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I Introduction 

1.1 P--ackground 

-.1-

A cyclone separates particles or droplets from a I iquid or a gas. 

There are two classes of cyclones: gas and I iquid cyclones. In this work 

I iquid cyclones or hydrocyclones are studied although the general term 

cyclone is often used in this thesis. Hydrocyclones are for separational 

problems in the steel and chemical industies, for the separ"atlon of con

centrated mixtures and for the prevention of water pollution. 

A side and plan vciw of a typical cyclone is shown in Figure-I. The 

cyclone is essentially a cone, however the upper section is usually cyl in

drical to make attachment of the tangential feed pipe simple. The feed 

fluid is injected at the top of the cyclone body at a tangent to the wal I. 

The flu i d sp i ra I s dOI':n to \'1 a rOd the ootto'n ex i t or u nded I ow \'Ihero some 

fluid leaves the cyclone. Due to inward radial flow, some I iquid is trans

ported toward the central axis and an upward spiral carries ihis fluid 

out the overfloloJ. ThE. overflOi-I pipo, or vortex finder, protrudes into the 

cyclone body below the fced pipe. If a density difference exists be

hleen purticles(or droplets) in the feod and the carTier fluid, these par

ticles vlill trove relative to the fluid due to the high centrifugal forces 

generated in the cyclone. H0i:lVier par",icies migrate tOI'lard the wall 

and lighter padicles migra't<3 tOYlard the centl'al axis. Heavier' and !iohter 

particles Icave by the underflml and the overfloi'! respectively. In g?;nercl!, 

this device can be usod to classify or separate particles greater than 

three microns in diameter. 

Hydrocyclonas arc widely used in i~dustry because of their low initial 

cost I tho sma I If! oor area rcc{U i rcr;:cnts and the absonce: of r~ov i n~J parts. 

~bwcver, at present, proceduros for the design of hydrocyc!ones are not basad 
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Figure-I 

$chemat i c ReDrosentat ion of Sp i ra I Flo\'/ j n a Hydrocyc lone 

Q -
I 
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on fundamental concepts but on empirical correlations. The difficulty in 

obtaining a wei I designed hydrocyclone is a major drawback 1n the use of 

the device. 

1.2 Design of Hydrocyclones 

1.1any design procedures have been presented in the open literature. 

Perhaps the most notable works are those of Bradley[B-2], Kelsall[K-2], 

lilge[L-I], ~Jloder and OahlstromD1-2], Rietema[R-I] and Yoshioka and Hotta 

[Y-IJ. Some of these design techniques are based on empirical considerations; 

others on relationships derived from hypothesized separation mechanisms. 

The methods are I imited by the narrow I imits of appl icabll ity for each 

method and discrepancies resulting from the different methods. The effect 

of a gas(or vacuum) has yet to establ ished quantitatively. There has been 

a problem in defining cyclone pressure drop and efficiency. The situation is 

not ~hol Iy nogative. Many of the dosign techniques are very usoful when 

appl ied within the limits for which they were formulated. Clearly, a more 

unified design approach, appl icable over a wide range of operating con-

ditlons would be usefu!. 

The purpose of this work is to develop a technique to observe fluid 

movement inside a hydrocyclone. Based on such knovJledge, rnore ~Jen8rally ap-

pI icable des.ign techniques can be developed. 

In tho past, the qual itative description of tho flow patterns was 

based on the Viork of ~~e!s611[r~-2J, Bradley[B-3,B-4], Ohasi and r'iaeda[O-I] 

and FontelnCF-2J. 

The cy·l indriciJl co-,oi'dlnate system shOVin in Figcre-2 has been adoptee 

becC'lUse th:: major part- of tho cyclone is symrne'rrical .,lith the centre:!, z-a><:s. 

The flu i d hiiS throe ve I oc i i'l components: the tanrJOnt i al componont, v , tho ... ' 0' 

axial or vertic-~l CO/:.DOrJ(:r:T,V ;"r,d tilG radjal . z component, v .EhCh component 
r 
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F i gure-2 

Hydrocyc lone Co-ord i nute Svstern __ 

is discussed separately. 

1.3.1 The Tannential Velocity Cornronont 

Two concentric tangential flow regi~es forrn. Close to the central 

axis a forced vortex develops. This impl ios sol id body rotation where the 

tangential velocity varies linearly with the radius. At a radius estima-

ted by Ke I Sa I I U:'-2J as O. i 4r.:, a free vortex f low reg i me baSl i ns to for-Ill. 

n 
in this region the tangential velocity. vs ' varies with I/r , where the 

constan"t. n, is less than 1.0. Bradley[9-4] has co~piled a table of n 

values for a wide ran~e of qeometries and operatin0 conditIons. AI I va-

lues of n are for cyclones op8i-ai- j nc,l \'lith an air core. 

For a mass to have a tanqential velocity, it musi" rotai"e 3hout an 

axis at a fin i tc distance. For t'lls :-cc;son, the tan(1ont j 2 I velocity at 

the contra! axis of a cyclone operating wit~out an air core must be zero. 



-5-

Because there is no sliD at a solid-I iouid interface, the the tangential 

velocity at the wal I must be zero. 

1.3.2 The Radial Velocity Component 

Only Kelsall[K-2] and Ohasi and l'Jlaeda[O-i] have attempted to measure 

this velocity component in a hydrocyclone. 

Kelsall's numerically derived values suggest that im-/ard radial flo\'1 

increases uniformly from zero, at the radius of the air core, to a maximum va

lue close to the cyclone wall wh~reupon It drops to zero at the wal I. there Is 

also a suggestion of outward radial flow in the uDper reaches of the 

cyclone where eddy flow may occur. The radial velocity profiles of Ohasi and 

Maeda suggost that inward and outward radial flow occurs at al I levels. 

In gener-a I , there is clearly ground for further investigation of 

this flow component. The effect of the radial velocity is most important 

In describing the mechanism by which perticles are assisted or hindered In 

their radial migration across the cyclone. 

1.3.3 The Vertical Velocitv ComDonent 

The vertical flow patterns lnthe hydrocyclone are intimately related 

to the radial flow patterns. The relationship is shown schematically in 

Figure-3. 

There are two axial flow regimes one up and one down. Flow down is 

considered negative. The two flow reqimes suggest that there should be a 

surface or locus of zero vertical velocity. This has been confil-med by Kelsall 

[K:-2] and Bradley[B-3]. \'lhen formulating design relationships, it is im

portant to insure that particles heavier than the carrier fluid migrate to 

the outside of tho surface and lighter particles migrate to the inside of the 

surface. in ir,!;:; \·:ay, heavy particles I'ii' I leave by the undedlml and I i9hter

particles I,:i! I le;:Jve by the overf 10'.-:. The sClrfaC0 of zero veri-icd! ve!ocii-y 

is shown In Flgure-3. 



flO\'1 up 
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FiglJro-3 

Schematic RODresentatlon of the 
Non-Tanaentlal Flow in a Hvdrocvclone 

~+-,H-4-J-~ "short c I rcu it!' f 10\'/ 

--- reel rcu lation 

air core 

of zero vertical 
velocity 
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Due to the tangential feed arrangeMent, I iquid spirals down through 

the cyclone. There is radial flow throughout. Inward radial flow feeds 

the upward spiral I ing flow which becomes the overflow. The underflow 

comes from the remaining portiQn of tho dovlnvJard stream. This is shown 

schematically in Figure-3~hich also illustrates the possibi I ity of re

circulation due to outward radial flow near the vortex finder. 

"Shod circuit" flOYI, indicated by heavy I ines in Figure-3 can occur 

in cyclones. Feed liquid passes by the shortest rossible route from tho 

feed port' to the vortex finder. This flow should be eliminated if pos

sible or feed material can pass through the cyclone wi~hout being sub

j~cted to the device's separating power, with a resul11no decreaso in the 

net separation. 

1.4 Rovie','! of r~ethods of tleasur-ing FILJi2.-'y~ocity _in~.!..y9_r:-ocyclone 

~1any different methods haw: been used to measure tho fluid velocity 

and/or its components. Probes or spinning objects have been immersed 

in the fluid in tho hydrocyclone to, measure the velocity directly. Some 

indirect methods include the measureMent of the pressure profi Ie along 

the wall of the cyclone and the optical study of moving particles or dyes. 

Table-I I ists the mothods and investigators. 

1.4. I Dr rect tlethods 

DIrect Methods have three serious drawbacks. First, they can be 

used only to measure the tangential velocity, and secondly the insor

+ion of foreign objects causes an irroversible friction loss at the point 

of measurement, the effect of which on tho fluid velocity is difficult 

to estimaie. F!na~ 1,/; the use of spinning bal Is or rotatina vanes re-

quires very difficult cxnerimoGtal deslln and con:truction, and the prc-

sonce of a qas COt'O. 



-8-

Table-I 

Hydrocyclone Studies Involvlna Fluid Velocity Measurements 

Oi rc'ct Hei hods 

Investiga-ror TechnIque Cyclone GeoMotry* Reference 

8aldina pitot tube cy I i ndr i ca I 8-1 

Bradley spinners conventional 8-5 

Fontein " 6t rotating conventional F-I Oi jksman vanes 

Kearsey & rota-ripg cyl indr-lcal K-I Hibberts vanes 

Li Ige plto-r tube conveniional L-I 
---

Peebles & pitot tube spherical P-I Garber 
1---- 1---------

\';i I son sp i nnor-s cyl indrical \'J-I 

Yoshioka 0 
<l< pitot tube conventional Y-I Ho-rta 

---
I nd i reet f·'ethods 

particle movemeni 
microscopy Kelsall conventional K-2 

--------------·--~--_+----------------·--~-------------------1--------------
Ohas i (, 

particle movement r,laeda h t h convent i ona I 0-1 
[) 0 on roan ,v 

¥. c:cfu fh V conventional, 1:) cyl ind,"icai, '-9 ~.pher· i cal 

1-.-_________ " _________ ._. ____ ,, ... ___ ._« ___ , ______ •• ________ -..J 
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I .4.2 I nd i rect or Tracer :1ethods 

Bradley _and Pul I ing[8-3J used the external pressure profile along 

the ~yclone wal I to infer the internal conditions. 

Ohasi and Maeda[O-i used & multiple exposure technique to fol low 

the movement of perspex spheres(density 1.03 gm/cc) in '(later inside 

a 3.1 inch diameter cyclone ooeratinq with an air core. Tangential, 

vertical and radial velocities 'tlere measured for various aeometries and 

flow arrangements. 

Saito and Ito~S-IJ, using conventional cine photography, fol lowed 
-

the movement of five millim(3tre gypsum and beeswax bai!s(density~I.OO 

gm/cc) in a simple open vortex chamber. Only tangential velocities 

were measured. 

Ke I sa II [K-2] v r evisd a I um i na part i c I es (dens i ty 2.70 gm/cc) mov i iig 

in a 3.0 inch dlarT'eter hydrocyclone operatinq with an air core by means 

of a r.licrOSCop9 equipped with hlo rotating objecti\/e lens8s. Only tan-

gentlal and vertical velocities were ~easured. The particles were assumed 

to move i dent i ca i I Y vd th the water except in the rad i a I direct ion. For 

this reason. radial velocities were calculated from continuity con-

slderations.Kelsall used a longer vortex finder and larger cone angle 

than those recommended by 'atar worksCR-1 ,Y-! ,B-3.H-I]. ThIs does not 

affect the Vi)! i d i 'I"y of his resu I ts, determ i ped over a wide range of geo-

metries, feed rates and flow spl its, but rather their appi icabi I ltV. 

With tracer techniques, the three velocity corrcponents can be mea-

sured without dJsturbing the cyclone flow patterns. The choice of tracer 

particles must be made with care. 

I .5 ..Qi?ject i ves of the Present Study 

In 5H'imary, no \'101";'; nas been p'Jb I i shed in the open ! i tera7ure 
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on the velocity proff les ~Ithln hydrocyclones operating without an 

air core. Such conditions are I~portant for industrial appl ications. 

The most attractive experimental techni~ue is the photographic 

study of the three velocity components of a tracer. The tracer is selected 

so that it behaves I ike the fluid. 

The objectives of the present study were: 

( I ) To develop the necessary phototJraphic and tracer tech-

niques and equipment for the ind i r'ect measurement of 

the three components of fluid velocity vlithin a hydro-

cyclone. The cyclone \/ou I d be designed based on the 

present design criteria for the optimum separation of 

liquid-solid systems. The design procedures are based 

on data collected from systems operating with an air 

core. 

(ii) To measure the velocity distribution for one set of 

operatina conditions. 

(iii) To compare those results with those for operation with 

an air core. 
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2 E~<r)e r i rr:~nta I .tl.~p roach 

2.1 Theoretical Considerations 

In this ... ,ork small droplets of an immiscible I iquid are injected 

into the fluid and viewed from two mutually perpendiculur directions. 

The motion is then recorded with high speed cine photography. The films 

of the droplet movement are analyzed to determine the tangential, ver

tical and radial velocity components of the droplets. A macroscopic ma

terial balance can be used as a consistency check on the data. 

It would be ideal if the movement of a sma I I parcol of fluid inside 

the hydrocyclone could be observed. Ho~ever, if this smal I fluid par

cel is replacod by adroplot of an iMmiscible I iquid having the same 

density as the continuous phase and the refractivQ indlcles differ suf

ficiently so that the two phases arc visually distinguishable, then 

the smal I fluid parcol can be observod. The droplets wi I I bo referred 

to as tracer or marker" particles. 

For this study, vlater and anisoleCC
6

H
5

0CH
3

) vlere chosen as the 

continuous and dispersed phases respectivelv. Anisole was dyed rod 

by adding O.2%<by weight) Flaming Rod oil-soluhle dye. This was done 

to increase the contrast for photographIc work. Physical and optical 

proper-ries of the two I iquids are sur.1rnarized in Table-2. 

Consider noV! the resolution of the individual velocity components. 

If an object, moving in three dimensional space, is viowed from two 

mutually perpendicular directions, each ViOl'1 shO\'/s the projections of 

tvlO velociiy components. In this "lay, four projections of velocity com

ponents can be scen. One of the ve I oc i ty cOir,ponents VI i I I be the SE-H'!e 

in each vi6\'I. 



Table-2 

Density and RefractIve Index of'Anlsole and Water 

I 1 
i 
I anisole water temperature reference 
I (oC) 

\ 
i 
! 

I I 

I I density , 
0.99327 0.99823 20 I-I, P-2 I 

! 

N 

I (~:jm/cc) 

! 
l 
1 

I 
! 
I 

L33299 I 
I refractive 

I index 1.51791 20 H-2 , 
I I L -- ---~-------- -1---
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Invariably, the path of a droplet inside the hydrccyclone is a 

vertical spiral about the central axis. The viewing directions used in 

this \~ork define a horizontal plane as shown in Figure-4. One vievi 

shows the droplets moving horizontally and verticallY'Y/hi Ie the other 

view shows the droplet spiral I ing up or down about the central axis. 

The resolution of tangential and vertical components of velocity 

from viC\~ A is straightforward. The vert.ical velocity can be measured 

simply from recordings of droplet movement in view B while measurement 

of the rad i a I ve I oc i ty from th i s vi 8\-/ is more comp I i cated • 

Tlt/o methods of calculating the radial velocity from vi8\'1 B recor-

dings were developed. The first method involves using tangential ve-

I oc i ty data determ i ned f rom vi e\'/ l\ iecord i ngs, wh i I e the second method 

gives values of the radial velocity which are not dependent on previous 

measurements. 

The approach in the first method is illustrated in Figure-5, whicr-' 

sholtIS a plan view of a drorlet moving in the cyclone. Timing is known 

from measuring the film speed. The distance of importance is (r-r2 '. 

If it assumed that ve is constant over a short arc I engi'h , then r2 can 

be calculated from the relationship, 1 

2 2 2 r
2

=[(r-d
2

) +(VeAt) J .---------------------(1) 

The radial velocity is 

v :(r-r2) ---------------------------(2) r . 
t.t 

Inward radial velocity is considered positive to fol low the convention 

of earl ier worker·s. Combinations of equ~tions (I) and (2) (lives 

v r =r-[ (r-ci 2 ) 2+ (v. 6.t) 2J2. ----------.. ----------(3) 

6;-
This Method was not used because: 

(j) Valuos of ve ' '.,;hicn are subject to exoerimental er-
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F i gure·-4 

VievJinq Droolot ~'ovement in the Hydrocyclone 

vi e'.<J A 

v e 

vlel-l B 

droplet movement 
as seen by the camera 

horizontal plane 
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Figure-5 

First tlethod of Heasurinn Radial Velocities 

path of droplet as seen 
by camera 

View B 

/ 

~ plumbline tracing 

_ screen record i nq of vi el'l 8 
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ror, had to be used which compound the total possible 

error in v • 
r 

(Ii) Values of v had to be interpolated often. 
~ 

(iii) Unreasonable values of v were calculated close to the 
r 

central axis. 

The second method is i I IU5tr~ted In Figure-5. As before, timing is 

determined from measuring the fi 1m speed. If it is assumed that the ver-

tical velocity is constant over a short-vertical distance, then the ver-

tical dlsPnlcoment about the "r" position Is equal for equa' short time 

intervals (or equal n~mbers of frames as fi 1m speed is constant over about 

50 frames). Using this criterion the projected radius difference, (d,-d2 ) 

can be measured, and the angies, e,and ~2set equal. 

The distnnce reauired is (r,-r2 ). From an inspection of ihe three 

simi lar trian01es in Flriure-6, it can be seen that if 

8 = 9,= 92, --------------------------------(4) 

then 

case 
d

2 
r

2 
, ---------------------------(5) 

so that 

r,-r2 ----------------------------(6) ---. 
case 

Since only r Is known and the total arc lenoth considered is very smal I, 

cosEl is 8stinic.ded as 

cos8.-:::::::; d 
= - • -- .. ----------.--------- (7) 

r r 

Thus, 

v r " ~;_~r2 0 tS?l. r . ---.--------------.- - (g) 

In order to estl~ate tho error' In using equation (8), the values 

of aIr W8re calculated for each vatu8 of v • 
r Tho values were ohserved to 
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Figure-6 
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approach 1.0 within 5 per cent. In other words, there is only a smal I er-

ror involved in assuming that (d l-d2 ) is equal to (~I-r2)' 

The latter mcthodCequation (8» gave More reasonable values of v 
r 

toward the central axis and had the advDntage of requiring no previous 

data. This method was used to calculate al I radial velocities in this 

study. 

More detal Is of filM analysis and the calculations involved are in 

the appendix, section A3.1. 

The material balance can be used to check the consistency of the data. 

