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SCOP~ Al'iD CONT.ElJTS: The sepo,r:::tio:;i of a mixture of carbon tetrachloride 

in water '.10.s studied in a 2 inch diar::eter gle.ss 

hydrocyclone. First, the effect of a mixing valve and of oil/water 

r2,tio on the volD.:r.e/surface diameter of the dispersion in the feed to 

the hydrocyclone was studied using a statistical experiment de::;ign. 

Secondly, the effect of feed drop size distribution, oil/water re.tio, 

and overflow/underflow split on the sel_.)aration in the hydrocyclone '.Tas 

determined, again using a statistic.s.l experioent design. In coth de­

3igns; r:.ve levels of each Yariable \iere studied. Flow rate, desig:1 

slm,;ie, a.:id ter::perature were kept constant. The range of variables was: 

1 . I-1:!.xing Valve Pres3ure Drop 17 .95 to 88.25 m:-.n. Hg 

2. Oil/';f_:.ter Eatio 	 0 .132 to 0.211 

3. Overflm1/Underflo'11 Split 4/1 to 8/1 

Fron the first part of tJ:le ;;ork it was fouI1d that oil/·rater 

rc.tio had no significant effect on the volur:ie/surface diaoeter, and 

that there was a linear rel::J..tionship bebreen the volUI'.le/surf;cce dia­

~.1eter and mixing valve press'.lTe drop. 

Fro::i t[1e second p:;;,rt of the work it ·.-ms four.cl that vol-..J.T:re 

' 
split had th~ nost sigi1ific:u1t effect on hydrocyclone separe:.tio11 
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for the re.nge of v~1ri2,bles studied. 

most sig:.1ific2,nt effect on se:par2.tion, 2.nd finally, drop sL~c distritu­

tio11 \,;a_s u..lso fo1u1d to be sig~1iJ:ic3.:1t, btlt v1a.s the least ir:1portant of 

the tb.ree va~riables. rTl1e inter::.ctio~1s of t:ie vc:~riaOlcs ';1ere not· sig11i­

ficant. T~rn :-:ydrocyclo~le sep~~.ri.'~tio.:1 could be :predicted. The prediction 

of t}1e overfJmr drop-size distri!Yution agreed very we11 with the d.istribu­

-tl1e~t s!10~ t-circu~i t flo~·r £u1d drop-drop co2.lescel1Ce ·Here neg1igiOle. 
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I INTRODUCTION 



I INTRODUC'l'ION 

I·a State of the Art 

.A cyclone uses centrifugal force to bring about the physical 

separation of its feed components. The centrifugal force is generated 

by injecting the feed at a high velocity, tangentiB.lly to the wall of 

the cycJ.one. To evaluate the design and operating variables solely 

on the basis of a theoretical model is presently impossible. The com­

plexity of the flow patterns in the cyclone, and the large number of 

variables dictate that a cyclone design be based partially on ewpirical 

findings. 

To further elucidate the state of the c;.rt, cyclones will be 

divided into t\10 categories: those that use a liquid/liquid feed, and 

those that do not. 

0~T 1 ° d /) 0 0 ·a. c 1I ·a· 1 lion i_q1_n , .igyh ye_ ones 

t 

Most investigations on cyclone behaviour hs.ve been with solid/ 

liquid 2~vid solid/gas feeds. Cycloci.e3 with gas feeds are generally grea.ter 

>,_;o,,_ +.1~.ree re~'-."'- ;n d l-
0_0"_.:.rn_,.e+.<=>r.-- C"nlo-r~~, __ '·'1°th·' ]1°f''Uld fee·ls··~ --.; -'-')''-" ,. - -

0

- .:i'- c;:;., . ~ 
0 (hvdroc,·clo110~\J ­

r2.~ige from about 0.5 inc}:es up to 20 inches in diameter. 

To predict the sep2.ration for a given design, information is 

neederl on the velocity profiles. These profiles l'lave been :-:ieasured b~r 

ter Linden (T-3) using a Pi tot pro1,)e for gd.s cyclones, c;,:.'1d by Xels;~ll 

(K-1) usir:g an ultra c,icroscope tecrmique for liquid c~·clones, eCJ.ch on 

a given design o: cyclone. Rieter.t::. (H-2) ho.s used the Havier-Stokes 

e:_u.-.;.-l;ions to clc:te::-:::i;ie t'1"'.lge:::tic.l velocities in a lic.;_·.lid cyclone, D.'.J.ldng 

-2­
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several justifiable a.ssu;-;cptions concc:n1ing the coupling of the th:r.·cc 

~1 •c .,.i. (<"''r-i~l r·'dl'"lVc __ oci·i.,y \<.::. ........ci.. ..i.., v ... c~_, and te..ngential). The res:.i.lting
COL~por1e1J..GS 

veloci t;/ profi1es are quali tat::i.vely si!:lilar to those of Kelsall. 

A p2rticle size cl:J..ssific2.tion curve (Y-3) has been found ex-­

perimentally; t11is U:c'..Y be used ':Ti t!:1 the feed particle sL-:e distribu­

tion c:..ncl t:1e kno':lll veloc:Lty proftles to predict cyclone sep£~r~ition. 

llcmy correlations exist to select the c;yclone diameter for a given 

pressure drop and feed flow r<J.te (Y-3)(1l-4)(E-2)(I:-5). Hitzmager 

have given t'r~e '2ost co::,plete co::-relc::.,tiori., using 

dir:iensionless groc.lps. 'l'his co::'..'::cel2.tio.:i does not allow for valves on 

the c3rc1one outlets, and appe2.rs to be only applicable to cyclone 

9per;::.tion wit~ an air core. 

Once the cyclo!l.e dia:rieter is fo1ind, the sizes of t~1e other 

c~rcl0.:1e varia1jles ce-ll be calcul2.ted fro rn. the "optimum" ratios s 1J.g­

gested b,/ ~ietema, (R-2), ..,-~ct- 01__ ne''J' ( ~ 7 ) •C...i.! . ... 'u-.) 

Hass tr2.nsfer in hydroc,yclones used to contact and separate 

t;·:o (or nare) in:.miscible liquids has bee:1 studied by :J..bout a doze:i. 

;·10r~·~ers. Fe·.r studied the effect of design and operating variables on 

physical separatioYl. Simkin and Olney (S-3) fo:J.nd optiD'J.B design values 

for tydroc;:.·clones, a:J.d a1so stc.:died the effect of inlet velocity, feed 

drop size d.istributio;1, oil/water feed ratio, and volume split (over­

flo'•' ro.te/under.flcw split) on the cyclone sep3.r2.tion. They did not 

deter::1i!1e the effect of oil/t-1ater feed r~i..tio on feed drop size, e.::id tl1e 

effect of increased feed ra tc on feed drop size dis tribut ion 2.r.d on 

http:appe2.rs
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their Hork, coarse drops were used (0.5 to 1.0 rn:'TI. di:ineter) w~1erca3 


on an ind~J.strial scale the drops are likely to be sT'.'.e.11 (. 01 to 0 .5 men.) 


(0-1). 


I·b Ob,1ect 2.nd Scoue of the '.fork 


Their s~all size and lELrge throughput make hydrocyclones attrac­

tive. Aside fro:::i the r.i2.ss tr2.nsfer, if liquid/liquid cyclo~1es could be 

used to s2pe:.re.te'the oil/we.ter mixtv..res that abound in oil refi::teries, 

th2ir t:se '.rould prove vu.luable. Unfortm1;;.l.tely, little •:rork ha.s been 

doil.e on those o.spects of a liquio/liqtiid feed that !T'.a.ke it different 

fror;1 a solid/liqui,d feed. 'i.1hose aspects of liquid/liquid feeds are: 

( 1 ' .) Ue change in feed drop size distribution with flow rate, 

(2) t!:e possibility of getting coalescence of the droplets in the cyclone, 

(3) the possibility of getting drop break-up in the cyclone because of 

:E'or a hydroc~rclone, S'.:gge;;;ti OEZ have been given for the optimu'.:', 

cle::;ig:i. dinensior:s a.r.d s!'l2.pe ( S-3). Hm;ever, the effect of operatir.g 

variable;:; is not ;;ell understo.od.. Therefore, values of desig::-i vz,ria.tles 

::ia.y be selected 0:1 the basis of Simki!1 and Olney' s work, but inforDation 

011 the follo-.·ring or) eratLig ve.rie.bles uould be needed to prelict sep2.r::i­

tio::-i: 

( 1) pL;;rsicc.J.l properties of the liquid/liquid feed 

(2) feed drop size distribution 

(3) vol'~une fraction dispersed phase in the feed 

(4) t:1e volu'.:1e split (overflow ra-t;e/.:.:.'lierflmr split)_ 

The above opera ting varie.bles ·1ere selecteJ for the stucly of a. 

carbnn LeLr-c~lor'~P~~Ler s-r~t 0~ '--'- V ll ct. .i.;. _\A~jll~-IJ J..J ...._,,.L• Tl;e infor:nation obtained w<:.s co~-::p::J.red 

http:understo.od
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with the,t predicted, 2.nd differences were explained. 

The work was divided into two parts. First, a study of the drop 

size distributions in the feed was ma.de. '11his enti:dled photographing 

the feed dispersion and deter:nining the resulting volume/surface dia­

meter (Def of the distributio21s. This :-:1ean diameter was then cor­32 
related with the oil/water ratio and the mixing valve pressure drop. 

Secondly, P. study of the effect of the operating varie.cles on cyclone 

separation was perforr.1ed. The varie,bles studied in this phase of the 

work were drop size distribution, oil/water ratio and volume split. 

,Ranges of the variables studied are given in Table I-1, along 

with reaso~1s for the limits. All other independent variables (such a.s 

temperature and total flow rate) were kept constant. 



-6­

TABLI<; I-1 PJUYGES OF Dr!ESTIGATED VARBBIES 

FJ\~,JGEV1\P~IABI:~ REr~son FOR LIHI.'IS 

Poor photographic 


Feed Drop 
 contrast 
to 

160 microris 

Size (Dt 300 microns32 

l'i:i.xing valve fully 

open 

Lower lir;iit of 


rota".!leter 


Oi 1/1.·Jater 
 1·1.8 voJ.u,7,e %oil 

to 


Ratio 
 17.4 	volume "' IQ oil 
Poor photog·re..:ph.ic ~ 

contrast 

;;.f 

Arbi trar>J 

Volume JI 1
•I 

toS!Jli t 8/1 

.'Arbi t:r-ar,y 
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II LITE2A'l'U!l.E REVIEW 

II·a Introduction 

This wor~-< enta.iled. using a liquid/liquid system as feed to a 

hydrocyclone. Consequently, the li te:c-a.ture review consists of, first, 

a consideration of emulsions, and secondly, a consideration of the 

cyclone literature. 

II·b Ermlsions 

The subject of emulsions covers an enormous amou:.~t of material. 

Therefore, ori.ly those aspects of emulsions that are dir&ctly concerned 

with this work will be considered briefly. This review considers so::-ie 

of the properties of emulsions aYid the rr:ethods of characte:d.zation of 

esulsion droplets and distributions. 

II·b·1 ~mulsion Properties 

An er:iulsion is defined as a mixtare of two at least p<J..rtie.lly 

isniscible liquids, with one liquid dispersed as droplets in the other 

liquid. The ec-mlsion can be u::1sti:>.ble or stable. An Dnst2.1-Jle emulsion 

is one ·;1~1ere tb.e droplets settle out 2..nd coalesce sr.ortly after the 

er::.ulsion is formed. A stable e2ulsion is one where the droplets do 

not settle out and do not coc:.lesce. 

Dro;:ilet size, in r:ost casus, ranges fror:i 0. 01/4' to 500 /U 

Ec.mlsions are coo.rse if 'che droplet sizes e.re >20 ,u and fine if the 
/ 

siz8s a:re <20 
/ 

tt. ( G-2). In this r";ork, r::'.ther tha:n_ lc::::e the term 

-· -8­



E:mulsionG may contain surface active agents whose purpose is to 

stabilize the emulsion. These agents prevent drop-Clrop coalescence 

when the concentrc.tion of dispersed p'.1ase is about 157& by volume (J.I-1 ). 

One very important p1~o;:i2rty of ert'J.lsio;:is is viscosity. Generally, the 

viscosi t~r of 2J1 emulsioci increcosr::s as all drops are macle soc.>.ller in 

sj.ze, -".ncl as the drop size dist:cihLJ.tio:1 is me,de more v.....'1iform (0-2). 

The next section considers so!n.e means o.f describing the drop 

size dj_stri buti on present in an eoulsion. 

II·b·2 Characterization of "Ss11lsion Dron Size Distribut:..oEs 

The Gaussian Distribution La:1 has been applied to the descrip­

tion of particle size distributions. Distributions that appGar .to fol­

low t~1is law give straight lines when plotted as particle clie..seter 

versus J?e::ccent of total drops sne..ller .than this diaI'leter (on a prob2.­

1Jility sce.:!.c). Eany distributions generated b:; crushing, grinding, or 

st.ea.ring forces are log-no:rr:i2,l distributions. A straight line will 

res'J.lt if these distributions are plotted as logari tl.1In of particle dia­

ceter versus perce~1t of total drops s:;::3.ller than this diameter. 

'.foe dianeter at the SOT~ proba'0ili ty po~ nt is the geometric 

::;e?..n diameter <:D) • If the dia:::i.eter at the 15.87)~ point is divide;}
p g 

into (:D) , a r;;easure of t}:.e sca,tter or range of the dis,;iersion results, 
p g 

called t~rn geor~,etric st2.21dnrl deviation <)_. Together <:;)) and 
g p g 

co::cpletely specif;:' a drop size distribution, if it is log-nornn.1. 

Eot!1 <J) :.nd specify other ses,n dia~eters. 
pg 

and (} i.!.re ~:no;::i.. 
er 

0 

http:res'J.lt
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Mugele and Evan.s (H-8) d:Lscuss the different methods of char­

acterizing drop size distributions, and conclude that the log-proba,bi­

lity procedure is funda:cwntall;;r correct. These e.uthors also consider 

the c~;,se where a maxiFLlT'.l drop size c2.n exist in an emulsion, due to the 

nec::anisrr. b:r 1_.1}1icl1 the d::_1 ops e,re fo:r~~1s-1, a..vid dt1e to the flo~.r cond:. ticl1s 

of the euulsion ( S-5). A s1wci.:.l "u:;per-linit function" is defined 

so that the presence of a rrc:.ixiI:t'.J_"l drop size does not cause deviation 

from a, straight line on log-prole.bility paper. 

Several recent papers have appeared in the literature which deal 

with the proper :r.ethod of calcula...l_;:i_ng cumulative voltuae percent's froill.. 

neE~surecl particle diameters. Hise ('d-2) gives a procedure for calcul2,­

ti!1g true volUDe or surface distributions from measured drop size dis-

tri1:rL;.tions. This method is not necess'3.ry '..rhen the drop size distribu­

tion fol1oc·rs the log-normal law • 

.A vci·y inportant proceL.i.re to apply to log-nor::c'}.l distributions 

in gi vc:~1 by GHyn et c.l ( G-1). This paper corrects for the drop size 

distri8ution so.nple not co~1te.ining 3.n elusive "larger drop" tr_e.n the 

1°~rg2st drop observed in the s2.r:ple. 

The definition of meun dia~eters is given i11 a.ppendi:( 5, e..long 

II· c C;yclones 

1 . ,_ t 1 . . '/l . . d 1 . 11 b . d d . d ,_ . 1 

The literature on c;:.rclones will now be considered, but o:::-ily the 

..cJ. '"ero. ure 0:1 iqu.1.0. iquic c-:,rc oi1es u::. e con:n ere in e ~a1 • In 

t::.e"Cz:clone Theo:::-y" section and t:1e "Operation arid Design" section, in-

porta:1.t papers fro:::-1 the entire cyclone li terat:rre will be referred to, 

but not consiJered in depth. 

http:proceL.i.re
http:necess'3.ry
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Throug11out t!1is thesis, the terms "cyclone" a.nd "h~rdrocyclone" 

will be used intcrchangealJ1y, \ri th the understanding that the cyclone 

feed has liquid 2.s the continuous phase. 

II· c · 1 I,i_quid/lis_nicl C"clones 

The details of the Jiterature in this area can best be given by 

'J.'able II-1. It may be seen that the investigations carried out were 

with vastly different liquid/liquid systems, and for many sizes of cy­

clones. Emphasis has been nore on the r:i.ass transfer ability of the 

cyclone, rather than a consideratio:1 of the cyclone variables themselves. 

II•c·2 Cyclone Theorv 

In the cyclone field, the:>:>e e:.re two main theories to explain 

the observed c;,"clone be!::2vio12·. J.'hese theories will be consicler<?J in 

dot2.il in appe11dix 4, but <r.·rill be briefly me11tioned here. 

T:'.1e first theory is t}1e work of Kelsall (K-1), Brn.dley (B-2) 

(B-4) c.nJ Li1ge (L-1), and has been used by many other workers. To 

L:h·od1::.ce this theOI"J, first consider tl:"e flo•1r patter:1s in a cyclo!1e, 

as give:1 in Figare II-1. 1'1m·1 is seen to be do-,:::;, a.t the w2.lls and ~-'-P 

at t~1e centre. Therefore, it n2.y be s13en tl·,at at so~'.le radius in tl:.e 

cyclone t!i.ere is zero vertical velocity. T':le locus of zero vertical 

veloci t,;r is indica.teJ by the dotted line in Figure II-1. The ra.die.l 

liquid velocity is high near the cyclo::.1e wall (directed imrn.:r:-cls) a:'ld 

decreases to'.vard the centre of the cyclone. Since cyclone centrifueal 

force thro·.:s a particle tmrard the '.!2.ll, the particle 1 s notion to'.ro.rl 

t!1e ·,12~11 Hi 11 be retarded by tlrn icl'rar:i liquid flow. There Hill be a 

p2.rticuls.r ra.Uus in the cyclon.e at ~·rhich the centrifugal force on a 

http:to'.ro.rl
http:cyclo::.1e
http:L:h�od1::.ce
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pa.rticle of a. given size is equal to the drag force on the particle. 

