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_ratio on the volume/surface diameter of the dispersion in the feed %o

the hydrocyclone was studied using a statistical experiment design.

Secondly, the effect of feed drop si:
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e distribution, o1¢/”’ter ratio,

e

separation in the hydrocyclone was

and overflow/underflow split on t
determined, again using a statistical experiment design. In toth de-
signs; five levels of each Vpri

shape, and temperature were kept consiant. The range of variables was:

1. Mixing Velve Pressure Drop 17.95 to 88.25 mm. Hg
2. 0il/Water Ratio . 0.132 to 0.211
3. Qverflow/Underflow Split 4/1 to 8/1

From the first part of the work it was found that oil/water

retio had no signifi

Q
O

ant effect on the volume/surface diameter, and

linear relationship between the volump/s face dia-

Fy

thaet there was

Y

nmeter and mixing valve pressure drop.
From the second part of the work it was found that veolume

split had the rost significant effect on hydrocyclone separztion
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for the renge of variables studied. The oil/water ratio had the next

tion was also found to be significant, but was the least important of

the three variables, The interzctions of the variables were not sigaia-

ficant. The hydrocyclone separation could ve predicted., The prediction
of the overflow drop-size disetribution agreed very well with the disiribu-

vwired assumpiions
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ircuit flow and drop-drop cozlescence were negligible.
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I INTRODUCTION

I-a State of the Art

L cyclone uses centrifugal force to bring about the physical
separation of its feed components. The centrifugal force is generated
by injecting the feed at a high velocity, tangentially to the wall of
the cyclone. To evaluate the design and operating variables solely
on the basis of a theoreticgl model is presently impossible. The com=-
plexity of the flow patterns in the cyclone, and the large number of
variables dictate that a cyclone dezsign be baged partialiy on émpirical
findings.

To further elucidate the state of the art, cyclones will be
divided into‘two categories: those that use a liquid/liquid feed, and
those that.do not.

T-a-1 Non Ligquid/liquid Cyclones

Most investigations on cyclone behaviour have been with solid/

liguid and solid/gas feeds. Cyclonesz with gas feeds are generally greater

pe

than three feet in dizmeiter. Cyclores with ligquid feeds (hydrocyclones)
renge from a2bvout 0.5 inches up to 20 inchés in diameter.’

To‘predict the separation for a given design, information is
needed on the veiocity profiles. These profiies have been measured by
ter Linden (T-3) using a Pitot probe for gus cyclones, and by XKelsall

(¥-1) using an ultra microscope technique for liquid cyclones, euch on

a given dezign of cyclone. Rietemz (R— ) hos usged. the lavier-Stokes

3
2
0y
o
[

]
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ezuztions to determine ftangenticz 2. liguid cyclone,

6
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several Jjustifiable assumptions concerning the coupling of the three
velocity components (axial, radial, and tangentia 1) The resulting
velocity profiles are qualitatively similar to those of Kelsall.

% perticle size classification curve (¥-3) has been found ex--
perimentally; this may be used with the feed particle size distribu-

tion and the known velo

O

ity profiles to predict cvclou separation,

Heny correlations exist to select the cyclone dimmeter for a given
o /o 2 - -

pressure drop and feed flow rate {(V-3)(B-4)(R-2)(1i~5). Mitzmager

fizrahi (1%-5) have given the most compleie correlation, using

[

dimensioniess groups. This correlation does not allow for valves o
the cyclone outlets, and appears to be only applicable to cyclone
operation with an air core.

Cace the cyclone diameter is‘found, the sizes of the other

cyclone variables can be calculated from the "optimum" ratios sug~

nydrocyclones ‘used to contact and separate

two (or mcre) immiscidle liquids has teen studied by about z dozen
workers. Few studied the effect of design and operating variables on
ohysical separation. Sickin and Olney (5-3) found optimum design wvalues
for hydrocyclones, and also studied ithe effect of inlet velocity, feed

drop size distribution, oil/ reter feed ratio, and volume split (over-

\D

flow rate/underflow split) on the cyclone separation. Th
ernine the effect of oil/water feed ratio on feed drop size, =nd the

effect of increased feed rate on feed drop size distribution and on

O

volone separstion made interpretation of results difficult. For
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heir work, coarce drops were used (0.5 to 1.0 mm. diameter) wherezs

on an industrial scale the drops are likely to be smzll (.01 to 0.5 mm.)
\

(0-1).

I+b Objiect and Scowe of the Vork

) 3

heir small size and large throughput make hydrocyclones attrac-

=3

tive. Aside from the mass transfer, if lig id/lquld cyclones could be
used to sapzratethe oil/water ﬁixtures that abound in oil refineries,
their use would prove voluable. Unfortunately, little work has been
done on those aspects of a 1i qulo/lzowld feed that make it different

fron a solid/liquid feed, Those gsgect of 1qu1d/1iquid feeds are:

"

.

hange in feed drop size distribution with flow rate,

p \.—’
ot
e
(]
¢}

the possibility of getting ccalescence of the droplets in the cyclone,

(1
(2
(

\_/

3) the possibility of getting drop break-uu in the cyclone because of
snearing.
Por a hydrocyclone, suggestions have been given for the optimum

decign dimensions and shape (S-3). However, the effect of operating

variables is not well understood. Therefore, values of degign variatles

may be selected on the basis of Simkin and Olney's work, but information

cn the following operating

U}

variables would te ﬁeeded to predict separa;
tion:

(1) prysical properties of the ligui d/1iquid feed

(2) feed drop size distribution

(3) volume fraction dispersed phase in the feed

(4) tnhe volume split (overflow rate/underflow split)

The above operating variables were selected for the study of a

carbon tetrachloride/wzter system. The information obtain was comnpared
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with that predicted, and differences were explained.

The work was divided into two parts. First, a study of the drop
size distributions in the feed was made. This entesiled photographing
the feed dispersion and determining the resulting volume/surface dia-
neter (Dﬁ’ 32 of the distributions. This mean diameter was then cor-
related with the oil/water ratio and ?he mixing valve pressure drcp.
Secondly, a study of the effect of the operating variables on cyclone
‘separation was performed, The.variablés gstudied in this phase of the
work were drop size distribution, oil/water ratio and volume split.

Ranges of the variables studied are given in Table I-1, along
with reasons for the limits. All other independent variables (such as

temperature and total flow rate) were kept constant,
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IT LITE?L”URE 1

g
S

Ii-a Introduction

‘This work entailed using a ligui d/llquWG system as feed to a
hydrocyclone, Conséquently, the literature review consists of, first,
a consideration of emulsions, and secondly, a consideration of the
cyclone literature.

I7.v Emulsions

The subject of emulsions covers an enormous amount of material.
Therefore, only those aspects of emulsions that are directly concerned
with this work will be considered briefly. This review considers some
of the properties of emulsions and the methods of characterization of
emulsion droplets and distributlons.b

II+.b«1 Erulsion Properties

An emulsion is defined as a mixture of two at least partially
immiscible ligquids, with one liguid dispersed as droplets in the other

liguid. The emulsion can he unsteble or stable. 4in unstable emulsion

[
9]
Q
Ia]
o
5

here the droplets settle out and coalesce shortly after the
erulsion is formed. A stable emulsion is one where the droplets do
not settle out and do not coalesce.

Droplet size, in most cascs, ranges from 0.01 (o to 500

/ /

Imulsions are cozrse if the droplet sizes are >20/x and fine if the

i

droplet sizes are <204 (C~2). In thig work, rather than use the term

/ \
"uistable ermlsion”, the terw "dispersioa' is used to imply an unsiable
erulcion of relativels conrce droplets.

g e
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Emulsions may contain surface active agents whose purpose is to

L prevent drop~drop coalegcence

,.)

a.bilize the emulsion. These ager
when the concentration of dispersed phase is about 15% by volume (11-1),
One very impoxrtant prop=rty of “w1szoqs-1s viscosity. Generally, the
viscosity of an emulsion increzses as all drops are made smeller in
size, snd as the drop size distribution is made more uniform (0~2).

The next section considers some means of describing the drop

size distribution present in an emulsion.

D

Ii.h.2 »Characterization of Emulsion Drop Size Distributions

The Gaussian Distribution Law has been applied to the déscrip-
tion of particle size distributions, Distributions that appear to fol=~
low this law give straight lines when plotted as particle diameter

vergus percent of total drops smeller than this diameter {on a prot

)

-

3

bility scale). Many distributions generated by crushing, grinding, or
srenring forces are log-normal distributions, A siraight line will

regult if thése distributions are plotted as logarithm of particle dia-

—t

reter versus percent of total drops swmaller than this diameter.