External and Internal material balances are shown in Figure-7. The over-

all material balance using en~elopo :, is 

Quantities 01 and 02 are obtained from calibrated flow meters, hence 03 

is also known. A material balance around envelope 2 y!elds the re-

lationship, 

, , 
The net flow down, 03' is constant throu0 hout tho cyclone. 01 and 02 can 

be calculated by an integration of a vortlcal velocity profi Ie. 03 is 

thon calculated and compared with the actual value. 

Figure-8 illustrates how the vertical velocity profiles can be 
, , I 

used to colculate Oland °2 " The f ;0'\'1 up, 02 is 

R 

0; =~ 2(rv
z
dr,-------------------{1 I) 

o 
I 

and the flol'! COI'In, 01 is 
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, 
R is the radius at vlhich the vertical velocity is zero and R is the 

w 

wal I radius at'the elevation considered. Equations (II) and (12) are only 

appl ied at levels below the vortex finder. In this region, the vertical 

velocity is assumed to be symmetric about the c8ntral axis. At levels 

above the vortex finder, several velocity profiles,at different angular 

pos i t ions "'IOU I d be requ i red to i nteg rate correct I y • 

Thus, if the coculated net flow based on vertical velocity measure-

ments does not 6gree with the actual underflow, 03' within! 10 per cent, 

then the velocity measurements are incorrect. The tolerance of + 10 per 

cent is based on the accuracy of overa II f Iml measurements. 

2.2 Equipment Desiqn, Construction and Operation 

The equipment employed in this work can be divided into four cate-

gories: the hydrocyclone, the peripheral flow system, the optical arrange-

ment and the high speed cine Ci)mera. The procedures for operatinn the 

above equipment and for analyzing the final fi Ims are also discussed. 

2.2.1 The Hydrocyclone 

The cyclone geoMetry was based on design procedures recommended by 

Rietema[R-I] together with the suggestions of Bradley and Pul I 1n9[B-3J 

for the diameter of the underflow and Haas et al[H-IJ for the cyl inder 

height. The internal cyclone diameter chosen W35 3 inches. This size 

cyclone is common in industrial practice and also allo\'/5 '3asy compa-

rison with the results of Kelsall[K-2] and Ohasi and ~~aeda[O-IJ. 

The actual dimensions of the cyclone used in this study are shown 

in Figure-9. For safety, the cyclor.e was constru::::ted of th ick-.,."a I I glass 

throughou+. The inlet and over flow nipe Vlere tap9red to aliovi coupl ing 

with metal fittings emoloying teflon seals. The geometries used in this study 

study and those used by Kel sa! 1 and Ohas i and 1!;aeda are surnmari zed in 
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Figure-9 
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TabJe-3. 

The operating conditions selected for this study, as weI I as those 

used by Kelsal I and Ohasi and Maeda are listed in Table-4. The operating 

conditions were chosen to be within the range of the velocity measurir.g 

technique and of industrial practice. Details of the selection of opera

tin~ conditions are 1iven in the appendix, sectlon AI.3. 

2.2.2 The Peripheral Flow System 

The peripherai flow system is shown in Figure-IO. The reservoir 

suppl ies two centrIfugal pumps in iJarallel with the cyclon-e. Anisole is injec

ted from a pressure reservoir into the feed pipe Where the turbulence 

disperses this immiscible fluid. The overflo~ is recycled and the under-

flow drained. The make-up water feed rat:! is set eq-ual to the underflcw 

rate to maintain steady state. 

Flowrates and pressureswere measured on calibrated rotameters and 

pressures gauges, respectively. The underflow rate was checked by weigh

ing an amount of water col !ected in a known time. 

2.2.3 The Op-tical Arrangement 

A small vo! ume ins i dei-he hydrocyc I one is vi e\1ed from t\>.'o mutua Ii Y 

perpendicular directions, so that the three velocity components can be 

resol ved. 

Figure-II sho'lis 7he optical arrangement. T"'lo concentrated di-C 

lamps were matched by eye to give equal intensity, bv using a variable 

transformer on one of the lamp pO'tier supplies. Converging lenses ane col

limators gave two narrow beams of paral leI I Iqht which produced the two 

s 1 ! hOL!etted vi 8\'-15 of drop 1 ets rov i ng r nth • .: hydroc'!:: lone. The light was 

then dIrected by prIsms to a half-silvered mirror which superimposes ths 

two views and tran:mits the~ to the high speed cIne camera. A h2If-silver-
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C?mparison of Operntinq Conditions 
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Figure-:II 
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ed mirror reflects half the incident light ",hi Ie the remaining half is 

transmitted in the incident direction. 

In Figure-I I, the cyclone Is shown with a transparent jacket. This 

machined plexiglass jacket, enclosing the cyclone, is fil led with water. 

The presence of the water reduces the distortion due to the curved sur

face of the cyclone. The surfaces of the jacket presented to incident pa

rallel I i9ht are flat and perpendicular to the I 19ht'S direction, el iml

nat1ng distortion at this interface. Since water is on both sides of tho 

cyclone wal I, distortion due to the curvod wal I of the cyclone is lateral, 

that is, I i9ht is shifted horizontally but not obi iquely. Some obi iqu9 

distodlon is enevitablo in view 8 as the focal plane moves close to tho 

cyc lone via I , . 

The lamps, lenses, col I imators, prisms, the half-5i Ivered mirror 

and the camera were attached to a steel plate m3chined to a tolerance 

of + 0.0005 inch. This plate could be moved vortical Iy and horizontally 

relative to the jackett-od cyclone. f'orizontal (radial) measuremenTs were 

made using a 51 iding scale arrangemont accurate to + 0.01 Inch. Vertical 

measurements were made with a leveled eathctometer accurate to + 0.005 

em. 

The plane of irvestigation, S:,OI'!n in Figurc-! 1, vias chosen for 

two reasons. first, thr-oughout mos-r of the cyclone body the flow ean bc 

assumed to be 8xi-syr.-,fnetric so that point fluid velocities measured on 

any r-z plane can be assumed Identical. This aS5~mDtlon can be vorifiod. 

Second, rrovlsion for a third direction of movoment ~rCs0nts many con

structional difficulties. 

The cyclone \'i3S mounted on a l?n]8, cmqte steel t2blo e0uinped witn 

leved in~) scrc',;s. The to~l!e \"05 levelod odor to C'lclone in:.-tal !a-t-io,l. 



-28-

Then, the jacketted cyclone \'las mounted on the table and a 0.003 inch thick 

copper plumb line was hung through the overt 10\'1 an,:! underf I ow pipes and 

the cyclone's position adjusted until the plumbline was susoended , , through 

the center of each outlet pipe. This procedure ensured that the central 

axis of the cyclone was vertica!. 

All devices used tor viewing the system were aligned and fixed In 

position. The ar~ lamps, which are effectively point light sources, 'dere 
: 

positioned one foc~1 lensth a\'faY from the le71se5. The lenses' flat faces 

were set paral leI to the face of the cyclo~e jacket using a machinist's 

square. The prisms' faces were also set paral leI to the face of the cy-

clone jacket in the same way. The camera was subsequently positioned on 

the center! ina of the halt-silvered mirror at the focal length of the 

lens-extension tube arrangement and a plumbl ine hung co-Incident with 

the cyclone's central axis. Then, viewing through the camerals eyepiece, 

the half-51 !vered mirror was rotated u~ti I both images were superim-

posed. The mirror was then fixed in position. 

A detal led dra.ling of the optical table, showing the mechanical de-

tails and actual dimensions} appears in the appendix, section AI .2. 

2.2.4 Hiah Speed Photoqrapht 

A rotating prism cine carneraCHycam mode! number K20SIBE) with a 

maximum exposure rate of 36,000 quarter frames per second was used. ~ speed 

of approximately 20,000 quarter frames per second was used throug~out al ! 

the experimental runs. 

The shutter speed at the selected exposure rate is i/50,OOO of a 

second. This shutter speed required 400ASA Eastman Kodak 4-X Negctlve tYDe 

7224 16 mm -Fi ImOn 100 ft. - rolls). Concentrated arc lamos(Sylvania r(ICO 

d.c.) were selected as ; lGht sources. 
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Since the camera accelerated to the desired speed relatively slow

ly, true fi 1m speed was established by using a calibrated pulse generator 

wh i ch pm/ered a sma I I neon bul bin the camera. The bu I b puts tiny dots 

or b lips of light on the f i 1m; the time bet\'/een each is knol>in f rom the 

frequency of the pulse generator, which was set at 1,000 cycles per second 

throughout al I runs. The acceleration characteristics of the camera, 

pro~ided by the manufacturer, are Included in the appendix, section A4.4. 

Various Idns-extension tube arrangements were tried to reduce the 

depth of field as much as possible. The arrangement shown in Figure-I I 

was final!y selected and the depth of field estimai"ed as 2 to 3 mm. The 

imolications of this are discussed later in section 3.2. 

2.2.5 Exoerimental Procedure 

The discussion below is, of necessity, general. Details are given 

in the append ix, sect i on A2. I • I n til 1 s sect i on a I I the pos; t ions at 

v,hich rol Is of fi 1m Vlere exposed are tabulated. 

:',n exper-imenfal run is defin8d as a number of ri !ms exposed at var

ious radIal positions at one vertical elevation. Six runs were carried out. 

To conduct a run, the opt i ca I p I ate was p I aced at -rhe des ired e I e

veTlon and the vedical distance from the inside top of the cyclone to 

the center of the caMer-a : ens was measured with the ! eve I ad cathetoMeter. 

The plumb! ine ,'>'as then hung through the cyclone and adjusted unti I it was 

co- inc i dent \'i I th the cyc lone centra I ax is. The opt 1 ca I p f ate was then mo·

ved radially unti I, viewing through the camera, the two images were exact-

ly superimposed. The scale reading vias then taKEln for later rad-la! po·sitior.

tng. The plumbl ine was susequently photographed from each direction, se

porai-ely. One 100 ft. roll of film '.'Ias sufficient for this i~ the ,ilrn 

speed was M31ntained nt about 5,000 qURrter fr~~C5 p9r second. 
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Tt"I~ ~!ur0bl ine \OiOS then withdr"Ovln an,d the cyclone coupled into tho 

flow system. The operating conditions mentioned previously were set and 

the entire system al lowed to run fOG approxi~ately 15 minutes. The tempe

rature in the reservoir and the' feed, overflow and underflow pressures 

were recorded. Then, a small amount of dyed anisole, sufficient so that 

it could just be scen v.;ith the naked eye, ViaS injected continuously. 

Rolls of fi 1m were then exposed at various predetermined radial positions. 

At the end of a run the underflow rate was checked by collecting and 

weiqhing an amount of water colected in a known time. 

A list of the filming positions used In this project's six runs 

is given in Table- 5. 

2.2.6 Film Analvsis 

The movement of an i so I e drop lets in the cyc lone ;.;a5 recorded on 

tracing raper attached to a backprojoction screen. Detai Is of the back

projection apparatus are in the appendix, section AI.2. 

By photographing a rotatin~l scale hung on the cyclone's central 

axis, droplet movement in the cyclone could be related to image movement 

on the screen. [letai Is of the cal ibration ar"c in the appendix, section M.I. 

Image velocity on the scrcen was determined by counting the number 

of framcs betwocn timing dots. Angle measurements could be made using 

the tracing of the plumbl ine as a reference. 

The fi Ims \-Jere analyzed for droplet movement in view f.. to de

tormine tan0cntia! and vertical velocities. The films were then re

ana l'lzod to recor-d rlrop I et movem0nt in view B so that ved icc! and 

rad i a I ve! oc i t i t~S cal: I d bo ca I cu I ated. 

The ant i roe deta i 1 Gd ana I ysl S Droes-dura and i he Co I ell I G~ ions fer 

reducinSj screen tla"fa to the final velocitios is qiven in the appendix, 

sections f\2.1 an::] A3.1. 
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Table-5 

Filminll Positions Inside the H'ldrocvclone 

z r z r z r 
( in. ) ( in. ) ( in. ) ( in. ) (f n. ) ( in. ) 

-1.00 0.64 -1.51 0.10 -2.02 0.05 
0.80 0.20 0.10 
1.00 0.30 0.17 
1.20 0.30** 0.20 
1.40 0.50 , 0.30 
1.50* 0.70 0.50 

0.70*'l 0.75 
0.90 i .00 
1.10 I .33 
1.30 I .45 
I .30'{* I • 50-~ 
I .50* 

z r z r z r 
( in. ) ( in. ) ( i rt • ) ( in. ) ( in. ) ( in. ) 

-
-2.49 0.10 -3.00 0.05 -3.51 0.05 

0.20 0.10 0.10 
0.30 0.15 0.15 
0.50 0.20 0.25 
0.75 0.25 0.50 
1.00 0.50 0.75 
1.25 1.00 1.00 

1.25 I .25 
I .35 ! .35* 
1.40';:-

I 
I 

- L 
~. wall riJdiu5 

** rep Ii C(ltos for r-cilroduc i b i I ity study 
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3. Results and Discussion 

From the 55 rolls of film recording the movement of anisole droplets 

in the cyclone at various poinis, 18 velocity profiles have been pre-

pared, depicting the flow pattern~ near the vortex finder in a hyrdo-

cyclone operating without a:"l air core. 

3.1 Comparison of the Results with those of Kelsall and Ohasi and r,1aeda 

The results of this study and those of the above-mentioned inves-

tigators were put in dimensionless form to provide a simple basis for 

comparison. 

The fol lowing dimensionless quantities were defined: 

+ r r = R -------------------------------(13) 

+ z z = -L, -------------.-------.----------- ( 14 ) 

v+ = ~ -------------------------------(15) 
& {Ve>i 

v: =.2 -------------------------------( 16) 
(VZ?2 

v; = vr -------------------------------(17) 
<ve '>; 

The average inlet velocity(v ). and the average velocity in the over-
61 

+ + + flow pipe have been chosen to calculate ve ' Vz and Yr' Quantities R,L,(ve / i 

and <.vl 2 can befound in Tables-3 and 4. 

Before comparing the results of the three studies, the overal I dif-

ferences In operation and investigation should be made clear. 

! n th i 5 study, no air core was a!! o-,'Ied to form because of back pres-

sure rna i nta I ned at both underf 10':1 and overf 10'11. Invest i gat i on was con-

centrated in the region near the vorta~ findar as this regIon had not been 
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considered in detai I experimentally. I<elsall worked with an air core pro-

duced by free discharge of the underflow. Also, the vortex finder was 

unusu~lly long. He did this to stabilize the flow. Investigation as in 

the case of Ohasi and Maeda. was directed toward the cyclone as a whole. 

Ohas i and Maeda un like Ke' sa I I, used a f 100deJ underf low wh j ch, produced 

air cores of much smaller diameter. 

Comparison of the vat}oJs. works rs considered possible. The inlet 

Reynolds number in thls work w~s 2.7x104 whi Ie Kelsall's was 7xl04 a~d 

Ohasi and Maeda's value was 6x104. The proximity of these values indicates 

comparison of the Various results is reasonable. Also, Kelsall's large nyM-

ber of results showad that they were relatively independeGt of total pras-

sure dro[J and fio'l-l sollt so that cori'\~arison of his results \"ith those 

of this study Is possible. The fact that Ohasi and Maeda 1 s pressure drop 

and flow' split were close to those in this work is another justificction 

for comparison of their results with those of this study. 

The tangential velocities shown In FIgure-12 indicate that the 

transition from forced to free vortex is not so wei! marked in a cyclone 

ope~ating without an air core. The extent of tangential velocity fall-

off with radius is not as great as with cyclones operating with an air 

core. This is also reflected in the values of n determined by fittino 

eash worker's results to the relationship, 

v = K'r" --------------------------(18) e- I , 

which has been proposed for free vor~ex flow in a hydrocycloGe. The re-

lationship has no f~nd3rental basis only empirical. In this study n was 

de~ermlned to be 0.122,0.229,0.334,0.300 and 0.217 at the levels of 

+ ' 
z equal to -0.101, -0.134, -0.166, -0.200 and -0.234 respectively. ~el-

sal I and OhBSI and Mee~a found (averag8) values of n of 0.77 and 0.74 
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respectively for the oporatinq conditions cited in Table-4. 

The ver1ical velocities determined in this study are shown in Fi-

gures 13 and 14. View A datd are determined by averaging ar.ywhere from 

2 to 12 individual measurements taken from a single roll of fi 1m. The 

averaging was required because of the depth of field problem. For the 

sake of clarity, only the average measurements are shown except in Figure-

+ + + 13 for v versus r at z = -0.134. In this plot, to illustrate the z 

range of the individual measurements, al I points have been plotted. Ave-

raging of vie~ 8 maasurements was not necessary as droplets invariably 

crossed the focal plane of this view at right angles. The aqreement of 

the data from the two views is considered satisfactory. The depth of field 

problem is discussed in more detal I In section 3.2. 

The curves shol/n in Fi~~ure-15 were determined by dravJing the smoo-

thest curves possible throu~h the data in Figures 13 and 14. 

Comparison of the three sets of vertical velocities indicates an 

important difference in the three studies. Perhaps because Kelsal I had 

an unusually long vortex finder and because Ohasl and Maeda determined 

their p,cHles at lar-ge vertical displacements, short circuit flow vias 

not detected. Such a flow pattern W2S found in this study at elevation 

+ z = -0.101. This is illustrated by the "hump" in Figure-IS. The flOI-I 

oroduced ty this pari of the profi Ie has been estimated as 5.7% of the 

feed flow, which being Quite smal I reinforces RieteMa's[R-I] sug-

gesticns for optimum geometry. 

The locus of zoro vertical velocity in Figure-15 suggests that in 

both modes operation, i.e., with or without an air core, the locus of 

zero vertical veJocl1y reflects the shape of the cyclone. 
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In general, ~~ would seem that vertical transport of fluid ir. a 

hydrocyclane is quite simi lar whether or not an air core is present. 

To check i"he consistency of .the data, vertical velocity integrations 

were carrted out as described in section 2.1. The results, determined 

graphical fy, as described In section A3.3, are shown in Table-6. 

At the top e£evation, no velocities v,ere determined in the vortex 

finder pfpe. Hence, at this position 07 was not calculated. The value 
,J , 

of 0, at this position is however much higher than 01 indicating that 

circular flow syrr.metiy does not exist at this position. Tnis is also in

dicated aT The leve1, z+ ~ -O.IO!, ."here there is most likely assymetric 

floy( conditions a~so since at the remaining four elevatio1i5, the calcu-

lated and actual values of 03 agree satisfactorily. 
, , 

In general, En Table-6 01 decreases down the cyclone whi Ie 02 in-

creases up the cyc1one. This trerd is in agreement with the discussion 

on verticaf and radial flow given in section 1.3.3. 