Large pal'ticles will be in equilibriura near the wall, a.'1d small par­

ticles Hill be in equilibrium near the cyclone centre. Particles whid1 

are in equilibriti...'11 between t:he locus of zero vertical veloci t.:,r and the 

cyclonB cei1tre will be carried by the upward axial flow to the overflow, 

and vice versa for the p2.rticles on the other side of tbe zero vertical 

velocHy locus. A very sharp classification of particles is then ex­

pected. Norma.11;:,', ho'.1ever, the ps.rticle classificatioD is not sharp, 

presur::ably due to turbulence in the cyclone. A particle which is in 

equilibrium on the locus of zero vertical veloci t;:r will bwe a 50;0 

chc~nce of going to the overflm·1 and a 50)~ chance of going to the under-

flo;1, e.nd so it is termed the (DP) 50 size p2.rticle. Hornalizing the 

o1)served classific2.tion c-cirve res1).l ts in Figure II-2. The observer] 

c 0;J:vt1s s~:a.pe is st.1.pposcdly e:1tirely general (Y-3). Therefore if the 

(Dp) size c2n be predicted (see c.ppendix 4), the expected cyclone50 
perfor;;i.s.c1ce c2.n he ev3.lv.a ted fro!::l 2, imo•!tledge of Fig'..J.:re II-2 if t~w 

p~rticle size distrihution 

T~:.e second !:'!Odel j_s fr,e •::or/: of Riete:na (R-2). This node1 

assu::-~es the cyclor:.e is ope:::'.'::.ting witl: a.n air core as shown in Figure II-3. 

L p2.rticle ·..1hic'0 goes 50;~ to the 'underflo'.t, if injected at the cen.tre 

of t'c·,e fe'C!.1. inlet, -.;ill just res.ch the e.pex of the cyclone. Riete;::c:. 

(IJ )_ '.1hich '.!2.s a ftmction of c;:,rclo~1e 
p J0 

http:Norma.11
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clr~ssification_ Has rejected by RieteLla w!:lo assw:ned no turbulence in 

• -1­his derivation a.nd justified i ,_,, I-Iizrahi (H-6) has extended Rietema's 

nnalysis to show ~-iow such an observed classification curve ce.n arise 

without turbulence, 

Riete"1a 1 s model appeo,rs "~o be rea1isUc,- although it IJal<es no 

allow;:mce for the severa.1 seps>.:rc:~tion ''ec'0.a:'1isms th2t I1izrahi mentions 

as bejng operaole in a cyclone • 

.b.s discussed il1 the above section, it is apparent that the 

cyclone acts as a classifier. Hoc:1ever, it is also possible to operate 

the cyclo:1.e as a thickner. The criterion for this latter operation is 

to conce~1 trate the feed particles and re:;10ve clear liquid. There are 

me.ny pa.pers Hi th illustrations of the cyclone acting as a classifier 

(K-4)(II-3) a:1d as a thicb1er (B-1)(V-2)(Y-1). 

One aspect of cyclone operation repeatedly appearing in the 

cyclor:.e litere.tu.re is called sho:r-'c circuiting. 'I.1his is feed which 

p2.sses directly fro:-n the feed inlet, acrocs the cyclone roof, e.nd do':rn 

t':le outside of the overflow pipe to the overflo•.r. The e:dstence of 

3hort circuit flo~r1 has bee:1 s::io;m qui t9 drar:Entically by Lindner (L-2) 

usi~1g ps;,i!1t to r..ake bounde.ry 12.yer flm;s visible. Bradley (:B-5) r2s 

also done sinilar work using dyes. Kelsa.11 (K-1) estine.tes short cir­

cui t flmr at 15T~ for his p2.rticular design and operating variables. 

.Irequires an estimate of the cyclone pressure loss_ to be e-:<.--pected. ..:1. 

&eneral correlation has recently been given by .Hi tzmager and r:izrahi 

(i.I-5), b'_lt it ;:-:2'.rns r:o allo·.Hnce for valves 0:1 the cyclone overflo~·r 

http:Kelsa.11
http:bounde.ry
http:ere.tu.re
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and rmderflm·1. Severn.l papers (L-1)(R-2)(M-7) give examples of cyclone 

design for solid/liquid feeds. 

To conclude this section, some mention should be made of the 

criterion of cycloi:.e separtion. This criterion can be 2,n efficiency 

such as U,e o:-ie defined by Simkin and Olney (S-3) which is easily deri­

vable from a c;;,rclone ;-ns..terial balar.ce. Tengbergen and RieteTna (T-1) 

co::isidered the questio;i of efficie:1cy and decided that 

l Q2 oil Q2 ':raterlE 
'l n'<c1 0.:.1oil 'iraterJ 

c.dequetely represe:::.ts cyclone p0;rforr:oc.nce. Simkin and Olney' s and 

Tengbergen ancl Rietema 1 s defini tior::.s are equivalent. For this work 

Simkin a.nd Olney' s defini tio::. ·:1as used. It is 

+ ~ 
Q1 

ITote th2.t these defi::iitions do not define efficiency u.."1.iquel~r 

because they are a f1.mction of both flow rates e_11d conposi tions. For 

t'1.i s •·rorl· n '·'as held const~J.nt, nakin,g effic.iencv unique fo. r varyir:l'"... - • -'-' <._,1 ., ... - "" l.,,.ll 

opers.tinG' co:1ditions. 

http:const~J.nt
http:represe:::.ts
http:balar.ce


III EXPERIHEHTAL APPROACH 




III Y~XP1.'RHIBXTAL APPEOACH 

III·a Introduction 

'l'be o1)jectives of this '.Tori-: dicte,ted that the experimental work be 

di vide:l into two pE~rts. First, the incoming feed drop size distrib'.ltion 

had to be controlled and Deasured. Secondly, the effect of the three 

vo..rL-.,bles, feed drop size distribution, oil/water ratio, and volume split 

on hydrocyclo:--ie separe.tion efficiency lnd to be deterr.1ined. 

This chapter considers the var:L9.bles in the wo:ck, the equipse:::1t 

th'--~t r,-JUS t:Sed to IT188.SU.re D..11d COlltrol t}~e variables, a.nd the:i outlir1es 

the proceJ.ui'e used. in both parts of t'.1e experiment2.. l work. 

III· b Variables in the Desig:'l and C'per:J.tiori of EC H;1clroc;rclone 

The two sets of variables are: 

1.) the hydrocyclone desig;.1 varia1::.les 

2.) the operating v2rfa..bles 

The hydrocyclone design v&ria1::les determine its shape and di­

~ension.s. They are: 

Cyclone diameter 

Inlet diameter·····~ ............... 
D1 

Overflo~ dieceter •••.•.•••••.•••••. 


Underflo1:T di2..seter ..... , .......... . 


Included cone angle •••••.•.•.•.••.. Q 

Overall verticz.l le~1gt'.i_ of cone ••.. L 

\lortex finder leng·th . . . . . . . . . . . . . . . 1
2 

Height of c;;·lL'!d2r ••••.•••••••••••• H 

.?rese:;ce of "re.I "';res o~: outlets ...... yes or no 

Round feed cross s ect:'.on •.•...•..•• yes or no 

-20­
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The cyclo:.1e dime::i.sions are shown in Figure III-1. For this work, 

no cylindric2.l section at the inlet was used since the literature is co1i.­

flicting as to whether a c;::lindrical section is necessa.ry. The cor:r:1on 

ground seems to be that a cylindrical section provides lower cyclone pres­

sure drop, and ease of fabrication whe:1 the feed inlet is attached. Both 

these criteria ·11ere not in:.1)ortE~nt·in this work. A round feed cross secUon 

vas used.' 

The cyclone diar'."leter DC uas ar1Jitrci.rily chosen as 2 inches I.D. 

Using references (R-2) and (S-3) ·.:hich give "optim~m" cyclone dimensions, 

the remaining design variables could be folmd. They were: 

D1 = ])2 = D 0.475 inches I.D.
3 


g 10·
= 


1 - s.5 inches 


1 2.0 inches2 

The presence of valves •:m.s desirable since tirn cyclone ',/c'.s to 

te used for different operating co:'lditions. Ordinarily, IJ ( D a:ld the
3 2 

c;;-cloY'.e disch2.rges directl;;r into t:1e c:t':losphere e.llo·.ring an air core to 

develop. 

The operating variables deternine the efficiency with which 2. given 

cyclone will oi)e::.'a.te. For a liquid/liq~.lid feed, t~1e variables are: 

1.) Feed Co11di tion 

a.) indscible liquid/liquid system physical properties 

}o. ) oil/rater ratio 

drop size distribution 

d.) conce"<tro.tion of sc1rf2.ce active agents 

http:sc1rf2.ce
http:oi)e::.'a.te
http:necessa.ry
http:cyclo:.1e


FIGURE III-1 H'fDROCYCLONE Dil'I8lISI011S HEEDED FOR DESIGl:l .,..22­
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2.) Inlet velocity 

3.) Volume split (overflo·,1 rate/m1derflow split) 

4.) Press1J.re drop (P - P
2 

, for exa~11ple)
1 


5.) 1\.ir core 


The imuiscible liquid/liquid s;;rstem carbon tetrachloride/w:::,ter 

,ms chosen. 'l'he oil (carbo:::i tetracfiloride) was dispersed in the water. 

T~ie limi t?..tio~1S of the photogrs,p~0 ic technique deterr1ine<'.l tD.e upper lini t 

for t-J:·.:.e oil/.·m.. ter ratio and the finei1ess of the feed drop size distribu­

tion. The concentration of surface active agents 1.ra.s not co::1trolled, but 

'.12.s rrec:,s'xred. indirectly (see Appendix 1). 'l'he feed '.-:as £>. t roon tempera­

ture. Inlet velocity was kept consts.::~t 'oec2.use it represented anot~1er 

vs.rie.ble i::l bot~1 tl1e feed drop size c1istri'outio:'1 2.::id c;;rclone separa.tim1 

r 
st1Jcl:tes. Vol11n1.e split -was co:nsidered to "be an i-r:tporta11t ve..ri2.ble. The 

insb.lb.ti on of valves o:'l the outlet lines of the cylone peroi tted the 

volume split to 'oe varied es.sil;:,:_:i 

Ir: t:1i s -:1ork j did c::-:2.r::ge and no attempt 

':12.s ~-~,de to co11tT·vl ttern. 

Using 2. va.lve on t",e underflmr opening restricted t~-:e format'.on 

o.: a!1 core in the c.y0lone. In this work all efficier.cy dc~te. were 

t2ke~ with no air core present. 

Therefore, the.variables that were chosen for study were: 

1.) feed drop size distribution 

2.) 

3.) volu2e S'1lit 

http:efficier.cy
http:format'.on
http:Press1J.re
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III•c pquipDent 

The equipment may be divided into h10 fun.ctio!IBl sections; feed 

preparation, and the test section. A photograph of the entire equip2ent 

is give~1 in Figure III-2. 

III·c·1 Feed rreparation Section 

The carbon tetr2"chloride and we.ter were taken se1)2.rately from the 

reservoir ( 1 ) a..'ld pu.:.1ped by bro feed pi.mps ( 2) to their respective rota-

meters (3). After the oil ;-;e.s clisperse:l in the water at a mixing tee, 

0+~•P',J;.._.,._, '*i 0 ·oer'-'.;O.,,.... pa~cc:.d tJ.orOL'rr~1........ u<i l!!l Xi'"~ V"'lvec... (4) yjJ the·- drop s_i?:e­•....1...._;::;:.J.. '-'- v):;..... -l-o- ·- -·-~-o \ \·+ere~ :: 

di stributi on Has changed. A mercury E'?.no'.neter :measured the pres sure 

drop acro.s.;:; the ::-Jixing valve, and a Bourdon pressure gage (5) measured 

t!ie feed pressure .P • Just before entering the test section, the drop
1 

size d:i.stributio~1 wa3 pl1otogra:p!:1ed at the optical cell (6) u2ing an 

electronic flash and 35 2m. camera. 

To si..u~J~arize, a.s the feed enters the test section, it consists 

+ 2'C). 

size distrib1..;.tion a.t a certain flm1 rate and pressure. Feed temperature 

III·c·2 ~e~t Sectio~ 

The test sectim-: consisted of the hydrocyclo!1e (7) and the over­

flm1 2.::J.d u::i.derflo':1 ta.."'1.ks (8) e.nd (9) 'dhich were used to mee.sure overf10·11 

ac;.d u.n.derflo·,., rates, respeetively. I-2.nometers r:ieasured the overflow and 

2e.r::ples of t1~1e 0-..-eri'lo·.1 and m1~lerflo~·1 streai2s ~..iere tci..ke:r1 directl~:r b~r 

ple.cing flas~s W.-i.de~ both stree.::s, sirrn1l taneo:J.sly. 
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III·d Procedures 

The proced.ure used to determine the feed drop size distributio:::1 

is c (':1.Siderecl first, and then the cyclone separation procedure is out­

lined.• 

III·d·1 Deteroining the Feed Drop Size Distributio~ 

T?le effect of oil/water r2.tio 2.nd mixing valve pressure drop on 

the volume/surface diameter of the feed drop size distributio:;. was deter­

mined first. A composite st2.tistical experiment design for the hro 

variables at five levels was· used (e. total of 12 runs). 

Several photog:re.phs of the feed dispersion ':Jere taken for each 

run, a:i.d about 500 to 2000 drops 'tlere sized and cou.>J.ted for each run, 

using a Zeiss particle size anc.lyzer. From the size distributio:'l given 

by the analyzer, a volume/s·.irfa.ce diameter could be calculated. This 

photogrc..phic method of saT.pbn0 tlle feed dispersion did not disturb the 

dispersion in a11y way. Details of this method are given in Appendices 

2 antl- 5. 

III•d•2 EffeGts of the Vc.~riables on Cyclor..e SeD8.ration 

Once the feed drop size dizt:::-ibution wa3 knoi-m as s. function of 

the oil/water ra.tio and !:lixing valve pressure drop, the effect of fee:l 

drop size distribution, oil/water ratio, and volume split on the cyclor..e 

separation cot.J1d be determined. The experimental work Has planned on 

t!'!.e basis of a co1nposi t4=J statistical experiment design for the three 

varh.oles at five levels (20 trials). 

Since the fee8. d:rop size distribution could be controlled oy 

t(ie r.,1x1::;g v&.lve, it 'rIElS not Teasured during the sep;;.ration study. By 

adjusti::.g the val 're 0;1 the cyclone ,_mderflm·:, the volur:ie split was set 

http:volume/s�.irfa.ce
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by trial and error, three trials usually being sufficient. The cyclone 

overflow valve was fully open. Then, for a particular oil/water ratio 

and feed drop size distribution, the outlet streams were sampled twice 

within about 30 seconds. Runs lasted about 2 to 3 minutes, since the 

overflm1 stream contained very s~nall oil drops and was retained in the 

overflow tank, rather than bei::1g discharged imnediately back into the 

reservoir. 

The overflo1:1 sanple contained 0-5 volume percent carbon tetrach­

loride in water, and. was analyzed by extraction of the oil with hexane 

and measurenent of the refractive index of the extract. The tmderflow 

sample was 75-90 volume percent carbon tetrachloride and was analyzed by 

turbidimetric titration. Details are given in Appendix 2. Both analyses 

were accurate to within 5%. The mutual solubility of ca.rbon tetrachloride 

and water was too sillall to be measured by the above techniques. 

Stef~dy state was reached very rapidly within the cyclone, since 

residence time in the cyclone 1,1as about 0. 5 seconds, and since the two 

samples of ee.ch stream showed no time trend. 



IV RESULTS AlID DISCUSSIOH 



IV·a Introductim::. 

This cl-,apter co::1siders t:t:.e results of the drop size distribu­

tion '.:ark e.nd the cyclone separ2.tion work. Since theory in both 2.ree.s 

is mee.5re, explarJ.ations of results are qualitative for most of the 

IV· b Effect o: t'::.e Vc,ric:.hles on the ~,eed Ilis;Jersion 

Details of the experimental procedure and data obtained are in 

the appe:1dices. First co~1sider the statistical results. 

IV·b·1 Statistical Results 

The data on Sauter nean diameter (D '> ~2 vert.us mixing valve pres­. p .,I 

sure drop (:x ) were correlated by t11e follmring eq,u2,,tion (using le3.st
1

squares) 

x .... 
I 

'.There 

Sauter ciea.n diaDetor (microns) 

x
1 

ratio ~·r8..s not sig11ifice~::-it a~id so is 

not included in this equation. The r::ultiple correlation coefficie:1t 

for t~is equation is 

0.743 

·.1~:ic'.1 is sig:1ificant at t:'.',e 95~~ con.fid.i:;;.1ce level. :.."C'.e!l e. second order 

pol~-~1o~::io.l w:3..s fitted to t'::e 'l2ct::., e.11 partial re;;res3ion coefficie:1ts 

-28­
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belt tlnt coefficient for x were foun.d not to be significantly differe:::it
1 

frof:l zero. 

A plot of eqti.e.ti021 (1) with the data. is given in Figure IV-1. 

IV•b·2 Discussio:1 of U:e ..5~ffect o!: the Variables Ol1 Dron 3ize Distri­

b-:.itior: 

F . t . .,, ·1 1 ,_ ~. this variu.bleirs cons1Ger oi /waver ra cio. To explain why 

had no effect on the drop size distributi on for the range the.t was 

studied, tHo explanations :1"!3-Y be advanced. The reproducibility of 

<n{ 
32 

shm-1s a fair degree of scatter, the standard devie.tion of ob­

servations at th.e centre point being 13jl. ':Pb.is scatter may be mask­

i!1g t~1e oil/..:ater ratio effect, inferring that tl':e oil/water ratio 

effect is srr.all. :Teglecting it will r.ave little effect on (DP'> •
32 

To confir;:i the above r2EJ.soning the ~-:ork of' I11cDonough et al 

is cited.. It gives the following empirical rele.tionship for 

frc1isci ble liqui.d.s flowing tl1rough an orifice 

interfacial area A x(volume fractjon. dispersed)o.9 
phase rjJ 

or 

In otl:er words, 

1 
= (constant) (~) 0 • 

Therefore increasing the volu:ne fraction of dispersed p'.1ase gives e, 

sr.12.ll increase in (Def for the sar.1e pressure drop across the orifice.
32 


~;o ex~lan:::,tion was offered for tl1is 'oeho..viour. If the oil/1ater re,tio 


did hz;,ve an effect 0~1 (D.J fo:>::" this work, it Has too srall to be32 
noticec:.'cle co:::pare::l. to the ezperi::ie:1tal error. 

http:sr.12.ll
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The second exple,ne,tion is based on the mechanism by uhich the 

drops are formed. For this work, drops of oil are formed in the water 

at a Dixing tee, and these drops are then broken up at the mixing valve. 