The diameter at the 500% probability po'nt is the geometric

i

+
V)
ot
ct+
o3
D
-
\n

. et . . v e -
mean diameter <D . If the diameter L8755 point is divided
P&
into <Da> , & measure of the scatter or range of the dispersion resulis,
called the geometric standard deviation tfé. Together <D£>v and @

completely specify a drop size disiribvution, if it is log-normal.
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Mugele and Bvans (M~8) discuss the different methods of char-
acterizing dro? gize distributions, and conclude that the log—érobabi-
lity procedure is fundamentally correct. These authors also coasider
the czse wvhere a maxirun drop size can exist in an emulsion, due to the
mechanism by whioh'the drops are Torned, and due to {he flow conditicns

of the emulsion (S-5). A specicl "upper-limit function" is defined

L

so that the presence of a ma: m drop size does not cause deviation
from a straight line on log-probability paper.

Several recent papérs have gppeared in the litefature which dezl
with the proper method of caiculaiing cumulative voluﬁe percents from.
neasured particle diameters. Wise (W-2) gives a pr@cedure for calcula-

4o

ting true volume or surface distributions from measured drop size dis-

2.

trivutions, This method is not necesszry when the drop size distribu-
tion follows the log-normal law,

A very important procedure to zpply to log-normnl distributions

is given by Guyn =t 21 (G-1). This puper corrects for the drop size

distribution sample not containing zn elusive "larger drop" than the

lorgest drop observed in the sarple.

3

he definition of meon digmeters is given in appendix 5, along
with an example of the Guwyn et al procedure.
IZ.c Cyclones

The literature on cyclones will now be considered, but only the
literature on liquid/liquid cyclones will be conzidered in detail., 1In

te'"Cyclone Theory" section and the "Operation and Design' section, im-

portant papers from the entire cyclone literature will be referred to
J ]

fode
jo7

cut not counsidered in depth.
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Throughout this thesd the terms "cyclone" and "hydrocyclone'
will he used interchangeably, with the understanding that the cyclone

feed hes liquid as the continuvous phase.

IT-c+1 Idgwid/licuid Crelone

%)

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

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

=
[N

th vastly different 1iquid/1iquid systems, and for many sizes of cy-
clones., TDumphasis has been more on the mass transfer ability of the
cyclone, rather than a consideration of the cyclone variables themselves.

IT+c+2 Cyclone Theory

In the cyclone field, there zre two main theories to explain

the observed cyclone beraviouwr, These theories will be considered in

+

detail in appendix 4, Tubt will be briefly mentioned here.

The first theory is the work of Kelsall (¥-1), Bradley (B-2)
B-4) and Lilge (I-1), and has been used by many other workers. To
introduce this theory, first consider the flow patterns iﬁ & cyclone,
as given in Figure II-1. Flow is seen to be dow 2t the walls and up
at the centre. Therefore, it may be seen that at some radius in th

cyclone there 1s zero vertical velocity. The locus of zero vertical

3]
l—J

velocity is indicated by the dotted line in Figure II-1. The radia
liquid velocity is high near the cyclone wall (directed inwgrd 5) 2nd
decreages tovard the centre of the cyclone. Since cyclone centrifugal
force throus =z particle toward the w2ll, the particle's umotion toward

the wall will be retarded b" the invard liquid flow. There will be a

varticular radius in the cyclone a2t which the centrifugal force on a
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FIGURE II-1

VERTICAL AND RADIAL FLOWS IN A CYCLONE

= = = locus of zero
vertical velocity
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particle of a given size is equal to the drag force on the particle.
Large particles will be in equilibfium near the wall, and small par=-
ticles will 5e in eguilibrium near the cyclone centre. DParticles which
are in equilibrium beitween the locus of zero vertical velocity and the
cvc]o..v centre will be carried by the upward axisl flow to the overflow,

and vice versza for the particles on the other side of the zero vertical

pected. DNormally, however, the pariticle classification is not sharp,
presurably due to turbulence in the cyclone. A particle which is in
eﬁdlllbrldm on the locus of zero vertical velocity will have a 50“
chance of going to the overflow and SOp chance of going to the under-
flow, and so it is termed the <Dp)50 size particle. Formalizing the

obgerved classificztion curve results in Figure II-2, The observed

I
curve’s shape is supposedly entirely general (Y-3). Therefore if the
0 size con be predicted (zee appendix 4), the expecied cyclone

performaiice can be evalusted from a knowledge of Figure II-2 if the

feed particle gize distribution is lnowm,

v

Criticism of this model iz widle~gprezd snd ig well summarized

-

The second model ig the work of Rietema (R-2). This model
azzumes the cyclone is operaoting with an air core as shown in Figure II-3.
L particle which goes S50% to the underflow, if injected at the centre

the cyclone, Rietema

a fuction of cycloae

dimencions and velocity raticcs,

of turtulence causing the obeserved particle
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classification was rejected by Rietema who assumed no turbulence in
his derivation and justified it, Idzrahi (l6) has extended Rietema's
analysis to show how such an observed classification curve can arise
without turbulence.

Rietema's model appezrs %o be realistic, although it makes no
zllowance for the several separation mechanisms that Mizrahi mentions

2.8 being operable in a cyclone

II-c*3 Cvclone Operation and Des on

4

hs discussed in the above saction, it is apparent that the

cyclone zcts as a classifier., However, it is also possible to operate
the cyclone as a thickner, The criterion for this latter operation is
to concentrate the feed particles and renove clear liquid. There are

1

meny papers with illustrations of the cyclone acting as a clagsifier

o
o
W
%
o)
o
ok
o)
=
ened

operation repeatedly appearing in the

cyclore literzture is called short cirecuiting., This is feed which

passes directly from the feed inlet, across the cyclone roof, and down
the outside of the overflow pipe +to the overflow, ‘The existence of
short circuit flow has been shown quite dr&mma,lcallj by Lindner (1-2)

using pzint to make boundary layer flows visible. Bradley (B-5)

also done similar work using dyes. Kelsall (K-1) estimates short cir-

LA

cuit flow at 155% for his particular design and operating variables.

To design 2 cyclone reguires a knowledge of It also

(D
\ p)5o
regquires an estimate of the cyclone pressure loss to be expected, A

generzl correlation has recently bveen given by Mitzmager and Mizrahi

—

2

e

{1
-

:

1=5), tat it o

20 allowance for Valves on the cyclone overflow
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and underflow. Several papers (I-1)(R-2)(M-7) give examples of cyclone

design for solid/liquid feeds.

O

To conclude this section, some mention should be made of th
criterion of cyclone separtion., This criterion can be an efficiency
such as the one defined by Siwmkin and Olney (S=3) which is easily deri-
vable from a cyclone material bzlance. Tengbergen and Rietema (T-1)

considered the guestion of efficiency and decided that

i
O
N
'Jc
H
£
D
8
o+
[13)
S

o

dequetely represents cyclone performeance. Simkin and Olney's and
Tengbergen and Rietema's definitions are equivalent., For this work

Simkin and Olney's definition was used., It is

8} Y _; : ]

Q -Y Q Y, - Y,

By = ?"2' §-Y1 ! 7\2 1‘1'3
1 1 “ 1

Hote that these definitions do not define efficiency uniquely
becsuse they are a function of both flow rates and compositions., TFor
“

this work, @, was held constant, making efficiency unigue for varying

operating counditions.
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IIT EXPERIMENTAL APPROACH

1IT-a2 Introduction

Y.

The objectives of this work dictated that the experimental work be
divided into two parts. Firsi, the incoming feed drop size distribution
hzd to be controlled and meassured. BSecondly, the effect of the three

variatles, feed drop size distribution, oil/water ratio, and volume split

on hydrocyclone geparstion efficiency hiad to be determined.

This chapter considers the variables in the work, the eguipment
that was used to measure and coantrol the variables, and then outlines

.

he procedure used in both parts of the experimental work.

+

i

III.» Variables in the Dezign znd Operation of z Hydrocyelone

The two sets of variables are:
1.) the hydrocyclone design variatles

2.) the operating variables

1

The hydrocyclone design variatles determir e and di-

=
w3
0]
}_l
ot
w
0]
)
Jy]
3

mensions. They are:
Cyclone diameter ...veeeeerennaceens D
Tnlet GiameteT +veve.vevneseecnensss D
Overflow dizmeter ceceeivenveracosss D

Underflowv diameter oivessvesessonans D

)
.
.
.
.
.
-
»
.
.
.
.
.
.
-
.
o

Included cone angle
Cverall verticzl leangth of cone .... L
Vortex finder length .cvieveveensenes L2

Height of cylinder vevevsssenssensas I

velves on outlets ...... yes or no

e )
Round feed cross section vvv.vevvvs. y€5 OT RO

= =20~
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The cyclone dimensions are shown in Figure III-1. For this work,
no cylindrical section at the inlet waé used since the literature is con-
flicting as to whether a cylindricel section is necessary. The common
ground seemns to be that a cylindrical section providés lower ¢yclone pres-
sure drop, and eage of fabrication when the feed inlet is attached. Both
these criteris were not importsznt in this work., A round feed cross section
was used.