A further daTa consistency check is provided in Figl!re-16 where cal-

culated and experimental values 0f the r3dial ve~ocity are compared. The 

experimental va'ues are observerod to be in modes+ ageement with the v+ 
r 

va!t.:es calculated from r-z internal material balances assuming axial 5Y-

mmetry. Detai!s of this calculation are given in the appendix in sec-

tion A3.4~ 

The rad i a I 'Ie' Oel ties dete rm i ned in th i 5 study are out":a rd to'!la rd 

the centraf a.xlis and inward to'NarCl the wall. larg8 gradients in the ra-

dial velocity profiles as evident in those of Keisall and Ohasi and \~aedal 

were not observed in ~his study. Rather, the radi3! veiDclty appears 

to be constant O\fer most of the distance be-h,,:'en the centr-a! ax: sand tha wa II • 
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Tab I e-6 

Vertical Velocity Inteqrations 

calculated actual 
+ 

, , 
z °1 °2 °3 °3 

(USGPI~ ) (USGPt~ ) (USGPi1 ) (uSGP11) 

-0.067 23.6 ------- -------- I .50* 

i 

, 

I 
-0.101 17.3 8.30 9.00 I .50* 

I 
----~ -

I 

-0.134 7.02 5.70 I I .32 1.55** 

I 
I --

-0.166 7.36 5.77 1.59 1.47*l( 

-,----, I I-I I 
-0.200 6. Tl 

I 

5.27 1.50 I 1.51H 

l ~----

-0.234 6.42 5.02 ! .40 1 .58** 

I 

l I 

-- I .! - . 
* coter-m i ned f (orn feod and oyed 1011 rotar;lster read i ngs 

** d0ton~I~Gd by . 't t" .:c I ~; I 1 .-' I me; 
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The behovlour of the radial velocity at elevations below those considered 

may of course be different as t~e effect of the cyclone taper becomes 

more important. Both Ke I sa II and Oha? i and ~~aeda used tracer pad i c I es 

which were heavier than water; thi? may have caused the radial veJocities 

to be exagger-ated somewhat. 

A lIsting of all the measlJr~d valYEi!S 0f + + + is given v e' v z' and v r 

in th:~ qp~$r;Jlx in -I. sec ,'Ion A3.1. 

3.2 Error~nalysis 

For determining tangential ~ne vertical velocities, the error in 

fluid metering(5%), fl 1m spe~d measurement(0.5%), screen calibration(O.S%), 

screen distance measurement(I%) and gAgle measurement(~ 0.5°) are far 

overshadowed by the depth of field problem in view A which was pro-

-
duced by the lers~extension tube ~Frgngement adopted "in this study. The 

oroblem Is illustrated in Figure~17. 

The depth of field has been e$tlmated as 2 mm, by moving an il-

luminated target. Reduction of the Qspth of field beyond the 

present va I ue wou I d requ ire a much I cnSler Ie fls-extens Ion -rube comb i nat ion 

than the iO inch combination useG in this st~dy. A longer arrangement, 

when comb i ned Iv i th the camera WQI..! I Q mqkG th~ photograph i c sed i on of the 

equipment unwieldy and d!fficult to a119" with the other optical devices. 

The depth of field is only ~ l)fot:l!e:n I'Ihen view A droplet behaviour 

Is observed. In this view anisole df'oplets moved almost paral18! to the 

focal plane, which due to the deeth Qf field had a finite thickness. To 

overcome this problem, the behaviour- WqS observed and averaged. The mean 

value was asslqned the radial DosttiQR ~t the center of the focal plane. 

When measuring distances on a tracing paper recordln~, an ab-

solute error of 0.02 screeN units has been estimated. This is acceptable 
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F i gure-17 

Depth of fi e I d Prob I ern I II ustrat i on 

~~---

~ 
~-.-<~~ 
~. 

vi 8\\' A 

radial ioeation 
not clear 

view 8 
-.(:------ radial Dosition 

can be determined fro~ 
extremum 

plan view of a smal! 
portion of ihe fluid 
which was observered 



-44-

when measuring distances of the order of 2.00 screen units or greater 

which was the case for the majority of measurements made to determine 

+ + v and v • However, as described in section 2.1, the<determination of 
Q. Z 
+ vr valuEs from screen recordings required measurements of the smal I 

horizontal difference, (d,-d2 ). Consequently. the relative error in this 

term may be as high as 60%. The calculated values of v + are considered 
r 

more reliable. These latter values were calculated from sma I I flow seg-

ment where the error has been estimated as 10% so that the calculated 

values of v+ are considered accurate to within 20%. 
r 

At z+ = -0.101. replicate measurements were made to study the re-

producibi lity of the technique. The results are shown in Table-7. The 

velocities appear to be reproducible +0 within 4%. 

3.3 General Discussion 

The velocity profi les prepared in this work were determined by ob-

serving the behaviour of smal I anisole droplets dispersed in water. The 

character of these droplets bears further discussion. 

As stated. the droplets were dispersed by the turbulence in th8 

feed pipe at a "tee" joint. From visual observations. it was concluded 

that if the anisole reservoir pressure was maintained constant, the drop 

size and distribution \'Ias a function only of the total feed rate. Feed 

rate and reservoir pressure were Maintained constant throughout al I runs 

so that it is concluded that the drop size and distribution was ldentl-

cal for each run. The actual drop sizes ranged from about 50 to about 

350 microns. 

The density difference between anisole and water at 20°C is 0.00596 

gr.t/cc. Thisimnlies that anisole droplets behaved as neutrally buoyant 

spheres. Much information has been collected about the behaviour of neu-

trally buoyant snhen:;s in Poiseui I Ie {- IO\'i ;n strai0ht tubes. 
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Table-7 

Reproducibi I itv i1easurOMents* 

Fi 1m + + 
Roll rIo. r v 

~ 

SRK-87 0.200 1.48 

SRK-88 0.200 1.43 

I 

SRK-90 0.467 I I .24 

SRK-91 0.467 1.23 
,--

SRK-94 0.867 1.26 

SRK-95 0.867 I .28 

. + 
*z :-.:-0.101 
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Lateral migration of such spheres has been found to be proportional 

to such parameters as drop to tube diameter (to about the power three) 

and tube Reynolds number and inversely proportional to the distance from 

the wall. Although the flow situations are decidedly different the Jmpl i

cation is that no lateral migration occurs. 

An inspection of al I the velocities listed in the appendix ~or 

view A measurements shows there is no apparent relationship between droplet 

size and velocity. 

During the six runs carried out in this study, the feed, overflow 

and underflow pressures were recorded as I isted in Table-4. It is to be 

noted that the total pressure drop was much larger than that estimated 

in section AI.3, where a correlat;on based on air core operation was used. 

Due to the great number of droplet [mages seen in both views, the 

uniformity of the drop size distribu-rion and the problem caused by the depth 

of field, it was not possible to identify a given droplet in both views 

simultaneously. Had this been possible, the fi 1m analysis would have been 

simp I i f i ed . 
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4 Conclusions 

4.1 New Conclusions 

(i) The tangential velocity profiles in a hydrocyclone operating 

without an air core are simi tar in character to those produced with 

air core operating although the exponent, n, in equation(18) is 

much reduced. 

(ii) The vertical flow patterns in a hydrocyc/one operating with and 

wfthout an air corG are very similar. 

(iii) ~Short circuit" exists in hydrocyclones operating without an air cors. 

(iv) There is outward radial flow near the central axis and inward radial 

flow toward the wall in a hydrocyclone operating without an air core. 

No large radial velocity gradients were observed. 

(v) Anisole droplets in the size range 50 to 350 microns can be used as 

tracer particles to measure water velocities. 

(vi) Mass balances based on v+ prof; les closed to within an average of 9.2% z -
for profi Ie s produced in this. work. 

(vii) The method devised in this study is a reasonable method for obtain

ing fluid velocity data, but the technique would be much improved 

by a combination of reduction of the depth of field and compaction 

of the equipment. Although~lfficult film analysis is invol~ed, any 

other arrangement of the views would require viewing from the top 

which would be hampered by the presence of the vortex finder. 

4.2 Confirmation of Earlier Findinas 

(i) The major part of the tangential flow regime can be described as free 

vortex flow and equation (IS) models this physical behaviour satis

factorily. 

(ii) The locus of zero vertical velocity reflects the shape of the 

cyclone. 

(ilil Inward radial flow occurs at radii greater than 0.4R. 

(iv) Outward radial flow occurs near the central axis. 

(v) The vertical D~d tangontial velocity profi les indicate that there Is 

effectively slip flow at t~c cyclone ~al I. 
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5 Recommendations 

(i) A more complei~ analysis of the hydrocyclone encorporating more 

angular and radial positions could be initiated. 

(ii) The effect of feed rate, flow split and air core absence or pre

sence on point fluid velocities could be studied. 

(iii) Observation of the behaviour of particles heavier or 'Ighter than 

water could be studied. 

(iv) Reduction of the depth of field by using a microscope would be a 

significant improvement to tho technique. 

(v) Various mechanical improvements to the equipment could be made, 

such as: flow measurement of the anisole, temperature control on 

the vJater reservo i r and manometers to rep I ace pr-essure gauges. 
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6 Nornenc' eJture 

6.1 Latin aloh3bet 

Ai cross sectional area of cyclone inlet pipe, ft2 

Az dimensionless area proportional to smal I vertical flow segment, dimensionless 

d radial distance projected into view B, ft 

o Inside diameter of cylindrical section of cyclone, ft 

o droplet diameter, ft 
p 

o droplet diameter(see section AI .3), ft 
P50 0, inlet diameter, ft 

02 overflow diameter, ft 

03 underflow diameter, ft 

2 
9 gravitational acceieration, ft/sec 

H vortex finder height, ft 

K proportionality constant, ft n+ I /50c 

height of cyl indrical section of cyclone, ft 

L overal I cyclone height, ft 

n exponent, dimensionless 

(bP)t cyclone pressure drop(see section AI.3), Ib/ft2 

r 

feed rate, ft3/soc 

3 flow down at elev2tlon z, ft /soc 

overflow rate, ft3/sec 

3 flow up at elevation z, ft /sec 

3 underflow rate, ft /sec 

radius} ft 

+ r radius, dimensionless 

R eyc!one eyt Indrica l soction radius, ft 
, 

R radius at which vertical velocity Is zaro, ft 
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R wal I radius at elevation z, ft 
w 

(Re)j rnl~t pipe Reynolds number, dimensionless 

6t time interval, sec 

v radial velocity, ft/sec 
r 
+ v radial velocity, dimensionless 
r 

Vz vertical velocity, ft/sec 

+ v vertical velocity, dimensionless 
Z 

v tangential velocity, ft/sec e 

'1+ tangential velocity, dimensionless e 

<'Ie) 1 area average inlet velocity, ft/sec 

<.vz} 2 area average overflow veiocit'l, ft/sec 

z vertical distance, ft 

+ z vertical distance, dimensionless 

6.2 Greek Alohabet 

'7 continuous phase viscosity, ft/lb.sec 

1 universal constant,dimensionless 

e- ang I e ~ degrees 

~ continuous phase density, Ib/ft3 

f1 sol i d dens ity, I b/ft3 
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Experimental Equlpmont 
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AI.I 8ackprojection Apparatus 

A backprojection device was made to simpl iffy the analysis of the 

f i I ms. 

This apparatus was designed to maintain the ful I frame projector at 

a fixed distance from the screen and to provide sufficient magnification 

so that simple graphical analysis of screen recordings could be carried 

out on a conventional drawing board directly. 

The frame was constructed of one inch square tubular steel. The screen 

and projectoi~ supports vlere constructed of 0.5 inch plyv/ood and set at 

30 and 60 degrees to the vertical respectively. The screen was a piece 

of 0.25 inch plate glass 20 inche5 by 10 inches. 

Figure AI-I shows a side and plan view of the apparatus. 

An extension control vias used ... lith the projcctoi so that it could 

be control led whl Ie viewing the screen. 
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AI.2 Optical Table Assembly 

A simpl ified drawing of the optical table assembly is shown in 

Figure-AI-3. The four upright pole3 which govern the vertical movement 

of the optical plate, are notched as illustrated in Figure-AI-2. It is 

In these notches that the svling-in latches, shoyJn in Figure-AI-3, are en

gaged to position the optical plate.A detal led drawing of the optical 

plate is given in Figurc-AI-4. 

AI I plates shown in Figures AI-3 and AI-4 were machined to a tolerance 

of ! 0.005 inch. The bushings were brass. Steel roller bearings were in

stal led in the set of bushings guiding the vertical movement of the op

tical plate. 

~------~-----------------------------------------------------------~ 

F i qure-!', r-2 

Deta i I of Notched Urr i qht Po I es 
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Figure-J\1-4 
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AI.3 SelGetion of ODeratinq Conditions 
! 

Given the cyclone described in this work, \1hat are reasonable ope-

rating conditions? 

Exp loratory exper i ments shov-l9d that a feed rate of 7. S USGr")f,1 It/as a 

reasonable flO'll rate at which to employ the optical technique devised 

in this study. The flow spl it was selecte~ arbitrarily as 4 to so that 

80% of the feed was directed to the overflow and 20 % directed to the 

underflow. This spl it is within the range of industria: appl ication. 

To Insure that the chosen operating conditions approached those used 

in industrial practice, the cut diameterCdiameter of a partIcle which 

has an equal chance of exiting by the underflow or overf 10\,/) , D ,and 
PSO 

the pressure drop across the cyclone, C~P)t' were calculated for a hy-

pothetical mineral dressing problem. 

The problem details and solution are described beloYI. 

Mineral DrossinQ Problem 

statement of The Problem 

A cyclone is fed a feed mixture of less than 1% 501 ids and water 

at a rate of 7.5 USG~'. The are to be separated has a specific gravity 

of 1.5. The flow spl it is set at 4 to I. AI I physical properties are to 

be evaluated at 20°C. 

Method: Rietema[R-1 (paper IV)] 
I' 

Restrictions: (i) RietemD's method of design has been developed for 

cyclones opersting with an air corc. 

(i i) Rietema's method of design has been d8velo~cd for 

an optimum qDomstry that he has proposed. 
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Solution Detai Is 

The first restriction wil I be dealt with laier while it is noted 

that the first restriction has been met. The physical dimensions of 

the cyclone used in this worl~ v/ere determined ustng Rietema's suggestions 

for optimum geometry. 

The required physical properties are 1 isted below. 

Also, 

= 7.06xIO-4 Ib/ft.sec 

62.5 Ib/ft3 

93.8 Ib/ft3 

The average inlet vetccity is 

\'ihare ~ .. 
1 

Thus 

is the cross sectional area of tho feed port. 

Ai = 1l~r:: (3.14)~O.84/t2l~ = 3.85xI0-3 ft2. 

-2 
/v "'. -= L67x1Jl~ = 4 35 ftl ~ / 3 8 h 10-> • ,sec. 

€) I • JJX -

The inlet Reynolds number Is 

4pO (4)(62.5)(1 .67x~~ 
me)i =';Dlj:: (3.14)(0.84/12)(7.06xIO-4) = 

From Figure-2 in the abo'.'o rner,tior.ed rofer-once, 

(6 ~ 21:._ 2 :: 4. 0 , 
CO, 5 )11 <.. v ~ . 

I e I 

-4 2.68x10 . 

where (AP)t is the pI-assure droop betvloen the feed and overf 101'1 pipes. 
2 2 

__ (4.8)(0.51:<v'i. _ (4.0)(0.5)(62.5)(4.35) -- P,
5i

0. 
(AP)t - (144)(9 ~ I - --- (32.2) (14/1)--- - 0.5! -

c 

Refer i ng aga i n 10 R i etcnic ! S vlork, 
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y"Z. 

where t:lf is the dens i ty d i f ference between the are and the water. D 
P50 

can nO\'1 be 

or 

me). ",; 'L • 
computed. - 2 ~o 5 

Dp50 = .. L (6.5 ~'f (oP\ 

~ 2 .68xl 04 ) (7 .06xl O~4)2 JO.5 
o = (6.5)(31.3)(0.51 )(32.2)(144) = P50 

o = 51 microns 
P50 

-4 
1.67x10 ft 

The two desired quantities 0 and (AP)t have been estimated but 
PSO 

must be considered in I ight of the tact that the above design method 

has been developed for cyclones operating with an air core. The effect 

of the presence of an air carl) on D has yet to be determ i ned \'Ih i lei t 
P50 

has been observed that if the air core is not present the pressure drop 

increases. For this reason, the value of (~P)t estimated above must be 

considered conservative. The observed pressure distribution is given, 

in Table-4. 

In general, the values of 0 and (~P)t calculated above are re-
P50 

presentative of those enCOllntered in industrial practice. See for example 

the fol lowing operating reports: A-!, H-3, 5-2, and T-I. 



-63-

AI.4 Equipment Suppl iers 

A list of all equipment suppliers is given in Table-AI-I along 

with their addresses and brief specifications of the various items. 
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Table-·AI-I 

List of Eguipment Suppliers 

~--------------------~--------------------~------------.---------

ITH1 

anisole and flaming 
red dye 

camera powor supply 

and projector 

cine camera 

SPEC I F I CA.T IONS 

reagent grade 

- 0 to 320 v. (A. C. ) 

- 0 to 32 framcs/sec 

SUPPLIER 

Fisher Scientific 
I 84 Ra i lsi de Rd. 
Don . t~ i I Is, Ont. 

Photographic Analysis 
8 Brian Cliffe Dr. 
Oon t1i I I 5, Ont. 

Photographic Analysis 
8 Brian CI iffe Dr. model no. Y20S18E Do 

(see a! so Sect i on I n t·n I I 5, Ont. 

~----------------------~------
2.2.4) I 

-----~-G-I-a-S-s--8-I-o-W-i-nq--S-h-O-P----l 

cyclone t1d~aster University 
Ham i I ton, Ont. see Soction 2.2.i 

~------~-----------+----------------------~----------------------

cyclone jacket 0.25" plexiglass 
see also Fi9ure-AI-3 

Chern. Eng. Nach. Shop 
McMaster University 
Ham i I ton. Ont. 

'~-----"--- ---t~-be---no--. -R---1-3-P.-,--2-5--3---+; -S-r-oOKS I nS'rrum;''1-;-' 

f loat no. -t:S-rv _ 310 0 i vis ion 
316 SS with teflon Emerson Electric 

EY.)x 150, Harkharn, 
feed rotar:icter 

Ont. packinq \ 
~---------------+------------------+I-----------------

Eal in9 Scientific 
719 Lajoie l'we. 
Dorval 760, P.O. half-5i Ivered rnirror 

~·----~-----------~r-----------------~I------------·--------

lamps 100 vlat-rs D. C. 
)<enon-·f i II cd 

I Sylvania Electric 
Prod'.!cts Inc. 
Sa f em :1ass. 
U.S.f'.. L. _________ • __ • __ ~ '--___ . __ .~, _____ ..... ____ ... ________ ._ 
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Table-P,.I-I (continued) 

ITE~~ SPECIFICATIONS SUPPLIER 

George vi. Gates Inc. 
lamp pO\'ler supp lies 150 watts D.C. Frankl in Sq. L.I.,N.Y. 