The mech.s,nis:r~ by which drops of one phase for:w when injected into another 

phe.se, and the ::nechanisr.i by w:C.ich drops a.re broken up at an orifice is 

not well understood. Intuitively, the relative volumes of one phase 

to the other would not seen to have an effect on (D~ uJ1less drop­
32 

drop coalescence occurred. For the exp.erimental apparatus, the esti­

mo. ted time for the dispersion to travel from the mixing tee to the 

optical cell ~·ras 0.3 seco11ds. There
7
coe.lescence would have to be oc­

curring very rapidly for the drop size distribution to be changed 

considerably before it was photographed and entered the hydrocyclone. 

It Bay be concluded, then, ths.t the oil/water ratio does not seem to 

have an effect on drop size distribution and that this can be attri­

'outed either to no drop-drop coalescence, or to a large scatter in 

the data masking any S!nall effect of the oil/water r2.tio on (D~ 
32 

. 

Consider the mixing valve pressure drop. With the mixing valve 

fully open, the drop size distribution is given by run 10. \fnen the 

valve is closed the drop size distributio:i is give:i by runs 8 and 9 

for = 52.95 and = 88.25 mm.Hg pressure drop, respectively.P1 P2 

Figure IV-2 shmrs qualitatively uhat is occurring. 

The three distributions show that large drops (>100)"') are 

being broken 1-lp at the valve. The nll.I'.lber of. small drops ( <100/") is 

therefore incree.sed. This accou..'1ts for the incree.sed percentage of 

sr.:2.ll drops in the distribution as the mixing valve is closed. 

The gre'lter the pressure drop across the mixing valve, ·the Dore 

http:sr.:2.ll


0 

-32­
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interfacial area produced (see (H-4)). Therefore the number of large 

drops in the distribution decreases with increasing pressure drop. In 

effect, two distinct drop size distributions are being cre2.ted. This 

is quite evident from Figure IY-2. -The experimental cumulative number 

distributions given in ..:'i.ppendix 3 sho'.r that the large drops deviate 

markedly from the log-norr22.l distributi on as defined by the small drops, 

when nixing valve pressure drop increases. Table IV-1 shows the cha~1ging 

number of drops observed in the photographic samples as pressure drop 

increases. 

In connectio::1 with the work of Nugele and Evans (II-8), it is 

seen that the mixing v2.lve serves to limit the maximun drop size. The 

fact that the cur.i.ulative nunber distributions given in Appendix 3 seem 

to asymptote maximur.i values of drop diameter indicatesthat there are 

"upper-limit" sizes in the drop size distributions. An example is 

shmm in Figure IV-3. The distributions in this work are the type 

co~'lsidered by Eugele and Evans for the "upper-limit" function that 

the;y propose. '.::11:.eir a1:.e.lysis was not used, ho·:rever, since the Gwyn 

et al corrections ':Jere applied directly to the dro:p size distribt~tions. 

IV· c Effect of the Vario.oles o~'l C;.rclor:.e Efficiency 

Details me.y be fmm.d in iLppe::1dix 3. Here a sumr«1a.ry of the results 

are pre:::;ented and an atteGpt is made to explain their significance. 

IV·c·1 Statistical Results 

The cyclone efficier:.cy E (defined in Ch2.pter 2) was experiEen­
s 

tally deterdned as a function of the oil/water ratio (x ), the volume
1

split (x ) and the feed drop size distr:i.bution (x..,). "2.egression of the
2 . ) 

data wit11 a secor,d order polynomi<:i.l sho'.rerl thc:.t the seco"d order regression 

http:efficier:.cy
http:sumr�1a.ry
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TABLE IV-1 1Till::BER OF DROPS OBS:ERVI<:D AT VARIOUS SI/E 
r1rrErl.\TAIJS FOJ. I;,rcRI~~\.SI:iG l·ITXI:LTG 'lli.LV~ PRESSURE DP.. OP 

lTUIIBER OF DROPS COUNTED IN SIZE 

Il\rT~3\T~iL ?ER TOT.AL OF 1000 DROPS 

OBSERVED 

D pSIZE p = 88.25... = 17 .65 = 52.95 
r:'..!~. !Tg~INTERVAL mtn.IIg ms.Hg 

(p.,) 

8650 - 65 118109 

70 - 90 140 146 149 

,.7110 - 125 o, 8172 

152 - 173 65 45 33 

185 - 210 69 2137 
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FIGURE IV-3 EXAIIPL:i.<; OF DEVIATION O:F' LARGE DR.OPS 
:E'ROii Tll'.':: LOG-lm~HAI_, DISTRIBUTIOH 
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/ 

coefficients were not significantly different from zero at the 95)6 

confidence. level. A linear relc:..tion \:as subsequently fitted and this 

resulted in the following equation 

E s 

where the values of the independent variables are coded from -2 to 

+2 as given in Table ..-\j-6, and tho cyclone efficiency is in percent. 

The nultiple correlation coefficient for this equation is 0.959 uhich 

is significant at the 95~~ level. 

Since the standard errors of the partial regression coefficients 

are equal here, the r;agni tude of the coefficients themselves gives an 

inrlication of the importe.nce of the variables. Therefore, fro;n the 

above expression, the v2.riables can be listed in decreasing order of 

impor0ance• 	 .1. 

Volume split (x )2


Oil water ratio (x )

1

Drop 	size distribution (x )
3

This list of the variables is 2.pplicaole only for the ro.nges of the 

variuoles stadied in this work. 

IV·c·2 Discussion of the Effect of Cvclone Variables on Effi~iencv 

Since this work has been divided into h10 sections ( 1) deter­

nination of feed drop size distrioutio;:is, and (2) measurenent of hydro­

cyclorte efficiencies, I:',e'J.tion is nade of whether <DJ (Sauter nea.."1
32 

diaceter) changed with time. Each variable is considered in turn. 

(i) 	 :Dffect of DroCJ .'lize DistrH1x':;ion o::. r:>rclone Efficiency 

Drop size distribution :1as seen to 'oe the least important of 
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the three variables studied. Its effect on efficiency may be seen in 

Figure IV-4. These results do not contra.diet what would be expected, 

since the more small drops tl1ere are in the feed, the more sn:ill drops 

there are that go to the overflm1. 

The drop size distribution work was done over a period of three 

weeks. This we.s the::-1 imnedia.tely followed by efficiency r,1e2.surer.1e~1ts 

which took two ·weeks. Since (1\{ 32 'ms deterl'lined four times for all 

ve.rie,bles constant, at the centre point of the experiment design, then 

2.ny time trend in (D{ should be apparent. Table IV-2 showq the32 
ru..'1s done at the centre point in the order that they were carried out, 

and the resulting (D/ 32. Any time trend in (D.t 32 may be conpletely 

overshe.dowed by experiruental error, and Table IV-2 indicates that this 

may be the case. Therefore it is reasonable to assume that <D/ 
32 

t·rould remc:dn close to the predicted ve.lues during the cyclone efficiency 

work. 

The Sauter mean diameter (nJ> 32 was chosen to represent the 

drop size distributions because it is directly related to the forces 

influencing separation in the cyclone. The concept of a particle being 

in eqailibrium because tl1e centrifugal force on it equ.::.. ls the drag 

force due to re.die.l flow of liquid was prese:::ted in Chapter 2. The 

centrifuge..l force on a particle is a fu.."'lctio::. of its mass, and there­

fore its volw::e. T:ie drag force is directly proportional to the par­

ticle area nor=al to tbe direction of flow, and therefore the particle 

surface area. Since (D~32 is defined as: 

6 sum of particle voL1.~(n') :;:2p ,; sum of particle suxface ~&:ieas} 
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'.i.1AJ3LE IV-2 POSSIBILI'.i.'Y OY A TIHS TREHD 
nr TEE VOLUI•IE/SDI-l.FJ,CE DV.J;IETER (D~ 32 

RTm 
(in order done) 

(DJ:c2
~ ..) 

(;,d 
I 

1 212 .1 

2 223.2 

7 230.5 

8 199.6 

Standard deviation a.t cer.tre point is 13. 5 r . 
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it is a direct Ele:3.sure of the forces acting on a clroiJ. A ST'lall (D.J' 

indicates sr:ia.11 drops, high drag, and hence ma.'1y small drops in the 

cyclone overflm:. i\. high <:D>~2 indicates large drops, predominance of 
P.'.> 

centrifugal force, and few drops in the overflo1d. 

Consideration will no1:T be given to a calculation of the im­

miscible oil concentration in the overflow to see whether this con­

centration increases as the Sa,1J.ter mee:!.n diameter decreases. First 

consider the observation the.t the underflo~1 is. never completely oil, 

but is always a mixture of oil in water, even thoug".1 the lU!.derflmr 

re.te is Jess than the oil being sep8.rated. This infers that there 

is Ji ttle or r,o drop-drop coalescence. Now consider a sample cal­

cul2.tion of the overflow oil conce'1.trs.tion. 

Data 

All variables at the zero level. 

Q
"1 4.042 IGPII 

Q.2 3.465 IGPI·: 

Q
3 = 0.577 IGFL·l 

Qoil o_.594 T0D•;\
..L..\..T_._.1. .. 

'\1 

't...rater = 3.448 IGPII 

= is found by using the particle 

size classification curve th2.t 0.003 IGP1': of oil pass to the c~-clone 

overflow because of drops too s~all to be separated by the cyclone. 

Ass1J.::iing that the w1'3erflm1 '.vill never have less than 15/o void 

space between the oil drops, then: 

uate::::- in under£'l01.·1 .15x.577 = .OF36 IGPH 

oil to tmderflo'.;r .577 - .086 .490 IGPII 

http:sr:ia.11
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Therefore oil to overflow is 

.594 - .490 = 0.104 IGPN 

TherefoTe, calculated overflO':r oil concentration beco:nes 

0.104 :c 100 3.0/o oil3.465 

Similarly, the overflo·.r oil concentration for other levels of 

the drop size distr5-butio:1. can be found, assuming constant 1570' Hater 

in the 1J.nderflow \·Then the uncl_erflO'.l rate is less than U1e oil being 

sep2.J_'2,ted. The results of these co,lculati.ons are given in T2,1Jle IV-3. 

Since a consta~1t t1.nde:.-flo1·1 \·Iater percentage was assumed, 2.ll 

c2.lcul2.ted overflmr oil conce::1tr8.tions are equal. This is becat;.se 

the tmderflmv void frflction has bee21 assumed independent of drop size 

distrioution (;·rhich it is 210t), 2.nd bec~use the 0.003 IGl1E of oil goi~,g 

to t:,e overflm1 is not se~:si tive to cnanges in feed drop size distribu­

tion. 

ce~lc~..;.l::.ted ove::'flo~.,, oil concentratior1s i_S e.s follo~.1s. Uniforo spl:eres, 

Tnhexagon~lly pac~ed, ':Jill :1.ave a void space of 26% (C-2). .J..l t.tere is 

a s~_ze distributio:1 of SJ?heres, S'."'."lll spheres 2ay fit in the voirl sp2.ces 

left b2,- t1:e pac}:inz of larger sp}1eres. The greater ti1e "t;a~riation i11 

the s]here si3es, the smaller the void space will beco2e. 

The drop size distribution 'oeco2es more ur1i£'orm as the level of 

x:; in~reases (-2 lev·sl to the -:-2 level). · ':'herefore, the ;:ater L: t~0 e 
./ 

\.roir1:; is less t:~et.:1 15;~ for tr.e droJ! size distriblJ.ti.on 2~t t~~e -2 level, 

level. He:nce, at t~e -2 level, more 

oil "dll go o:..lt ':;)-:e urtderflmr -':;han '.;as assu:::ed, and so less oil ':Jill 

go to tl-:.e over.:10·1. ;\.t t!1e +2 level, less oil goes o;;t the w:.der£'lo·.-; 

http:distriblJ.ti.on
http:follo~.1s
http:becat;.se
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TXBLE IV-3 OIL cmrcEET?..ATIOJ:~ Il~ CYCLOlill OYSRFLO\I AS A :I!'Ui.TC'.L1Io.:i'T 
OF llEOI-' SIZE DI3TTIIBUTIOl:' .As~m:nm 15/~ ':!ATIB IlT UlTDEPJi'L01',' 

LL'VEL OF 

v 
··~) 

OBSI'::.lYLD C'! 
;:J 

OvffiFLO',r OIL 

CO~TC3:JTR:~'J:.1ION 
·. 

CALCUIATED rf;::; 

OV:sRFLO',! OIL 

COlYCKTTiU'l'IO.:T 

-2 
.. 

2.)2 3.00 

-1 

: 

2. }S 3.00 

. 

0 3.25 3.00 

+1 3.42 3.00 

. 

+2 3.83 3.00 



-43­

than was assu01ed, and .so :nore oil '.dll go to the overflow. 

This explanation of the observed results is depe21:ient on no 

droi1-clrop co2.1escel1ce. First, r:eDsureoents made on drop drag sl;01.·1ed 

the.t surface active 2.gel1ts 11ere prese:'1t in the carbon tetrachloride/ 

water system used. This is sufficient to prevent drop-drop coa.les­

cence. It should also be pointed oc1.t that carbon tetrachloride drops 

did not ;wt the walls of the glass c3,cloi1e. Therefore no 12.yer of oil 

would be present at the cyclone wc:.11, evel1 if drops did coalesce. 

Finally, the overfloH drop size distribution 1K:.S photographed, U:.1.d is 

given in Figure IV-5. To explain this observed distribution, co:::sider 

Figure IV-6. Sro.11 feed droplets fed at the cyclone uall rr:a;:r not ree.ch 

their equilibri'.lc:J envelopes 2.nd therefore rJay exit at the cyclo::1e under­

flow. Thus t.'.1e :!:"ising mixture of droplets at A co:1tains both s::rall 

drops a.nd large drops which are una'ole to p2.SS oat the lmderflow. Ass'.17:1­

inc; no ::Irop-drop coalescence, t::ie dispersion at !~ is sirdlc.;,r to the 

feed dispersion. Since it is knmn;. thu.t 177; of the fee::l. oil is u...YJ.able 

to go out the ur,derflo'.-1 •.-rhen c:.J.l V8.::'.iables are at the zero leve1~ the 

overflou drop size distrioutio~1 !'.la,y be calculated if a (D ) i:;n value 
p .·­

is kno~.1::--i. Figure IV-5 sho'.rS that for a (DP) 50 of 2)u and for a percent feed 

oil to overflo'..r of 15;~, t!;.e best fit is obtained. Table IV-4 gives a 

Sll!'lir.E,r-J of the curve fits obtained for various co:'1di tions. 

The prediction of the overfloc; drop size distribution is further 

evi1euce for no drop-drop coalescence. It is also further evidence 

( D ) is 'h + 2~') IJP 50 
' •a~ouw 
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:E'IGl,1?._t; 	 IV-6 SCHEE!i.TIC REPRESENTATIOlT OF OIL 
DROPS AT 'l'IIB CYCLmm illill:SEFLO';[ 
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TABLE IV-4 SUJ.li\1.A~i.Y 01? Cl.GT.S FITS FOR VARIOUS Vil.Lu.SS 
OF (DP) AND OF PRHCEHT FEED OIL ~'0 .OVERFLO':!

50 

(Dp)50 

used 

Effect of (DP)50 
Overflo·:r cm 

1o;s 15% 

and 

fit 

~ 

1~ Oil to 

J
20/a 

20 :.-(. 

/ 
4 3 4 

25 t.·i... 2 1 2 

30 )fa 
/ 

4 3 4 

1 Excellent fit 3 Fair 

2 Good 4 Poor 

http:Vil.Lu.SS
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(ii) Effect of Oil/.Iater Ratio 0:1. Cyclone Efficiency 

The feed oil/water ratio was seen to be ·the second most impor­

tant variable. Its effect 011 hydrocyclone efficiency may be seen in 

Figure IV-7. Intuitively, if the fraction of oil in the feed rises, 

then the gre2.ter the amount of oil in the overfloc·T will be, for the 

same volume split. 

The overflow oil concentre,t-ion may be calculated in the same 

manner as before. The ce.lculated values along with observed overflow 

oil concentratio::i.s are given in Table IV-5. Considering the possible 

err9rs in determining flow rates and sample compositions, the cal­

cula.ted and observed overflow oil concentrations are in reasonable 

agreement. 

(iii) Effect of Vohwe Sulit on Cyclone Efficiency 

The volume split was seen to be the most important variable 

of the three variables studied, Its effect on hydrocyclone efficiency 

is shmrn in Figure IV-8. 

The overflow oil concentration may be calculated as before, 

assu"ling a constant 15% water in the ux1derflow. The res:.ilts are given 

in Table IV-6. Once again the agreement between observed and calc"J.­

lated overflm>' oil concentrations is reasonable, considering the 

pos3ible neasurement error$. 

Cyclone efficiency is seen to be highest for a volul!le split of 

4/1 (the -2 level). However, as the vol"J.me split is further reduced 

to 3/1 and 2/1, more water will appear in the underflow and efficiency 

should pass throug11 a maxil:mm at some point. Since essentially no 

oil was present in the cyclone overflow (0.10)~) at a voluJne split of 

http:vol"J.me
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TABkr,; IV-5 OIL PERCEI;TAGE ET CYCLOlrE OVEIU<'LO'.V AS A FU1JCTIOH 
OF OIL/'J!LTEH P•.A'l1IO, ASSUHIHG 15/S 1.JA'l1ER IN TH8 UNDERFLOiJ 

I,EV'.bL 

x1 

-2 

0'"J. 013SERVb"D d;O 

OIL r:r OVER­

FLOW 

.65 

CALCULATED 

%OIIJ pr 
~· 

OVEPJ"LO':I 

0.10 

. 

-1 2.02 1.36 

0 3.25 3.00 

+1 3.78 4.82 

+2 5.57 6.46 

x ax1d x at zero level
2 3 



0 

-50­

100 

90 

80 

EFFICIENCY 
(;;~) 

70 

60 

50 

l~IG1JRE IV-8 

k .. ree Ur:dcrf'lmr Sr:all Underflow 
1~11 5/1 6/1 7/1 8/1 

-2 -1 0 +1 +2 

z 2 (level) 

Data 8.t zero 1evels for x1 a.nu x
3 



-51­

TABLE IV-6 OIL PERCENTAGE IH CYCL01IB OVEEFLO'.I AS A FUNCTIOH 
OF VOLmill SPLIT, ASSTJI-IIHG 15% HATE.Ii IN DITDEHFLO'J 

LEVEL 

x2 

-2 

-1 

0 

OF Ol33E.Fl.VED OIL 

CONCElJTP,.ATIOH 

VOLU1I'8 rf 
;o 

0.06 

1.10 

3.25 

CALCUL!'i.TED 

OIL COKCEH1'RA­

TION VOLUNE clio 

0.10 

0.63 

3.00 

+1 

+2 

4.69 

5.50 

4.67 

5.91 

x7 at zero level 
) 
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4/1, further reducing volume split will result in even less oil in the 

overflo'll. Efficiencies for volume splits of 3/1 and 2/1 (-3 and -4 

levels) can then be calculated. These calculations are sumD~rized in 

Table IV-7, and the efficiencies are plotted in Figure IV-9. Cyclone 

efficiency is see:::i to pass through'a maximum for a volume split of 

4/1 (-2 level). 