The cyclone dianeter T, was arbitrorily chosen as 2 iaches I.D.
J J

c
Using references (B-2) and (8-3) which give "optimum" cyclone dimensions,

the remaining design variables could be found. They were:

D1 = D2 = D3 = Of%75 inches I.D.

8 = 107
L =-8.5 inches

2.0 inches

=
n

The presence of vslves was dedirable since the cyclone was to

5

te used for different operating conditions. Ordinarily, D3 < D2 and the
o

cyclone discharges directly into the atimosphere allowing an air core to

develop.

&

The operating variables determine the efficiency with which = given
cyclone will operate., TFor a liquid/liquid feed, the varizbles are:
1.) Teed Condition
a.) immiscible liqwid/liquid system physical properties
)

0il/water ratio

d.) concentration of surfece active agent

“
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PIGURE III-1
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2.) Inlet velocity
3.) Volume split (overflow rate/underflow split)

4.) Pressure drop (P1 - P,, for example)

2?
5.) Air core
The irmiscible liquid/liquid system carbon tetrachloride/water
sas chosen. The oil (carbon tetrachloride) was dispersed in the water.
The liwitations of the photographic technique detlermined the upper limit
for the oil/sater ratio and the fineness of the feed drop size distribu
tion. The concentration of surface active agents was not controlled, but

P

iz 1). The feed was ot Toon tempera-

jor}

vas measured Jadwrpo v (see Append
ture, Inlet velocity was kept constant because it represented another
varisble in both the feed drop size disiribution axnd cyclone separation

. . i . ) .,
svudies,  Volume split was coasiderad to be an important varizble. The
instzllation of valves on the outlet lines of the cylone permitted the

J P

volume split to be varied e,81li

B8ince the cyclone volume split could be changed, the cyclone

precsure drop 2lso became a variable, although not exzily controlled.

¢,

Ty +%N4 - - +7 o ~ T oy T 3 2 o - P -~
In this work,; the pressures P1, 92; and P, did crange and no attempt
728 made to control them,

Therefore, the variables that were chosen for study were:

1.) feed drop size disiribution
2.) oil/water ratio
2.) volume split
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The equipment may be divided into two functional sections; feed
preparation, and the test section. A photograph of the entire equipment
is glve1 in Figure I1T-2

III-c+1 TFeed Preparation Seciion

The carton tetrachloride and uater were taken separately from the

reservoir (1) and puwaped by two feed pumps (2) to their respective rota-

meters (3). After the oil was dispersed in the water at a mixing iee

ck
iy
D
fen
}.J -
[
e
0]

rsion passed through a mixing valve (4) where the drop size

distribution was changed. 4 mercury manometer measured the pr

r.u

drop across the mixing valve, and a Bourdon pressure gage (5) ne
Just bvefore entering the test section, the drop

size distribution wasz photographed at the optical cell (4) using an

1 . ' - &
To sur ze, as the fesd enters the test section, 17 consists
£ & predetermined amount of oil in water, and of a predetermined drop

size distribution at a certain flow rate and pressure. TFeed temperature

The test section conmsisted of the hydrocyclone (7) and the over-
flow and uaderflow fanks (8) and (9) which were used to measure overflow

znd wnderflow rates, respectively. Manometers measured the overflow and

underflow pressures 92 and P5' ' N
Camples of the overflow and underflow strears were taken directly by

nlacing flasks under both streans, simultaneously.



UNDERFLOW
TANK
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II1+d Procedures

The procedure used to determine the feed drop size distribution
is cengidered first, and then the cyclone separation procedure is out-
lined,

IIz-4d-

-

~

the volume/su$ ace diameter of the feed drop size distribution was deter-
mined first. A composite statistical oxperlwent design for the two
varizbles at five levels was used (a total of 12 runs).

Severai photographs of the feed dispersion were itaken for each
run, and about 500 0 2000 drops were sized and counted for each run,

using a Zeiss particle size analyzer. From the size distribution gix

|J

by the analyzer, a volume/surface diameter could be calculated, This
photegraphic method of sampling the feed dispersion did not disturd the

dispersicn in any way, Details of this method are given in Appendices

I11T-d«2 Effects of the Variables on Cvclone Senaration

Once the feed drop size distribution was known as & function of
the oil/water ratio and mixing valve pressure drop, the effect of feed
drop size distribution, oil/wﬂver ratio, and volume spliit on the cyclore

separation could be determined. The experimental work was planned on

the basis of a composite statistical experiment design for the three
raristles at five le (20 trials).
Since the feed drop size distribution could be contrclled bJ

tne miwing velve, it was not measured during the separation study. 3By

adjustirg the valve on the cyclone underflow, the volume split was set
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by trial and error, three trials usually being sufficient. The cyclone
overflow valve was fully open. Then, for & particular oil/water ratio
and feed drop size distribution, the outlet streams were sampled twice
within about 30 seconds. DRuns lasted ahout 2 to 3 minutes, since the
overflow stream contained very small oil drops and was retained in the
overflow tank, rather than being discharged immediately back into the
reservoir,

The overflow sample contained 0-5 volume percent carbon tetrach-
loride in water, and was analyzed by extraction of the oil with hexane
and measurement of the refractive index of the extract. The underflow
sample was 75-90 volume percent carbon tetrachloride and was analyzed by
turbidimetric titration. Details are given in Appendix 2. 3Both analyses

were accurate to within 5%.

The mutual solubility of carbon teirachloride
and water was too small to be measured by the above technigues,

Steady state was reached very rspidly within the cyclone, since

Fe

residence time in the cyclone was about 0.5 seconds, and since the two

samples of esch stream showed no time trend.
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This chapter congsiders the results of the drop size distribu-

&
tion work and the cyclone separation work, Since theory in bvoth sresas

is mezgre, explanztions of results are gualitztive for mozst of the

[0

discussion.

IV-b Effect of the Varizbles on the Feed Disnersion

Details of the experimenitial procedure and data obiained are in

the sppendices. Tirst counsider the statistical resulis.

The data on Sauter mean diameter (Dg'zz versus mixing valve pres-
. P

sure drop (x1) were correlated by the fO]LOWlﬂg egquatior (u ing leagt
squares)

{p2 55 = 32464 - 1.69 x,

v 32

whers

<D§>52 = Sauter mean diameter (microns)

X, = mixing valve pressure drop (mm.7g

The effect of oil/water ratio was not significent and so is

not included in this egquation. The multiple correlation coefficient

s o :
for +this eguation is

[0}
O
.
».\]
I~
Y]

vaich is significant at the 955 confidence level. then a gecond order
o /D/ A

ion coefficients

28



but that coefficient for x, were found not to be significantly different

from zero.

"

A plot of equation (1) with the datz is given in Figure IV-1.

ize Distri-

[6)]

IVeb«2 Discussion of the Effect of the Variables on Drop

irst consider oil/water ratio. To explain why this variable
had no effect on the drop size distribution for the range that was
studied, two explanations may be‘advanced. The reproducibility of
<I§?32 shows a fair degree of scatter, the standard deviation of ob-
servations éﬁ the centre point being 13/%. This scatter may be mask-

4.

ing the oil/water ratio effect, inferring that the oil/water ratio

-

3 - . 3 > ‘ s (/
effect is small, Meglecting it will have little effect on xD§>32,
To confirm the above r2asoning the work of McDonough et al

(M—4) is cited. It gives the following empirical relationship for
immiscible liquids flowing through an orifice

. . . . 0.
interfacial area A= (volume fraction dispersed) ?
phase | .

or Ax f 0.9
In otrer words,

(D35,

p

(3

Iy
£

n
]

(constant) (¢)0.1

7

Therefore increasing the volume fraction of dispersed phase gives

w

small incresse in <D§>52 for the sane pressure drop across the orifice,
fo explanstion was offered for this behaviour. If the oil/water ratio
did have an effect on.(Dp>32 for this work, it was too sm2ll to ke

noticealtle compared to the experimental error.
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The second explanztion is based on the mechanism by which the
drops are formed. For this work, drops of o0il are formed in the water
at a nixing tee, and these drops are then broken up at the mixing valve.

o 1

The mechanisw by which drops of one phase form when injected into another
phase, and the mechanism by which drops are broken up at an orifice is
not well understood. Intuitively, the relative volumes of one phase
to the other would not seem to have an effect on <Dg>32 unless drop-~
drop coalescence occurred. TFor the experimental apparatus, the esti-
mated time for the dispersion to travel from the mixing tee to the
optical cell was 0.3 seconds. Thereﬁcoalescence would have to be oc-
“curring very rapidly for the drop size distribution to be changed
considerably before it was photographed and entered the hydrocyclone,
It may be concluded, then, that the oil/water ratio-does not seen to
have an effect on drop size distribution and that this can be attri-
buted either to no drop-drop coalescence, or to a large scatter in
the data masking any small effect of the oil/water ratio on <Dg>32.
Consider the mixing valve pressure drop. With the mixzing valve

fully open, the drop size distribution is given by run 10, When the
valve is closed the drop size distribution is given by runs 8 and 9
for P1 = 52.95 and P2 = 88.25 mn.Hg pressure drop, respectively.
Figure IV-2 shows qualitatively vhat is occufring.