U.S.A. 

Hami Iton Photographic 

lenses 3 inch focal length Repair, 30 t·1arket st. 

converging lens Hami Iton, Onto 

Engineering f.1ach. Shop 

optical table see Section t\ I .2 
~kmaster University 
Hami I ton, Onto 

tube no. FP-I-35-G-IO/ 3 Fischer Porter 
overf 10\'/ rotameter float no. I-(~SVGT -69- I I I 0 'Iii I so n Ave. 

(T60) Do\'Jnsv i ew, Ont. 
f---. ---"--

Brian Engineering 
0 to 30 psig 45 Shaft Rd. 

pressul~e gauges 0 to 15 psig Rexdale 603, Ont. 
1--

Eal ing Scientific 

pri sms 45°-45°-90° 
719 Lajoie Ave. 

I in. on the side Dorval 760, P.O. 

Potter Instrument Co. 

puise generator 100 or 1000 cycles/sec P I a i nv i eVI, N.Y. 
U.S.A. 

10 USGPt-, @ 80 ft. I Hay\'1ard Gordon 

head, 3450 RPt·1, 316 ssl 50 Chauncey twe. 
pumps Toronto 18, Ont. 1------ ------

0.75" and 0.625" Niagara Valvo and 
316 SS and teflon Fittings Ltd. , 174 

tubing and fittings Parkdale fwe. N. ,Ham. 
c----

10.5" globe and qaie I 
Laivos I Niagara Vavle and 

_~25n needle vaive Fittings Ltd" 174 
316 SS I Parkdale two. N. , Hem. 

I 
---------

I I 1 II gate and globe I Neo t1et2l I 5 ltd. 
va!ves(other) ]6 ~.'leC\d Ave. L ______ =-l._b_ra_s_s _______ J Hamilton, On-to • __ 1 
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Apnendix A2 

Ex~erimc~tal and Fj 1m An~is Procedures 
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A2.1 Dctai led Exnerimcntal Run Procedure 

a. The optical plate was set in the desired position. This was accom

plished by swinging out the four latches and raising or lowering 

the plate as required, and then swinging the latches in. 

b. The cathetometer was leveled and the distance from the inside top 

of the cyclone to, the center of the camera lens was measured. 

c. The copper wire plumb I ine was hung through the cyclone's exit 

ports and adjusted until it hung coincident with the central axis 

of the cyclone. 

d. The optical plate was moved radially with the handwheel unti I, 

viewing through the eyepiece of the camera, the two images of the 

plumb I ine were superimposed exactly. 

e. The reading on the sliding scale arrangement was recorded. This 

was the reading for r = 0.00. Other radial positions were related 

to this measurement. 

f. The plumb I ina ",as photographed ... lith each prism, separately, a1" 

a film speed of approximately 5000 qU2rter frames Der second. 

g. The plumb was withdrawn and the cyclone coupled Into the flow 

SYS"tCf1. 

h. The mal~e-up "later va I 'Ie VIOS opened and the reservo I r fill ed to 

about 80% of its capacity. 

i. The anisole reservoir pressure ~as set at 40 psig using the pres

sure re~:lUlator. 

j. The pumps were started and the feed rate adjusted to 7.5 USGr~. 

k. The ovel'flo\"1 rate \'1as adjw;t-ad to 6.0 USGPi~ by throttl ing the 

undcrf I 0\'/. 



-68-

I. The make-up water flowrate was adjusted so that the level in tho 

reservoir was constant and then ihe system was allowed to run about 

20 minutes. The three pressures and the reservoir tempGrature 

were then recorded. 

m. The optical assembly was then set at the first predetermined radial 

position and the arc lamps switched on and the intensities matched, 

by viewing each separately through the eyepiece of the camera and 

adjusting the intensity of one with a variabre transformer. 

n. The pulse generator was switched on and the signal sent to the 

camera. The voltage suoply for the camera was then set at 156 volts 

(A.C.). This voltage gives a film speed of approximately 20,000 

quarter frames per second. 

o. Enough anisole was continuously injected so that it could be just 

secn with the naked eye. 

p. A 100 ft. rol I of film was then threaded into the camera and the 

fi 1m exposed by switching on the camera power supply. 

q. The film was subsequently taken out of the camera and returned to 

a sealed fi 1m tin. The camera was thon inspected for film chips 

and cleaned if necessary. 

r. steps p. to q. were repeated at predetermined radial positions. 

s. After al I the fi Ims had been exposed, the system was stopped and 

drained. 
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A2.2 Film Ana!ysis 

Two views of the droplets' movements inside the cyclone are re-

corded on each ro II of f i 1m. Each f i I m was viewed- first to record 

the movements of drop lets in ),/ i e'l'/ A and then re-exam 1 ned to record 

droplet movement in view B. Each set of recordings were then ana-

Iyzed on a conventional drawing board to yield the numerical data used 

to calculate the final velocities. 

The procedure for transcribing the information from the films 

to tracing paper is given for views A and B. 

A2.2.1 Recordina Droplet '10vement in View A 

The procedure for view A is as fol lows: 

a. A piece of tracing papedl7" x II") was fixed to the backpro-

jection screen with masking tape. 

b. The image of the plumbl ine was then traced onto the paper. 

c. The first data film was threaded Into the projector and run at 

16 full frames per second. 

d. A droplet in clear focus was selected and the projector stopped. 

c. The outline of the droplet was traced. 

f. The pos i t i on of the center of the drop I et was recorded vii th dots 

as it was moved one ful I frame at a time across the screen. 

g. The projector vms reversed and the droplet image returned to 

its original position. 

h. The image ~1as then moved forward frame by frame unti I a + .. . Iml ng 

dot vias seen at the side of the f jim. The image and timing dot 

position were the~ marked with the same letter of the Latin aloha-

bet. This procedure was carried out (alphabetically) until the 

image was out of view. 
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i. The sequence of letters along an image's path was used to identify 

the direction of the droplet's and the fi 1m's movement. 

J. Steps c. to i. were repeated wlth new droplets until the film was run 

through or the tracing paper became too crowded. 

k. A second sheet of tracing paper was placed on top of the old and 

the plumb I ine tracing transferred from one sheet to the other. 

I. The first tracing paper recording waS'removed from under the new one. 

m. Steps c. to I. were then repeated for al i The remaining films. 

A typical recording of droplets moving in view A is shmm in Figure

A2-1. This figure is a photoreduced copy of a recording used in this study. 

A2.2.2 Recording Droplet t10vement in View 8 

The procedure for view B is as fol lows: 

a. Tracing paper was attached to the screen and the plumLline traced 

as before. 

b • .A. fi 1m \'ias threaded into the projector and run at 16 full frames per 

second. 

c. A droplet in clear focus \'/as selected and the projector stopped. 

d. The image was recorded as described above. 

e. The positioning of the ?Iumbl ina and the Latin lettters with rsference 

to image and timing dot positions was carried out as described in sec

tionA2.2.1. 

f. Steps b. "to e. above were repeated for the entire fil8. 

g. Steps b. to f. were repeated for al I the films. 

A typ i ca I record i ng of drop I at movement in view 8 is shO\"In in F i

gura-A2-2. This figure is a photoreduced copy of a recording used !n 

this study, 
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A2.3 Screen Recordina Analysis 

In general, this section describes measureMent of horizontal and 

vertical distances and time intervals based on ideas discussed in Sec-

t ion 2.1. 

A2.3.1 Analysis of View A Recordinas 

The analysis of view A screen data is illustrated In Flgure-A2-3. 

This recording is for one roll of film exoosed at one position In the cy

clone. It is a simpl ified representation of how a recording such as that 

shown in Figure~A2-1 was analyzed. 

All distances which \'!cre measured in scre.an units vlere assigned 

FORTRAN namos for later programming requirements. The distances VEeT, 

VERT, PARSIZ, HORIZ and FRACT wore measured with a divider and a ruler. 

The number of ful I frames for an image to progress from a code letter to 

a successive code letter was counted and multlpl led by 4 to give the num

ber of quarter frames. A quarter frame is 4.31 screen units high on the 

screen so that dividing the quantity FRACT by 4.31 gave the additional 

fraction of a quarter frame between the successive code letters. The 

time between the timing dots was 0.001 second. After the second code let-

ter of a pair of !0tters, the number of 0.001 second time intervals was 

recordod. This number was assigned the name Rllr. 

The above procedure was carried out for all recordings of drop-

lets movinq In vim-: A. Table-·/\2-1 givos a I 1sting of all data. The term 

screen units(S.U.) is discussed in More delail In section M.!. 

A2.3.7 Analysis of View B ~ecordln0s 

The analysis of view 8 screen data is illustrated In Fi0ure~A2-4, 

\'/hTch is n sinlOl Hied representation of hO'.! 2l recordinn such as ihai-
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shown 1n Fig~re-A2-2 was analyzed. 
:'}""j 

The 'O'f~tances VERT, Dlt·1D2, N·ml, PARSIZ and RA.DeOR 'tJore measured 

as described above. The latter quatity was used to determine "r" ex
~;J.'J ~f 

act I y. The quat i ties NFFN·1E and FRACT VJere measured to' det8rm i ne f i I m
w:,} , ~;~~~~y 

speed. The term picts was measured to calculate At. 

TtH.~ dGovc.procedure \'las carried out for all fi Ims and the data 
~ . :;i:2~~ 

collected is given in Table-A2-2. 

.. - .. 
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A3.1 ComDutation of Final Velociti,i3s 

There are no special calculations required to calculate velocity 

components from the data obtained from recordinos of droplet movement 

in views A and B. 

In general, the calculations involve conversion of distances measured 

on the screen to distances inside the cyclone by using the screen cal ib

ration as described in section A4.1. By~alculatlng the fi 1m speed, time 

intervals can be measured. AI ( velocities and co-ordinates have been cal

culated In dimensionless form in accordance with the scheme discussed in 

section 3. Two FORTRAN IV programs were divised for the data from the two 

types of screen recordings, to faci 1 Itate handling al I the data In Tables 

A2-1 and A2-2. 

The listing of the ~wo FORTRAN programs is given on the fol lowing cages 

along with the entire output from each program. 



000003 
o 000 Q 1~ 
111]0006 
aoora, 
OOCfit 
DOCl'i? 
DOO!1L': 
OQoni4 
001)016 
000022 
)00(,2,: 
J00t12G 

Joun2("l 
:100(132' 
000032 

,)OO!Jb2 
JOGC162 
D()nr()~~ 

nOCC'65 
:JUGOl)£) 
}OOC1I"I 
:;0[1['/3 
JOO(,76 
i0010C 
J001Q? 
~lonjOlt 
J fl 0106 
JOOj10 
JODL\.? 
JOOltS 
'J l} r 117 
J00120 
}00122 
J00124 
lOQj25 
)o012? 
)D0131 
)OOl C;? 
:100152 
)OOl,)L, 
)QQtlJS 
)00:177 
)nOt60 
)00163 
) 0 G i 0(' 
JOD1Gc 
)00200 

c 
c 

PROGRAM TST (INPUT,OU1PUT,TAPE5=INPUT,TAPE6=OUTPUT) 

r; TillS PROGRA,., CALCULATES TANGENTIAL AND VERTICAL VELOCITIES 
C FROM .THE DATA FROM VIEW A SCREEN RECORDINGS. C -----
C 
C 

A=33.0 
HTCVC:::15.0 
RAOCYC=1.50 
VIt\LfT=4 .. 3lj 
VOVER==2.37 
SUMTflN=U.O 
S U tW EF< = (i • 0 
1=0 

24 WRITEC6,S) , 
5 FORMAT(35X,7HOROPLET,2X,8HVERTICAL,lX,10HTANGENTIAL,1X,4HFILM) 

WRIT((6 1 10) . 
10 FORMAT(1~X!4HROLL,lX,6HRADIUSl1X15HHEIGHT,1X,8HDIAMETER,1X,8HVELOC 

1ITYt?XJ8HVtlOCITy,2X,5HSPEED,HX,~HVZR) 
~m I ! F (tJ , 11> 

11 FORMAT(36X,7H~ICRONS 21X,6HFRISEC 4X,9HFT~IN/SECII) 
2S P[AO(S,30) ROLl,PARsrZ,HEIGHT,RAOius,VERT,.~ORIZ,VECT,FRAME,FRACl,8 

ill? 
30 FORt1Al (tOF7.2) 

IF(ROLL.fO.O.C) GO TO 77 
IF(A.NE.ROLL} GO TO 92 
RAOIUS=RAOIUS/RAOCYC 
HEIGHT=-H[IGH1/HTCYC 
PARSTZ=(PARSIZ/2.S1)·10QO.O 
FRnMFS=FRAME+FRACT/4.31 
CA~SPO=(10nO.C·FPAMES)/eLIP 
HOPI7F=HOPIZ/(2.fil·304.8} 
VERTF=VERT/(2.61¥304.8) 
HPICSP=HORIZF/FRAME 
VPICSP=VERTF/FRAME 
TA~GV=CAMSPD·hPICSPJVINLET 
VER1V=CAHSPD~VPICSP/VOVER 
1=1+1 
PI::: I 
SUKTAN=SUMTAN+TANGV 
SUMVEP=SUMVf~+VERTV 
I\=ROLL 
~JPf\RSI·::PARSIZ 
NRCLL=POL.L 
WRITF(6,40) NROLL RADIUS,HEIGHT NPARSI 1 VERTV TANGVtCAMSPD 

40 ~OR~!AT(lGX,I3,1X,f6.3,1X,F6.3,3~,r4,5x,F6.3,tx,F6.J,2X,FS.l) 
n=RAOIUS"'1. 5 
GO TO 25 

g2 AVTAN=SUMTAN/RI 
1'1 V V E P T = S U t1 V E P I R I 
V?R~AVVERT"'B~2.37 
\.~ i'~ I T E ( fJ , 9 LJ ) 

gO FOf<t~AT (L,gX, 8HAVERAGES,/' 
HRITECb 9U riVVERT,/~VTAN VZR 

91 FORMAT(lsx,F6.3,4x,F6.3,14x,F7.4//) 

I 
\0 
\Jl 
I 
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DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

33 .067 -.166 122 1.369 2.131 19276.1 
33 .067 -.166 302 1.191 2.090 22232.0/ 
33 .067 -.156 210 1.365 1.853 19337.6· 

J\VERAGES 

1.308 2.024 .3100 

DROPLET VERTICAL TANGENTIAL! FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

tHCR ONS FR/SEC FT.IN/SEC 

34 .133 -.166 210 .523 1.886 18487.2 
34 .103 -.i66 195 .833 2.Lj72 19624.1 
34 .133 -.166 195 .823 2.148 19512.8 
34 .133 -.166 195 .638 1.992 21102.1 

AVERAGES 

.704 2.125 .3337 

I 

DROPLET VERTICAL· TANGENTIAL FILM \0 
--.J 

ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR I 

MICRONS FRISEC FT.IN/SEC 

35 .200 -.166 32g .781 2.160 19628.8 
35 .200 -.166 329 .764 2.044 19600.9 
35 .200 -.166 256 .':366 2.060 18322.5 
35 .200 -.166 298 .541 2.033 10649.7 
35 .200 -.166 191 .863 2.302 19600.9 

AVERAGES . _ ... - .... , " -. ,.~ ., . -. 

.783 2.120 .5567 

DROPLET VERTICAL TANGENTIAL FILM 
POLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC FT.IN/SEC 

36 .333 - .. 166 195 .734 2.042 20433.9 
7' ... ) t) .333 -.166 183 .655 .541 217~4.8 
36 .3l3 -.166 268 .836 2.062 21872.4 
36 .333 -.166 111 .?72 1.982 1tli57.8 

AVERAGES 

.699 i.657 .6286 

, DROPLET VERTICAL TANGENTIAL FILM 
ROll RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC FT.IN/SEC 



31 .500 -.1E6 112 .075 1.326 21696.4 :n .500 -.166 t99 ~{}73 1.285 21032.5 
37 .'500 -.166 199 .(;73 1.2"4 21150.8 
37 .SOO -.166 19S .L73 1.283 21[;02.3 
37 .500 -.1E:6 187 . .(;57 1.235 19603.2 
37 .500 -.H:6 187 .(47 1.230 19487.2 
37 .500 -.166 153 .t 44 1.296 17395.6 
37 .500 -.1.E6 153 • (. 70 1.E07 17475.6 
37 .500 -.166 245 • (: 4 7 1.470 19S70.8 

AVERAGES 

.G62 1.334 .1100 

I ....... -
DROPLET VERTICAL TANGENTIAL FILM 

ROLt RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 
MICRONS "FRISEC .---- FT. IN ISEC 

38 .667 -.166 111 -.231 1.1<39 21280.7 
38 .667 -.166 111 -.197 1.266 214.66.4 
38 .667 -.166 298 -.(;7f~ 1.145 18468.7 
38 .667 -.166 298 -.136 1.219 18450.1 
38 .. 667 -.166 26 /1 -.239 ' 1. 188 20000.0 
38 .6h? -.166 264 -.193 1.179 20155.5 
38 .ho7 -.166 183 -.116 1.154 21828.3 
38 .667 -.lE6 183 -.116 1.121 21514.4 I 

38 .667 -.lE6 1',9 -.20g 1.172 21881.7 ") 
CD 

38 .667 -·.166 149 -.J35 1.150 21747.1 I 

38 .G67 -.166 1 1, 9 - .160 1. 172 21816.7 
AVERAGES 

-.165 1.179 -.390«:) 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RAOIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

tlICRONS FRISEC FTotIN/SEC 

39 .833 -.166 325 -.279 1.115 16204.2 
39 .833 - .. 166 325 -.141 .571 16337.6 
39 .833 -.ltt, 114 -.337 .<::93 16G70.5 
39 .833 - • lOt) 114 -.171 • S 20 16609.0 
39 .833 -.166 153 -.323 1.148 18389.8 

AVERAGES 

-.250 .869 -.7412 

DROPLET \ VERTICAL TANGENTIAU FILM 
ROLL RADIUS HfIGHT DIAt1ETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC FT.IN/SEC 

43 .!J33 -.135 18~ 1.166 2.217 12935.0 
43 .033 -.135 187 1 • i.71 2.353 19000.0 
43 .033 -.135 172 1.::25 2. E: 32 21716.9 
t~ .3 .033 -.135 153 1.164 2.159 12?50.o 
43 .0:;3 1 -.-

