocity grodionto con only ho

obtoinod it tho flow profilo through tho bed in known.

Such o profilo in not ovoilohlo oinco ouch o nothonnticol nulynio

nonld toquiro o ptocioo doocription of on orbitrorily ohopod porticlo.

Bovovor. it in poooiblo to diocuoo tho chorhctotiotico of flow ohont o

oinglo inogulor particlo tolotivo to thot é: o ophoro.

Tho otroohliuo a: flour oronnd o othoto'oto than in Figaro III.5

Signiiicont Volodity grodionto con only ho ionnd on otroonlinoo noon tho

ourfoco of tho oplhoro. .‘l ‘

Figaro IV in o oinilor droning oi otroonlinoo ohont o non-oyhoricol

porticlo. fio notoll oiioct oi tho ittognlot pntticlo on tho fluid in

oooontiolly 'tho oono on thot of tho ophoro. Bonnvot, noor tho ontfoco of

tho porticlo thorn in o ouhotontiol incroooo in tho onount oi otognont

ilnid pronont. thin in prinotily nonood hy ontioco otockn.toggod odgoo.

ond projoctiono iron tho porticlo. It in oloo poooihlo thot tho tnthnlonco

donoottoon iron tho itrognlot ”melon would to oonuhot grootor thon tho

I ‘ n-—~

turhnlnoo ountod by tho ophoro. I

If tho offoct of tho inctooood onount of otoguont fluid prodoninotoo,

in o pochod bod thoro fill ho loot turbnlonco in tho voido nodo by

ittognlot porticloo than in tho void collo crootod by ophoroo. Conooquontly,

thorn in loot fining within onoh inogulnt colL Ao diocnoood ptnviouoly.

thin tonnlth in o broodoning of tho tooidonco tino diotrihntion to: tho n

fixing oollo within tho hod. mimroll ofioct in on incroooo in tho

ononnt of intoroollnlor fining ond io ohootvod onporinontolly on on incroooo

in tho dioporoion cooitidiont. lhio it two oinco fixing. ond than

dioporoion. in tho nixing coll nodol it rolotod to tho dioporoion oooiiiciont

in tho dioporoion nodol.
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Convorooly. if tho incrooood turbulenco it onto oignificont thon

tho oxtrn otognont fluid. tho dioportion coefficient for o bed of irregular

porticlon will ho loot thon thot for o bod of ophoreo. Thot in, tho odded

ogitotion'nithin o nixing coll producoo o grootor introcollulor mixing

officioncy conning loot intorcollulor or bulk mixing. and conooquontly o

onnllor diopornion coofficiont.
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EXPERIMENTAL METHOD

Q

_,,,,_'1'ho opporotuo hood for thio onperinoototion conoiotod of o one-holt

inch dionoter glooo colon. e prooourited flow eyoten. end two conductivity
1 . . _

cello which. togethor‘vith on outonotic recorder, noooured trncor

_ I _ .

concentrntion ‘vorouo 'tino.

§ ; : i
The flow Iyoten (Figure V)

the mlunn no on 18-inch length of {longed pyrex pipe. Ono-

.Quortor inch task-in; not nood to connect tho voter nnd trncer oupply tonko

to thd_colunn. A golvoniood otool took not need to otoro tho voter while

tho trout oolution not kept in o otoinleoo oteel veoool. Nitrogen nee uood

to nointoin pronouro throughout the oyoten. now reteo were odjuotod uoiug

o gfioronotor volvo locotod on the doonotroon oido of the calm.

i

Coinductiflg Cello (Figure VI)

3 Conductivity cello idonticol to thooo dooigned by Hurley6 were

eqloyod.‘ The cell woo nochinod iron ploxiglooo to the opecificotiono in-

diontod in Figure VI. The niro not no. 25 plotinun wire.

It won oloo necoooory to ploco o onell circulor oection of filter

cloth our the cell to provont tho pecking notoriol iron entering the

nooouring device.

-11-
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Tracsr Solution

An aqueous sodiun chloride solution.was chosen as a tracer since

NeCl concentrations can be readily determined by electrolytic conductance.

Also. the specific conductance of aodiun chloride is proportional to its

concentration in the range of 0 to 700 parts per million.6 Tracer concentra-

tions for this ears were approximately 0.5 g./1. or about 500 parts per

nillion. '

Per a concentration of 0.5 eel/l. at 30.0 the soleculer diffusivity

-5 7
I)' is 1.84 a lo cal/sec.

flgggggigg and Recording Apparatus (Figures VII e Vlll)

In order to neasurs and record the tracer concentration as a

function.o£ ties the circuitry designed by Hawley.6 and shown in Figure VII

one used. _

The voltage drop across resistor R is proportional to the reciprocal

of the cell resistance lo’ and is given by

r - I x (7)

uhers

I - w/(R‘I l R) (8)

'nm.huau1peaubemch1mmrc so that

nave/ac . (9)

4. .leth V's-d I are constant so I is then proportional to

like for new.