The three distributions show that large drops (}100/») are
being broken up at the valve, The number of small drops (<10q/x) is
therefore increased. This accounts for the increased percentage of

snall drops in the distribution as the mixing valve is closed.

The greater the pressure drop across the mixing valve, the more
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interfacial area produced (see (1-4)). Therefore the ﬁumber of large
drops in the distribution decreases with increasing pressure drop. In
effect, two distinct drop size distributions are being created. This

is quite evident from Figure IV-2. " The experimental cumulative numbexr
distritutions given in Appendix 3 shoﬁ that the large drops deviate
markedly from the log-normal distribution as defined by the small drops,
when mizxing valve pressure drop increases. Table IV-1 shows the changing
number of drops observed in the photographic samples as pressure drop
increases.

In connection with the work of Mugele and Evans (11-8), it is
seen that the mixing valve serves to limit the maximum drop size. The
fact that the cumulative number distributions given in Appendiz 3 seem
to asympfote maximum values of drop diameter indicatesthat there are
”upper;limit” sizes in the drop size distributions. An example is
shown in Figure IV-3., The distributions in this work are the type
coasidered by llugele and Hvans for the "upper-limit" function that
they propose. Their anzlysis was not used, however, since the Guyn
et a2l corrections were applied directly to the drop size distributions.

IV.c EZffect of the Variables on Cyclone Efficiency

Details may be found in Appendix 3. Here a summary of the results
are presented and an attempt is made to explain their significance.

IVece1 JBtatistical Results

The cyclone efficiency B (defined in Chepier 2) was experimen-
tally determined as a function of the oil/water ratio (x1), the volume
/ .

split (x2) and the feed drop size distribution (XB\ Regression of the

data with a second order polynomisl showed that the second order regression
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VARIOUS S5IZE

TABLE IV-1 HUMBER OF DROPS OBSERVED AT
S11 L LVE PRESSURE DROP

INTERVALS POR LaC?A NG MIXING \.

UIBER OF DROPS COUNTED TH SIZE
THTERVAL PER TOTAL OF 1000 DROPS
OBSERVED
SIZE = 17.65] P =52.99 -
IHTERVAL mn,Hg mm. g mm.
()
50 - 65 86 109 118
70 ~ 90 140 146 149
110 - 125 67 72 81
152 - 17 65 45 33
4185 - 210 69 57 21
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=36

coefficients were not significantly different from zero at the 95
confidence level. A linear relation was subsequently fitted and this

resulted in the following equation

E
s

19.45 = 4.419%, - 8.837x, - 2-939X5

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

+2 as given in Table A3%-6, and the cyclone efficiency is in percent.
The multiple correlation coefficient for this equation is 0.959 which
is significant at the 95% level.

Since thé standard érrors of the partial regression coéfficients
are equal ‘here, the mégnitude of the coefficients themselves gives én
indication of the importance of the‘variables}, Therefore, from the
above expression, the variables czn be listed in decreasing order of

Volume split (X2)

0il water ratio (x1)

Drop size distribution (x

3)

-y

This list of the variables is spplicable only for the ranges of the
variazbdles studied in this work.

IV.c.2 Discussion of the Iffect of Cwvclone Varizbles on Bfficiency

Since this work has been divided into two sections (1) deter-
nmination of feed drop size distridutions, and (2) measurement of hydro-
cyclone efficiencies, mention is made of whether <D;'52 (Sauter nean

dismeter) chenged with time. TBach varizble is cousidered in tura.

(i) DBffect of Dron 3Jize Distribution on Cvclone Efficiency

Drop size distrivution was seen to be the least important of



the three variables studied. Its effect on efficiency may be seen in

FPigure IV-4. These results do ﬁot contradict what would be expected,

since the more small drops there are in the feed, the more sma 11 drops
there are that go to the overilow.

The drop size distribution work was done over a period of three
weeks. This was then immediately followed by efficiency measureneant
which took two weeks, Since \12?52 was determined four times for all
veriables constant, at the centre point of the experiment design, then
any time trend in(ﬁ&?éz should be apparent. Table IV-2 shows the
runs done at the centre point in the order'that they were carﬁied out,
and the result 1ng-\5> . Any time trend in <Dg'32 may be completely
overshadowed by experimental error, and Table IV-2 indicates that this
may be the case. Therefore it is reasonable to assume that <bﬁ>52
would remain close to the predicted valﬁes during the cyclone efficiency
work.

The Sauter mean diameter‘<Dé>32 was chosen to represent the
drop size distributions because it.ié directly related to the forces
influercing separation in the cyclone. The concept of a particle being
in egquilibrium becazuse the ceanrlflvﬁl force on it equals the drag
force due to radiai flow of ligquid was presented in Chapter 2, The
centrifug=l force on a particle is a function of its mass, and there-
fore its volume. Tﬁe drag force is directly bfoportional to the par-
ticle area normal to the direction of flow, and therefore the particle

surface area., SJince <bé>52_is defined as:

(&f) - (6)(sum of particle volumes)
7 32 (sum of particle surface areas)
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TIGURD IV-4 EIPECT OF FuSD DROP SIVE DISIRIBUTIOCN
i CYCLOIE EXFICIENCY

100

90 ¢+

(G

60 ¢

Large Drops Small Drops

295_; ¢ 265 1. . 235 1 205 ;¢ 175
0 +1 +2

x, (leve
f) (level)

Efficiencies for x, at -1 and +1 levels were determined by aversging



TABLE IV-2 POSSIBILIYY OF A TIME TREWD
N THE VOL \K"‘ SURFACE DIAMETEL <D>

RUN { D; 2 ()

(in order done)

1 212.1

7 230.5

Standard deviation at centre point is 15.5% .
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it is a direct measure of the forces acting on a drop. A small <D3*72
5

indicates small drops, high drag, and hence many small drops in the

)

cyclone overflow. A highﬂng; indicates large drops, predominance o
centrifugal force, and few drops in the overflow.

Consideration will now be given to a calculation of the im-
miscible o0il concentration in the overflow to see whether this con-
centration increases as the Sauter mean diameter decreases. First
consider the observation that the underflow is never completely oil,
but is slways & mixture of oil in water, even thcugh the underflow
rate is less than the oil being separated. This infers that there
is little or no drop-drop coalescence. HNow consider a sample cal-
culation of the overflow oil conceatration.

Data
L3

ot

A1l variables = he zero level.
Q = 4,042 IGFII
Q2 = 3,465 IGPM

Q = 0.577 IGPH

3
- TN
Q‘Oil = O! 594 AT
Q = v Fli
“water 5.448 1GFI

Assuning (DP)5O = 4Q;L, it is found by using the particle

3

~
BS

-

i

o)
e}

size classification curve that 0,003 IGPH pass to the cyclone
overflow beczuse of drops too svall to be separaited by the cycloae.

. . 5 - .
Assuming that the underflow will never have less than 15% void

space between the oil drops, then:

water in underflow

i
=
oo
(62N
=
Q2
F
(]

-15%.577

577 - .086 = .490 IGPM

0il to underflow
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Therefore oil to overflow is
.594 -~ .490 = 0.104 IGPM

Therefore, calculated overflow oil concentration becomes

9104 © 400 = 3.0% oil
5.405
Similarly, the overflow oil concentration for other levels of
the drop size distribution can be found, assuming constant 15% water
in the underflow when the underflow rate is less than the oil being
separated. The results of these calculations are given in Table IV-3.
Since a constant underflow water percentage was assumed, 211
calculated overflow o0il concentrations are equal., This is because
the underflow void fraction has been assumed independent of drop size
distrivution (which it is not), and becazuse the 0.003 IGPH of o0il goizng
to the overflow is not sensitive to changes in feed drop size distribu-
tion.
The explanation of the differences between t
caleulated overflow oil concentrations is 23 follows. Uniform spheres,

it in the void spaces

the sphere gizes, the smaller the void space will bvecone.