-fi..loo.~'::> 3 L, '. :t.b6S ~~.51.t 23554.5 
t'; J *033 -.1::5 3g0 1. 226 2c1S3 1.6 cJ67.5 



43 .033 -.135 210 .7813 2·87~ !~74~.8 43 ,,033 -.135 314 ,968 2. 7 80 .4 
43 0033 -.135 233 .873 2.~~3 18909.5 

AVERAGES 
1.183 2.405 .1ltO 2 

DPOPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT. IN/SEC 

'-1'1 .067 -.135 310 1.217 2.027 \ 15234.3 
4~ .067 -.135 306 1.400 2.252 20225.1 
44 . .067 -.135 298 1. 284 1. 729 16700.7 
44 .0 n 7 -.135 134 1. 392 2.290 19814.4 
44 .067 -.135 145 1.254 2.175 12893.3 
44 .067 -.135 141 1.451 2.223 18930.4 
44 .067 -0135 1S7 1.E.00 2.101 13816.7 
44 • e 67 -.135 229 1. ( 05 1. 9G8 15554.5 

AVER.AGES 

1. 325 2.096 .3141 

DROPLET VERTICAL TANGENTIAL FILM .' \0 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR \0 

MICRONS FR/SEC FT. IN/SEC • 
. . ." _. -"' 

45 .1.13 -.135 191 t .. 129 1.953 18424.6 
45 .113 -.:1.3'3 229 1.(53 2.058 16693.7 
45 .113 -.135 249 1.400 2.219 19547.6 
45 .113 -.125 260 1.347 2.089 16652.0 
45 .113 -.135 279 1.308 1. 858 14396.8 
4S .113 -.135 172 1.442 1.E69 15317.9 
45 .113 -.13~ 134 1.L54 1.705 16816.7 
45 .113 -.135 237 1. 427 1.989 20 i t64.0 

AVERAGES 

1.271 1.943 .5121 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

~lICRONS FRISEC FTeIN/SEC 

46 .133 -.135 233 .876 1.722 18350.3 
46 .133 -.135 191 1.[L}0 2.076 13440.8 
46 .1~3 -.135 8e .90 B 2.142 13345.7 
1.6 .133 -.135 176 .939 2.033 12352.7 
It 6 .133 -.135 19S .956 2.333 18972.2 . 
46 .133 ~.135 191 1.L93 1.802 16904.9 

AVERAGES 

.96<3 2.018 .4591 

DROPLET VERTICAL TANGENTIAL FILM 



ROLL RADIUS HEIGHT OIAM~T~R VELOCITY 
MIC 0 S 

VELOCITY ~k7~~C V~R FT.I ISEC 

47 .200 -.135 249 ~357 1.475 20371.2 
47 .200 -.135 268 .332 1.373 9031.3. 
47 .200 - .. 135 260 .260 1.~57 20870.1 
47 .200 -.135 352 .348 1.~~2 10:;01.2 
47 .200 -.1~5 275 .284 1.468 11916.5 
't7 .200 -.135 137 .,53 1.~16 19478.0 
47 .200 -.135 275 .590 1.782 18529.0 

AVERAGES 
.403 1.488 I .2868 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT. IN/SEC 

48 .333 -.135 37<3 .757 2.031 19178.7 
48 .333 -.135 379 .796 2.060 19756.4 
48 .333 -.135 214 .507 2.04'. 14329.5 
413 .333 -.135 272 .S85 2~OO1 17299.3 
I~ 8 .333 -.135 291 .301 1.831 17438.5 
48 .333 -.135 291 .420 1.926 17993.0 I -AVERAGES 0 

0 

.561 1.982 .6646 I 
... 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

49 .500 -.13.5 268 .108 1.320 12211.1 .. ._ .. ,' 
49 .500 -.135 lsa • (; 75 1.491 16(,83.5 
Lt 9 .500 -.135 191 .(:79 1.181 14828.3 
49 .500 -.135 210 • (49 1. 570 16422.3 
49 8500 -.135 122 .140 1.419 14547.6 

AVERAGES 

.G90 1.396 .1600 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR . 

MICRONS FR/SEC FT.IN/SEC 

50 .667 -.135 153 .(56 1.350 9348.0 
50 .667 -.135 153 • L 06 1. 340 9071.9· 
50 .667 -.125 187 -.[36 1.252 15723.9 
50 ~ 667 -.135 210 .U50 1.460 12654.3 
50 .667 -.135 233 .[54 1.435 13484.9 
50 .66 -r -.13') 164 • U 4 g 1. 360 10983.8 
SO .667 -.1~? 11:13 -. G 1:;)5 1.5g4 137134.2 
50 .667 -.135 111 .('.5<1 1.350 12211.1 

AVERAGES 



.031 1.393 .0735 

: D R 0 P L E r' V E R TIC A L TAN G E N T I A L F I L M 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR ! . IHCRONS FR/SEC FT.IN/SEC 

51 .887 -.135 306 -.236 1.269 18559.2 
51 .8B7 -.135 176 -.368 1.215 17978.0 
5:1. .sa? -.135 379 -.339 1.287 17440.8 
51 .8~7 -.135 3~3 -.331 1.310 17225.1 
51 .887 -.13'.3 176 -.191 1.131 17978.0 
51 .8R7 -.135 21~ -.163 1.330 11879.4 
51 .1387 -.135 ltt '5 -.372 .900 13851.5 
51 .8£\7 -.135 145 -.::07 .891 13£'28.8 
51 .887 -.1::5 145 -.251 .S21 13787.7 

AVERAGES 

-.284 1.139 -.8959 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC I -
0 -

52 .967 -.135 360 -.506 1.184 18353.8 . I 

52 .967 -.135 183 -.588 1.230 18834.1· _ 
52 .967 -.1:'5 222 -.~41 1.154 18581.2 
52 .967 -.135 333 -.612 1.392 18918.8 
52 .<)G7 -.135 157 -.396 1.316 13846.9 
1)2 • 9 () 7 -.135 157 -.308 1.283 14944.3 
52 .967 -.135 222 -.404 1.179 18406.0 
52 .967 -.135 183 -.488 1.208 16728.5 

AVERAGES 
, ' " . --., ... ~ .. - . - ~ 

. .... _ .. " --, 
-.lf68 1. 2lf3 -1.6~78 

DRO~LET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

. , ......... -, ,~ .. -. " ,- . . 
53 1.000 -.135 199 -.449 1.157 19051.0 
53 1.000 -.135 352 -.586 1.184 20860.8 
53 1.000 -.135 149 -.427 1.1g9 20,907.2 
53 LOOO -.135 210 -.~41 1.180 20777.3 
53 1. D 0 a -.135 272 -.295 1. 319 17426.9 
53 1. 0 0 0 -.135 145 -.S50 1.175 19187.9 
53 1. 000 -.135 229 -.552 1.291 21820.9 

fl, VERAGES 

-.471 1. 215 -1.6755 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

~lICRONS FR/S£C FT.IN/SEC 



55 .033 ".200 268 .905 2.089 18758.7 
55 .033 -.21)0 145 1.308 2.276 15911.8 
1)5 .033 -D200 145 1.343 2.246 21276.1 
55 _ .033 -.200 31i~ 1.(99 2.142 18749.4 
55 .033 -.200 199 .966 2.094 19385.2 
55 .033 -.20D 164 1.437 2.142 14696.1 
55 .033 -.200 214 .660 1. E 76 14u3tJ.2 
55 .033 -.200 363 1.436 2.321 21229.7 
55 .033 -.%00 229 1.228 2.265 20580.0 

AVERAGES 

1. i 54 2.139 .1367 

DROPLET VERTICAL TANGENTIAL FILM 
ROll RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC Fr. IN/SEC 

56 .067 -.200 252 1.144 2.409 21577.7 ~ ~. ... .. . 
56 .067 -.200 24S 1.160 1.9Lt2 20345.7 
56 .067 -.200 24S 1.252 2.222 22213.5 
56 .0 GO, -.200 19S 1.240 2.298 16923.4 
56 .067 -.200 302 1.197 2.111 21183.3 I 
56 .067 -.200 172 1. 422 2.376 21705.3 -

0 56 .067 -.200 195 1.2l)1 2.292 22320.2 N 
56 .067 -.200 214 1.370 2.410 221£+3.9 I 

AVERAGES 

1.256 2.258 .2976 

DROPLET VERTICAL TANGENTIAL FILM 
'ROLL RADIUS HE!GHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC Fr.IN/SEC 
, - ,.~ ~,., -. ,. --

57 .100 -.200 187 1.177 2.237 16902.6 
S? .100 -.200 260 1.:3 BO 2.110 18181.0 
57 .100 -.200 264 1.250 2.123 15849.2 
57 .100 -.200 279 1.302 2.459 17002.3 
~7 .100 -.200 421 .760 2.152 19891.0' 
57 .1 CO -.200 21~ .<)79 2.263 20290.0 
fj7 ..• 100 .-.200 260 .933 1.825 18051.0 .. . _. . ... ~." ,,>. 

AVERAGES 

1.112 2.167 .3952 

DROPLET VERTICAL TANGENTIAL FILM 
ROll RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPE.ED VZR 

MICRONS FR/SEC Fr.IN/SEC 

58 .133 -.?OO 260 1.tJ24 2.037 22183.3 
S8 .133 -.200 287 1.114 2.23(] 16000.0 
58 .1.33 -.200 137 .752 2.152 20993.0 
tJ5 .133 - .. 280 2 Lt 5 1.236 2.307 21672.9 
58 • j 33 -.200 183 1.254 1. 721 22095.1 



58 .133 -.200 222 1.099 1.931 21134.6 
58 .133 -.200 260 1.u51 1.8313 20 42.5 

AVERAGES 

1.0?5 2.031 .5098 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC FT.IN/SEC 

59 .167 -.200 260 0537 1.549 18069.6 
59 .167 -.200 160 1.100 2.371 21603.2 . - .. ~ ... ~ . ., 
?~ .167 -.200 229 1.('01 2.464 20399.1 
59 .167 -.200 283 .915 2.228 20649.7 
5~ .lG7 -.200 275 .G15 2.416 22u95.1 
59 .167 -.200 249 1.(76 2.368 20700.7 
Sg .:1.67 -.200 264 .498 1.413 11278.4 
59 .167 -.200 172 .551 1.551 16607.9 

AVERAGES 
.787 2.045 ~4660 

DROPLET VERTICAL TANGENTIAL· FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY. VELOCITY SPEED VZR I -MICRONS FRISEC FT. IN/SEC 0 

V./ 
I 

60 .333' -.200 229 .342 2.002 17886.3 
(., 0 .333 -.200 210 .~9? 1. 991 20794.7 
60 .333 -.200 210 .13? .953 8460.6 
60 .333 -.200 268 .485 2.009 22167.1 
60 .333 -.200 160 .268 1~758 20232.0 
60 .333 -.200 191 .42& 1. 1361 20329.5 
60 .333 -.200 229 .206 1.823 22185.6 
60 .;:;3 -.20G 218 .485 2.155 10967.5 .- .-' -... - .. 
60 .333 -.200 302 a504 2.129 19187.9 

AVERAGES 

.360 1.864 .4271 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT. IN/SEC 

61 .667 -.200 1(31 -.106 1 .. 195 20861.13 
61 .6G7 -.200 199 -.171 1. 259 22171.7 
61 .667 -.200 19<? -.C9H 1.256 22199.5 
61 .667 -.200 199 -.201. 1.351 17355.0 
61 • 667 -.200 19:3 -.G89 1. 214 22457.1 . 
~ 1 n __ .66? -.200 19:3 -.110 1.214 21765.7 
61 .667 - .. 200 222 -~123 1.284 15420.0 
61 .667 -.200 191 -.[98 1. 21J 22234.3 
61 .667 -~200 226 -.120 1.23 1+ 21577.7 
61 .667 -.200 298 -.158 1.248 18136.9 

AVERAGES 



-.127 1.246 -.3018 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT OIAMETE~ VELOCITY VELOCITY SPEED VZR 

.M ICR ONS FR/SEC FT.IN/SEC 

62 .1333 -.200 32q -.284 1.263 22171.7 
62 .333 -.200 249 -.276 .994 laS5o.8 
n2 .833 -.200 210 -.379 1.158 19S54.5 
62 .1133 -.200 183 -.333 1.097 22016.2 
62 .1133 -.201) 2eD -.2511 1. 096 15563.8 
62 .1133 -~20G 260 -.292 1.136 15452.4 
62 .533 -.200 260 -.319 1.182 15545.2 
G2 .833 -.200 287 -.201 1. 0 gO 21257.5 

AVERAGES 

-.305 1.127 -.9040 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC ·FT. IN/SEC 

03 .900 -.200 249 -.400 1.328 17473.3 I 
63 .900 -.200 233 ·-.361 1.:316 '22181.0 -
63 .900 -.2[10 210 -.266 1.152 21791.2 0 

~ 
G3 .gOO -.200 2') ? -.305 1. 069 216SG.8, I ~'-

63 ~9OO -.200 249 -.295 • (~48 1<3201.9 
63 .900 -.200 2.'37 -.265 1.063 21278.4 
63 *900 -.200· 114 -.:-:03 1.111 207'+0.1 
G3 .900 -.200 233 -.Y30 1.184 20280.7 
63 .900 -.200 249 - .·398 1. 254 18768.0 

, 63 .900 -.200 183 -.3 1+ 0 1.163 14440.8 
AVERAGES 

-.336 1.160 ... 1.07.6·1 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC FT. IN/SEC 
. ~, - " 

6 /1 .933 -.200 29B -.600 1.148 21361.9 
64 .933 -.200 252 -.382 1.127 20000.0 
64 .933 -.200 30e -. j 97 1.160 21754.1 
64 .933 -.200 22~ -.236 • g 34 22232.0 
64 .933 -.200 195 -.475 1. 086 22000.0 
6 l \ .933 -.200 226 -.294 1. 002 18491.9 
() 4 .933 -.200 275 -.293 1.047 21271.S 
G4 ,933 . -.200 203 -.411 • 889 22132.3 . 
64 • 9 ~~ 3 -.20[1 229 -.438 .<:56 20631.1 
64 .933 -.200 222 -.~45 1. 214 21712.3 
64 .933 -.200 302 -.~03 .'.:73 22213.5 

AVERAGES 

-. :no 1.049 -1.2289 



DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

M ICf~ ONS. FRISEC FT.IN/SEC 

66 .033 -.234 225 1.071 2.190 21921.1 
66 .033 -.2;:4 245 1.190 2.320 19345.7 
66 .033, -.367 226 .884 2.272 16554.5 
66 .033 -.234 37<3 .932 2.271 22187.9 
65 .033 -.234 325 1.128 2.103 21703.0 

AVERAGES 
1. (, it 1 2.231 .1233 

DROPLET VERTICAL TANGENTIAL FI(H 
ROL L RA orus HE IGHT D I A METER VEL OeITY V ELOC lTY . SPE EO VZR 

MICRONS FRISEC FT. IN/SEC 

67 .067 -.2~4 229 1.203 2.327 21392.1 
67 .067 -.234 199 1.290 2.163 16779.6 
67 .067 -.234 367 1.265 1.CJ41 21582.4 
67 .OS7 -0234 229 1.263 1.8S7 11&65.9 
67 .067 -.23l. 229 1.046 2.062 21904.9 
67 .067 -.234 268 1.309 2.029 16055.7 
67 .067 -.234 153 .• 926 1.802 '21830.6' 
67 .067 -.234 367 1.191 2.247 21280.7 
67 .067 -.234 250 1.312 2.181 19793.5 " - . ..- .- ... 
67 .067 -.2:34 340 1.278 2.050 21710.0 

AVERAGES I -0 
1.208 2.067 ,: .2864 IJ1 

I 

DROPLET VERTICAL TANGENTIAL FILH 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED . VZR 

MICRONS FRISEC FT.IN/SEC 

68 .100 -.234 153 1.188 1.7<33 21498.8 
68 .100 -.234 195 .920 1. 419 18450.1 
68 .100 -.234 229 .739 1.829 13837.6 
6R .100 -.234 199 1.~57. 1.787 22032.5 
68 .100 -.234 214 .994 1.758 20712.3, 
68 .1.00 -.234 222 1. C: 71 1.905 21.923.4 
G.'3 .10 0 -~234 237 .689 1. 918 21287.7 
66 .ioe -.234 145 1. Gg1 1. 737 19403.7 

AVERAGES 

.981 1.768 .3487, 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC FT~IN/SEC 

70 .167 -.23'+ 233 .397 1.504 22128.8 
70 .167 -.234 210 .435 1.6Lj5 202 L.3.6 





73 
73 
73 
73 
73 
"13 

.601 

.667 

.667 

.667 

.667 

.6G7 

-.231. 
-.234 
-.2~4 
-.234 
-.23 Lf 

-.234 

237 
3(16 
153 
183 
233 
226 .. 

-.323 1.191 
-.369 1.176 
-.268 1.146 
-.174 1.223 
-.335 1.141 
-.243 1.186 

AVERAGES 

·-.258 1.180 

22i13.7 
22034.6 
22197.2 
21849.2 
22G43.3 
22027.8 

OROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED 

74 
74 
7'-1 
74 
74 
74 
"f4 
74 
71, 
74 
7 '1 
71f 
74 

.833 -.234 

.833 -.224 

.833 -.234 

.833 -.234 

.833 -.234 

.833 -.234 

.533 -·.23~ 

.833 -.234 

.833 -.234 
• f', 3 3 -.23 Lf 
.8::)3 -.234 
.833 -.234 
.833,-.234 

MICRONS. FR/SEC 

lGO 
172 
195 
195 
237 
210 
210 
1137 
21.0 
210 
310 
226 
302 

-.290 1.114 
-.377 1.255 
-.405 1.162 
-,,412 1.116 
-.288 1.173 
-.430 .872 
-.L.19.874 
-.303 1.135 
-.457 1.118 
-.4B2 1.124 
-.514 1.224 
-.562 1.165 
-.375 1.105 

AVERAGES 

-.409 1.110 

22262.2 
21552.2 
22157.8 
21884.0 
22097.4 
22039.4 
22069.6 
21526.7 

.22213.5 
22181.0 
21788.9 
22186.8 
20870.1 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RAOIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED 

75 
75 
75 
7S 
75 
75 
75 
75 
75 
75 
75 
75 
75 
?? 