This is easily explained. The un.derflow was seen never to be 

pure oil, but always a mixtu::-e of oil drops in water. Although the 

underflow rate equ2.ls the oil feed rate (all oil assurr.ed to be sepa­

rated) at a volume split of 5.8/1, the underfloH always contains water, 

so at this vohune split so!:le oil goes to the overflow. When all the 

oil can go out the m1derflow, efficiency should reach a maximui:1, which 

is roughly at a volume split of 4/1. This is similar to the argument 

of Simldn and Olney (S-3) who point out that cyclone efficiency is a 

maximum w'!:1en that phase which is in the largest quantity is also purest. 

This can be deduced from the efficiency definition, 

E 
s 

since the first ter::i is t!1e le.rgest, and since the efficiency is re-

latively insensitive to changes in y because the second ter:n is sma.11.
3 

Efficiency would seem to oe a maximu.,11 when y was approximately unity.2 

This section has shown thEJ.t for maximum overall cyclone effi­

ciency, there is an optimum volu~e split. Unfortunately, this volu~e 

split can not be predicted because the oil wets the glass cyclone wall 

and because there is no drop-drop coalescence. 

If the feed drop size distribution is known, a mixture of solid 

http:assurr.ed
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TABLE IV-7 EFPICIEiTCY CALCUMTIOUS FOR VOLUHE 
SPLIT AT Trill - 3 AHD -4 LEVELS 

VXEL'\.BLES 

VOLlJ1IE SPLIT 

3/1 

-3 LE\TEL OF 

VOLUIIB SPLIT 

VOLUME: SPLIT 

2/1 

-4 LEVEL OF 

VOLUHE SPI,IT 

Q1, IGP:iI 4.042 4.042 

(\

"'2' IGPH 3.032 2.695 

Q3' IGPH 1.010 1.347 

Y1 0.855 0.855 

Y2 1.00 1.00 

y 
3 

Efficienc,y % 

o. 411 

88.0 

0.560 

7s.2 

Assu."Tling no oil in overflmr, underfloi.1 is all feed oil 

plus water not going out overflo'.,.r. 

Q il 0. 594 IGP:·I 

(1 

'vater = 3.448 IGPH 

0 
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FIGURE IV-9 EFFECT OP VOLUHC SPLIT OlT CYCLONE EFFICIEITCY FOR 
vo1m2; SPLI'r DECREASED TO 2/1 ( -4 LEVEL) 
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spheres can be made having the same size distribution. The spheres 

may be a factor of 10 or 20 larger in diameter, but if the void space 

for this mixture is determined experimentally, this void fraction may 

be used to estimate the water that will appear at the underflow. 

IV•c Sumrnar.x: 

This work was not intended to be exhaustive, but rather it was 

used as a means to study those few cycJone operating varia.bles that were 

felt to be most important for a liquid/liquid feed. No quantitative 

statements regarding the applicability of the results of this work to 

other cyclones can be made sinc,e only one cyclone of one particular 

design was used, with only one liquid/liquid system. However this work 

has brought out several points, and they will be briefly touched on. 

Using an oil which does not wet the cyclone walls means water 

will c.lways appea.r at the cyclone u..11derflow because the oil is always 

dispersed as drops. If the heavy oil wets the cyclone '.ralls, it is possible 

that pure oil may appear at the underflow. 

A 'dirty' liquid/liquid system means no drop-drop coalescence. 

Therefore, the amo-:.mt of water in the U..'1derflow will depend on the drop 

size distribution. If there is drop-d.rop coalescence, the amo:L1t of 

water in the underflow will be clecre-::i.sed as the underflow rate is 

decreased. 

Surprisingly, no short circuit flow was observed in this work. 

(Short circuit flow is the by-passing of feed from the feed inlet, across 

the cyclo!l.e roof and do\ln the. vortex finder wall to the overflow~) The 

presence of short circuit flow would be indicated by large overflo':r oil 

concentrations. Perhaps the inlet feed pressure was not large enough to 

cause short circuiting in this work. 

http:amo-:.mt
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V COlJCLUSIO~TS 

Conclusions reached fron the drop size measurement work e.re 

now given. 

1. Various volume ratios of carbon tetrachloride in water were passed 

at a constant velocity throug'.1 a rnixL:g valve whose opening was mee..­

sured by the pressure drop across it. The mixing valve served to 

convert the feed pressure energy into new drop surf2..ce energy. The 

pressure drop across the mixing valve, for a constant flow rate, is a 

measure of the change in drop surface energy. It was found that a 

linear relation existed between the mixing valve pressure drop and the 

volu;:1e/sui·face diameter (DP) of the drop size distribution. The oil/
32 

water ratio effect on (D) was not statistically significant at the
32' p 

95% confide:::i.ce level. A linearrelationship between nixing valve pressure 

drop and (Drl was also obtained by Sin1<in and Olney ( S-3), and Holland
32 

et al (E-4) found that the oil/water ratio was also not important in 

determining (Def •
32 

2. The drop size distributions obeyed the log-normal law, but as 

the pressure drop across the r:iixing valve was increased, the le.rge 

drops were broken up. This resulted. in two log-norDal distributions. 

At the le.rgest mixing valve pressure drop, however, the two distribu­

tions could still be repre3ented by one log-nor:-:ial distri tl.1tion. 

Conclusions reached from the cyclone separe.. ti on study are 

give~1 belo·.r. 

1 • ':.'hen a feed mixture of carbon tet:::.-achloride in 1.rater at a particu­

lar oil/water ratio and drop size dist:ributio'1 -.1s sent to a hydroc~'clone 

-57­
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operating at a given volume split, the efficiency of separation could 

be experimentally detersined. A linear relation was found to exist 

between the separation efficiency and the above three variables. Inter­

actions between the variables were focmd not to be statistically signi­

fj_cant at the 95% confidence level. 

2. The three variables can be listed in decreasing order of importance 

for the range of variables studied as: 

a.) volume split 

b.) oil/water ratio 

c.) drop size distribution 

3. The underflow was a brays found to be a mixture of oil droplets in 

water, and never pure oil. Tbis suggested no drop-drop coalescence 

in the hydrocyclone. A (DP) value '.·ras calculated using available
50 

correlations, and by assuming a constant void space between droplets 

at the 1.L'1derflow, and by assuming no short circuit flow, the cyclone 

separation co:ild be predicted. The overflow drop size distribution was 

also predicted and it compared closely with the overflow distribution 

r::easure:l. 

The assur.iption of no si10rt circ'J.i t flow is justifiable because 

its existence would lead to larger overflow oil concecitrations thar1 

those observed. Kelsall (K-1) four..d that 15% of his feed short cir­

cuited. 

4. In this work, it ws.s fou..'1d t:-iat (:Dp) was abo'.1.t 25 rilicro:'1s, Only
50 

abo1J.t 5;0 of the total nlur:ber of drops observed in the feed distributions 

':rere less t::Can this size, ar~d therefore (Dp)SO was not fou...'1d to be very 

i::',po:rtant. ~·!ithdrawirig less oil at the 1.illderflNr than the amo:1nt in 
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the feed was important, a?J.d this was controlled by the volune· split. 
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NOHEHCM'.L'URE 

A 	 drop interfacial a,rea per unit volume of mixture 

weighting; factor in chi-square test 

drag coefficient 

inside die.meter 

(D; = geometric mean diameter 

D particle diameter 
p 

(TIP) 20 	 mean surf<:cce dia.~neter 

~ean volume diameter(DP) 30 = 

.LI hydrocyclone efficiency (dBfined in A3)"' s 

F centrifugal force 
c 

dre.g force 

g gravitional accelere.tion 

L = heigfi.t of cyclone 

1. 	 height of i2agine.ry cone (rigure (A4-2))
l 

pressure 


total cyclone pressure d:.·op 


flm-1 rate 


r 	 rad.ius 

velocity 

inlet velocity in cyclone ;:;.t eean radius of entry 

= t::u.;ential fl:.J.id veloci t:r 21ear c~rnlone ·.rall in t~1e feedv
'G 

inlet section 

\T 
ir;i 	 t.?...::J.gc:1tiP.l velocity 
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radial velocity
R 

p<::.rticle terninal velocity 

volune/surface dio.'"".eter for spherical drops 

y = volune fraction ':Ja ter 

Greek Letters 

sta:'ldard deviation of log-:::iorr:ia1 drop size d.istri bEtionllg 
particle density~s 
co11tinu.ol1.s p~1ase de~1si ty\>c 
continuous phase viscosit~r.Ji.,c 

¢ = volu_tne frac tiol1 dispersed pI'~,se per v_11i t vol·Llne of mixture 

,£,t, == micrcm 
/ 

Subscrints 

1 at cyclone inlet 

2 at cyclo:J.e overflmr 

3 = at cyclone u."'1.derflow 

c cyclone (ie Dc cyclo~'le clia"1eter) 

c = conti.ri~J.ous p~-iase 

s solid ph2.se 

p particle 

Other 

<> average 
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APPENDIX 1 PHYSICAL Pil.OP"ERTY DETERHIHATION 



A 1 PHYSICAL PROPERTY DETERI111JATimr 

A1·a The Weed for Pure Liquids 

For a liquid/liqu:i.d feed to a hydrocyclone, there may be two 

separation mechanisms operating: sedi:-nentation, and coalescence. 

Since coalescence is verY. sensitive to impurities, an attempt is 

made here to show the effect of impurities on the physical properties 

of the carbon tetrachloride/water system used. 

Properties measured were: 

( 1) Density 

(2) Refractive Index 

(3) Viscosity 

(4) Interfacial Tension 

(5) Mutual Solubility 

A1·b Physical Pronert;r rieasurene!lts 

A1•b•1 Density: 

Densities were found for pure carbon tetrachloride (spectro­

scopic grade) and for distilled uater, besides for the liquids used 

in the cyclone. The liquids were placed in flasks which were im­

mersed in a water bath at 25·c. Then a 10 ml. specific gravity bot­

tle was filled with the liquid of interest at 25•c and quickly weighed 

using an analytical balance. 

Densities measured are in Table A1-1. 

A1·b·2 Refractive Index 

An Abbey refractor::eter co:n.11ected to a 25·c water bath, ~1ith 

-.10­
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TABI.E A1-1 TABI,E OF TEE DENSITY, P..t:.F.'RACTIV'.ii; IffDEX 

AlJD VISCOSITY OF Till~ CAB.BOX TETR!:.CHLORIDE/WATER SYST.811 

-

LIQUID DE.tTSITY Q 25·c 
gm/ml. 

~ 

REFRACTIVE nmEX 
@ 25·c 

VISCOSI'i.1Y @ 25·c 
cp. 

Distillej water 0.9971 1.3338 0.8937 

-)(­ Tank water 0.9974 1.3338 0.8937 

I'ure Cs..rbon 
tetrachloride 1.58621 1.4582 0.910 

Tank Carbon 
tetrachloride 1. 58315 1.4582 0.915 

* 1 Tc::.?:J.l: 1 refers to the liquid used in the hydrocyclone study. 
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white light, was used to determine the liquid refrac~ive indices. 

Refractive indices are in Table A 1-1.· 

A1·b·3 Viscositv 

An Ostwald viscometer, thoroughly cleaned with chromic acid, 

and immersed in a water bath at 25·c, was used to measure viscosities. 

The viscosity of the fluids was~calculated by relating the 

mes.sured efflux times to the efflux ti'.!les for a reference material 

through the following relationship: 

= 


where /'-­ = viscosity 

e density 

t = time for the liquid level to fall 

between two reference rr:9.rks on the 

viscometer 

The Handbook of Physics and Chesistry gives the viscosity of water v.t 

25·c as /~ = 0.8937 cp. 

Therefore, from the densities and the efflux times, the vis­

cosities can be calculated, and are given in Table A1-1. 

A1·b·4 Interfacial Tension 

The experimental apparat~s for determination of interfacial 

tensio:::J. by the pendant drop method is best described by Figure A1-1. 

The nethod entails rr.easuring two diameters of the drop, d and d • 
e s 

This is s'.1own in Figure A1-2. From these two diaseters, the inter­

fe.cial tensio~1 can be calculate'.l from the table given by Andre2.s (A-1). 

Aside from a slight fuzziness at the drop edge on the 
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photographic negative, this method is capable of giving very accurate 

results. Drops of different sizes >1ere used, and the effect of aging 

was studied. 

Data are given in Table Al-2. 

Drop aging over 0 to 30 seconds appeared to have no effect on 

the interfacial tension. C2.lculation of the standard deviation, s, 

defined by: V2 
n 

s = 2 (x.J_ - X) .[ n~1 2J 
i=1 


where n number of observations 


x. an observc.t.tion 
J_ 

-x = the ari th11etic aver2.ge of all the observations 

gives an average (weighted) value of 1.0 dyne/c;;i. The confidence 

interval for (a) pure carbon tetrac:1loride in distilled water, and (b) 

ta.rik carbon tetrachloride in tank water may then be calculated using 

confidence interval t ·;2 1 r. s]°' ,n~, Lv' ~ 
where o\ 100 - confidence interval 

n nu::iber of observations 

= Student 't' value (see Crmre (C-3) page 47)t 0(/2,n-1 

Then, for the pure system, (a), 

-x = 41.6 dy:nes/cm. 

1o<.. - . 5 (951 confidence level); 

n = 7 

s = 1.0 d;;•ne/CIE. 

t .025,6 = 2.447 (C-3) 

http:aver2.ge


TABLE A1-2 INTERFACIAL TENSIONS OJ? THE LIQUIDS USED 


Interfacial Tension, d;ynes/ cm. 

TA:i:JK CARB0l~ TANK CARBQl.I 
DIS~1ILL:CD PURE CAHBON TE'.I'IU\CII- TETllACHLO- TETRA CHLO­
l'fATEH IN LORIDE IN DISTILIJED HIDE IN RIDE IH 
AIR 24.2·c \1ATER, 25 •c DI::;TILLED TANK WATER, 

' 1i!ATER, 25. C 25·c 

10 sec. 74.6 42. 75· 40~7 39.1 39.4 

Aging 20 sec. 74.6 42.75 40.7 40.1 ' 39.4 

30 sec. 72.7 40.7 38.2-
 37.6 

Fresh Drop 5 seconds 7G.6 41.25 42.3 )8.0 37.6 

Overal1 Average 74.6 41.6 38.9 38.5 

Standard Deviation s 1.6 0.98 0.97 1.04 

'1. G 1.0-s •
-..:i 
0\ 
I 
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then 

x = 	 41.6 + 2.447 [74j 
= 41.6 + 0.9 dynes/cm. 

Similarly for the tank system, (b), 

x = 38.S + 3.182 [ ~] 
= 38.5 + 1.1 dynes/cm. 

Also, .a statistical test on the means of (a) and (b) can be made using 

t = 


s(x) Jl/na + l/nb 


t = 	 Student t value 

= the two means = 38.5 and 41.6 dynes/cm. 

s(x) 	 = pooled standard deviation = 1.0 dynes/cm. 

= number of observations in each mean 

= 4 and 7 

Thus, 

t = 3.1 = 4.92 
1 x .63 

Using Appendix Tab le 3 of Crowe (C-3) for a 5% significance 

level, = 2.262. Since the calculated t > 2.262, it may bet. 025 , 9 

concluded with 95% confidence that there is a significant difference 

between the interfacial tension for the pure liquids and that for the 

tank liquids. Therefore, the tank fluids are contaminated with an 

agent that affects the surface behavior. 
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A1. b. 5 Solubilities 

Both the water and carbon tetrachloride were together in the 

&ettling tank for about 2 months prior to taking data. Extraction of 

the wc:.ter phase with hexane and mef:surement of the hexane refractive 

index showed no carbon- tetrachloride present in the hexane. 

Titration of the carbon tetrac:11oride with Karl Fischer Reagent 

showed no wc.ter present. 

A1 • c A :Measure of the Presence of Snrface Ac ti '-'e Agents 

Some further mea..11s of iJ.h~.strating the amount of contamination 

present in the liquid/liquid system was needed, since drop-drop coe..les­

cence would be greatly inhibited if surface active agents were preser:tt 

(H-3). The following procedure w2.s used to detect the presence of sur­

face active agents. 

Surface active agents affect the drag of a drop. A drop '.d th 

no surface layer (no surface active agents) will circulate, according 

to Linton and Sutherland (I,-3). The presence of a nonola,yer on the 

drop surface resists drop circulation and may reduce the rate of fall 

for a circulating drop of t:'le same dia:neter (D-5). To test for the 

presence of surface active agents in this work, the free fall velo­

city of oil drops of a 1'".nown size was measured. 

A burette with its tip irm:1ersefJ. in a column of distilled '.Ja.ter 

18 inc~1es h:i_gh, e,nd at 28 'C, ':ms ~sed to forn the drops. Co,lculations 

s':',o·..red that the drop re2.cr,ecl its ter:'"linal velocity alnost ir".i":lediately 

upo:1 rele;::.se fro!"', tl:.e 01Jrette I-.vlp. Probler::s were en~otL"l.tered i:1 getting 

a const~1t drop size, and the drops did not fa.11 in a str<J.ieht line. 

The r~:ge of data given in Table A1-3 is for 20 drops for.::'.ed 

http:for.::'.ed
http:rele;::.se
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TABLE A1-3 TEPJ·IDTAL VELOCITIES OF PUB.E AND CO:tTTAHIHAT3D 


CARBON TETHACELOJ.IDE DROPS IE WATER 


drop volume 
(ml.) 

drop rE.dius 
(cm.) 

measured Vt 
(fps) 

PURE CARBOir 
TETRACHLORIDE IN 
DISTILLED HATER 

0.036 - 0.037 

0.206 - 0.208 

0.728 - 0.735 

TANK CARBOiJ 
TETRACHLORIDE I.N 
DISTILL.SD \'/ATER 

0.030 - 0.034 

0.193 - .202 

0.645 - 0.650 

http:DISTILL.SD
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one after the other. Calculation of the terminal velocity using 

Newton's law for DP o.l+Q cm. gives Vt ~ o.86 feet/sec. for a 

solid sphere. This terminal velocity is greater than the velocities 

measured for both liquid systems, and is probably due to the drops 

not falling in a straight line. The clean system seems to form 

larger drops which fall faster than drops from the dirty system. 