The drop size distrivution becomes more wniform as the level of
%, increases (-2 level to the +2 level). Therefore, the water in the
voidez is less than 150 for the drop size disiribution at the -2 level,
and grezter than 13575 at the +2 level. Hence, at the =2 level, nore
0il will go out the underflow *than was asgssuned, and so legs oil will

<

g0 to the overflow. &t the +2 level, less 0il goes out the underflow
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CTL COI
" DROP SIZE

CENTRATION TH CYCIOWE
IBUTION, ASSUMING 1505 ¢

OV”R:LOW A3
o I U

OBSTERVED ,fé CALCULATT
LIVEL OF . -

OVERFLOY 0T FLOY OIL

“3 COCENTRATION TITTRA

-2 2.32 3.00

-1 2.38 3.00

0 3,25 3.00

+1 3.42 5.00

+2 3.83 3.00

and x level

-42-
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ssumned, and .so0 more oil will go to the overflow.
This explanation of the obgerved results is dependent on no

drop-drop coalescence, First, mezsurements made on drop drag showad

that surface active agents were present in the carbon tetrachloride/
water system used. This i1s sufficient to prevent drop-drop cozles~

cence., It shonld also be pointed out that carbon tetrachloride drops
did not wet the walls of the glass cyclone. Therefore no layer of oil
would be present at the cyclone wall, even if drops did coazlesce,

Finally, the overflow drop size disiribution was photographe

&

0
jon
pl
B
Qs
1.

s
given in Figure IV-5. To explain this observed distribvution, coasider
Figure IV~6. Small feed droplets fed at the cyclone wall may not rezct

heir eguilibrium envelopes and therefore may exit at the cyclone under-

ising mixture of droplets at A contains hoth small

0
[]
3

flow. Thus t

drops and largé drops which are unable to pass out the underflow. Assum-

ing no drop-drop coalescence, the dispersion at A isg similar to the

feed dispersion. Since it is known that 175 of the feed oil is unable

to go out the underflow when 211 variables are at the zero level, the

overflow drop size distridution may be-calculated if a <Dp>50 valu

is known. TFigure IV-5 shows that for a (D ) of 25, and fdr a percent feed
p’/50 H

0il to overflow of 15%, the best fit is obtained. Table IV-4 gives a

swamary of the curve fits obtained for various conditions.

ze distrivution is further

t-h

The prediction of the overflow drop s

evidence for no drop-drop cozalescence. It is also further evidence that

O

(D)o~ is about 254.
5750 7
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FIGURE IV-6
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TABLE IV-4

or (D AND OF P
( p)SO

SUMMARY OF CURVE FITS FOR VARIOUS VALUES
LRCENT TEED 0IL TO OVERI'LOYW

Lffect of (Dp)SO and % 0il to
(Dp)50 Overflow on fit
used 10?"5 1 573 2073
20/3 4 5 4
25 ¢ 2 1 2
30 0 4 b 4
/
1 Excellent fit 3  Fair

2 Good

4 Poor

~46~
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(ii) ZEffect of 0il/iWater Ratio on Cyclone Efficiency

The feed oil/water ratio was seen to be -the secoﬁd most impor-
tant variable. Its effect on hydrocyclone efficiency may be seen in
Figure IV-7. Intuitively, if the fraction of o0il in the feed rises,
then the grezter the gmount of oil in thé overflow will be, for the
same volume split.

The overflow oil concentration may be calculated in the saﬁe
manner as before. The calculated values along with observed overflow
0il concentrations are given in Table IV-5, Considering the possible
errors in determining flow rates and sample compositions, the cal-
culated and observed overflow o0il concenirations are in reasonable
agreement,

(iii) Effect of Volume Svlit on Cyclone Efficiency

The volume split was seen to be the most important variable
of the thres variables studied. ts effect on hydrocyclone efficiency
is shown in Figure IV-8.

The overflow o0ll concentration may be calculated as before,
assuning a coastant 15% water in the underflow. The results are given
in Table IV-6. Once zgain the agreement between observed and calcu-
lated overflow oil concentrations is reascnable, considering the
posazible measurement errors. | .

Cyclone efficiency is seen to be highest for a volume split of
4/1 (the =2 level). However, as the volume split is further reduced
to 3/1 and 2/1, more water will appear in the underflow and efficieﬁcy
should pass through a maximum at some point, Since essentially no

0il was present in the cyclone overflow (0.10%) at a volume split of
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TiBLE IV-5

OIL PERCELTAGE IN CYCLO
OF OIL/UATER RATTO, ASSUMIKG 15

AR

7o WAL

IVE OVERF

ER IN THE UNDERFLOW

AL

LEVEL OF

B3 CALCULATED
%, OIL I OVER- % OIL IN
FLOW OVERFLOYW
-2 .65 0.40
-1 2.02 1.36

3.25

3.00

+1

3.78

4.82

+2

5.57

z2 and x, at zero

3

level
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TABLE IV~6 OIL PER

C
a

A
MING 15% WATER IN U

Eop
Lol
e
)

~5]m

GE IN CYCLOLE OVERFLOW AS A FUNCTION

OF VOLUME PLIT AS JNDERFPLOW
LEVEL OF OB3LERVED OIL CALCULATED
X, CONCENTRATION OIL COHCENTRA-
VOLULE ¢% TION VOLUME %
-2 0.06 0.10
-1 1.10 0.63
0 3.25 3,00
+1 4 ] 69 4 . 67
+2 5.50 5.91
x1 and x3 at zerc level
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4/1, further reducing volume split will result in even less o0il in the
overflow., Efficiencies for volume splits of 3/1 and 2/1 (-3 and -4
levels) can then be calculated. These calculations are summarized in
Table-IV-7,'and the efficiencies are plotted in Figure IV-9. Cyclone
efficiency is seen to pass through a maximum for a volume split of
4/1 (-2 level).

This is easily explainad. The underflow was seen never to be
pure 0il, but always a mixture of oil drops in water. Although the
underflow rate equals the oil feed rate (all oil assumed to be sepa-
rated) at a vdlume split of 5{8/1, the underflow always contains water,
so at this volume split some oil goes to the overflow. Vhen all the
0il can go out the underflow, efficiency should reach a maximum, which
is roughly at a volume split of 4/1. This is similar to the argument
of Simkin and Olney (S-3) who point out that cyclone efficiency is a
mexirum when that phase which is in the largest quantity is 2lso purest.

This can be deduced from the efficiency definition,

Q I =7 Q Y. =¥
g _ 2 f 1, 3 1 3

.

since the first term is the largest, and since the efficiency is re=-

becguse the second term is small,

Vs

Efficiency would seem to be a maximum when T, was approximately unity.

latively insensitive to changes in

This section has shown that for maximum overall cyclone effi-
ciency, there is aﬁ optimum volume split. nfortunately, this volume
split can not be predicted because the o0il wets the glass cyclone wall
and because there is no drop-drop cozlescence.

If the feed drop size distribution is known, a mixture of solid
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- TABLE IV-7

EFPICIENCY CALCULATIONS FOR VOLUME
SPLIT AT THE -3 AND -4 LEVELS

VOLUME SPLIT

5/1

VOLUME SPLIT

2/1

-3 LEVEL OF

VOLUIE SPLIT

-4 LEVEL OF

VOLUME SPLIT

Qqs IGEN 4.042 4.042
8,y IGPH 3,032 2.695
Qs TGPU 1.010 1.347

¥, 0.855 0.855

¥y 1.00 1.00

V5 0.411 0.560
Efficiency % 88.0 78.2

Agsuming no o0il in overflow, underflow is all feed oil

rlus water not

going

out overflow,

~5%



FIGURE IV-9
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spheres can be made having the same gize distribution. The spheres
may be a factor of 10 or 20 iarger in diameter, but if the void space
for this mixture is determined experimentally, this void fraction méy
be used to estimate the water that will appear at the‘underflow{
IV.c Summafz
This work was not intended to be exhaustive, but rather it was
" used as a means to study thosé few cyclone operating variables that were
felt to be most importaﬁt for a 1iquid/1iquid feed, No quantitative
statements regarding the applicability of the results of this work to
other cyclones can be made since only one cyclone of one particular
design was used, with only one liquid/liquid system. However this work
has brought out several points, and they will be briefly touched on.
Using an oil which does not wet the cyclone walls means water
will 2lways appear at the cyclone underflow because the oil is always
dispersed as drops. If the héavy oil wets the cyclone walls, it is po;sible
that pure oil may appear at the underflow.

A 'dirty! liquid/liquid system means no drop-drop coalescence.
Therefore, the amount of water in the underflow will depend on the drop
size distribution. If there is drop-drop coalescence, the amouat of
water in the underflow will be decreased zs the underflow rate is
decreased.

Surprisingly, no short circuit flow was observed in.this work.
(Short circuit flow is the by-passing of feed froﬁ tﬁe feed inlet, across
the cyclone roof and down the vortex finder wall to the overflow,) The
presenée of short circuit flow would be indicated by large overflow oil

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

cause short circuiting in this work.
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V CORCLUSIONS

Conclusions reached from the drop size measurement work are
now given.
1. Various volume ratios Qf carbon tetrachloride in water were passed
at a constant velocity through = mixing valvé whose opening was nea-
sured by the pressure drop across it. The mixing valve‘served to
convert the feed pressure energy intc new drop surface energy. The
pressure 4drop across the miking valve, for a constant flow rate, is a
measure of the change in drop surface energy. It was found that a
linear relation existed between the mixing valve pressure drop and the

volume/surface diameter <D§> of the drop size distribution. The oil/

32
water ratio effect on <b§>32 was not statistically significant at the
55% confidence level. A 1inearrelationship between nmixing valve pressure
drop and <b§>52 was also obtained by Simkin and Olney (S-3), and Holland
et al (H—4) found that the oil/water ratio was also not important in

determining <ﬁ)> .
p 32

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

the pressure drop across the mixing valve was increased, the large

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

At the largest mixing valve pressure drop, however, the two distribu-

tions could still be represented by one log-normal distritution.
Conclusions reachad from the cyclone separation sgiudy are

given below.