.900 

.900 

.900 

.900 

.900 

.900 

.900 

.900 

.1300 

.900 

.900 
e9DD 
.'300 
.900 

-.234 
-.234 
-.234 
-.234 
-.234 
-.234 
-.234 
-.234 
-.234 
- • 2 ~ 't 
-.234 
-.234 
-.23 L\ 
-.234 

MICRONS FR/SEC 

210 
17? 
t9'3 
195 
30E: 
298 
1R7 
187 
172 
210 
160 
210 
214 
210 

-.446 .991 
-.472 1.126 
-.352 1.229 
-.lt09 1.214 
-.3135 1.195 
-.340 1.131 
-.368 1.151 
-.428 1.179 
-.416 1.220 
-.607 1.:121 
-.549 1.152 
-.292 1.200 
-.b92 1.241 
-.3152 :1..224 

AVERAGES 

-.436 1.170 

15821.3 
20953.6 
19515.1 
19545.2 
22000.0 
21684.5 
21930.4 
22116.0 
21574.7 
21809.7 
21786.5 
21993.0 
21610.2 
22123.0 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED 

MICRONS FR/SEC 

-.6126· 

VZR 
FT. IN/SEC 

-1.2111. 

VZR 
FT. IN/SEC 

-1.3<362 

VZR 
FT.IN/SEC 

o 
.-...l 

I 



78 .427 -.067 321 -.146 .741 22009.3 
·78 .427 -.067 321 -.112 .80l 22199.5 
78 .427 -.067 321 -.151 .E:3!) 22C30.2 
78 .• 427 -.057 222 -.106 .786 22162.4 
78 .427 -.067 310 -.247 .881 21647.3 
78 .427 -.067 233 -.325 • 9 63 22306.3 

AVERAGES 

-.181 .802 -.2141 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

79 .533 -.067 214 -.384 • 9 80 22007.0 
79- .533 -.067 214 -.423 .S27 22146.2 
79 .533 -.0(:;7 245 -.344 .744 14835.3 
79 .533 -.067 245 -.308 .749 13114.8 . ., _ .. -
79 .533 -0067 390 -.554 1.273 20487.2 
79 .533 -.OG7 390 -.SOO 1.307 20512.8 
79 .533 -.067 390 -.602 1.417 20464.0 

AVERAGES , 
-.445 1.057 -.6""1 -

0 
co , 

DROPLET VERT1CAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

80 .667 -.067 180 -.710 1.192 22301.6 
80 .6G7 -.067 180 -.537 1.112 21888.6 
80 e6G7 -.067 153 -.484 1.195 15196.1 
80 .667 -,,067 .; n-' -.72'2 1.127 12656.6 __ vi 

80 .6n? -.OG7 363 -.Slt2 1.121 9614.8 
50 .6G? -,.06l 145 -.770 1.164 20459.4 
80 .667 - .. 067 226 -.L;50 .942 13988.4 
80 • 6f> 7 -.uE:7 226 -.417 .<J79 14090.5 
80 .667 -.067 252 -.773 1 .. 006 21113.7 
80 .667 -.067 360 -.812 .924 18225.1 
80 .667 -.067 360 -.676 .ggl 18366.6 

AVERAGES 

-.627 1. 06B -1.4649 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC • '. -. -'" ,.< 

81 .800 ".067 310 -.482 1.040 16508.1 
81 • 8 0 0 -.067 321 -.954 1. 293 17331.8 
fli .eoo -.067 1 1 .. 9 -1.(162 1. 285 12645.0 
31 .800 -.067 214 -.638 .961 1458 1+0 7 
81 .800 -.0(;7 310 -.418 1.. :313 18928.1 



81 .800 -.067 275 -.573 1.044 19S25.1 
81 .800 -.067 291 -.346 1.388 1 580.0 
81 .800 -.057 302 -.404 1.139 15619.5 
81 .800 -.OG7 302 -.315 1.059 15559.2 
81 .800 -.Oe7 291 -.474 .898 18914.2 

AVERAGES 

-.56( 1.142 -1.6111 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITy SPE.ED VZR 

MICRONS FRISEC FT. IN/SEC 

82 .933 -.067 337 -.547 1.213 20979.1 
82 .933 -.067 260 -.394 1.168 16986.1 
82 .933 -.067 260 -.490 1.110 16988.4 
82 .933 -.067 314 -.596 1.038 13911.8 
52 .933 -.06? 314 -.593 .<20g 137G3.3 
82 .933 -~OG7 275 -4595 1.228 16923.4 
52 .9:')3 -.067 275 -.653 1.199 16983.8 
82 .933 -·.0 E 7 218 -.39G .959 18194.9 
82 .933 -.067 218 -.305 to 914 18032.5 
82 ,,933 -'. [) 6? 275 -.712 1.200 16531.3 
?,2 .933 -.OG7 172 -.867 1.142 14538.3 I 
5" .9:13 -.GG7 268 -.732 1.199 16000.0 -C- o 82 .933 -.067 26B -.663 1.173 16118.3 \0 

AVERAGES I 

-.580 1.112 -1.9253 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOClfr SPEED VZR 

MICRONS FRISEC FT.IN/SEC 

. ... .". -_. 
83 1.000 -.067 24S -.476 1. 238 16932.7 
83 1 .. 000 -.067 1q9 -.481 1.284 21111.4 
83 1.000 -.Ob7 226 -.588 1.524 13438.5 
83 1.000 -.06"/ 233 -.796 1.266 22234.3 
83 1. 000 -.OG7 272 -.719 1.119 22129.9 
83 1.000 -.OG? 229 -.9"17 1.498 13150.8 

AVERAGES 
....... ~. ~. -,~.~~ . ,_. ".. -

-.673 1.338 -2.3919 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

~lICRONS FRISEC FT. IN/SEC 

85 • 057 -.101 157 .368 1.765 13640.' • 
85 ,,057 -.101 157 .280 1.774 14083.5 
55 .06? -.101 11)7 .239 1. 730 14626.5 
5S .067 -.101 233 .40 A 1.t8S 13197.2 
85 .06? -.101 233 • ',09 1. 811 13208.8 
as • 0 t) 7 -.101 2"n 

-'-'~ .L;27 1.EB5 12r,95.6 
85 .067 -.10l 3t33 1.137 2.021 143S2.7 



J 

85 .O5~ -.1~1 ~30 :~g~ f:~~~ !Iggg:~ 85 .06 - .i! 1 29 
8'3 .067 -.101 229 .208 1.E63 11484.9 
B5 .067 -.101 229 .219 1.(:50 11510.4 
n'3 .067 -.101 275 .335 1.656 16280.7 
85 .067 -.101 275 .348 1.756 16385.2 
85 .067 -.101 268 .933 1.1355 17368.9 
85 .067 -.101 402 .695 1.773 20000.0 

AVERAGES 

.438 1.733 .1037 

DROPLET VERTICAL TANGE~TIA~ FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

136 .133 -.101 260 .525 1.706 21735.5 
86 0133 -.101 287 .183 1.347 16685.6 
86 .133 -.101 257 .204 1.324 16626.5 
BS .i~3 -.101 287 .200 1.222 16747.1 
86 .133 -.101 275 .365 1.413 16677.5 
86 .133 -.101 275 .::76 1.424 16661.3 
A6 .133 -.101 114 .653 i.777 16417.6 
Bt .133 -.101 114 .632 1.8CJ5 15624.1 I 

86 .133 -.101 191 .130 1. 552 19559.2 -
86 .133 -.101 1<31 .130 . 1.E41 19605.6 0 
86 .133 -.101 229 .204 1.Y4 1+ 17082.4 I 

86 .133 -.101 191 .206 1.618 19433.9 . ... 
nE: .133 -.10i 191 .229 1.~43 18758.7 
86 .133 ·-.101 191 .331 1. 28B 15136.9 
RE .133 -.101 191 ·.287 1.297 15183.3 
8E .133 -.101 14g .625 1.700 15967.5 

AVERAGES 

.330 1.506 .1563 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

81 .200 -.101 237 .221 1.~OIt 12812.1 
n7 .200 -.101 237 .206 1.451 12928.1 
57 .2DO -.101 237 .177 1.441 12946.6 
B7 .200 -.101 256 .198 1.553 1865 1,.3 
57 .200 -.101 256 .271 1.722 18909.5 
fl7 .200 -.101 3~3 • G 67 1.371 12626.5 
'el7 .200 -e101 333 .L56 1.372 12b31.1 
(; 7 .2 r) 0 -.101 199 .164 1. 568 19329.5 
07 .2(10 -.101 19~ .i6S 1.E5,} 19357.5 
a7 .2no -.101 287 .305 1. 230 15071.9 
117 .200 -.101 352 .171 1. 336 11113.7 
H7 .2 f1 0 -.101 3S2 .246 1. 387 11113.7 
IH .?OO -.101 237 .1S5 1.487 15083.5 
1J7 .200 -.101 268 .216 1.(;[\7 19879.4 
137 .200 -.101. 268 .251 1. ~ 0 It 19965.2 
57 .2(10 -.101 191 .21g 1.338 17911.8 
87 .700 -.101 191 .223 1. :3 U() 18141.5 



AVERAGES 
.196 1.482 .1396 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT. IN/SEC 

88 .200 -.101 268 .177 1.ltl1 20259.9 
88 .20 0 -.101 258 .169 1.422 19953.6 
88 .200 -.10l. 268 .239 1. 486 20C44.1 
88 .200 -.:101 176 .303 1.::11 13314.4 
88 .200 -8101 268 .193 1.346 22248.3 
8R .200 -.101 199 .204 1.488 15359.6 
88 .200 -.101 19<:: .215 1.571 15445.5 
813 .200 -.:tOl 199 .264 1.E:23 15594.0 
88 .200 -.101 30E: .352 1. :341 . 15150.8 
88 .200 -.101 306 .247 1. 308 15G413.7 
()A .200 -.10:1 306 .235 1. 285 11095.1 
88 .200 -.101 306 .221 1.277 11118.3 
88 .200 -.101 306 .246 1.:328 11290.0 
88 • 2!) 0 -.101 260 .311 1.592 19561.5 
Bil .?oo -.101 260 .313 1.705 19652.0 
88 .200 -.101 191 .266 1.450 21349.2 I 

AVERAGES ..,... 

.253 l y 434 .1602 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

l'1ICRONS FRISEC FT:.IN/SEC 

89 .333 -.101 222 .157 1.276 18473.3 
89 .333 -.101 22? .217 1.~12 18721.6 
89 .333 -.101 222 .186 1.313 18464.0 
89 .333 -.101 222 .256 1. 305 18538.3 
89 .333 -.101 252 .15S 1.268 15563.8 
13g .333 -.101 252 .207 1. 244 15577.7 
89 .333 -.101 252 .c84 1.283 15573.1 
89 .333 -.101 2Y1 .223 1.286 12621.8· 
fiG L J .333 -.101 291 .265 1. 2 gO 12 L187.2 

1.':' 
p,g .333 -.101 149 .140 1.295 11345.7 M • _. '. • ... ~ _ .... ~ • ~ '.' ... ,- , .. , 
139 .333 -.101 14'3 .131 1.292 11415.3 
89 .333 -.101 145 .103 1.118 14839.9 
89 .333 -.1.01 237 .?20 1. 2 sa 11.[\46.9· 
5C. .333 -.101 237 .20 9 1. 253 11849.2 
gg .~33 -.101 237 .220 1.234 11858.5 
89 .333 -.101 237 .220 1.255 11872.4 
[19 .333 -.101 279 .107 1. 230 18259.9 ,) a 
u "' .333 -.101 279 .110 1.267 18417.6 
BY .3:)3 -.101 279 .130 1. 293 18218.1 
fig .333 -.101 157 .108 1.214 12893.3 
89 .333 -.101 157 .170 1. 178 12839.9 
89 • ~~ 3 3 -.101 lS7 .173 1.197 13G48.? 
8S .333 -.101 157 .166 1.232 12873.5 

AIJERAGES 



.llSt 1 • .2'1516 .. :Z114.2 

rn~{01l't 'ET V'E'RTl'C-:l\'l T,A'tII'G'E'N'IT)\'l 'F!'l'tll 
'Rot,. 'RA'DI""S 'H'EI'GHT OIM1ETE'R' VELOCITY VE'LOCITY SPE'E1l , VZR 

!-HCR.ONS FR/SEC ,'FT_IN/SEC c _ ••• ~ .~~ .~~ 

~1J .4'61 -.1'01- 229 .. 'tj 34 1.230 1'6951.3 
-gO .4&7 - .10 1 229 '0 .. I) a 0 1 .. 255 16931.6 
90 .467 -.101 229 .(45 1.215 17034.8 
90 .407 -.101 172 .132 1.2(;1 17373.5 
-gO .467 -.101 172 .120 1.281 17343.'4 
gO ' .. 467 -.101 172 ,.233 1.209 17174.0 
90 .467 -.101 172 ,.229 1. 256 17303.9 
90 .. ~67 -.~.Ol 153 .144 1. 245 17618.7 
90 .4G7 - .. lui 153 .139 1 .. 181 17420.0 
SO '. 'It (, 7 - .. 101 199 ,.039 1.::29 ,20849.2 
gO • '/+ 6? - .. 101 199 ,.t. 33 1.234 ,(> 0 788,.9 
'YO .'4G 7 -.101 199 .,222 1.243 22016,.2 
gO .'4'67 -.101 329 " 2'46 1.218 14266.8 
90 • i.E) 7 -.101 1S7 .1 1t 0 1.216 15095.1 
'30 .467 -.101 157 .174 1.214 15lJ37.1 
90 .467 -.1.01 157 .117 1.233 15066.1 

AVERAGES 

.. 128 1.239 .2123 
, 
-' 
N , 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

91 .467 -.101 21~ .111 1.226 18787.7 
91 ' .. 467 -.101 13~ .118 1.191 14781.9 
91 .467 -.101 229 .114 1. 247 21480.3 
91 .467 -.101 222 .231 1.1g0 16990.7 
91 .467 -.101 222 .160 1.139 20761.0 
91 .467 -.101 30E: .113 1.216 12784.2 
91 .467 -.101 306 .120 1.240 12904.9 
91 .467 -.101 195 .15a 1.253 19234.3 
<31 .467 -.101 287 .256 1.294 20G71.9 
91 .467 -.101 237 .258 1.224 19837.6 
91 .467 -.101 287 .~26 1.265 20127.6 

AVERAGES -. ~~.... . , .. 

.178 1.226 • 2960 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

92 .600 -.101 118 -.258 1.335 21628.8 
92 .600 -.101 22~ -.553 1.319 18148.5 
92 .600 -.101 126 -.348 1 .. ::22 21860.8 
Q" - '- .600 -.lOt 157 -.290 1.155 17652.0 
92 • f) 00 - II 10 j, 2 i; 1 -.134 1. 297 15536.0 
102 • [) J 0 -.101 22(; - .22 5 1. 251 1539b.8 



92 .600 -.101 226 -.330 1.121 21095.1 
92 .600 -.101 183 -.280 1.1ill 16232.0 
92 .600 -.101 275 -.254 1.314 14749.4 

AVERAGES 

-.297 1.255 -.6333 

DROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FR/SEC FT.IN/SEC 

93 .733 -.101 153 -.487 1.198 1£.700.7 
93 .733 -.101 160 -.381 1.353 12484.9 
93 .733 -.101 20E - .. 609 .~23 16399.1 
93 .733 -.101 11~ 9 -.483 1.254 12000.0 
93 .733 -.tOl 175 -.568 1.113 22171.7 
93 .733 -.101 i7E -.451 1.085 21788.9 
93 .733 -.:01 172 -.391 1.135 12645.0 
9] .733 -.101 172 -.440 1.170 12-154.1 
93 .733 -.1.01 191 -.609 .717 9431.6 
93 .733 -'. i 0 1- 210 -.332 1.373 17283.1 
93 ."133 -.:01 210 -.~19 1.~11 17206.5 
g~ .7:13 -.101 249 -.290 1.28't 19884.0 
93 .733 -.101 249 -.407 1.235 19918.8 

AVERAGES , -
-.44 l • 1.166 -1.1564 VI , 

OROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

MICRONS FRISEC Fr.IN/SEC 

94 .867 -.tOl 1<31- -.526 .882 1686.8 
<3 It .867 -.J~Ol 214 -.989 1. S 59 15698.4 . _ 
gl~ .867 -.101 1130 -1.04~ 1.286 21658.9 
9 " .867 -.101 122 -.843 1.089 14524.4 
Cjl. ,867 -.101 229 -1.(,88 1.092 215<38.6 
94 .86? -.101 ~_ 7 2 -1.268 1. 376 12417.6 
9 I~ .86"! -.101 187 -.645 1.210 20788.9 
<34 .867 -.101 187 -.732 1.414 11835.3 
gl\ .867 -.10:!. 195 -.737 1.5HO 205<31.6 
CJ4 .867 -.101 137 -.497 1.32<3 12<328.1 , ,"- .- ... 
<34 .867 -.101 172 -.372 1. 088 19505.8 
<34 .867 -.101 191 -.446 1.158 132<30.0 

AVERAGES 

-.774 1.256 -2.3859 

OROPLET VERTICAL TANGENTIAL FILM 
ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOCITY SPEED VZR 

t-nCR ONS FRISEC FT.IN/SEC 

95 .867 -.101 195 -.71t3 1.419 16000.0 
95 .8f)7 -.101 215 - • l~ 4 2 1.167 19371.2 
gS .867 -.10:1. 222 .... t 7s)2 1.251 2161+7.3 



y'.) • Bo-' -~101 I 226 -.494 1.4~4 ~90b.g 95 .B67 -.lOi 229 -.576 1.1 1 1 793 G 
95 .867 -.101 199 -.421 1e212 17658.9 
o~ J'J .8117 -.101 2'~ 5 -.917 ' I, I 1.330 11227.4 
95 .867 -.:1.01 210 -.529 1.236 22153.1 

AVERAGES , .. -
-.609 1. 2~8 -1.8770 

I I I \/1 I : , ! '1 . 
!" , , f ' " ' 'I I 

DROPLET VERTICAL TANGENTIAL FILH I 
I I' 

ROLL RADIUS HEIGHT DIAMETER VELOCITV VELOC+TY SPEED .VZR 
HICRONS FRISEC FT.IN/SEC , , , \ 

• I 

96 1.000 - .. 101 233 -.732 1.185 18239.0 
96 1.000 -~101 212 -.42 Lj ,1.118 19740.1 
95 1.000 -.101 168 -.546 1.183 19078.9 
95 1.('00 -.101 igl -&985 1.408 20638.1 
96 1. 000 -.101 22g -.733 • ~ 82 191391.0 
G(1 1.(100 -.101 226 -.691 1.369 19287.7 
96 1.00,0 -4i01 210 -.4RQ 1.329 20348.0 

AVERAGES, 

-.656 1.225 -2.3317 
I ... 