This test for surface active agents is therefore inconclusive. 



APP:;lmrx 2 EXPE:R.IHE:i:TTAL DET~ULS 



.i\.2 EX.Plillil·IElITAL DETAILS 

ll2•a SQnpling Procedur~ 

The underflo-.·1 e.nd overflo·1 s2.mples '.-rere obtained directly by 

placing sampling flasks under both strea.ns. This avoided the proble:ns 

of not getting a represe::tati ve s2.1:1ple when fluid is bled. off, and of 

clw.nging the pressure drop acrons the cyclone when bleeding off a 

sanple. 

:~2 ·b OverfJ.o".J Analysis 

The method selected for t:ne overflow sample am~.lysis is con­

sidered first, and then an example calculation is given. 

~·,2 • b • 1 l'·fothod of Anal;rsj_s of Overflmr 

Since the overflo;·r carbon tetrachloride ( oi1) concentr2.tion 'Jas 

expected to be <5 volume %, the r::ethod of e.nc'"tlysis :r~ad to bE: seasi tive 

to STI:&ll ci1anges in overflow oil co;:ice:1trn.tion. The method decide:i 

upon was extraction of the ca.rbor.. tetrachloride from the water U3ing 

hex:::....'1e, and then a.11a.lysis of the hexane plus oil by refractive index. 

L dip-ping refracto8eter capable of measuring refr;.lctive index to a...11 

6
acc'.rracy of 1 in 10 was used. Reproducibility of this procedure 

V19.S less in error. 

A calibre.tion curve giviEg refractive index at 25·c as a functio!1 

of t':le percent voluDe c::.roo:1 tetre.c~1loride in hex8.l1e is given in Figure 

.:... 2-1 . 

To fi.rrther illustrate the r::ethod, 221 e;rn.nple calc:ilation is nmr 

gi ,..re:1. 

--82­
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FIGURE A2-1 
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A2·b·2 _Exe.".'.:ple Calclil~ction of the Overflmr Oil Conce~1tratio~ for Tric:l 6 

Sample volume = 89 ml 


First extract Yolume = 74,5 ml = 
 v2 

Second extract volume = 63.5 ml v3 

Refractive index at 25•c of V was 1.382974
2 

Refractive index at 25·c of v was 1.379410 
3 

Using the calibratio:'1 curve, v is 4.1 volume)~ oil and
2 

Therefore, the volu:ne of carbon tetrachloride in t:he sample is 

4.1 
100 

x 74.5 == 3.06 ml 

and so the sample is 3.06 
89 

x 100 = 3.44 volu:ne %carbon tetra­

chloride. 

A2·c Underflow Analysis 

The method of deternining the underflow composition is consi­

dered first, a...nd then an example calculation is performed. 

A2 • c · 'i llct::~od of :lnP..lvsi s of u~v1erflow 

'l'he pre·.rious nethod eDploying refractive index could not be 

used since the necessg,ry p:ris'::l for the dipping refrs..ctonete:r vas not 

available. A gas chronatograph was rejected as being too time con-

S"~T:1ing to calibrate. The method finally selected is called turbidi­

netric a.112.lysis (s-2). 

Turbidimetric analysis can be used when there are three liquids 

L,B, and c, where I-. and. B are ir:nisci.ble a..."ld C is niscible '.1itl1 botr.• 

For this uork, !.,B, and C are, resp·?ctively, carbon tetra.chloride, uater, 

and acetic acid. The method consist3 of adding a knO\m ·..reigl1t of acetiq 
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acid to a knOim weight of a mixture of carbon tetrachloride and water, 

whose composition is unknown. F,nough acetic acid is added to give a 

one phase mixture. This mixture is then titrated with water until two 

phases appear. It is then possible to calculate back to the original 

saBple composition. Reproducibility of this procedure is less than 55b 

in error. 

A solubility diagra.m for the t'ern'=l.ry system employed is given 

in Figure A2-2, and a representation of turbidimetric titration is given 

in Figure 112-3. There the unkn.mm concentration is at 1; acetic acid is 

added to yield a one-phase mixture at 2. Titration with .water 

follO':TS a line joining no% water with point 2. This intersects the 

immiscible curve at the "end point" 3. To further illustrate the method, 

an example calculation is now given. 

A2·c·2 Exarmle Calculation of the Underflow Water Concentri:.ition for 

Trial 6 

Sample ueight = 102 • 79 gre,TJS 

Acetic acid added = 104.64 grams 

Hater used to give end point = 0 • 50 graIJ.s 

Therefore, total sample weight is 207.93 grarls. 

The percent weight acetic acid nay nmr be found. 

7~ weight acetic acid = 104.64 x 100 = 50.3%207.93 

The calibration curve (Figure A2-2) shows tl:at for 50.35~ acetic 

acid, t:ie equilibrilL':l mixture is 6.1% water and 43.67~ carbon tet:ta,chloride. 

http:t'ern'=l.ry
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FIG"CRE A2-2 SOLUBILITY CTJTIVE FOR THE TERNARY LIQUID SYSTEU 


':!ATER-ACETIC ACID-CARBON TET? . .ACHLORIDE AT 25. C 


1OOJ~ ':.'a ter 10()1~ Carbo:1. Tetracl1loride 

• :Sxperime~tal pohl.ts 

All concentrations are weight perce~1t. 
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FIGURE A2-3 STEPS IlJ T1JRBIDitiliTRIC TI'.rRATION 

1Or.cf I .L • ' • d'J/v ~~ce t.-J.C ACl 

1007; Carbon 
(sh.rt) Tetrachloride 
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Therefore, the weight of water is ~o6 x 207.93 12.69 grams 

'.fo,ter added in ti t:r?ation was 0.50 grams 

Initial water in sample w<:»s 1 2 • 19 grarr s 

2
The volune of oil in the original sanple was then 102·7t58; · 19 57. 20 ml. 

Therefore the sample volume W2.S 57.20 + 12.19 69. 39 ml. 

and the percent volume water was ~~:;~ x 100 11. 5s5s. 

A2·d Rot2,meter Calibration 

The calibration curves ·for the 0-10 USGPN rotcl,.meters; cali­

brated in their lower ranges at 25 + 2·c, are given in Figures A2-4 

and 1'..2-5. Calibrations were checked periodically, and the data were 

+ ,,reproducible to within _ 2/o. 

A2• e Photo.c;ra"8hic Det:::.ils 

To give the deta,ils necessary to follow the experimental tech­

nique, this section first considers those steps leading up to takir.g a 

photograph. The second part of this section presents the steps involved 

in going from the photograph in the camera to the final drop size dis­

tribution. 

A2•e•1 Taking a Photograph of a Dispersion 

Since the oil settled out and coalesced very rapidly when the 

pu.8p3 Here shut off, the method used here, of necessity, allows a 

photograp.'.J. 0f a dispersion to be taken without disturbing the dispersion. 

A light source consisted of a..11 electrical apparatus connected 

to a lamp. This apparatus, whose schematic diagram is shown in Figure 

A2-6, allo·.,red an electricc1l pulse of 5 kilovolts a..11d of 10 micro-second 

duration to flash the lamp. 

' • .LSince the SUOJeC.., was the dispersion inside the pipe, the optical 
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FIGU3.E A2-4 ROT_.:\.lIETER CALIBRATIO~f CURVE FOR HATE.rt AT 25. C 
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FIGURE A2-5 ROTANETER CALIBRATION CURV'~ •90­
FOR CARBON TETHACHLORIDE AT 25·c 
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FIGU11.E A2-6 SCHEHATIC DIAGR!:..M OF FLAS!I UlHT 
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cell shown in Figure A2-7 was used. This cell allowed the light 

source to illuminate the dispersion and also preYented any disto:rtion 

of the drop images. Figure A2-7a shows the components present in the 

optical cell cross section. Figure A2-7b shows schematically how the 

optic&.l cell corrects for the curved glass wall. 

The camera, using two bellows~and one set of extension tubes, 

was positioned so that the camera. lens was a.bout one inch from the 

optical cell. The film used was Kodak Panatomic-X 35 mm.film of ASA 32 

film speed. This film possesses an extremely fine grain emulsion. 

To take a photograph, the roon lights were darkened~ the ca!'ilera 

shutter opened, and the light source flashed so tha.t the dispersion 

flowing through the optical cell uas 'caught'. 

A2•e•2 Obtaining the Drop Si:::e Distri'oution of a Disnersion fro:n a 

Photograph 

The fil:;i first must be rlevelo:1ed, then the neg-dtive printed. 

Fron this print a drop size distribution ma~r ?e obtc;.ined. Since the 

short dtU'.'-:i,tion of the light pulse left the film under-exposed, the 

developing procedure tried to achieve maxisum contrast. Acufine deve­

loper used with the film for 5 minutes at 70'F gave reasonable nega­

tives, although contrast was still poor. 

For printing, .Agfa high-centre.st !Y'.ege.type photographic paper 

was preferred for use, but was not always available. Consequently, the 

low contrast ::-,ecatype paper uas ofte.::i usea.. This paper was light 

weigl1t a...rid eas5.ly used with the Zeiss particle size analyzer. ?or 

na;:inu:-:i print contrast, the enlarger uas "stopped down" for :oinunun 

light, and the photographic psper ezposed for about 20 seco::-ids. This 

http:high-centre.st
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FIGURE A2-7a,b OPTICAL CELL 

FIGURE A2-7a Plexiglass 

Schematic Diagram of 
Optical Cell Components 

Air -..rCJ.ter 

FIGURE A2-7b 

Operation of the 
Optical Cell 

Undistorted A--·-· 
'....J- ­Image of 

Drop 
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resulted in a burning-in of the drop images. Ansco 1 Vividol 1 and 'Acid 

Fixer' were then used as recorn:iended for the print developing. 

For printing, the enlarger-to-paper distance was adjusted to 

give an overall drop me.gnification of 40. 7 X. The negative itself 

was already at 5X magnification because of the bellows and extention 

tubes used on the camera. 

Semple photographs of the feed dispersion are given in Figure 

A2-8. 

A Zeiss particle size analyzer was used with the print to 

deterDine the drop size distribution. This instrUi~ent has 48 size 

intervals ra..viging from 1.20 mo to 27.71 mm, divided exponentially, 

es shmm in Figure .;~2-9. About 500 to 2000 drops were counted and sized 

for each dispersion. The w.alyzer pun.ched a hole in each drop as 

it was :::easlU'ed so that the drop would not be reneasured. The clat::. 

contained in the 48 size intervals were then plotted on log-proba­

bility paper to conveniently report the drop size distribution. 

A2 • f Details of the H;y_drocyclone 2.ncl its Auxilar.z EC1:Uipne_n.t 

A description of the equipnent is considerecf first, follo'.1ed 

by det8.ils on the equipr:ent constru.ction. 

A2·f·1 Ecniur;ie:nt Descrintio:n and Ooern.tion 

'.i.1he equipr;1el1t de;::;cription follo;·rs the flow slc.eet given in 

Fi[;"ure :\.2-10. 

::q1_1ip:::ent specifica.ti on 2.nd suppliers a.re given in Table A2-1. 

The two liquids 't1ere discharged sep2.rD.tel;:r from two centri­

fugal punps, sei1t thro....,g:"1 t;-10 glo'oe vlaves used to throttle the dic­

c~:arge, ancl throuih two rob~:-:'eters. 
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FIGURE A2-8 SAMPLE PHOTOGRAPHS OF THE FEED DISPERSION 

Oil/Water Ratio 0.1722 

P 	 17. 65 mm . 
Hg 

P = 	 52.95 rrun . 
Hg 

P 88.25 mm . 
Hg 
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FIGURE A2-9 DETAILS OF ZEISS PARTICLE SIZE Al:JALYZER 
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FIGURE A2-10 OVERALL FLOH SHEET -97­
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The liquids were then mixed at the mixing tee. The dispersion 

then passed through a gate v2,lve which cha.nged the drop size distribu­

tion, depending on the valve opening. The pressure drop acoss this 

valve was registered by a mercury manometer. 

Inlet feed pressure was shown by a Bourdon pressure gage, a.'t1d 

the dispersion was photoE;raphed in the optical cell. The nispersion 

then passed directly into the glass hydrocyclone. The overflow liquid 

pressure was registered by a mercury manometer, and the overflm·r rate 

was controlled by a globe valve (in operation: this valve was fully open). 

Finally, the oYerflow discharged into an overflow tank which was used to 

measure the overflow rate.· This tank empt:j_ed into the reservoir. 

The eye-lone U..."lderflm-r pressure i·ms registered by a mercury mano­

meter, and the flow rate was controlled by a gate valve. The unde:cflmr 

then disc:b,.arged into a large glass bec::.:cer which was used to me:::',sure the 

underflow rate. This beaker then emptied into the reservoir. 

A2·f·2 Ecuipme11t Constructi0n 

The reservoir was a 150 Imperial gallon co.:ibin.::'1tion holding 

tank and decanter which allo·..red oil droplets in the water phase to 

separe,te before the liquids were recycled. (In practice the overflow 

was collected in the overflow tank to prevent the water phase fro::i 

becooing· cloudy •.;i th unsettled oil drops.) This reservoir we.s roughly 

3 feet on a side, with three sides of plate glass, and the bottom and 

other side r:?.de of t;,rpe 304 stainless steel. The glass :ms glued to 

strips of right-angled stainless steel on the outside edge of the glass. 

To prevent the carbon tetrD.chloride fro;n dissolving this adhesive the 

inside edt;:es of t'.ie glass were se8.led with Dow Cornin;; ETV-733 fluoro­
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silicone cement. This adhesive was found to be completely oil resis-

taYJ.t for a period. of about threA months. It was also sufficiently 

ele.st.ic to take up t:'.i.e shear betHeen the glass and stainless steel 

as the room temperature c':,a.YJ.ged. 

The optical cell co:1struction is shown in Figure 1\2-11. Its 

r1iddle plexigla,ss section uas square to correct for jistortion. Drain 

holes were provided for add.ing '•rater t6 surrou...'1.d the glass tube. The 

glass t'J.bc was connected to t:i:e stainless steel feed line using Sw<:>,gelok 

co:J.nectors 1:Tith teflon ferr'.lles~ 

The cyclone was co::structed from 2 ir:.cb I.D. glass pipe. Its 

dinensions, relative to D are:
0 


D1 D2 
 :J.= = = 0.23
"DC DC .uC 

12- = 1 .o 
:DC 


1· 
 4.15n 
~c 

Q = 10· 

These dimensions col1for:::i. to t~,e optimu..'71 cyclone dir:-1ensions given 

02.r Sinkin an::l 01!1.e:,r ( S-3) for liquid/liquid cyclones, al:d to t!:ose give~1 

'o:,' ?..ieter,.a (R-2) for solid/Ii.quid cyclones. A photograph of the feeJ 

in.let section and cyclo:1e is given in Figure A2-12. 

http:ele.st.ic


FIGURE A2-11 OPTICAL CELL COUTRUCTION 
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FIGURE A2-12 PHOTOGRAPH OF FEED INLET AND HYDROCYCLONE 
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-101­TABLE A2-1 EQUIPMENT SPECIFICA'.i'IONS AND SUPPLIERS 

EQUIPN:ENT SPECIFICATIONS SUPPLIER 

Hayward-Gordon10 USGPH :0 80 feet 
50 Channey Ave.Feed Pumps Bead - 3600 rpm 
Toronto 18, Ont.316 Stainless Steel 

Fischer-Porter0-10 USGPM 
Rotameters 316 ·Stainless Steel 1110 A Wilson Ave. 

and Teflon Dmmsview, Ont. 

Atlas Alloy Hetal 
Sales 

215 Lakeshore Rd.1" & 5/8" O.D. Tubing T'<.JPe 304 Stainless 
Steel Toronto 2, Ont. 

Niagara Valve 
Mixing Valve 102 Parkdale Ave.N.Gate Valve, 1-" 

Orifice Hamilto!l, Ont. 
316 Stainless Steel 

Globe & Gate Valves Niagara Valve 
-~-n OrificeOther Valves 102 Parkdale Ave .N. 
316 St~inless Steel Hamilton, Ont. 

Niagara Valve 
S•.1agelok Fittings Type 316 Stainless 102 Parkdale Ave.N. 

Steel Hamilton, Ont. 

Thocison-Gordon Ltd. 
0-60 p.s.i. 200 Queen St.Ir. 
316 Stainless Steel Ha!:lilton, Ont. 
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Camera 
A3:i.HJ S1a 35 :::n. 
Camera with 55 mm. 
Focal Length Lens 

PhotographyDept. 
Eng. Bldg. 
HcHaster University 
Hamilton, Ont. 

Glass Cyclone Dee Appendix 2 for 
details 

Glass Blower 
1'1c1·=c.ster University 
Hamilton, Ont. 

Reservoir 
316 St~inless Steel, 
RTV 733 Silicone 
Cement 

Hachine Shop 
Erig. Bldg. 
HcMaster University 
Hamilton, Ont. 

Carbon Tetrachloride Reageut Crude 
Fisher Scientific 
184 Railside Road 
Don Hills, Ont. 

Flexible Tubing Teflon 1" I.D. 
Warehouse Plastic Salee 
571 Gerrard Street 
Toronto 8, Ont. 

Capacitor Electrolytic 1SKV •. 
Breakdown, 0. 1 mfd. 

E. Turner 
Electrical Const. Ltd. 
Chilton Works 
}Iig}1 r_..rycorabe 
Buchshire, England 

Po;·mr Supply 0 to 18 KV. 
B.R.H. Associates 
P.O. Box 214, Stat. Q 
Toronto 7, Ont. 

Thyratron 5c22 
15Z'l. Brea:.Cdown 

Zentronics Li~ited 
66 Orf'J.S ::toad 
Toronto 19, Ont. 
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A3 TREATH~HT OF D:\.TA 

A3·a Feed Drou Size Distributions 

First the mixing valve had to be calibrated. This calibration 

consisted of relating the mixing'valve pressure drop to some measure 

of drop size distribution. Chapter 4~mentions that the (Dt dia­32 

meter was chose;:i. 

Details of the photographic procedure and the drop counting 

method are given in Appendix 2. 