1. 'hen a feed mixture of carbon tetrachloride in water a2t a particu-

lar oil/water ratio and drop size distribution ‘15 sent to a hydrocyclone
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operating at a2 given volume split, the efficiency of separation could
be experimentally determined. A linear relation was found to exist
between the separation efficiency and the above three variables. Inter-
actions between the variables were found not to be statistically signi-
ficant at the 95% confidence level.
2. The three variables can be listed in decreasing order of importance
for the range of variables studied as:’

a.) volume split

b.) oil/water ra%io

c.) drop size distribution

3. The underflow was always found to be a mixture of oil droplets in
water, and never pure oil. This suggested no drop-drop cozalescence

in the hydrocyclone. 4 (D value was calculated using available

P)5O

correlations, and by assuming a constant void space between droplets

at the underflow, and by assuminv no short circuit flow, the cyclone
separation could bé predicted. The overflow drop size distribution was
also predicted and it compared closely with the overflow distribution
measgured.

The assunption of no short circuit flow is justifiable because

its existence would lead to larger overflow oil concentrations than
those observed. Kelsall (K-1) found that 15% of his feed short cir-

cuited.

A. In this work, it was found that was about 25 microns. Cnly

(2,)50
about 5% of the total number of drops observed in the feed distributions

as not found to be very

<y

were less than this size, and therefore (Dp)SO v

4

hdrawing 1less o0il at the underflow than the amount in
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the feed was‘ important, and this was controlled by the volume split.
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HOMENCLATURE

drop interfacial area per unit volume of mixture

welghting factor in chi-square test

drag coefficient

inside diameter

geonetric mean diameter
particle diameter
mean surface diameter

mean volume diameter

hydrocyclone efficiency (defined in A3)
centrifugal force

dreg force

gravitionsl acceleraticon
_(Figure (44-2))

pressurs

total cyclone pressure droep

velocity

inlet velocity in cyclone at mean radius of entry

taagential fluid velecity near cyclone wall
inles section

5=

in the feed
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Greek 1.

radial velocity
perticle terminal velocity
volume/surface dismeter for spherical drops

volune fraction water

etters

standard deviation of log-normal drop size distribution
particle density
continuous phase densgity

continuous phase viscosity

volume fraction dispersed phase per unit volume of mixture

at cyclone inlet

at cyclone overflow

at cyclone underflow

cyclone (ie Dy = c}clone diameter)
continuous phase

solid phasze

particle

aver

o
e}
[}
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APPENDIX 1 PHYSICAL PROPERTY DETERMINATION



A1 PHYSICAL PROPERTY DETERMINATION

Al+sa The Need for Pure Liguids

For a liquid/liquid feed to a hydrocyclone, there may be two
separation meéhanisms operating: sedimentation, and coalescence.
Since coalescence is very sensifive to impurities, an attempt is
made here to show the effect of impurities on the ﬁhysical properties
of the carbon tetrachloride/water system used.

Properties measured were:

(1) Density

(2) Refractive Index
(3) Viscosity

(4) 1Interfacial Tension
(5) Mutuel Solubility

A1+.b Physical Property Measurements

A1+ Densitz

Densities were found for pure carbon tetrachloride (spec%ro-
scopic grade) and for distilled water, besides for the ligquids used
in the cyclone. The liquids were placed in flasks which were im=
mersed in a water bath at 25°C. Then & 10 ml. specific gravity bot-
tle was filled with the liquid of interest at 25°C and quickly wéighed
using an analytical balance.

Densities measured are in Table Al=-1,

A1+b+2 Refroctive Index

An Abbey refractometer connected to a 25°C water bath, with

~70-
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TAﬁIE A1-1 TABLE COF THE DENSITY, REFRACTIVE INDEX
AND VISCOSITY OF THE CARBOY TETRACHLORIDE/WATER SYSTEL

. DENSITY @ 25°C REFRACTIVE INDEX] VISCOSITY @ 25°C
LIQUID gm/ml. @ 25°C cp.

Distilled water 0.9971 1.33%8 0.8937
* Tenk water 0.9974 1.3338 0.8937

Pure Carbvon

tetrachloride 1.58621 1.4582 0.910

Tank Carbon - 4

tetrachloride 1.58315 1.4582 0.915

*

'Tank! refers to the liquid used in the hydrocyclone study.
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white light, was used to determine the liquid refpaotive indices.
Refractive indiceé are in Table Al-1.

A1+b+3 Viscosity
An Ostwald viscometer; thoroughly cleaned with chromic acid,

and immérsed in a water bath at 25°C, was used to measure viscosities.
The viscosity of the fluids was-calculated by relating the

measured efflux times to the efflux times for a reference material

through the following relationship:

A1 D1 %
A2 ?2 2
whefe /AC = viscosity
e = density i

ot
il

time for the liquid level to fall
between two reference marks on the
visconeter
The Handbook of Physics and Chemistry gives the viscosity of water at
25°C as /L% = 0.8937 cp.

Therefore, from the densities and the efflux fimes, the vis-
cosities can be calculated, and are given in Table 41-1,

Aleb-4 Iaterfacial Tension

The experimental apparatus for determination of interfacial
tension by the pendant drop method is best described by Figure Al1-1.

The method entails measuring two diameters of the drop, de and ds.

yoe . B

his is shown in Figure A1-2. TFrom these two diameters, the inter-

]

2cial ten
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3
3
e
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¥

e calculated from the table given by Andreas (A-1).

Agide from a slight fuzziness at the drop edge on the



FIGURE A1-1 EQUIPMENT FOR INTERFACIAL TENSION MRASUREMENTS
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FIGURE A1-2 KEY DIAMETER IEASURFE"IENTS
FOR THE FENDANT DROP MmTHOD
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photographic negative, this method is capable of giving very accurate
results. Drops of different sizes were used, and the effect of aging
was studied.
Data are given in Table A1-2.
Drop aging over 0 to 30 seconds appeared to have no effect on

the interfecial tension. Calculation of the standard deviation, s,

defined by: i V>
n. -2
-
i=1
where n = number of observations
xi = an.observation
X = the arithmetic average of &1l the observations

- gives an average (weighted) value of 1.0 dyne/cm. The confidence
interval fer (a) pure carbon tetrachloride in distilled water, and (b)

tenk carbon tetrachloride in tank water mey then be calculated using

. . + . s
confidence interval = /2, n-1 77%;
where = 100 ~ conficdence interval
n = nuncer of observations

t4 = gee s - NE, LT \
tC&/?,n-1 student t' value (see Crowe (C-3) page 47

Then, for the pure system, (a),

X = 41.6 dynes/cm.
X = 5 (95% confidence level)
n = T
s = 1.0 dyne/cm.
\ .
.025,6 = 2,447 (¢-3)
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TABLE A1-2 INTERFACIAL TENSIONS OF THE LIQUIDS USED

Interfacial Teasion, dynes/cm.
TARK CARBOI} TANK CARBON
DISTILLED PURE CARBON TETRACH- TETRACHLO= | TETRACHLO=~
WATER IN LORIDE IN DISTILLED RIDE IN RIDE IN
AIR 24.2°C WATER, 25°C DISTILLED | TANK WATER,
. WATER, 25°Cf  25°C
10 sec. 74.6 42.75% 40.7 39,1 39.4
Aging 20 sec. 74.6 42.75 40.7 20.1 ' 39.4
30 sec. 72.7 - 40.7 38.2 37.6
Fresh Drop 5 seconds 76.6 41.25 42.3 38.0 37.6
Overall Average. T4.6 41.6 38.9 38.5
Standard Deviation s 1.6 0.98 0.97 1.04
- 1.6 1.0
S

-9L~
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then

41.6 + 2.447 | 1.0
/7

41.6 + 0.9 dynes/cm.

®
1]

Similarly for the tank system, (b),

X

38.5 + 3.182 1.0

38.5 + 1.1 dynes/cm.

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

t = §; 3 }gl
s(x) Jq7§;_zﬁf7ﬁb
t = Student t value
Eg,_' = the two means = 38.5 and 41.6 dynes/cm.
s (x) = pooled standard deviation = 1.0 dynes/cm.
n,n, o= number of observations in each mean
= 4 and 7
Thus,
t = 3.1 = 4.92
1 x .63
Using Appendix Table 3 of Crowe (C-3) for a 5% significance
level, t = 2.262. Since the calculated t > 2.262, it may be

.025,9

concluded with 95% confidence that there is a significant difference
between the interfacial tension for the pure liquids and that for the
tank liquids. Therefore, the tank fluids are contaminated with an

agent -that affects the surface behavior.
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A1.v.5 Solubilities

Both the water and carbon tetrachloride were together in the
settling tank for about 2 months prior to taking data. Extraction of
the water phese w1th \exane and measurement of the hexane refractive
index showed no carbon tetrachloride present in the hexane,

Titration of the carbon tetrachloride with Karl Fischer Reagent
showed no water present.