DROPLET VERTICAL TANGENTIAL FILM 
I .t:>-

ROLL RADIUS HEIGHT DIAMETER VELOCITY VELOC lTV SPEED ! VZR' I 

MICRONS FR/SEC . ,. FT.IN/SEC 



!lOOn03 
OOOCLl4 OGoros 
OaOO[)7 
0000iO 
OOC01? 
U00013 
onO(1:LtJ 
OOOf'i2Al, 
000021 
aooc2L} 
000(125 
G00031 

000(131 
000D3S 
OOOOJS 

000071 
OGU('171 
00 Q [I i'Z 
000071~ 
0001'16 
00 G J!J (1 
OOOn)4 
000106 
G00107 
00(1111 
OG0113 
oaUii'i 
OOQj17 
008120 
OOfll23 
OOOj26 
000131 
Oanj3~ 
000J37 
OQ(lj1t? 
000 lit 4 
00 Q j i+ IS 
000151 
000177 

000177 
OOO?Ol 
000201 
00(1201 
000203 

c 
c 
C 
C 
C 
C 
C 

PROGRAM TST (INPUT,OUTPUT,TAPE5=lNPUT,TAPE6=OUTPUT) 

THIS PROGRAM CALCULATES vtRTICAl AND RADIAL FLUID vELocrjIEs 
FROM THE DATA FROM VIEW B RECORDINGS. 

NA:::3~ 
HTCYC=15.0 
PAOCYC=1.S0 
VINLET=4.34 
VOVER::2.37 
GO TO 15 

10 NA=NPOLl 
15 VlFnTE(6,20) 
20 FOPMAT(II!46X,9HCORRECTEO) 

WRITE(b,3u) . 
30 FORMAT{29X,7HOROPLET,1X,BHVERTICAl,3X,6HRAOIAl,4X,10HCORRECTION,3X 

1 , It H F I un . 
WRITE(6,40) \ 

40 FORMAT(lDXt4HROll,1X16HH~IGHT11X16HRADIUS,3X14HSIZE,2X,8HVELOCITY, 
12X,BHVELOCITV,5X,6HDI!AR/R,5X,~HSPEEO,7X,~HVZ~' . 

YlRITE(6,50) 
50 FORt1AT(2QX,7HMICRONS 34X,6HFRISEC 4X,9HFT.IN/SECII} 
55 PEAO(S,GO) NROlL!HEI~HT,RAOCL,RAD~OR,PARSI2,VERT,PICTS,RM01,OlM02, 

lNFRAM[,FRACT NUL1P· . 
60 FnRMAT(I21BF~.212X!I212X,FG.2,2X,Il) 

IFlNPOLL.tQ.Q) ~OIO 17 
IF(NrOLl.NE.NA) GO TO 10 
PARsrZ=(PARSI2~1000.a)/2.555 
~lPI\PSI=PARSIZ 
R=RADCL/12.0 + RAOCOR/(2.555·304.8) 
DELZ=VERT/(2.55S·304.8) 
. n LIP = t~ 8 LIP 
FRAMF=~~F~AME 
AOOIT::FI~ ACT /4.31 
FRAMES=FPAME+AOOIT 
FILSPO=FRAMES·10DO.O/BLIP 
~ElTAT=Plr,TS/FILSPD 
D1=R-RMD1/(2.55S·304.8) 
02::01-0jM02/(2.555·304.8) 
ODAR=(Ol+02)/2.0 
CORN=DBAR/R . 
RAOVFL::( ({01-D2J/CORN)/OELTAT)/VINLET 
VERTV=(OELZ/nELTAT)/VOVER 
RADIN=P¥l?O/RAOCYC 
HEIGHT=HfIGHT/HTCYC 
VlR=RAOIN·VERTV·l.50·2.37 
WRITE(6 70) NROLL,HEIGHT,RADIN NPARSI,VERTV,RAOVEl CORN FILSPO~VZR 

70 FORMAT(!OX~!3,lX,PG.3,2X,FG.3,~X,I4,4X,F6.3,3X,F7.t,3X,~10.7,2X,F8 
1.1,SX6F7.4J 

N{,::NP LL 
GO T0 55 

77 CONTINUE 
STOP 
ENO 

t' 

"'''' I 



CORR.ECTED 
DROPLET VERTIC~L RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCI Y VELOCITY DBAR/R SPEED VZR 
MICRONS FR/SEC FT.IN/SEC 

33 -.166 .107 121 1.692 -.0938 .9441217 23587.0 .. 6412 
33 -.166 .083 168 3.225 -.1329 .9225498 23809.7 .9504 
3:; -.166 .070 211 1.124 -.0477 .7566069 20925.8 .2792 
33 -.166 .068 187 .990 -.0434 .6633735 21628.8 .2390 
33 -.166 .070 :1.52 1.120 .1895 .6885828 22046.4 .2797 
33 -.166 .073 183 1.122 -.1767 .7366086 20703.0 . '" .2908 

CORRECTED 
DROPLET VERTICAL RAOIt\L CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
tHCRO NS FR/SEC FT.IN/SEC 

3!t -.166 .135 156 .290 .2097 .8107816 20893.3 .1394 
34 -.166 .143 252 .319 .0576 .8880067 22000.0 .1624 
34 -.lt6 .135 172 .225 .0317 .8728045 21402.6 .1077 
34 -.1.66 .135 227 .359 -.0179 .8286396 20046.4 .1725 

.1 -
CORRECTED ()\ 

DROPLET VERTICAL RADIAL CORRECTION FILM 1 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
M!Cf<ONS FR/SEC FT. IN/SEC 

3? -.166 .196 270 1.397 .1341 .9735590 20765.7 .974'1 
::5 ·'.156 .206 17& .663 .0039 .9915123 10359.6 .4B50 
35 -.166 .198 172 .1+ 72 0.0000 .9713975 10730.9 .3317 
35 -.166 .205 254 1..388 .0585 .9639804 20777.3 1.0135 

CORRECTED 
OROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VE.LOCITY OBAR/R SPEED VZR 
MICRONS FRISEC FT. IN/SEC 

36 -.166 .273 230 1.010 -.0249 .9887212 20835.3 .9814 
36 -.166 .289 191 .618 G.OOOO .9818689 19359.6 .6349 
36 -.1E:G .284 195 .606 -.0320 .9642192 20844.5 .6121 
36 -.16G .282 223 .608 -.01 lt5 .9761371 21262.2 .6091 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZ E VELOCITY VELOCITY DOAR/R SPEED VZR 
t-1ICRONS FRISEC FT.IN/SEC 

"!7 -.166 .58 9 254 -.593 .0831 .9417029 21647.3 -1.2406 
37 -.160 • 571~ 211 -.563 .0430 .9528996 21541.8 -1.1562 
:57 -.HiS .SHA 250 ·-.519 .11::10 .9482994 1 1t181.0 -1.0844 



CORRECTED 
DROPLET VERTICAt., RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R .SPEED VZR 
MICRONS. FR/SEC FT. IN/SEC .-. . .-." - ... "' - .. ~ . 

313 -.156 .756 293 -a494 .0653 .138138108 113431.6 -1.3266 
38 -.166 .751 360 -.307 .0960 .9657305 18350.3 -.8183 
33 -.166 .754 :317 -.407 .0490 .9881547 21826.0 -1.0903 

CORRECTED - '- .-. . 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY OBAR/R SPEED VZR 
M!CRONS FR/SEC FT. IN/SEC 

l.3 -.135 .082 219 2.892 -.1247 .9541737 17540.6 .8411 
4:) -.135 .086 219 2.800 -.4193 .8933870 16603.2 .8584 
43 -.135 .093 191} 2. Lt56 -.1 B1 8 .9494219 17949.0 .8156 

CORRECTED 
DROPLET VERTIC/\L RAD Il\L CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY OBAR/R SPEED VZR I. 

MICRONS FR/SEC FT.IN/$EC -
~ 
1 

44 -.135 .10~ 14u 1.077 ~·<>09B8 .8857251 16909.5 .3939 
44 -.1:55 .18B 1S7 .657 .1559 .9529275 20081.2 .4386 
44 -.135 .165 262 .516 .3150 .9336022 21786.5 .3025 
l; I .. -.135 .111 125 .769 0.0000 .9852530 16000.0 .3048 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM ~-'.' --- ... ~ ," 

ROLl HEIGHT RADIUS SIZE \'ELOCITY VELOCITY OBAR/R SPEED VZR 
MICRONS FRISEC FT. IN/SEC 

45 -.135 .1Bl 113 .815 .0 B 51' .9538047 17670.5 .5253 
45 -.135 .096 262 2.b15 -.1364 .9477193 17473.3 .8952 
't 5 -.135 .172 101 a757 .0696 .9320B67 17473.3 .461 B 
45 -.1.35 .175 199 .546 .0646 .9638713 17723.9 .3395 . '." ~ ...... --- .. ~-. .... "', " .•... ,,-

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY 08AR/R SPEED VZR 
MICRONS FR/SEC FT.IN/SEC" 

- . 
t. (") -.135 .183 76 .887 .0247 .9290498 13598.6 .5773 
4G -.135 .191 11.~B 1.162 • C 485 .9682 l+44 15884.0 .7883 
[tEj -.135 e 173 1.17 .491 .03bi .9676354 21009.3 .3019 
1.,0 -.135 .178 1 B? .712 .0661 .9592~71 14918.8 .4500 
46 -.135 • :) 95 156 2.351 -.0803 .8471376 20139.2 .7977 
4G -.1~'5 .093 129 1.248 -.0190 .9120316 20932.7 .4149 



COR,RECTED I 

OROPLET VERTICAL RADIAL CORRECTION FILM 
ROLL HEIGHT RADIUS 'SI'ZE 'VELOCITY VE.lOCITY 'DBAR'IR " 'SPEED VZR 

I' , , ' t , MIcrWNS I ' I I , FR/SEC FT. IN/SEC 
! ' 

47 -.135 .2g5 168 .859 .0168 .9g12889 18770.3 ,g007 
l~ 7 -.1.35 .180 -i '" 1 .909 .0641 .9436792 130<32.8 .5805 _<:-
47 -.135 .211 277 1e283 ~O161 .9664708 18317.9 .9644 
47 -.135 Q 1-14 203 .923 .0886 .9487605 14201.9 .5725 

CORRECTED 
Co'RRECTION DROPLE'f VERTIC~L RAD I A L FIl M 

ROLL :HEIGHT 'RA O!US SIZE VELOCITY VE:LOCITY D8AR/R SPEED VZR 
MICRONS 'FR/SEC 'FT. IN/SEC 

48 -.135 .. 423 140 .211 G.OOOO .:9832274 1~735.5 .3165 
48 -.135 .393 136 .211 -.0291 .19734977 10508.4 .2953 
48 -.135 .384 195 .243 -.0429 .9B66305 13547.6 .3314 
It 8 -.135 .321 223 aS71 0.0000 .ggOn,96 14301.6 .6521 
4(\ -.135 .306 191 .6l6 .0243 .9684018 13895.6 .6689 
it I} -.135 .289 203 .827 ' I .0201 .9772149 12371.2 .8484 

I -
'CORRECTED OJ 

DROPLET VERTICAL RADIAL CORRECTION FILM I 

ROLL HEIGHT RADIUS SIZE VELOCIT\Y VELOCITY 08AR/R SPEED VZR 
I MICRONS I i F:RISEC FT. IN/SEC 

49 -.135 .417 121 alB7 -.0067 .9797894 17633." .2772 
49 -.135 .4B6 86 .158 .0106 .9885745 17025.5 .2720 
49 ,-'.135 .530 187 • (j Bli .0707 .9921516 8435.0 .1507 

CORRECT£O 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY D8AR/R SPEED VZR 
MICRONS FR/SEC FT.IN/SEC 

50 -.135 .. 642 152 -.106 .. 0.036 .g875274 1
'
+440.8 -.2420 

SO -.135 .764 238 -.634 .0697 .9835905 18545.2 -1.7221 
50 -.135 .794 203 -.180 .0968 .9747661 15301.6 -.5069 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY 08AR/R SPEED VZR 
MICRONS FRISEC FT. IN/SEC 

S:j -.200 .087 172 3.251 -.1564 .9028823 24000.0 1.0085 
55 -.200 .. 101 251t 1.888 -.0983 .8665632 21573.1 .6794 
55 -.200 .145 172 .7B4 (:.0000 .'8651990 17030.2 .4037 

GORR~CT[g 





DROPLET VERTICAL 
CORRECTED 

RADIAL CORRECTION FILM 
ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY .DBAR/R SPEED VZR 

MICRONS FR/SEC FT. IN/SEC 

61 -.200 .635 121 -~617 .1587 .9827634 18329.5 -1.3912 
61 -.200 .587 207 -.074 .0224 .9777649 21548.7 -.1541 
61 -.200 .689 140 -.514 .09713 .9885969 21078.9 -1.2591 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
MICRONS FR/SEC FT. IN/SEC 

66 -.234 .073 191 2.478 (.0000 .9142638 21522.0 .6436 
66 -.234 .071 1 RO 1.485 C.OOOO .9::>67402 22187.9 .3761 
6S -.234 a 150 207 .703 .0051 .9162385 44322 .. 5 .3756 
G6 -.234 ~OG9 2 3l~ 2.007 -.1763 ,9703037 21018.6 .4937 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
MICRONS FR/SEC FT. IN/SEC I -N 

0 
67 -.23 1• .151 227 .724 .0057 .9450091 21972.2 .3896 I 

67 -.234 .152 21)6 .710 .0550 .9442179 22157.8 .3836 
67 -.234 .164 332 .740 -.0290 ,9640843 21018.(j .4328 
67 u .2]1+ .1713 2SB .980 .08 D 5 .92131918 17501.2 .6081 
67 -.234 0135 195 .439 .0472 .8961311 22227.4 .. 2113 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

RoLL HEIGHT RADIUS SIZE VELOCITY VELOCITY OBAR/R SPEED VZR 
MICF<ONS FRISEC FT. IN/SEC 

68 -.234 .168 219 ~910 .0226 .9554186 21917.6 .5444 
GB -.23 1• .139 117 .774 LOOOO .9261150 22222.7 .3826 
Gn -.234 .19 j. 21)4 .9ao -.0172 .9540682 22215.8 .6663 
68 -.23/+ .151 17& .521 .Otl61 .9000992 22232.G .. ..2788 •• _ _ _ •••• ..... •••• __ • •• r ~ • 

68 -.234 • lit It 152 .483 .. 0 g 80 • 9064360 21841.1 .2480 

CORRFCTEO 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY D9AR/R SPEED VZR 
MICRONS FR/SEC FT. IN/SEC 

70 -.234 .282 191 .570 -.0232 .9768284 21252.9 .5762 
70 -.234 .199 152 1. 0 84 .OS70 .9768211 21044.1 .7685 
-, Q -.2")1+ .iG9 230 • 9 L~ 5 .0465 .9673865 20280.7 .5661 
70 -.234 .173 203 .814. .0527 .9711897 21851.5 .5004 
70 -.234 .. 146 348 .371 -.0259 .934£.805 18236.7 .• 1921 



CORRECTED 
DROPLET VERTICAL R AD I A L CORRECTION FILM 

ROLL HEIGHT RADIUS S I Z EVE L 0 C I T,Y VELOCITY DBAR/R SPEED VZR 
MICRONS FR/SEC FT. IN/SEC 

71 -.234 .211 125 1.064 .0157 .9753761 20679.8 .7972 
71 -.234 .268 105 .522 -.0291 .9800449 22039.4 .4972 
71 -.234 .323 195 .239 -.0207 .9858499 22027.8 .2741 
71 -.234 .352 273 .154 -.0798 .9625239 22139.2 .1'924 
71 -.234 • l+ 05 305 0.000 .0312 .9757728 21244.8 0.0000 
71 -.234 • LI27 109 -.057 .OS58 .9570278 21522.0 -.0866 
71 - .. 23LI .373 74 .029 -.0071 .9323404 21471.0 .0386 

CORRECTED 
OROPLET VERTICAL RADIAL CORRECTION FILM 

POLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
MICRONS FRISEC FT. IN/SEC 

. ~. ~ . -~ 

12 -.234 .390 121 .026 .0107 .9560327 20649.7 .0356 
12 - • 2311 .404 238 .054 .0359 .9420330 21940.8 .0783 
72 -.234 • 508 234 -.038 .0157 .9637965 21844.5 -.0685 
72 -.234 .1+54 121 .088 .0210 .9694520 22052.2 .1426 

I 72 -.234 .513 . 112 -.060 .0299 .9415565 21777.3 -.1090 -72 -.234 .525 152 -.027 .0178 .9735930 21838.2 -.0.513 N -
I 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
MICRONS FRISEC FT.IN/SEC 

73 -.234 .576 234 -.075 .0213 .9634105 22179.8 -.1537 
73 -.234 .623 129 -.261 .0389 .9877219 21192.6 -.5788 
73 -.2:34 .617 140 -.19a .0416 .9727759 22222.7 -.4338 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
HICRONS FRISEC FT.IN/SEC 

78 -.057 • LI5 8 156 -.258 -.1280 .9722897 21196 .. 1 -.4205 
7(5 -.DE? .525 234 -.921 -.0321 .9872869 21392.1 -1.7205 
7 P. -.DE7 .530 144 -.722 .0118 .9791821 18690.3 -1.3606 
78 -.067 .560 230 -1.085 .0418 .9839444 21408.4 -2.1585 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VE.LOCITY D!3AR/R SPEEO VZR 
MICRONS FRISEC FT.IN/SEC 

-,g -.067 .522 156 -.103 .0062 .9716355 16280.7 -.1901 
7'0 -.OG7 .573 133 -.310 .0165 .9849456 20283.1 -.6321 



r ':1 -lllJO( .• ~i:!:~ lBj -.386 .0148 .9856360 17540.6 -.1264 
79 - .. 067 .644 250 -.162 .0307 .9759844 16482.6 -.3705 

0 

CORRECTED 
DROPLET VER.TICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR 
MICRONS FR/SEC FT.IN/SEC 

80 -.067 .661 238 -.121 .0143 .9922260 15386.7 -.2845 
e.o ·".067 .634 lyO -.263 .0154 .9816096 21211.1 -.5921 
80 -.067 .661 152 -.245 .0204 .9881058 16512.8 -.5753 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FILM 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY OBAR/R SPEED VZR 
MICRONS FR/SEC FT.IN/SEC 