A3·a·1 Statistical De3ign_ 

A statistical experiment design with both variables at 5 

levels was used. It was a central composite design for two inde­

pendent variables; x = mixing valve pressure drop and x oil/water
1 2 

ratio, the dependent variable being (Def • This design is shm:n
32 

in Table A2-1, for both coded· and un.coded levels along \.fi th the C..:"ta 

'Obtained. 

Atter::pts were made to use t}1e geometric standard deviation as 

the ri.ependent variable, since the geo::ietric mean diameter v2.ried 

little ((DP)g = 95 ~ 20JI.'). 
However, a nore sig:!1ific2.nt correlation was obtained r.li th 

(DP) as t:'le dependent vc:.ri2.ble.32 

~~3 •2..• 2 Co!!trcill_,,ing ~~:e Varie~bles 

Since t:C:e feed flo·1 rate '.ras kept constant, an irwre2.se in 

t:--,e oil flo·:1 rate ::.ecessitc.ted a decrease in the 'dater flmr rate. 

T!l.e tot~il flo·J ~ste actually ranged fron 4.02 to 4.09 IG.?1·: (or a 
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TABLE A3-1 STATISTICAL EXPERIMENT DESIGH FOR 

TWO INDEPElffiENT VARIABLES AT FIVE LEV::SLS 


Alm RESULTING VOLUI>J:s<.:/SURFACE Dii\EETER 


RUN 

1 

2 

3 

4 

5 

6 

7 
I 

8 

a 
,I 

10 

11 

12 
. 

CODED UNCODED 

x1 x2 x1 
x2 mi/water 

mm.Hg 
volume ratio 

0 0 
~ 

52.95 0.1722 

0 0 52.95 0.1722 

-1 -1 35.30 0.1534 

1 -1 70.60 0.1534 

-1 1 35.30 0.1920 

1 ~ 70.60 0.1920I 

0 0 52.95 0 .1722 

0 0 52.95 0.1722 . 

2 G 88.25 0.1722 

-2 0 17 .65 0.1722 

0 2 52.95 0.2110 

0 -2 52.95 0 .1341 

(DP) 32 }l 
/ 

212 .1 

223.2 

293.9 

220.2 

274.3 

195.3 

230.5 

199.6 

162.0 

304.0 

226.1 

220.0 

Hate 

1.) Pressures are co::::rected for liquid in manometer lines 

2.) Standard deviation of observations at the centre point is 13·5 /l. 
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velocity of 7.85 to 8.00 f.p.s.). The mixing valve pressure drop was 

adjusted to the desired value by ch2.nging tfie mixing valve setting~, 

The pressure drops quoted in Table A3-1 have been corrected for carbon 

tetrachloride that collected in the manometer lines above the mercury. 

A3·a·3 Calculation of (D-? 32 

The cumulative number:.:size distributions found by the Zeiss 

particle size analyzer were plotted on log-probability paper (Figures 

b.3-1 to A3-12)'. Sire e a relatively small number of drops ( 500 to 2000) 

were counted per distribution, the correction of Gwyn .£.:!:. .§.! (G-1) rmst 

be applied to each distribution before the volume surface diameter 

(D.ef 32 can be calculated. To use this correction, each distribution 

must be log-normally distributed. A chi-square test done in section 

~3·a·5 considers this point. 

The Zeiss analyzer reports the number of drops existing be­

tween two size ranges. G'.qn et ~ define ne11 diameters based on each 

size interYal diameter as follows. For example, 

mean area die.Deter 2 2 2 
d5 ,,. = d5 + d6 

for an interval -o 
2 

mea~1 volume diameter d3 3 3 
d5 d6+5-6for an interval 

2 

where d5 and d6 are the size interval limits of interval 5, 

Surface area of drops of size in interval 5 = IT n 
5 

3and volune of drops of size in interval 5 tn5 d5-6 

where number of drops in interval 5.n5 

These volumes and areas are .:m.rr...':led for each interval to give the total 



FIGURES A3-1 to A3-12 


DROP SIZE DISTRIBUTIONS FOR 


RUlJS 1 to 12 
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volume and total area for thc.t nm. It is appare::it that the proper 

dic:oeter to use for each interval is weighted, depending on its use. 

The ru!l volunes s~;.d areas <J..nd the nur.:ber of drops counted for each 

run are given in Table A3-2. 

According to G1~'TI et al, there e.re drops in the distributio:1 

which are larger than. the lo.:rgest drops observed in the photogr?..phs. 

These larger drops, although having a low frequency, ·:rill markedly 

affect the total drop areas a::iCT. volurr.es given in l'a,ble A3-2. 

~4. sariple calculation of <D{ for ru:.:1 1 will now be given.
32 

From Figure .A.3-1 

geometric :nuT:iber r:.ea::i dia'l'leter 94 ,/,{, 

1. 92geometric standard devi3..tion 

= 1. 972 

0.282 

= 1,990 

TheYJ. the· expected v~).l.ue of the proba.bility for the 

largest observe.~ siz;:.- is 1 ,990 . = 0.9995
1 ,991 

'I!.1e ter:i pro'oabili ty r:ieans that a fraction O. 9995 of all drops are 

sDaller then t1:J.is largest observed s:..ze. :?'ro::i Figti.re 1 of G•.r;yn et al. 

a drop of this probability lies 3.27 (log ug) above log <n~ g' on a 

nu:clber basis. 

For a log-norrnal distributio::i, 0 is the sa:ne, reg-a.rdless of g 
0r,.;r·.·e+'_r•.er t'.'<e d,_'. <d~rl"bu"ti" o·...-, l ·olottp•'l On p "'1'""'bPl" ('.T) 8...,..er·. f C'_,) 0.,.."­

- - , • ~ - .• ~ .. - cl • - •• --'-"' -- \ .... ' -'- .;;.. \ ~ ' .... 

volu::;e (V) basis. The geometric weans for these three bases 2.re rele. ted 

b;:r Equati 0!1 1 • 

http:8...,..er
http:Figti.re
http:v~).l.ue
http:volurr.es
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TABLE A3-2 MEASURES OF DROP VOLill'lES, 
AREAS, AND 1TID'J3E3.S FOR EACH RUN 

VOLUME AREA NUMBEtl. 
RUN 2
.Zn. d.3 zn d.

l .l l ~ ni 
,.l.y 10-S3 -8 ;f,J., ·­

/),,!. x 10 


2000
1 
 0. 6794 
 0~3433 

0.28022 
 1000
0 .1398 


0.6361 1100
0.24933 


1600
0.3633 0.19554 


2000
0.32880.76655 


1200
6 
 0.2712 0.1546 

0.1520 0.0747 500
7 


8 
 0.2402 1000
0 .129 3 


a 1000
0.1410 0.0940,/ 

10 
 1000
0.27890.7543 

11 
 1000
0.17050.3545 

12 
 2000
0.6950 0.3321 
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. 2 
+ 4.606 (log 6:)g 

log ( (D} )v + 6.909 (logo )
2 

p g g 

where = geometric mean. diameter for a distribution 

plotted on an area basis, for example. 

Then the logarithm of the exp~cted vaf-ue of the largest obser­

ved size on an areQ basis, log (E(DPJ s)lies a distance f 1above the 

log of the area n:ean. The value E is given by
1 

= (3. 27 - 4. 606 log ~ 
g

) ) log ~ 
g 

(see Figure A3-13) 

Then, 1.972 + 0.556 = 2.528log (E (nPJ s) 
and E (npls 338?' 

Figure A3-13 shm·rn tho.. t the 2.bove calculation has located 

point A on the nli'.I1ber distribution. Point A has a probability of 

0.976, which is the same as the probo.bility of the largest observed 

~ize, on an area basis. 

Similarly, the loga..ri th::i of the expected value of the largest 

observe.I size on a volUJ7,e basis log \ ~ (np )v)lies a dista::J.ce .. t 2
1 

above th·" log of the volune mean. The value is given by
2 

= (3.27 6.909 (log U. g )) log('g = 0.3725 

Then, 
= 1.972 + 0.3725 = 2.3445 

and = 220 l/,
/ 

This poi!'J.t B on Figure A3-13. The probability at this point is 

0.?08. 


http:dista::J.ce


FIGURE A3-13 SUiltll'Jff OF CORRECTION CALCUL!i.TIONS USED TO CALCULATE (D~ 
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Now the volumes and areas previously calculated can be cor­

rected. 
8 8 2 

Ti x O.J423 x 10 = 7f x 0.352 x 10 tiTotal drop surface area I-· 0.976 
10 10 3Tfx 0.672_4 x 10 7rx O. 748 x 10 ,£,lTotal drop volume 6 x 0.908 6 / 

10106 7T x o. 7~-8 x 3'.I'hen 
= -x = . 0.3755 x "'-"" 

7T 6 x 1991 
107 

/ 

1081 7i x o.322 x = -x = 0.1767 x 105 /A' 2 
1991Tt 

33755 .. x 10and = 212.1 iJ._.<D-? 32 
17 .67 x 103 / 

A comparison of this value with a calculated value of 197. 9 fl. by the 

definition, Equation ( 4) Cha.pter 2, illustrates the importa...'1.ce of 

the correction proposed by Gwyn .£.i .§'.:l• 

A3·a·4 Cter:-l1J.le.tive Dron Sfae Dist.ribtltio~s 

The cunulative numoer distributions for ru..'1.s 1 to 12 n.re in 

Figures A3-1 to A3-12. An inspection of the data points shows that 

they are well fitted by the log ::.1orma.l distribution, except for ru..YJ. 9. 

~he predoGinant feature of most of the distributions is the existence 

of tails at the ends of the line • 

.As far as the tail at the small sizes is concerned, it was 

found the.t cha.11ging drop size observers changed the tail, and left 

the rest of the distribution unchanged. Thus observer judg~ment 

and poor photograph contrast are to blame. 

One interesting point about log-nornal distributions is tbat 

the cu.r:iulative nur.:.ber, sl.lrface a.YJ.d volu.ine distributions are all 

parallel on log-probability paper. This is well illustrated by 
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Figure A3-10. The tail at the upper end of the nUi~ber distribution 

raarkedly affects the volume distribution by the 50% probability point, 

because the large drops containing about 50)0 of all the volume are 

not log-normally distributed. 

The tail at the upper end of the distribution illustrates 

the concept of an "upper-limit size" as presented by Hugele and 

Evans (H-8). It seer::is th2,t the mixing valve tends to brea.k up the 

large drops. Thus the percentage of the smaller drops in the distri­

bution increases (and still .follows e, ~cg-normal distribution) while 

the percentage of large drops decreases. This is shmm quite r.:arkedly 

by Figure ~\3-9, for the run with a large pressure drop across the 

mixing valve ( rt.L.'l 9) . 

Both 11ugele and Evans, and Irani and Callis (I-1) give pro­

cedures for obtaining straig'l:1t lines on log-probability paper when 

such e.n upper lini t size is apparent. These methods reoove the 

acti.i.::,l physical interpretation of the distributions and put them o.,, 

a riatheBatical basis which seeBs to h2.ve little i::eaning. While it 

is evident from Figu::.'e A3-9 that there is an upper limit size, rather 

'..;hen use the Hugele--:Svans or the Irc.ni--Callis procedures, a straight 

line uas clra·.m by eye throu.gl1 the dc::.ta. To test whether this line 

adequately represents the rlata was deter;;iined by the J..2 test given 

in the next section. 

~\3•D.•5 The i_ r:;:eot on a I!ro';J Size Distribution 

The use of the X2 
test for distributions ::ilotted on log-

probability paper is ttoroughly discussed by Kottler (K-5). He 

points out that the probabilit:r scale is stretct.ed at its ends and 

http:stretct.ed


therefore the deviation of a distribution from a straight line at the 

2
ends of ,the line must be weighted before an accurate estimate of }..

can be obtained. 

The probability scale is ree.lly a representation of the cumu­

lative norn2.l distri1)cltion and is defined by 

p e dz 

\·/hen z = O, P = 0.50, and this is the centre point on the probab:!.lity 

scale. To. determine the weig11ting factor to use in the J,.2 
test, con­

sider the equation 

I 
where A

1 
is the weighting factor. The value of A for a few differe~;,t 

-prob'.1bilities is given in Table A3-3· Te.ble A3-3 shows th,~.t the pro­

bability sec.le is greatly distorted 1:}.t high (or lou) probabilities. 

The :X2 
test gives an indication of the deviation of a. distri­

bution from a stra.ight line. Suppose run 9 is considered, ;;,nd its 

distribution is represented by a line with (D) 68 .IJ., , and 
J;;' g / 

,,.... 
1 .84.ug 

n (o. - ei) 
2 

Let }..2 = z. 1 

i=1 e. 
1 

"•fr:.ere o. is the observed value of tl:ie probability at some drop size i,
1 

and e. is the expected value of the probability at the same size, as 
1 

given by the str'1ight line. For log-probability plots, (o. - e.)
1 1 

r.mst be weighted, depending on the probability value. Let the ob­

served. probability value deter.:iine the weighting factor to be used. 

Table A3-4 gives the details for t11e };.-
? 

calculation. T'.'le 
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TABLE A3-3 VALUES OF THE WEIGHT i AT DIFFERENT PROBABILITIES 


p .(P {z 
~ 

'I1i 

-

pf /A'
50 

0.5000 '.0040 .01 0.400 1.00 

0.6026 .0038 .01 0.380 .952 

0.7019 .0036 .01 0.360 .900 

0.8023 .0028 .01 0.280 .698 

0.9015 .0017 .01 0.170 .426 

0.9901 .0003 .01 0.030 .075 

0.9951 .0001 .01 0.010 .025 
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TABLE A3-4 . A X,2 CALCUIJi.TION FOR RUN 9 

1 2 - j_ L1 5 6 7 
DROP 
SIZE f­

. 32 

41 

50 

61 

70 

79 

90 

103 

OBSER'TBD 
PROBABILITY 

18.1 % 

26.7 

3~.9 

42.9 

4e.4 

55.3 

63.3 

. 70.4 

F~XPECTED 

PROBABILITY 

10.0 

20.0 

30.0 

42.9 

52.5 

60.0 

68.5 

76.0 

12-31 x 7 

5.26 

5.52 ~ 

3.61 

0 

4.10 

4.59 

4.95 

4.62 

ffi2 

2.770 

1. 520 . 

.433 

-­

.318 

-348. 

.355 

.280 

PROBABILIT"~ 
Pfo 

18 

27 

34 

43 

48 

55 

63 

70 

TJEIGH'l.1 

.650 

.825 

.925 

.975 

1.00 

.975 

.950 

.825 

110 74.6 79.5 3.80 .181 75 .775 

125 87.7 85.0 1.50 .027 83 .650 

143 88.4 90.0 0.80 
. 

.007 88 .500 

152 90.7 91.5 0.32 .001 91 .400 

162 92.0 93.0 0.375 .001 92 .375 

z. = 6.241 
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calculated value of 
. X2 

is 6.241, for 13 - 1 12 degrees of freedom. 

At the 95j~ confidence level a.nd 12 degrees of freedom, the table value 

2
ofj.. (see Crowe (C-3)) is 21.03, well above the calculatea.j}. This 

means that the measured drop size distribution for run 9 is not 1-mlike 

that represented by a straight line ':!ith (D)
pg 

= 68 and()
g 1. 84. 

One point that should be made clear is that this is n0t neces­

sarily the best line that could be drawn. By trie.l and error, or 

2
least squares, the/;. value cn.."'1 be nade even s7:1aller by other lines. 

However tbe slope and position of the best line will not change re.di­

cally from those given here. Therefore, even though the distribution 

for run 9 is really two distributions, it can be well approxir:1ated by 

a straight line, eBd the corrections of Gwyn .£i al based on a log­

norma.l distribution can be applied. 

All the remaining drop distributions do not show sac:'l marked 

deviation from straight lines and it would seem reasonable then t'.:IB. t 

2
their calculated ).. would be much less the.n the table vahi.e, inspite 

of the presence of tails. 

A3·a·6 Statistical Treatment of th~ Drou Size Distribution D:ta 

The second or•ier polynomial given in equation (2) 

= 2 

was fitted to the data for the coded variable levels given in Table A3-1, 

using least squares. The rem1lting P.qus.tion with the coefficients eva­

luatecl is 

2+ 1.68x2 

~ ~ • • 3 
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To evaluate how well this equation represents the data, so::ie 

statistical measures should be co:'.lsidered. 

The sum of squares of the deviations of observations y. from 
1 

their overc:.11 mean <y> can be broker1 into ti:ro p::.:rts 

(y. - y~ )2 +
1 1 

~rhere y. I is the predicted value given~ by the regression equation.
l 

This expression can also be written v.s 

2 
s = + y 

2;,rhere s / 
y 

variance accotL~ted for by the regression equation 

variance not accolmted for by the regression 

eqc_1ation (standard error of estim2.te) 

2 
s = total varia.rwe of yi about the mea::-:.. (y).

y 

A correlation coefficient c22: no~·! be define1l B~S 

This correlation coefficie~;.t rs.!1ges fror:i a v2.lue of zero for 

no correl<::.tion, to a value of m1e fer c.;.11 · observation, y,., lying e:xa.ctJ.~r 

o·., the ree;ressio!l pl2.:.1e. Ooservations alwa;>'S have rz:.::-.dom error asso­

cir.:.ted ;ri th t::e::i, so t:w.t ry/x is al~ost never zero or one. Its sta­

ti:~tical sig:1ifica...'1.ce should therefore be tested. 

Alfr,oug-:1 the correb.tion coefficient say be significant, sor.:e 

of t'.1e ::-egressio':l coefficients in the regressio.::i equation ~ay not be 

si.;:11ific2.nt.. This ce.YJ. be checked by first co.lculatir:.g the sta.vi.rlard 

http:si.;:11ific2.nt
http:pl2.:.1e
http:estim2.te
http:overc:.11
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errors of the pe.rtial regression coefficients. For b. 
J 

s y,I 123 ••. k JneJ·J· 

where s ; k is the sta-.:~d2.rd error of estimB.te, n is the number of . y 12 )7 •••. 

observations in the sample, nnd e .. is the value of the diagonal ele­
JJ 

ne:1.t in t!J.e inverse catrix for the :ior:TE,l equations (see Crmre (C-3) 

page 171). 

A Student 't' test can be perforried to see if b. is signifi­
J 

cantly differeri_t fr:m zero. Tl1e calculated t value for b. is 
J 

t 

and this t value may be conpared with the table value of t. 