A1+c A Measure of the Presence of Surface Active Agents

Some further means of illustrating the amount of contamination
present in the 1iquid/1iquid system was needed, since drop-drop cozles
cence would be greatly inhibvited if surface activevagents were present
(B-3). The following procedure was used t§<detect the preSane of sur-
face active agents.

Surface active agents za2ffect the drag of a drop. A drop with
no surface layer (no surface gctive agents) will circulate, according
to Linton and Sutherland (I-3). The presence of a monolayer on the
drop surface resists drop circulation and may reduce the rate of fall
for a circulating drop of the same diameter (D-S). To test for the
presence of surface active agents in this work, the free fall velo-
city of oil drops of a2 known size was measured.

A burette with its tip immersed in a2 column of distilled water
18 inches high, and at 28°C, was used to forn the drops. Calculations
showed that the drop reached i%s terminal velocity almost immediately
upon relezse from the tmrette tip. Problems were énczountered in getting
a consfant drop size, and the drops did not fall in 2 straight line,

The rarge of data given in Table A1-3 is for 20 drops formed


http:for.::'.ed
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TABLE A1-3

TERIMINAL VELOCITIES OF PURE AND CONTAMINATZED

CARBON TETRACHLORIDE DROPS IN WATER

PURE CARBOW
TETRACHLORIDE ‘IN
DISTILLED WATER

ATK CARBON
TETRACHLORIDE IN
DISTILLED WATER

drop volume

(mi1.)

0.036 ~ 0.037

0.030 - 0.034

drop radius

(em.)

0.206 - 0.208

0.193 - .202

measured Vt
(fps)

0.728 - 0.735

0.645 -~ 0.650



http:DISTILL.SD

~-30-

one after the other. Calculation of the terminal velocity using

Newton's Law for Dp = 0.40 cm. gives v, = 0.86 feet/sec. for a

t
solid sphere., This terminal velocity is greater than the velocities
measured for both liquid systems, and is probably due to the drops
not falling in a straight line. The clean system seewms to form

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

This test for surface active agents is therefore inconclusive.



APPENDIX 2 EXPERIMENTAL DETAILS



]

A2+z  Sampling Procedur

&)

The underflow zund overilow samples were obtained directly b
g

placing sampling flasks under both streams. This avoided the problems

}‘J

of not getting a representative sample when fluid is bled off, and of
changing the pressure drop across the cyclone when bleeding off a
sanple.

A2 QOverflow Analysis

R .

The method selected for the overflow sample anelysis is con-~

sidered first, and then an example caleculation is given.

A2+b+1 lMathod of Analysis of Overflow

Since the overflow carbon tetrachloride (oil) concentrztion was

expected to be €5 volume %, the method of analysis had to be sensitive
to small changes in overflow o0il counceantration. The method decided

upon was extraction of the carbon tetrachloride from the water uzing

hexane, and then analysis of the hexane plus oil by refractive iandex.

A dipping refractometer capable of measuring refractive index fto an
&L o

' . 6 eqs .
accuracy of 1 in 10”7 was used. Reproducibility of this procedure

~ .
w2s less than 5% in error.

=

calibration curve giving refrzctive index at 25°C as a function
of the percent volume carbon tetrzchloride in hexane is given in Figure
a2=1.

further illustrate the method, an example calculation is now

~82-
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1.385000.

1.3840004

1.383000+

REFRACTIVE
TNDEX

1.382000.

1.3810004

3

PIGURE A2-1  REFRACTIVE INDIEX OF HEXANE-CARBON TEIDA
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ADebe2 EBxemple Calculation of the Overflow 0il Concentration for Trial 6

Sample volume

i

89 ml

1
-t

First extract volume

74.5 ml 5
63.5 ml

I
=

Second extract volume

H

Refractive index at 25°C of V2 was 1.382974

Refractive index a%t 25°C of V, was 1.379410

- 3

Using the calibration curve, V. is 4.1 volume % oil and
(=3 ] /

2

V, is 0% oil.

3

Therefore, the volume of carbon tetrachloride in the sample isg

—

) Té—,- x 74.5 = 3,06 ml

5

and so the sauple is 2:06 x 100 = 3.44 volume % carbon tetra=-
89

chloride,.

A2ec Underflow Analyvsis

The method of determining the undexrflow ccmposition is consi-
dered first, and then an example calculation is performed.

A2ec+1 licthod of Analysis of Uaderflow

The previocus methéd employing refractive index could not be
used since the necessary prisn for the dipping refréctometer was not
available. A gas chromatograph wzs rejected as being too ftime con-
suming to calibrate. The method finally selected is calied turbidi-
netric analysis (S-2).

Turbidimetric analysis can be used when there are thre

0]

liquids

A

L,B, and C, where A and B are irmiscible and C is miscible with both.

Por this work, A,B, and C are, respzctively, carbon tetrachloride, water,

and acetic acid. The method consists of adding a known weight of acetic
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acid to a known weight of a mixture of carbon tetrachloride and water,
whoge composition is unknown., Enough acetic acid is added to give a
one phase mixture. This mixture is then titrated with water until two
phases appear., It is then possible to calculate back to the original
sample composition. Reproducibility of this procedure is less than 5%
in error.

A solubility diagram for the ternary system employed is given
in Figure A2-2, and a2 representaztion of turbidimetric titration is given
in Figure A2-3., There the unknbwn concentration is at 1; acetic acid is
added to yield a one-phase mixture at 2, Titration with water
follows a line joinihg 100% water with.point 2, _This intersects the
immiscible curve at the "end point'" 3. To further illustrate the method,
an example calculation is now given.

A2ec+2 Examnle Calculation of the Underflow Weter Concentration fox

Trial 6
Sample weight = 102.79 grans
Acetic acid =dded . o= 104 .64 grams
Vater used to give end point = 0.50 grams

Therefore, total sample weight is 207.93 granms.

The percent weight acetic acid mey now be found.
7 + . .
% weight acetic acid = 104.6 -
e —5—(3—4;{100:50.;%
2070/3

The calibration curve (Figure A2-2) shows that for 50.3% acetic

4]

acid, the equilibrium mixture is 6.1% water and 43.65 carbon tetrachloride.
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| FIGURE A2-2 SOLUBILITY CURVE FOR THE TERNARY LIQUID SYSTEH
WATER-ACETIC ACID~-CARBON TETRACHLORIDE AT 25°C

3

o

1005 viate 507% _ 100%0 Carbon Tetrachloride

o Bxperimental points

All concentrations are weight percent.
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FIGURE A2-3 STEPS IH TURBIDIMETRIC TITRATION

100% Acetic Acid

Immiscible

Region

1005 Carbon

~4 - “
1007 Vater
(start) Tetrachloride



Therefore, the weight of water is
Water added in titration was
Initisl water in sample was

The volume of bil in the original

6.1

et

100

x 207.93 12.69 grams

0.50 grams

12.19 grars
102.79 - 12.19

éample wasg then = 57.20 ml.

1.583
Therefore the sample volume was 57.20 + 12.19 = 69.3%9 ml.
and the percent volume water was %%4%% x 100 = 17.58%.
J .

£2+3d Rotazmeter Calibration

The calibration curves for
brated in their lower ranges at 25
and 42-5, Calibrations were check

s " : . ot
reproducible to within 2504

A2+e

Photogranhic Details

To give the details negess
nique, this section first consider
pho{ograph. The second part of th
in going from the photograph in th
tribution.

A2-e+1 Taking a Photograph of a2 D

the 0-10 USGPM rotameters; cali-
+ omem . . . \
2°C, are given in Figures 42~4

ed periodically, and the data were

ary to follow the experimental tech-

.
=y

B ) a

o

s those steps leading up to tak

.
Swe

is section presents the ps involved

e camera to the final drop size disw

ispersion

Since the oil settled out and coalesced very rapidly when the

pumps were shut off, the method us

photograph of a dispersion to ve t

A

light source consisted

to a lamp. This apparatus, whose
A2-5, allowed an electrical pulse
duration to flash the la

D

Since the subject was the

ed here, of necessity, allows a

aken without disturbing fhe dispersion.
of an electrical apparatus connected
schematic diagram is shown in Figure

of 5 kilovolts and of 10 micro-~second

dispersion inside the pipe, the optical
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FIGURE A2-4 ROTAFMETER CALIBRATION CURVE TFOR WATER AT 25°C

3.80
3,704 Fischer and Porter
Tube FP-1-35-G-10/83 -
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FIGURE A2-5

ROTAMETER CALIBRATION CURVE

FOR CARBON TETRACHLORIDE AT 25°C
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600 o

Fischer and Porter
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FIGURE A2-6 SCHEMATIC DIAGRAM OF FLASH UNIT
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110
VAC

110 _| I l
VAC

1. 0-18 KV. Power Supply
2. Capacitor

3 Coil

4. Flash Lamp
5. Filament Transformer
6. 5C22 Thyratron

7. 300 Volt Battexry

8. Switch



cell shown in Figure A2-7 was used., This cell alléwed the light
source to illuminate the dispersion and also prevented any distortion
of the drop images. TFigure A2-Ta shows the components present in the
optical cell cross section., Figure A2-Tb shows schematically how the
opticel eell corrects for the curved glass wall.