85 -.101 .176 258 .584 .1103 .9364050 12037.1 .3654 
55 -.101 • 2Q 1 lP,3 1.274 (,,0000 .9744111 20146.2 ,9090 
55 -.101 o 134 168 1. 071 .0520 .9453726 18473.3 .7016 
55 -.101 .199 211 .563 - .. 1335 .9520858 13742.5 .3991 
85 -.101 .219 238 1.207 -.0667 .978454G 22048.7 .9407 
es -.101 .067 219 1.59 1; -.1322 .966 L,107 23552.2 .3815 I -B5 -.101 • 10 S 227 1.067 -.0609 ,9568615 23626.5 .3974 N 

55 -.101 .088 277 3.260 -.1325 .9415184 22997.7 j.0180 N 
I 85 -.101 .187 191 .826 -.0429 .965460C 16793.5 .55G5 

CORRECTED 
DROPLET VERTICAl. RADIAL CORRECTION FILM· 

ROLL HEIGHT RADIUS SIZE VELOCITY VE.LOCITY OBAR/R SPEED VZR 
MICRONS FR/SEC fT. IN/SEC 

8"6 -,101 .170 156 .467 -.1305 .8837026 15090.5 .2814 
8S -.101 .245 191 1.333 .0492 .969"1979 12907.2 1.1606 
85 -.101 .302 181 1.553 -.0320 .9920094 15942.0 1.6680 
86 -.101 .126 242 .409 -.4369 .9305522 10993.0 .1830 
50 -.101 .206 219 1.246 -.0525 .9972622 15721.6 .9140 
86 -.101 .ln7 230 .962 -.0897 .9928451 16373.5 .6384 

-, -. -. ~~ . ..., ... ~.~ .. 
CORRECTED 

DROPLET VERTICAL RAD I AL COr~RECT ION FILM 
ROLL HEIGHT RAOIUS SIZE VELOCITY VELOCITY OOAR/R SPEED VZR 

MICRONS FRISEC FT. IN/SEC 

[1,7 -.101 .310 187 .802 -.0531 .9756050 11118.3 .8824 
87 - .10 1 .173 309 .It 1 0 -.0466 .9598671 8645.0 .2517 
87 -.101 .211 219 .937 .0183 .9666652 13628.8 .7031 
rq -.101 .314 273 .917 -.0327 • 9 9 06·890 13473.3 1. 0251 
8? -.101 .200 195 .923 -.0372 .9856182 10607.9 • 65 6L~ 
57 -.101 .322 36.7 .808 l.OOOG .9936243 8343.4 .9257 

CORRECTED 



DROPLgT VERTICAL RADIAT CORR~2TION FpLH ROll HEIGHT RADIUS SIZ_ VELOCITY VElOCI Y DB IR SEED VZR 
MICRONS FRISEC FT. IN/SEC 

88 -.101 .326 305 .550 .0144 .9814168 14324.8. .6374 
88 -.101 .297 180 .735 '.0174 ,9866686 13229.1 .1149 
88 -.101 .199 254 1.172 .1074 .9767431 14178.7 .8278 
BI3 -.101 .197 168 1.342 .0658 .9597682 9148.5 .9383 
88 -.101 .176 277 .693 -.1169 .9763422 18812.1 .4333 
88 -.101 .155 254 .427 -.0764 .9442198 18747.1 .2346 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION FIL H 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY D8AR/R SPEED VZR 
HICRONS FRISEC FTeIN/SEC 

89 -.101 .275 176 .795 .0241 .9895243 1;:921.1 .7773 
e9 -.101 .324 270 .779 .0550 .9852561 139.46.6 .8915 
89 -.101 • 3!+ 7 199 .493 -.0441 .9766123 10921.1 .6083 
89 -.101 .3S7 183 .367 .0692 .9959405 17749.4 .4783 
89 -.101 .426 172 .119 .0330 .9759885 13382.8 .1806 

CORRECTED I -DROPLET VERTICAl' RADIAL CORRECTION FIlH N 
VI ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED VZR I 

MICRONS F.R/SEC - FT. IN/SEC 

90 -.101 .429 180 .237 .0466 .9789463 17617.2 .3612 
Sf) - .. 101 .447 1144 .195 -.0502 .9706815 19170.5 .3093 gO -.101 .519 277 .205 D.OoOO .9814001 9t.22 .3 .3792 
gO -.101 .566 148 .076 .0074 .98f,1257 16510.4 .1531 
gO -.101 .507 203 .273 • 0 13~ .9809554 15742.5 .4925 

CORRECTED 
DROPLET VERTICAL RADIAL CORRECTION F Il H 

ROLL HEIGHT RADIUS SIZE VELOCITY VELOCITY DBAR/R SPEED ' VZR 
MICRONS fRISEC FT. IN/SEC . 

91 . -.101 .471 . 168 .246 .()305 .9938968 17542.9 .4114 .• ,_ ," ~MM"~"""~ __ '~ "" 

91 -.101 • 51.8 309 .11.4 -.015-' .9756353 12858.5 .2507 
91 -.101 • 595 117 .114 .0224 .9904208 12436.2 .2406 
91 -.101 • 546 187 .279 U.OOOO .9962369 12000.0 .5416 
91 -.101 .458 168 .132 .0111 .9500986 12000.Q .2150 

CORRECTED 
DROPLET VERTICAL Rr~OIAl CORRECTION FIl H 

ROLL HEIGHT RADIUS SIZE VELOCITY VelOCITY OBAR/R SPEED VZR 
~!CRONS FR/SEC FT. HI/SEC 

92 -.101 .558 191 .161 -.0403 .98513240 21496.5 .3201 
gZ -.101 .58'3 187 .2 LtO -.0372 .9866602 16204.2 .5028 
q2 -.101 , 7 Q ? 1~9 ".10 B tOl!)9 .975266l. 1 <3 6 ~ {3 ./t - .. 2705 



':lc -.101 • ()51 iRO .086 
92 -.101 .616 305 .258 
c:12 -.101 .663 211 .152 

DROPLET VERtICAL 
ROLL HEIGHT RADIUS SIZE VELOCITY 

MICRONS 

93 - .10 1 .714 270 -.402 
q3 -.101 ~ 6g9 lCJ5 -.169 
93 -.101 .745 121 -.078 
93 -.101 .718 117 -.192 

-.0054 
• 0060 

.CjgO~lCj7 

.c:1el 10 
.0168 .c:18 Lt5099 

CORRECTED 
RADIAL CORRECTION 

VfLOCITY O!3AR/R 

.0065 .9894240 

.0262 .'3831684 

.0173 .9871153 

.0157 .986188lJ 

21J~1.~ l7 9 • 
18201.c:1 

FILM. 
SPEED 

FRISEC 

17387.5 
14162.4 
17865.4 
16345.7 

'~2Cj4 • 40 
.3595 

VZR 
FT. IN/SEC 

-1.0195 
-.41'30 
-.2057 
-.4896 

, ......... 

1''> 
-I'>. 
I 
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A3.2 Power La\~" Representation of Tanoential Velocity Prof; les . " 

A~"dlscussed in section I, the tangential velocity, v , at distances e 

tJW1).y from the central axis, is proportional to I/rn for cyclones operating 

wIth tJn air core. 

To test the above relationship for a cyclone operating without an air 

core, plots of log(ve ) versus log(r) were prepared for the five runs where 

the relationship could possibly apply. It has been shown, as discussed In 

~~d i on I, that c 105e to the centra I ax i s a trans i t i on occur"s I n the tan-

gentlal velocity. For this reason the data at r < 0.10 in. was not used 

In the plots in Figures A3-1 and A3-2. 

The slope, n, was determined by the least square method of fitting 

~tralght lines. The values of n are 0.122,0.229,0.334,0.300 and 0.217 

+ for the vertical locations of z = -0.100, -0.135, -0.166, -0.200 and -0.234 

respectively. 
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F t gure-A3-1 
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F igure-A3-2 

Log(v ) versus Lag(r) 
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A3.3 Vertical Velocity Intenrations 

The integrations were carried out using the curves in Figures 13 and 

14. 

At intervais of r+ =0.05, v~ was determined and the v+.r+ product z z 
+ calculated. This Drocedure was done for each of the six values of z • 

, i 

Table-A3-1 lists the results. The resulting dimensionles areas, propor-

tional to the two vertical flows at each elevation are shown at the bot
i 
! 

tom of Table-A3-1. Th~se areas were calculdted using the trapazoidal rule. 

The areas were converted to flows in USGPM by using the conversion, 

I 
USGP~ = area(21 )(Vl2(R)2(449USG?~'1/ft3/sec), 

I 

which has its basis in Equations (I I) a~d (12). The converted flow rates are 

are given in Tab!e-6 in section 3. 



Tab I e-A3-! 

v+.r+ Values at AI I Vertical Elevations * z 

I~ z+= -, I 

L_~~_~~~.J~ __ ~o .~~~ __ ~_ -0. 100 
-0.134 -0.166 -0.200 -0.234 

0.05 0.05 0.09 0.071 0.07 0.08 

L 0.10 -+-_ 1 0 . 03 I 0.108 0.113 0.109 0.108 

! 0.15 I ! 0.0315 0.120 0.138 0.125 0.129 
>- I ,- - I I 0.20 I i 0.232 0.122 0.154 0.136 0.134 

L 0.25 i I 0 • 308 O. 125 O. 158 O. 133 O. 130 I 

; O.Y) ! 0.246 0.120 O.ISO 0.126 0.114 , 
t--...2:?~ _ I 0.165 I 0.105 0.130 0.109 ':~OS 
! __ O.4~ ______ c--___ I 0.175 _ I 0.0864 0.100 0.092 0.084 I 

I 0.45 t -0.108 O. I 13 I O.OSI 0.0625 0.0675 0.0585 

Lr)'50 -0.195 0.120 0.060 0.0300 0.0400 I 0.0250 

I 0.::>5 I -0.270 0.110 I 0.044 -0.0165 0.0055' -0.0165. 
,-I -- -. ..-t- - ----
1 __ :~60 =+=-0.348 f 0.072 I 0.0300 -0.0600 '-0.0360 -0.060(~ 
L 0.65 -0.40) I -0.0975 0.0065 -0.104 -0.0780 -0.104 

I 0.70 .- -=0-.-434 I -0.259 -0.0021 -0.140 -0. 133 -0.154--

r 0.75 I -0.435 -0.353 -0.0675 -0.165 -0.180 -0.2~~-1 
I 0.80 -0.456 -0.455 -0.0120 -0.192 -0.232 -0.248 
, - I 

! 0.85 -0.475 -0.561 -0.176 -0.230 -0.272 -0.289 L 0.90 -0.513 1-- -0.630 -0.2-S8 -0.261 -0.306 -0.324 

\ ___ ,9.95 -_0. :~ -1-~65 -0.456 -0.295 l--t 

i ! .00 -O.b70 ~fiO -0.470 I 
'---
; 4--3:.:-e3 I - I, 0.0794 I 0.0545 0.0553 0.0505 0.0481 I 
I - 21"e3 0.226 O. !66 0.0672 0.0706 0.0648 0.06!6 

*~~o1 e: 
T + + 

v .r = 0.00 at a! I elevat!ons for r = 0.00 z 

N 
\.0 
I 
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A3.4 Calculation of Radial Velocities from Vertical Velocity Data 

The calculation of the radial velocities from the ver}ical velocity curves 

in Figures 13 and 14 involved using an r-z material balance and the 

assumption that the Flow was symmetric the central axis. 

The area representing a smal I vertical flow segment, A is shown in Fig.A3-3. z 

This area is converted to the flow, Qz by 

= 
This conversion has its basis in Equations (I I and(IZ). The area of each 

flow segment was calculated from the data in Table#A3-1, that is, an in

+ terval of r = 0.05 W3S chosen. The individual areas were considered to b~ 

trapazoids. The areas are listed In Table,·A3-Z. 

Using the assumption of circular syMmetry, an r-i material balance between 

+ + z, and z2 show~the net radial tlow is 

Qz\z+ °zl +" 
I z2 

The al-ea for th i s F low, shown in Figure -A3-3 is 2 fir.;,.z. llz was chosen 

as 1.0 inch. 
-+ The radla! velocity at z 

V 
r 21if 

and -+ r is then 

-+ -+ where rand z are the (arithmetic) average values of z and v as shown 

in Figure-A3-3. 

+ 
Radial velocity profT les were determined using the above equation at z = -0. !Ol, 

-0. 134 , -0. 166 and -0. ZOO. 
+ The prof i les at z = ,-0.067 and -0.Z34 were not 

+ + + 
crlculated as this would require extrapolation of the v .r versus z data z 

and no criterion for extrapolation \'las available. 

The calculated values of v Dresented in Table-A3-3, ara also displayed in r ' 

Ftgu:-e-16 where they ai-e compc:r'ed with the experimer.tal values. 
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FiglJre-A3-3 

Calculation of Radial Velocities From Vertical Velocity Data 
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Table-A3-2 

Vertical Flow Seqments (areas) 

~ -0.067 -0.101 -0.134 -0.166 -0.200 -0.234 

I 
0.025 I 0.001250 0.002250 0.001775 0.001750 0.00200 

_---.2.!075 I I 0.00200 0.004950 0.004600 0.004475 0.004700 

~1?'5 I ! 0.001538 0.005700 0.006275 0.005850 0 005925 

1~175 i I 0.006588 0.006050 0.007300 0.0~6525 0.006575 --. 

o.ns ~ 0.01350 0.006150 0.007800 0.006725 0.006600 I 

0.275 ~ 0.01385 0.006150 0.007700 0.006100 I 0.005875 

~ 0.325·· 0.01028 0.005625_ 

! 0.007250 0.004725 0.005750 0.004725 0.002925 I 
I I 

0.425 I 0.005950 0.004425 0.004063 0.003563 0.OOI225~ 

I-- 0.475 I -0.00758 0.005825 0.003525 0.007.438 0.002088 -0.000525 

0.007000 -!--O.005475 _ I 0.004550--1 

0.375 

0.525 -O.O! 163 0.005750 0.002600 0.000338 I -0.000213 -0.0025:58 

~ -;-575 - -0.015,~5 I 0:004550 0.cJ01850 I -0.001913 -0.00191~ -0 004388 I 

0.625 _____ -0.01878 -0.0006375 0.0~0913 -0.004100 -0.004100 -0.006325 

<- 0.675 -0.02093 . __ .::0.00fl9~3 I 0.000111 -0.006100 -0.006450 -0.008625 I 
~ ___ 0.725 ==t== -O·~3~2~ _____ -=9·01~? -0.001740 -0.007625 -0.008925 -0.01053 

0.775 -i -0.02~28 _-I -0.0207.3 -0.004688 -0.098925 -0.01128 -0.01203 

I 0.825 I -0.02328 -0.02543 -0.007400 -0.01055 -0.01343 -0.01363 I 

1

--Q,l375 I. -0.02470 -0.02978 -0.011600 -0.01228 -0.01533 -0.0151 C 

O.(}25 -0.02685 -0.03238 -0.018600 -0.01390 I , 
,----- I 1 1 ____ g.975___ _ t -0.03078 -0.03313 -0.02315 

Vl 
N 
I 
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t 0.025 
--'" -' 

0.075 
-

~25 
0.175 

! 0.225 

I 0.275 

~ 0.325 
, 
~_O.375 r ::;~~ . 0.0842 

0.0252 I 0.525 

~ 0.575 0.0209 

0.625 O. I 12 
-" 

0.675 I 
O. I 10 

0.725 0.0490 
--. 

0.775 0.0805 

0'825 0.0684 
!----

0·875 
c--._- I 0.0530 

l ____ ~·925 0.0310 

l 0.975 0.0276 

Table-A3-3 

Calculated Radial Velocities 

feet I second 

-0.134 

~ -0.0743 

-0.123 

-0.134 

-0.0144 

0.0897 

I 

0.0747 

0.0357 

0.0142 

0.0157 

0.0252 

0.0365 

0.0398 
I 1_ 0.0196 

.---. -_. 

0.0148 
.- I 

I 
0.0375 

I 0.0516 

0.0639 
--

I 
0.0708 

0.0707 

-

-0.166 

0.0708 

0.0224 

-0.00425 

-0.00961 

-0.00905 

-0.000644 

0.00163 

0.0 

0.00718 

0.0107 

0.0190 
-

0.0232 

0.0181 

0.0344 

0.0351 

0.0301 

0.0259 

0.0151 

-0.200 

-0.0319 

-0.00472 

0.00991 

0.0147 

0.0189 

0.0235 

0.0267 

0.0267 

0.0236 

0.0221 

0.0194 

0.0152 

0.0126 

0.0132 

0.0142 

0.0142 

0.0132 

0.0114 
-

--

--

! 
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Appendix A4 
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A4.1 Rotating Scale Screen Calibration 

In order to relate the distance an image moved on the screen to the 

distance a droplet moved inside the hydrocyclone, it was necessary to 

calibrate the screen which was maintained at a fixed distance from the 

projector. 

A transparent scale, divided into mi I limetre divisions, was attached 

to a thin plumbl ine (thread) which was hung along the centerl ine of the 

cyclone. Figure-A4-1 shows the arrangement used to view the scale. 

The scale was set in motion by rotating the plumbl ine gently. Three 

rotations were then photographed using one prism at a time. The prisms wwere 

used separately in order to calibrate each view. When viewing the resul

ting fi 1m on a screen, the distance between two divisions was measured ev

ery few frames. The distance between these two divisions rose to a ma

ximum and then decreased. At the maximum position, the plane of the scale 

was paral leI to the face of the prism under consideration. 

The actual distance between the two divisions mentioned above is 2.0 mm. 

The distance on the screen between these two divisions was measured in screen 

units (S.U.).(One screen unit is equal to 0.5 inch).Screen units were used 

in all fi 1m arialysis, So that conversion factors in screen uniti/mm. were 

required for each view. 

The conversion factors are given in Fioures A4-2 and A4-3 which 

shows the results of the calibration procedure mentioned above. The cal i

brations were observed to be reproducible to within 0.2%. 
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F i gure-A4-1 
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Figure-A4-2 

View A Screen Calibration 
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Figure-A4-3 

View B Screen Cnlibration 
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A4.2 Pulse Generator Cal ibration 

The signal from the pulse generator was analyzed on an osci I loscope 

to find the time between successive peaks. The results are shown below. 

They indicated that no adjustment to the pulse generator was required. 

Frequency of Pulse Time Between Successive 

Generator Signal Peaks 

cycles/second milliseconds 

...... 

1000 1.0 

100 10.0 

--
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A4.3 Rotameter Cal ibrations 

The feed and overflow rotameters were cal ibrated by the author by 

weighing volumes of water collected in a known time. The flowrates were 

computed in USc.,,::1fYl and the cal ibrations shown in Fioures A4- 4 and A4- 5 

prepared. 
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A4.4 Camera Chcracteristics 

The characteristics presented in Figure-A4-6 have been provided 

by the manufacturer. Only the curve for model number K20SIBE is pertinent 

in this study • 
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