The significance of equation 3 may now be determined. The 

multiple correlation coefficient can be calculated from 

2r- (n - k - 1) sv/123 

= (n - 1) s 2 
. y 

where k = number of independent vari.<>.bles 

n = number of observations 

anrl where 
n 

8
2· 1 (y. - y~)2
y/123 ••• k n - k - 1 2: l li=1 

and 
n £Yi - ( ~y)22 s = y n (n-1) 

Using these for.mub.e and the data fr'.'ill Table A3-1 , it was 

fOU..'1.d that: 

2 
s 1 '780. n = 12y 

http:estimB.te
http:sta-.:~d2.rd
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= 424.9 k = 2 

and 

= 0.910 

The statistical significance of the multiple correlation co­

efficient is determined by COD.paring it with the table value (see 

(C-3), page 241) e.t the 95;~ confidence~level, fork+ 1 variables and 

n - k - 1 degrees of freedor:1. Then, 

k + 1 = 3 

n - k - 1 = 9 

and = 0.697 

Therefore the calc<Jla.ted value of r is significar1t a.t the 955~ 

confidence level. (There are only 5 char1ces in 100 that . r ~ 0. 697 

could have arisen due to ra.~1dori error alone.) Equation 3 satisfactoril~" 

represe:'lts th8.t de.ta., but the statistical significance of its regression 

coefficients must be checked. Table A3-5 gives the standard errors for 

1 t 1each of tl:.e regression coefficients, and the c2.lculated Student vaJ.ae. 

If the calculated t vG..lue for each coefficient is larger than. the table 

value given e.t the 95~~ co!1fidence level for n - k - 1 degrees of freedou. 

(see (C-3), page 231), the regression coefficient is statistically dif­

ferent fron zero. Then, c..t the 95% confidence level 

n - k - 1 = 9 

t = 2.262table 


Only b is significa.~t.

1 

The procedure to follow '.Then a partial regression coefficient 
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1 t 1TABLE A3-5 STUDEIIT VALUES FOR THE PARTIAL 
REGRESSIOlT COEFFICIEHTS (DROP SIZE CORRELATION) 

COEFFICIENT 

b1 

~ 

STANDARD 
ERROR 

5.950 

STUDE~iT 
I tt VALUE 

6.233 

b2 5.950 0.452 

b12 10.306 0.129 

b11 4.463 0.815 

b22 4.463 0.375 

2.262t table 
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is not statistically significant is: 


1) retain the term. 


2) calculate a new regression equation (preferrably on a new sample 


of observations), omitting observations on the insignificant variable. 

3) discard the term and use the regression equation as it was. 

If procedure one is decided against, then procedure two is the 

proper E!ethod. If the experimental d~sign was orthogonal (as it was 

here) then procedures two and three are equivalent. 

Procedure two was decided upon since a new linear regression 

equation based on the uncoded levels of mixing valve pressure drop 

(x ) was desirable. Using least squares to fit a linear relation to1

the data r~sulted in 

where 

volume/surface dia., (,a) 
I 

= mixing valve 6 P, (nm. H ) 
g 

The statistics are 

== 0 ..7427 

= 

1.69 3.50 	 = 2.2280.482 

The correlation is statistically significant at the 95% con­

fidBnce level, and the slope (1.69) is statistically different from 

zero, 	at the 957·; level. 

A significant correl2~tion between a measure of the drop size 
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distribution, (Drf and the mi;dng valve pressure drop hr::.s been ob­
32 

, 

tai~ed. 

A3•'.J Hydrocyclo.::i.e Senaration 

In attempting to separate two immiscible liquids from one an­

other, the efficiency of the separation will depe:!1.d in part on the drop 

size distribution. This variable was correlated with an easily meas'J.red 

parameter (mixing valve pressure drop) in (a) part. From the literature, 

it appeared that the volume split in the cyclo:::ie was also important. 

Finally, the oil/water ratio should play a ·significant part in deter­

mining sepa.ration efficie~1cy since it determines the load that the cyclone 

must operate under, if the feed flow rate is kept co:1sta...YJ.t. 

A3·~·1 Statistical Design 

A statistical central composite experiment design for three 

independent variables at five levels was used. The variables were; 

x = oil/water ratio (in feed), x = volume split (overflow rate/
1 2 

underflow split), and x = (Dp) (Sauter mean diameter of the feed).
3 32 

The experiment design, for coded and uncoded levels, a.~d the resulting 

cyclone efficiencies are given in Table A3-6. (To distinguish betHeen 

runs 1 to 12 used in measuring drop size distributions, let the effi­

ciency work be designated as TRIALS 1 to 20.) 

..\3. b· 2 Controlling the Variables 

The oil/water ratio was controlled simply by adjusting the pump 

discharge throttle valves until the desired rotameter readings were 

reached. 'l'he mixing valve pressure drop (deter:r:lining <D.; ) was
32 

easily cha.'1ged by adjustir:g the nixing valve opening. 

The adjusk;ent of tlle volJ.r..e split was dif.ficul t since it could 



TABLE A3-6 STATISTIC~\.L EXPE.EU.HENT DESIGN F'021 TIIREE IJ:illEPEl.DENT 

VARIABLES AT FIVE LEVELS, AND THE RESULTIHG CYCLmIB EFFICI:SUCIES 


TRIAL COD~D LEVELS UNCODED LEVELS OB3illVED 

=:F?ICI:E~TCY 

x.. x2 X, oil/.mter volu::,e (Def 32 (/s) 
I ) r2.tio x 1 split x'.< :x~ (fl~ 

1 -1 -1 -1 .1534 5/1 284.1 95.66 

2 1 1 1 .1920 -­ 7/1 284.1 G7.5.J 

7 . 1 -1 1 .1920 5/1 207.8 79.55./ 

4 -1 1 1 .1534 7/1 207.s 70.85 

5 0 0 0 .1722 6/1 218.6 80.60 

I'" 0 0 0 .1722 6/1 218.6 76.760 

7 1 1 1 .1920 7/1 207.8 65.41I 

8 -1 -1 1 .1534 5/1 207.8 91.69 

C) 
,) -1 1 -1 .1534 7/1 284.1 75.90 

10 1 -1 -1 .1920 5/1 284.1 94.99 

11 0 0 0 .1722 6/1 218.6 75.74 

12 0 0 0 .1722 6/1 218.6 76.46 

13 -2 0 0 .1341 6/1 218.6 91.96 

14 2 0 0 .2110 6/1 218.6 69.89 
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TABLE A3-6 (co~tinued) 

218.6 94.16.1722
0 4/10 -215 


218.6 64.54.1722 
 8/102
016 


17 
 84.25304.0.1722 
 6/100 -2 

18 
 162.0 74.056/12 
 .1722
00 

78.63218.66/1.1722
00019 


20 
 so.35218.66/1.1722
000 
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not be measured directly. Since the cyclone overflow valve was 

always open, the volume split was altered by changing the under­

flow valve opening. By placing plugs in the overflow and under­

flovr tanks, and recording the tiDes for these ta...'1ks to fill up 

between two reference narks, the volume split could be determined. 

Usually three re-settings of the underflmr valve were necessary 

before the desired volume split was attained. 

A3· b· 3 Calculation of Cyclone Efficienc;c 

Since the cyclone flow rates (Q
1

, Q2 , Q ) were all kncwn,
3

and sample analyses determined the volumetric compositions y a:nd2 


the separation efficiency could be calculated fron 


Q2 Q 

Y3' 

E = F2 -y~ + .2 P\ y~s Q1 1 -y1 Q1 

The sample CO'Ilpositions for all 20 Trials are given in Table 

A3-7. Since two sa.'Ilples were taken for each y and y measurenent,2 3 
two efficiencies could be calculated for each trial. The efficienci9s 

in Table A3-6 are thus a.n average of two efficiencies. 

A3·b·4 Pressure Drop Acoss the C;rclone 

Flow rate to the hydrocyclone was kept constant. Houever, 

chc.nging tl:e vohu:ie split changed P
1

, P
2

, and P • For the sake of
3

conpleteness, these pressures were measured and are also recorded 

in Table A3-7. The pressures are corrected for liquids in the rnano­

meter line·s. 

A3 •b• 5 Statistical Tre2.t2ent of the Cyclo!'le 3epare.tion Data 

This subsection follmrs a similar form to the statistical 

treatnent of part (a). The data were fitted to a second order 



TABLE A3-7 CYCLONl~ OUTLET SAMPLE COMPOSITIONS AND PRESSURES FOR ALL TRIALS 

THIAL 

p
1 

1 290 

2 295 

3 295 

4 300 

5 295 

6 295 

7 300 

8 290 

9 295 

10 290 

p-mssurms mm.He COMPOSI'.L'IONS (jG VOLUHE)
'.{1\ rrr~T) 

Y2 " D p:z "3-'­ 2 ) _(_1J_ i2) ( 1) J_?_l 

103 176 100.0 99.68 17.02 17.58 

122 203 , 94.40 94. 37 , 14. 31 14.2s 

111 183 96.70 96.90 19.80 19. 95 

124 199 96.00 96.10 20.50 20.43 

116 190 96.80 97.60 17. 80 , 18. 35 

116 190 96.56 96.50 17. 83 17. 58 

124 204 94.05 94.17 18.90 17.90 

103 174 99.36 99.36 22.42 21.30 

120 199 96.84 96.54 14.s7 14.62 

109 181 99.68 99.53 14.67 15.47 
,,, .... 
\.N 
'-0

• 



TABLE A3-7 (Continued) 

11 295 118 

12 295 116 

13 295 115 

14 300 120 

15 295 98 

1G 305 126 

17 295 115 

"18 310 116 

19 295 116 

20 290 111 

196 96.49 96.18 

190 96.48 96.47 

170 99.38 99.32 

199 94.56 94.30 

170 99.94 99.94 

208 94.67 94.33 

190 97.60 97.76 

198 96.32 96.02 

194 96.93 96.71 

190 97.28 9G.96 

17.20 

18. 27 

20.95 

16.32 

23.so 

16.35 

' 
13. 29 

21.41 

16.53 

17.00 

17. 23 

18.02 

20.08 

15. 89 

23.75 

16. 60 

13. 21 

21.90 

17.12 

17.32 

·I ..... 
~ 
I 



TABLE A3-7 (Continued) 

NOTES: 

1.) Pressures are corrected for the presence of water and carbon tetrachloride 

in pressure lines. 

2.) Compositions give component mass balances to within 13%. 

3.) Overall mass balances agreed within 5%. 

4.) Standard deviation of observations at the centre point is 2.10,3. 

5.) Solubility in the opposite phase was negligibl.e in each case. 

6.) Temperature constant at 25·c : 2·c. 

7.) Trials 5, 6, 11, 12, 19, 20 are replicate runs. 

I 

.. ~ ~ _.. 
I 
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polynomial and its significance tested. Then a linear relationship 

among the variables vias found and statistically tested. 

A second order polynomial of the form given below was used 

to represent the data 

E = s 

The constants for this poly.~·wmial were determined using an 

I.B.M. 7040 computer with a computer program written to solve the 

normal 	equations as given by Crowe (c-3). The resulting expression was 

2 2
E = 79.45 - 4.419x1 - s.s37x2 - 2.939x3 + 0.784X1 + o.39ox2 +s 

o.34ox~ - 0.119x1x2 - 1.074x1x3 + 1.524x2x3 

The stande.rd errors and the corresponding Student 't' values 

for the partial regression coefficients are given in Table A3-8. At 

a 95% confidence level and for 10 degrees qf freedom, the tabulated 

t value is 2.228. Comparing this value with those in T:tble A3-8 

shows that only b1, b2, and b are significant. The multiple cor­
3 

relation coefficient for this equation was found to be 

= 0.954 

For k + 1 variables (=4) and n - k - 1 degrees of freedom 

(=16), and at a 95~b confide:ice level, rtable = 0.615. Therefore the 

regressio~ eq~ation in highly significant, even though the constants 

of the second order ter::is are not significant. This infers a linear 

relation. 

http:stande.rd
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TABLE A3-8 STUDEI-TT 1 t 1 VALUES FOR THE PARTH.L REGRE 3:3ION 

COE1''FICIENTS (SECOlTD ORDER EFFICIEHCY CORREL.<'i.TIOH) 


STANDARDCOEFFICIEHT STUDENT 
ERROR 't' VALUE 

b 0.810 5.4581 

0.810 10.914b2 

0.810 3.630b3 

0.1041 .145 b12 

. 0.9381.145b13 

1 .145 1. 331 'b23 

0.646 1. 213b11 

0.646 0.604b22 

0.646 0.526b33 

ttable = 2.228 
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.Although there is considerable scatter in the data for mi;dng 

valve pressure drop versus (n~ 32 , the above second order regression 

equation shows that mixing valve pressure drop (x ) is the 1e ast
3

important of the three variables. Even though the difficulty of 

reproducing drop size distributions has seemingly been neglected in 

determining this second order equation, this error does contribute 

to the standard error of estimate of the separation data. Since 

x is the least important of the three variables, its effect on
3 

the standard error of estimate is small • 

.A linear relation of the fom given belm1 was then fitted 

to the data 

E = s 

Upon 	evalu~ting the constants, as before, this equation became 

E = s 

The standard error of the partial ~egression coefficients 

and the calculated Student 't' values are given in Table A3-9· At 

a 95% confidence level a.rid for 16 degrees of freedom, the tabulated 

t ·value is 2.120. Co:nparing this value with those for the partie.l 

regression coefficients shows tt.at all coefficients are significant. 

The multiple correlation coefficient was found to be 

= 	 0.959 

and 	 = 0.615 

Therefore the linear regression is highly significant. 
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1 t 1TABLE A3-9 STANDARD E.."11.ROR AND STUDENT VALUES 

FOR THE PARTL:\..L REGRESSIOH COEFFICIElITS 


(LINEAR EFFICIEHCY COHP..ELATION) 


COEFFICIENT STANDARD 
ERROR 

3TUDEUT 
I tt VALUE 

b1 0.766 5. 773 

b2 0.766 11. 543 

b3 0.766 .3· 840 

ttable = 2.120 
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·A3. c StL"llm<.~ry of Appendix 3 

This appendix has given the experimental data on drop si::e 

distributions and hydrocyclone separations. It was fou.11.d that the 

drop size distribution de.ta C[1.ll be correlated by a linear relation 

This correlation does not include the effect of oil/we,ter 

ratio on (Def 32 since the oil/water ratio was found to have no 

significant effect at the 95% significance level. 

The cyclone separation data can be.correlated by the equ'ltion 

E 	 = s 

The second order terms i.rere fou.rid to be not significant. 

The variables nay be listed in decre;:;.sing order of ·inportance as 

x volume split2 

= 	 oil/water ra.tio· 

= 	 drop size distribution (mixing valve pressure 

drop)· 



APPEHDIX 4 




A4 CONSIDEJ.ATIOlJ OF (DP) SO 

In chapter 2 the concept of the (Dp) size particle was
50 


briefly discussed. In this appendix, consideration will be given 


to methods of calcul2.ting (Dp) •
50

·A4·a Stokes law and the :::'.ydrocyclone 

A drop reaches its horizo~tal equilibrium position in the 

hydrocyclone when the drag force on the drop, due to the inward flow 

of liquid, equals the centrifugal fo:rce caused by the drop's circular 

path. If the radial velocity is known at all points, then this vela-

city can be set equal to the terminal velocity of a drop, and hence 

equilibrium envelopes can be calculated. An example of equilibrium 

envelopes for Kelsc.ll's cyclone is given in Figure A4-1. HoweYer, 

to calculate the drop terminal velocity that equals the fluid rad:.al 

velocity requires the use of either Stoke~s Law (1) or Newton's Law 

(2), depe!l.ding on the particle Reynold's Number, radial velocity, 

and tangential velocity. 

OJ D 2 V 2 
. " P T 

= • • • • • • • • • • • • • • • • 1
18 u 

/ c 

4(p - O)D v 2. 
, S I C p T 

• • • • • • • • • • • • 2= 

A4·b Calcul~tion of (Du)SO 

There are five methods available for calculation of (Dp) •
50 

They will be discussed in turn. All methods are applicable to the 

--148­
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FIGURE A4-1 EXA.HPLE OF DROP EQUILIBRiill-1 ENVELOPES (AFTER KELSALL (K-2)) 

Envelope of zero 
vertical velocity 
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2 inch diameter cyclone used. 

A4·b~1 	 Dahlstrom (D-1) 

Dahlstrom presents an empirical equation that represents his 

data. It is 
0 6881 (D D ) •

1 2 1.73 -=l 
[ ps -tJ 

For Trial 6 

= 4.85 USG.PH.Q1 

= D 0.475 inchesD1 2 

= 1. 583 gm.Jee.
~ s 

1.00 gm../cc. 
~c 


Then (Dp)50 = 21. 9;~ 


A4•b•2 	 Yoshioka and Hotta (Y-3) 

These authors also present aYl. empirical e:::r-~J.tion 

D 0.1 D 0.6 D 0.8 
c 1 2 

=(Dp)50 o: - ~ c Pc n 0.5[ u 	 <\,1\ \ . 
' \ 

For Trial 6 

= 0.146 feet 

= 6.o x 10-4 lb./ft-sec. 

and 

= 21.4 u 
I 

It should be noted t!:at both the above equations are for 

cyclo'1.es with no valves o!1. the outlets. The cyclone used in the 

present work had the overflow valve fully open so that its presence 

http:cyclo'1.es
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would have little effect on the cyclone operation. 

A4•b•3 Lilge (L-1) 

Lilge presents a method to calculate (Dp) which is based
50 

on an empirical correlation of velocity profiles. The method is 

ver-J long, a..'1.d only the result is given here, for Trial 6. 

This method does not assume Stokes Law and so involves a 

trial and error procedure. Lilge gives an equation for calculation 

of V , giving for this cyclone operation a valve V = 0.257 fps.
r r 

This Vr' when compared with the Vr fro~ :Bradley's work (to 

follow), is ro11ghly three times larger. 

A4·b·4 Rietem~ (R -2) 

This author investigated many hydrocyclones of different 

designs. He gives the equation 

where cy is an empirical constant given by Figure 6 of his paper.
50 

For Trial 6, cy = 6 and solving for (DP)SO, it is found50 

56 f,.i;= I 

Rietema has assu.'lled Stokes Law to be applicable, and his 

derivation also assumes the presence of an air core. In the calcula­

tion, the (Ap )t given by Rieter:ia.'s r,ethod for run 6 has been multi­

plied by 2, since the pressure drop in a cyclone with no air core is 

about twice the pressure drop when operating with an air core, for the 
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so,me thcouc;hput (li.-2). 

{B-:S). 

Since Bradley's deriv::ttion of an expression for 

straight for-:ntrd, it is given here, especi0,l13r since it can be easil;y 

modified fro:n the forrn he gives to a more generally 2.pplic.C:;,bJe equ20­

tion. 