' the voltage was supplied by a variable frequency audio oscillator.

The.A.C. voltage across l.eas than saplified, rectified, and eessured with a
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Sargeat eulti-range recorder. as shown schsnatically in Figure VIII.

The chkigg 3.gal; 1

’l-In.“

Difficultywas encounteredin obtaining irregularly shaped glass

I—n.'

particles with die-store between 0.0098 and 0.0070 in. (60 and 80 sash).

Glass raschig rings were crushed in hell nills (using vet and dry

procedures). and in rotary grinders. but in both cases the particles were

too large. and nearly spherical. Prolonged processing pulverized the eaterial.

Satisfactory results were obtained. however. with a mortar and

pestle.“: Microscopic sea-instioe showed the shape of the packing material

to be highly irregular. liicrophotographs of the spherical and non-spherical

particlios appear is the Appendix as Figures 1-!!! and 1-HT. respectively.

. liter crushing. the eaterial was screened in order to obtain these

mm};- with .ai— diaesters between so and so mosh.

The average void fraction of the packed bed was found to be 0.45

by the. displace-set of eater.

to ' 1 1m :1 Particle isms or

:The sins of the irregular particles was originally dotsreined by

assuring them particle diaester. or uore precisely. the usaieue

cross-sectional distance. Unlike the spherical case. the easinun diaester

(d-‘)E_f\or the irregular bead did not necessarily present a true picture of

the particle (Figure 1!). Therefore. to coware effectively the diffusivity

‘ .... for the spherical and nee-spherical peckings. a disaster other than

“-19-. 3:3 in“;-.. _
loner netted that the diffusivity use a function of the particle

diueter and was therefore related to the surface area of the packing
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J

exposed to the flaring medium. Consequently. it was decided to calculate

.H a. ..p... ....—

an effective particle disaster uhich was defined as the diameter a sphere

would need to possess the some surface area as the irregular particle. A

bad of spheres with diameters equal to the affective diameter (d ) would
effec

than have a total surface area identical to that of the bed of irregular

particles. '

Detersination of the effective diameter was facilitated by the

’ 2

if

Illshe-xssaay relationship:

.2 150v Ls(l-t)2
d .. .3-

A! a gc

l. a !

shore :d.- disaster. feet

 

(10)

v. - flee nets of liquid through bed. ft/hr.

. L I length of bed. feet

u,- viscosity of fleeing radius» lb/ft.hr.

a - void fraction of bed

or - pressure drop across bed. lb/ft.2

g' 0 gravitational constant. lb force ft/lb. uses see.2

This equation relates particle surface area to the pressure drop across the

packed bed. Since Equation (10) assuees the packing particles are spherical,

the effective particle diameter is obtained directly. That is '

2 2

a - (a an
effec)

a.schenatic diagram of the apparatus necessary for this deter-ina-

tioa is depicted in Figure 1. .As before eater ves needles the flaring

sediuakand nitrogen was eaployed to pressurize the system.
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2951;. noceduro

for'effective operation.it was essential that the column be free of

trapped air and unpacked channels. Air cntrsppment was eliminated by

slurrying the packing netsrial in.weter and channeling was prevented by

vibrating the colunn as it was filled. In addition, each portion of the

column‘wes filled with water before packing was initiated.

After the bottom section was satisfactorily packed a conductivity

cell. together with ito filter cloth cover, was fastened between the top

of this portion and the bottoe of the neat. Having repeated the above

procedure for the second.segnent of the colunn. the third and uppermost

section'wes packed to a height of two»inches above the top conductivity cell.

finally; a einculas piece of 60*nesh screen. which served as a

liquid distributor. was placed on top of the bed.

9"
K.

..

- a

.
a

...

L w. IQ‘ .‘

Distilled water was permitted to flow through the bed until constant

ssro readings were obtained from each conductivity cell. The water level

wen then.sllenedtodrop to the top of the bed. at which point the flow‘wes

'.!t.1..

stopped by closing the nicrsneter valve. A pulse of tracer solution. which

wee carefully introduced into the column. was allowed to enter the bed by

regulating the liquidflow rate. The water supply and nicronster valves

werethan.opened to obtain flhe desired rate of flow through the bed.

As the tracer passed through the column conductance versus tine

' b

‘nessuroeents were recorded fron.both cells. To insure that conductance

‘l ‘.

was proportionel to the scale readings resistance versus recorder readings

were obtained prior to and after each run.
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lcula e fiicient

Barley6 showed that the dispersion coefficient D could be calculated

iron the relation

 

2‘ 2
G - G

2

f 12 " 373 (12)
("2 " "1)

where u is the interstitial velocity

.

un - I. c: dt I 1': ca: (13)

ai’. /: C(t - H‘)2 dt I f: Cdt n ' 1,2 (14)

The subscripts l and 1 refer to the upper and lower conductivity

cells respectively.

lunatical solutions to the above interrels were obtained through

the use of sispsoe’s Rule and a Control Data Corporation 3600 Digital Computer.

The oeeputer input consisted of scale readings obtained tron the

recorder chart at equally spaced ties increnants. The values used were

sisply the actual seals readings sinus the sero point.

lines corrected scale readings were proportional to tracer

concentration they could be used in place of c in Equations 13 and 1‘.

Also. newlsy‘ reported that since a: was independent of the reference

tine utilised the ties could be considered as sero at the‘beginnin; of each

cell. the ties between the beginning at the two neeaurinp points was noted.

however. and.added ts u2 for the final ealculstiss of D.
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‘l‘he interstitial velocity was calculated using

0 - LI ("1 - "2) ' (15)

.‘ q - i i I 1

The conductance versus tins neasunsaents for a typifil enperinental

run are plotted in Figure 11. ;
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PRESENTATION OF DATA

a t etho

It has been reported that for fluid flow in a packed bed a log-leg

plat of DID' versus ‘c ulD' should be a straight line. this is due to the

sinilsritiee in the relationships for the eddy diffusivity tor turbulent

1!
flow. and the asial diffusivity i'or mm: new.“ in a tube (locations

loendm.

n - 3.7 at u 5' < (16)

n . d: «2/192 0 (17)

where v - resistance coefficient

d. C tube disaster

To facilitate proper data correlation (or thelpecksd oslunn it was

necessen ts substitute {our tines the hydraulic radius (er the tube

disaster. than. for a num with m...

d‘ '."‘ -35 75-? an“ (18)

It is correct to use the hydraulic radius for spheres since “.11.:

is calculated with the mass that the packing particles are spherical.

‘a plot of leg DID 'vursua leg Elie/Dv is depicted in tigers 12 for

thedateebtaiaed iraathisisvestiaaties- rues-seasontbadeta reported.

by Baulsy‘ are also presented on this graph.

In.eddition. a plot oi is.D versus log ufor the seas sets of data.

is presented in Figure llllt

-25-
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leculgtion 2f the Effectizg Particle Diameter

The apparatus used for this determination was designed and built

by D. users. a Graduate Assistant at Michigan State University. The results

obtained are presented in Table I.

As shown. the value of d was found to be 0.00491 in. This was
effec

very close to the disaster of the spherical beads (0.00416 in.) used by

havlq.‘

Disggggigg of the Digpgggigg Coefficient D55.

The data collected for this study can be found in Table II.

figure XIII shows a significant increase in the dispersion

coefficient for the irregularly shaped particles coapsrsd to the spherical

beads. The actual difference is the diffusivities is soaowhst greater than

shows since the userspboricsl particles have slightly ssallsr disasters than

the spheres. That is. the diffusivity usually decreases with disinishing

particle sise.

This increase in.ths diffusion coefficient is substantiated in

tigers :11. This graph takes particle diastsr. and packing void fraction

into consideration and it has been reported that the data for sinilsrly

shaped particlse of varying eiss should fall on one straight line.‘

It is inortsnt to note. however, that these results do not con--

clusively answer the question regarding stagnant and turbulent fluid

presented is the theoretical discussion. One reason for this is the

possibility that the proper date correlation ssthods have not been considered.

lot asaspls. the concept of the effective particle disaster used in this

work. has not been derived free a theoretical consideration of the probles

uador investigation. It is therefore conceivable that sass other. sore
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appropriate. neasure of particle size should be employed.
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CONCLUSIONS

for flow rates between one and one-hundred feet per hour.

the axial dispersion in.a packed bed is affected by the shape of

the packing particles. More specifically. for particles with disasters

of order of asgnitudo 10" 1... the diffusivity incrsasos as the shape

of the packing asterial beceaos aere randoa.
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um 1-111. flicrophotograph of spherical Particles
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nm 1-“. Ricrephotegraph of Irregular Particles
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