It is generally ae;reed the,t the tangential volocit,y in the 

outer regiOcl of the hyclrocyclone iL-l /j::.ve.n by 

consto.nt (be lo·:: the vortex finder 

tlo P •. '·'·" 11)anrl'• -ll""''..,..._,<...i,...,_ .._,__, ""C'-'tJ 1 
J ......O'", O· 1.·,c~~-R 

-.·1here 1 :?; n ~ zero 

If the tangential velocity cEr:.tri 'out ion in the outer reg:i.on follow eel 

the law of conservD.ti on of ::cngular mo:-nementun, n 1. It has been 

f01md that n ra,nges fron 0. 4 to 0. 8. 

A velocity loss ratio C>( is defined as 

0\ = 


wliere V is the velocity of the fluid in the inlet pipe and V is
1 c 

the fluid velocity at the feed inlet J.evel in the h;ydrocyclone, nez,r 

the cyclor1e wall. 

The position of the envelope of zero vertical velocity 

(Picure /14-2) approximately coincides ui th the s-u.rface of 2, cone, 

lTo,.r, assu;:-iing t112.t 2.ll liquid pa..ssin0 to the overfl01.1 must 

cros2. 

http:reg:i.on
http:consto.nt
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FIGURE A4-2 LOCATION OF ZERO VERTICAL VELOCITY LOCUS 
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velocity can be written 

= • • • • • • • • • . • • • • • • 1 

Bradley sets Vr equal to the terminal velocity vt of a po..r­

ticle of size (DP) 50 , since Vr has been predicted at the envelope of 

zero vertical velocity. 

Therefore 

~ ps - ~c)(DP)~o (V'.2)2 
= 2 

18 flc rT 

where in place of the gravitational a.cceleration, the centrifugal 

acceleration has been written. Here, VT and rT are the tangentfo.l 

velocity and radius at any point on the envelope of zero vertical 

velocity. 

However, 

= 

Therefore, 
= 

= 2 ·.):z 7\since rT _;,? ,,, 
~; ,_ 

Since = 2fl D.. 
I 

4 o< Q1 
Tl:.en v =· T 0 D

1 
2 

3ubstituting (3) into (2) a,.vid solvi~1g for (Dp) yields
50 

3 
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18 If tlc Q2 nr·3 D~ tn/.J
16 L. ( O - () ) 1b Q • ••• • • • • 4 

1l. \ s \ c - - . 

Since the particle Reynold 1 s Humber of (DP) may be ) 1,
50 

Newton's Law should be used instead of Stokes Law. If :Newton's Law 

is put.into equation (2), then equ~tion (5) results. 

2
4( 0 - p )(D 50)(VT )\ s . c p

= 

Replacing VT as bebre gives 

= 

Solving for (D ) again re3ults in 
p 50 . 

\·There 

A trial and error solution is necessar-J to equation (6), 

with three trials usually yielding a solution. 

When equation (4) and equation (6) are solved for (DP)SO, 

using the conditions of run 6, the results are 

(Dp)50 = 54 µ ......... Equation 4 

55il ......... Equation 6(Dp)50 = 

It may be seen that Stokes Law introduces negligible error, 

5 

6 
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even in this case where Re particle= 1.7. For these calculations, 

values n :: O. 8 a...'1d 0( = 0. 5 were assli.rried. These are reasonable, ac­

cording to Bradley (B-2). 

The wide variation in calculated (Dp) dictated that an atte::lpt
50 

should be made to measure, (Dp) • The experimental procedure required
50 

photographing the overflow dispersion througb the glass overflow pipe. 

Care was taken to position the ca::era. so th~_;,t it was focussed along the 

centre line of the pipe to avoid distortion, since the optical cell 

vas not used here. The focal plane was moved h1to the pipe, away 

from the wall, to avoid any wall effect in the drop size distribution. 

Other experimental details can be fow1d ~n Appendix 2. A sa.mple 

photograph of the overflow dispersion is given in Figure A4-3· 

Hhen the drop size distributions that resulted were plotted 

on the be.sis of n/6.x versus size x, wnere n = nu.nber of drops in 

size interval x~ to x2, L\x = x - x
1

, and xis the mid-interval size,2 

the graphs in Figure A4-4 resulted. The feed drop size distribution 

is that expected for Trial 6 (photo series 16-b, photo {'1). The 

seco~d distribution is that for Trial 6 overflow. The_third dis­

tributio!:l is for the same conditions as Trial 6, but with a..'1 in­

creased ammmt of liquid going to the underflow. 

The most striking feature of these plots is that both over­

flow distributions shm1 a ver'J sharp peak which falls off rapidly to 

an n/D.x of about 10. This is in contrast to tree feed distribution 

~rhich is quite full and rOlmded near its peak. Since the (Dp) size­
50 
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FIGURE A4- 3 SAMPLE PHOTOGFJiPH OF THE OVER.FLO\'[ DISPERSION" 

Photo Series 19-a-3 (#5) 



FIGURE A4-4 FEED A.ND OVERFL0\1 DROP SIZE DISTRIBUTIONS 
FOR TR.Iti.L 6, A1TJ) FOR .A LARGER VOLUNE SPLIT .:158­
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for a cyclone is theoretically the.t size at which the cyclone cut is 

sharpest, then (Dp) 50 should be ec>..sily locatable on a plot of the o-rer­

flow drop size distribution. It is apparent from Figure .A4-4 tha.t (Dp) 50 
Further evidence t11a.tis 20-25 l' • 

/ 

has been presented in Chapter 4. T:'.le (Dp) 50 size does not seeB to be 

seusitive to the volune split, e.nd this is bor;.1e out by equation (6), 

w'nich gives a..:.1 insignifice.nt cl12.r!ce in (DP) 50 when Q is nade St:K'..ller.
2 

The results of this section can be sur:1Ine.rized. i~i. Te.ble A4-1. 

A4·d Hindered Settlil1j£ 

The calculation of (Dp) 50 is based on the equivalence of ICd 

and F (. e.t the envelope of zero vertical velocity. This assu"C'.les no 

inter-pi:!.rticle influence. In sedine:1ta.tion, it is knm1n that groups 

of particles settle slower the..n if they were falling in the continuoas 

mediun with no other particles nearb;,r. It Hould seem, then, that co.1­

culations of (D ) ,.. should contc:.dn a correction for this inter-particle
p ?0 

influence. Kriijsna.."'1. (K-4) and others have mD..de the sto.ter:1ent that 

po.rticle flocculation in the cyclo:.1e is retarded by the high shea:ring 

stresses present. Ho•.-rever, other than these qualita.tive statene~1ts, 

t>1e natter we.s !lot persuecl. 

L4•e St1_;1Tary of i-.pnendix 4 

Both the D2.:11stroE1 a::.1d the Yos:1ioka-IIotta equc:..tions for (Dp) 50 
have predicted accurate values for (DP) 50 . The agreement beh1ee2 the 

expe:riDe~1fal vaLw of (Lp) 50 and Dohlstrom' s eqrt.c..tion is protaoly only 

coincicle~1tt'!.l since his equation is a;:1 e:npirical expressio!l correl;:.ting 

(DP) 50 values founcl for c particular solid/liquid feed. Tl:.e Yoshio::a­

Hotta expression for (:::ip) 50 ha.s bean derived using velocity profiles 

CTicrons 

http:cyclo:.1e
http:contc:.dn
http:insignifice.nt
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TABLE A4-1 SUMMARY OF (Dp) CALCULA.TIONS AND HEAS1JREHEHTS
50 

(DP) 
50 

Hl~THOD 

Dahlstrom 

(Dp)50 (MICRONS) 

22 

Yoshioka et .£!.. 21 

Lilge 10 

Rietema 56 

Bradley ( eqn 4) 54 

Eqn 6 

_Experimental 
Value 

55 

20 - 25 
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measured by a pitot probe. The (Dp) value predicted by this expression
50 

should be close to the experinent;;;,l value. 

Host of the other equations for (Dp) he.Ve predicted high values.
50 

The use of Newton's LaH to extend the range of applica.oility of 

:Bradley 1 s (DP) expression does not lead to a...'1.y differe~1ce bet•:1een the
50 

(Dp) 50 value predicted by his expression and the (Dp) 50 value predicted 

by the nodified expression. 



APPENDIX 5 JJROP SIZE DISTRIBUTION COlJSIDE:H.ATIOlTS 



A5 DROP SIZ~ TIISTRIBlTTIO=r CO:·TSIDFPcc".TIOHS 

:\.5·a . Introduction 

The liter;:,ture on particle size characterization was only 

briefly suxve~red in chapter 2.. This appendix discusses a fe>: of the 
~ 

more pertinent topics tll:~.t Dust be considered in p2-rticle size dis­

tribution work. 

Since this work reG,.'..lired t!:.e specific<:>.tion of a l'lean di2.meter 

to characterize the drop size distribution, a few definitions are co:1­

sidered first. 

A5· b Definitions of IIerm Dianeter 

First of all, if an infinite distribution of spherical par­

ticles is san?led, data consists of m;_r;iber of particles, n, in a 

give:.1 size interval, 4 D • Since there will be a s::allest size D . p po 

observed, and a larGest size D observed, a..rid if the size intervals 
pm 


are verJ SI::e.11, a mean voltm:e diaci_eter <n;f ca...ri be defined as

30 

D D 
Ti . DJ 
T (n)3 rm .an dD 

p = 67f rm 
p 

"? 

dn 
dJ) ..... 1p 30 dJJ -dD p

p pD D po po 

Similarly, a mean surface die..:::iete:-: (D) 20 can be defined as 
p 

D D 
(D{2 dnTI lpm dD = if

spm Ii dn 
p p dD ..... 2dD dJ) p20 D p D ppo po 

·2
Solving (1) and (2) for (nl§o and and dividing these(Def 20' 
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two mean dia:neters defines the volw-:ie surface diameter (]) \. , or(D )
p' 32 Sp VS, 

= (nif ~o • • • • • • • • . • • . • • • • • • 3 
= D 

(Df ~O ( pn D2 dn 

Jn P d'D dD 
ppo p 

Since any pa.rticle size ne2.s1J':ce:ment involves finite size in­

tervals, equation (3) can be expressed as 

l~· 
35 n. D 

i=1(n;> 32 -
l pi 

l'T 
2. 	n. 

l 
D p. 

2 

i=1 l 

where N size intervals are considered. 

Sauter (S-1) defined a mean diameter as 

6V 
A 

where V is the volume occupied by the particles and A is their sur­

face area. 

(D) for nol'l spherical particles is defined as 
:;:p VS 

6 i_ 0\ n. D ..1 

. ' . ' .1'. . _1_ • .Pi 

zc>< D 
2 

n.s l pi 

where ~ and C\: are shape factors whose values depend on the par-v s 

ticle material and the method of measuring D • For spheres, it may
pi 

be seen that 



A5·c Samnle Calculation on Literature Data 

Having defined mean diameters, it is instructive to consider 

the effect qf the Gwyn. ~ & correction on some data. Gwyn ~ al 

gives the following data for a spray: 

1) Number of particles measured = 503 

2 2
2) Total Surface area 6154 1 v~ (= zn. D )

J. p.
1 

3) Total Vol1l!Tle = 37,252 ,/).,3 (= ~ n. D 3) 
. J. p.

J. 

NGW calculate 
D 2z-:· n. 

. .J. pi 
= .€121 12.22=<n~;o Z. ni 503 /"· 

2 

zn. D 3 
J. pi 37,252 . 3 = = 74.10(nP>~o 503 i'­-:£ ni 

Then 14.10 6.06 ll­(np>32 ·. 
/12.22 

This (DP) is the value that is obtained using equation 4.32 

If the Upper Limit Equation of Hugele and Evans (I-1-8) is used, 

the following data result: 

3-4u 
I 

· . · (10% of drop volune contained in drops 

smaller than this size, for the experi­

= 7.6 t{ mental drop size distribution)(Dp)50 I 
' 

= 14.2 ;,,i(np) 90 I 

and ( Dp)m 29.9 /{)., a 2.94 

0.904 = 0.930u90 


= 0.341
U50 
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D 
Since <n,;> 32 pm ) inserting the numbers gives

1 


( 1 + a e462 


= 6.06 (,<­

This agreenent is no accident since Nugele and Evans have 

derived their method to give th~ same result as equation 4. 

Any analysis of samples of a drop size distribution is 

r~stricted by the number of samples taken. Gwyn 2,i at recognize 

that there are always drops not encou...--i.tered in the samples whose 

sizes are larger than the largest size observed in the sanples. By 

net allowing for the presence of these larger drops, the calculation 

of the drop volume and surface area will always be low. 

Taking the data again and applying the corrections of Gwyn 2,i &, 

yields the following de.ta. 

1) Humber of particles = 503 + 1 = 504 

2) Total Surface area = 6595 ,,,,tl 
2 

3) '1.1otal Volu.11e = 46,900 I- 3 

Calculating 

22.22<nP>;o = 504 = 13.06 
I 

,(;., 2 

~6z200 = =(Dp)§o 93.0 /t 3 
504 

and (n)32 = ~ = 1.12 
I 
l~

3 

Assuming the applicability of the Gwyn, 2,i al method, it me.y 

be concluded that all past literat"..1.re not allowing for sampling size 

limitations will consiste!ltly under estimate (Dp)32 . 
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.A5•d Measure of Disnersion 

The above sections have been concerned with the definition o'f 

a w.ean diameter to characterize a distribution. By itself, a mean. 

diameter tells nothing about the range of drop sizes. Specifying 

that the distribution is log-normal still leaves an infinite number 

of possible log-normal distributions. This is shown by Herdan (H-1) 

who gives the following expression for (Df :32 

2 
= exp (ln <n{ g + 2.5 ( ln if~ ) ) g 

Therefore if <np). · is fixed, an infinite r::umber of cor:ibin2.­
32 

tions of ( D'> and (} will still exist. A way to conpletely specifyTf g . g 

a log-normal drop size distribution is to give two of ( n{ 
32 

, \n{g' 

and U g , with the last two usl.ially being given for a log-nornal dis­

tribution. 

A5· e Dron Size lfoasurenent 

Two important questions must be answered ·when an atteinpt is 

made to measure drop sizes. First, are the drops spherical? Using 

the Zeiss analyzer, the diai~eter of a circle of the same area as the 

projected view of the droplet is the estimate of the drop size. If 

the drops measured are not spherical, shape factors must be taken into 

account in calculating <n{ 
32 

. By observatio::i of all photographs, 

the drops appeared as circles. This is expected from a calculation 

of the Laplace radius which is defined as 

= 



For the oil/water system used 

38.5 dynes/cm. 

AZ = 0.583 gm/cc. 

2 g = 981 cm./sec. 

Then = 0.265 cm.~ 
\ 

= 2650/<.; 

The maximu.11 observed drop size was about 500 £.l-, and so all drops are 
I 

eApected to be spherical, since the Laplace radius is much greater 

the largest drop size in the dispersion. 

The second question concer:is whether or not the drops are 

breaking up in the feed line because of shear forces. Sleicher (S-5) 

calculates the maximun stable drop size in turbulent flow from the 

following er:iuation for the i:naximum stable drop size, (D )
'1 p w.ax. : 

1 + o. 7 · a= 38 ~l.v v) 0 ·Ju 
Using the follm'ling data for this work 

1.00 gm/cc.(.Jc = 
I. 

254 cm./sec.v1 = 

er = 3s.5 dynes/cm. 

= • 00894 gm/cm.-sec •fc 
1).-d = • 00915 gm/cra.-sec • 

I 

= 0.475 inchesD1 


Reynolds lTu.':lber = 

= 35,000 

http:maximu.11


and = 940 fl; 
T!:lerefore, the drops observed were probably not breaking up U.."'1.der 

s11ear force in the feed line. Since the problem of drop-drop coa.­

lescence was considered in Chapter 4, the drop .size distributions 

photogre.phed were probably not cha...n.ging 1dth distance along the feed 

line. 

Hhile the above questions are answered, the problem of drop 

size :oeasurement is not yet free fro'.:1 error. Two other factors may 

introduce error in the drop size distributions photographen. If one 

drop happens to come bet\reen the photographed drop in the focal plane 

a."'1.d the camera, the photographed drop's image size may be increased 

or decreased, depending on the difference in refractive index. This 

is shown in Figure A5-l. No qua...'1.ti t2.tive estinate of this effect 

can be made, since the cha..."'1.ge in image size is also dependent on the 

diameter of the intervening drop. 

The problen of emulsion and paper shrinkage raises a valid 

objection to the photographic technique. Emulsion shrinkage on cellu­

loid flim is negligible. The shrinkage of photographic paper is very 

srrall ( 1 mn1. in 300 nun.), but measureable. It was neglected in this 

work. 

The photographic technique has objections, but they do not 

sGern serious enough to restrict the applicability of the method to 

this work. 

A5·f Hecessar"t ~Tunber of D:::-ous to Renresent a Drou S1ze Distribution 

The larger the number of drops oea.surecl the better the sample 

population· ;·rill represent the actual population, especially in the 
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FIGURE A5-1 EFFECT OF INTERVENING DROP ON DROP SIZE IHAGE 

SHALL DIFFERENCE IN 
SYSTEH REJ!'H.ACTIVE HIDICES 

DROP 
IHL\.GE 

HITE2VEHING DROP 

LARGE DIFFERENCE IN 
SYSTEM REFRACTIVE DIDICES 

IlTTERVEXING DROP 
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small drop frequency +egions ( comJnonly referred to as the tails). 

In this work, the same drop size distribution was sampled 4 times. 

When all the drops are represented by a summation curve, and all five 

distributions are plotted on log-probability paper, the data in 

Table A5-1 result. 

This table shows that (D \ and f' for the SD.Illi"'nation m.trVe
p' g ~ g 

and for Run 7 are about the same. Therefore, counting 500 drops 

gives the same distribution as when 4500 drops are counted. In all 

other ru.'1s, at least 1000 drops were counted, so that the sample 

population is expected to closely represent the actual population. 
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TABLE A5-1 GEOI,JETRIC I1EAN" DDUlETER AND GEONETRIC STANDARD 

DEVD\.TION AS A FUNCTIOU OF THE HUMBER OF DROPS MEASURED 


RUN 

1 

N"illiffiER OF 
DROPS 

r.mnwrPn 

2000 

I . 
..._DP) g 

94 

1""' u g 

1.92 

2 1000 79 1.95 

8 1000 80 1. 82 

7 500 84 1.88 

Surama.tion 
Curve 4500 87 1. 87 
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