The camera, using two bellows”and one set of extension tubes,
was positioned so that the camera lens was about one inch from the
optical cell. The film used was Kodak Panatomic-X 35 mm. £ilm of ASA 32
film speed. This film possesses an extremely fine grainiemulsion.

To teke a photograph, the room lights were darkened, the camera
shutter opened, and the light source flashed so that the dispersion
flowing through the optical cell was 'caught!'.

A2.e.2 Obtaining the Drop Sizse Distribution of a2 Dispersion from a

Photogrsph

The film first must be develonad, then the negative printed.

jor}
"
.

‘ronn this print a drop size distribution may be obtained, Since the

short durstion of the light pulse left the film under-exposed, the
developing procedure tried to achieve maximum contrast. Acufine deve-
lopér used with the film for 5 minutes at T0'F gave reasonable nega-
tives, although céntrast was still poor.

For printing, Agfa high-contrast megatype photographic paper
was preferred for use, but was not always available. Consequently, the

low contrast megatype paper was often used. This paper was light

Jo

weight and easily used with the Zeiss particle size analyzer. Tor

maxinum print contrast, the enlarger was "stopped down" for minumum

light, and the photographic pzper exposed for about 20 seconds. This
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FIGURE A2-Ta,b

OPTICAL CELL

FIGURE A2-Ta

Schematic Diagram of
Optical Cell Components

Air

Plexiglass <

FIGURE A2-Tb

Operation of the
Optical Cell

Undistorted o
Image of =
Drop

-

+




Ol
resulted in a bufning~in of the drop images. Ansco 'Vividol! and 'Acid
Fixer' were then used as recommended for the print developing.

For printing, the enlarger-to-paper distance was adjusted to
give an overall drop megnification of 40.7 X. The negative itself
wa.s alréady at 5X magnifioafion because of the bellows and extention
tubes used on the camera.

Semple photographs of the feea dispersion are given in Figure
A2-8. |

L Zeiss particle size anslyzer was used with the print to
determine the drop size distribution. This instrument has 48 size
intervals ranging from 1,20 mn to 27.71 mm, divided exponentially,
as shown in Figure 4A2-9. About 500 to 2000 drops were cognted and sized
for each dispersion. The analyzer pbnched a hole in each drop as
it was zmeasured so that the drop would not be remeasured. The data
contained in the 48 size intervals were then plotted on log-proba-
bility paper to conveniently report the drop gize distributicn,.

A2«f Details of the Hydrocyclone znd its Auxilary Fouipment

- A description of the equipment is considered first, followed

by detzils on the equipment construction.

A2.fe1 . Ezuipment Descrivntion and Operation

The equipment description follows the flow sheet given in

“guipment specification and suppliers are given in Table A2~1.
The two liguids were discharged sepzrately from two centri-
fugal pumps,sent through two globe vieves used to throttle the dic=-

ki

charge, and through two rotameters.



FIGURE A2-8
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= 17.65 mn.

= 52.95 mm.,



28

FIGURE A2-9 DETAILS OF ZEISS PARTICLE SIZE ANALYZER
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The liquids were then mixed at the mixihg tee. The dispersion
then passed through a gate valve which changed the drop size distribu~
tion, depending on the valve opening. The pressure drop écoss this
valve was registered by a mercury manometer,

Inlet feed pressure was shown by a Bourdon pressure gage, and
the dispersion was photographed in the optical cell. The dispersion
then passed directly into the glass hydrocyclone. The overflowlliquid
pressure was registered by a meroury manometer, and the overflow rate
was controlled by a globe valve (in operation this valve was fully open).
Pinally, the overflow discharged into an overflow tank which was used to
measure the overflow rate, This tank emptied into the reservoir.

The cyclone»underflow pressure was registered by a mercury mano-
meter, and the flow rate was conitrolled by a gate valve. The underflow
ﬁhen discharged into a large glass beaker which was used to mensure the
underflow rate. This beaker then emptied into the reservoir.

A2.f.2 IBguivpment Constructinn

The reservoir was a 150 Imperial gzllon coabination holding
tank and decanter which alloved oil droplets in the water phase to
separzte before the liquids were recycled. (In practice the overflow
was collected in the overflow tank to prevent the water phase from
beconing cloudy with unsettled oil drops.) Thié reservoir was roughly

'3 feet on a side, with three sides of plate glass, and the bottom and

ther side made of type 304 stainless steel. The glass was glued to
strips of right-angled stainleszs steel on the outside edge of the glass.
To prevent the carbon tetrachloride from dissolving this adhesive the

incgide edges of the glass were sealed with Dow Corning RTV-733 fluoro-



G0
silicone cement. This adhesive was found to be-completely 0il resis=-
tant for a pefiod of about three months. It was also sufficiently
elastic to talke up the shear between the glass and stainless steel
as the room temperature changed.

The optical cell construction is shown in Figure A2-11. Its
middle plexiglass cection was square to correct for distortion. Drain
holes were provided for adding water t6 surround the glass tube. The
glass tube was connected to the stainless steel feed line using Swagelok

connectors with teflon ferrules.

ct
n

The cyclone was consiructed . from 2 inch I.D. glass pipe. I

dimensions, relative to D, are:

-t
D D D
R R R
(6} C e
Ly
5— = 1.0
%
L
= = 4.15
“c
e = 10°

ra to the optimum cyclone dimensions given

.

by Sirkin and Olney (S-3) for liquid/liquid cyclones, and to those given

ny Rietema (R-2) for sol¢d/lhju*, cyclounes. A photograph of the feed

inlet section and cyclone is given in Figure A2-12.
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FIGURE A2-11 OPTICAL CELL CONTRUCTION
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TABLE A2«1 EQUIPMENT SPECIFICATIONS AND SUPPLIERS
EQUIPMENT SPECIFICATIONS SUPPLIER
10 USGPM @ 80 feet Hayward-Gordon
Feed Pumps Head -~ 3600 zrpm 50 Chauncy Ave.
316 Stainless Steel Toronto 18, Ont.
0~-10 USGPM Fischer-Porter
Rotameters 316 Stainless Steel 1110 4 Wilson Ave.

and Teflon

Dovmsview, Ont.

1" & 5/8" 0.D. Tubing

Type 304 Stainless
Steel

Atlas 4lloy HMetal
Sales
215 Lazkeshore RAd.

Toronto 2, Ont.

Mixing Valve

Gate Valve, 3"

Orifice
316 Stainless Steel

Hiagara Valve
102 Parikdale Ave.N.
Hamilton, Ont.

Other Valves

plobe & Gate Valves
5" Orifice

)

316 Steinless Steel

Hiagara Valve
102 Parkdale Ave.l
Hamilton, Ont.

.
=3
L]

Swagelok Fittings

Type 316 Stainless
Steel

Hizgara Valve
102 Parlkdale Ave.l
Hzmilton, Ont,

»

Pressure Gzge

0~-60 p.s.i.
316 Stainless Steel

Thomson-Gordon Ltd.
200 Queen St.I.
Hamilton, Ont.




TABLE 42-1 {continued)
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ASAET Sla 25 um.
Camera with 55 mm.
Focal Length Lens

PhotographyDept.
Ing. Bldg.

McMaster University
Hamilton, Ont.

Glass Cyclone

See Appendix 2 for
detalls

Glass Blower
Meloster University
Hamilton, Ont.

Reservoir

316 Stainless Steel,
RTV 755 Silicone
Cement

Machine Shop

Eng. Bldg.

McMaster University
Hamilton, Ont.

Carbvon Tetrachloride

Reagent Grade

Msher Scientific
184 Railside Road
Don Mills, Ont.

Flexible Tubing

Teflon 1" I.D.

Warehouse Plastic Saled
571 Gerrard Street
Toronto 8, Ont.

Capacitor

Electrolytic 15KV.
Breakdown, 0.1 mfd.

L. Turner

Electrical Congt. Lid.
Chilton Yoxrks

High Wyccmbe
Buchshire, England

B.R.H. Associates

Power Supply 0. to 18 XV. P.0. Box 214, Stat. Q
Toronto 7, Ont.
Zentronics Limited
Thyratron 5C22 66 Orfus Road

15KV. Brezkdowm

Toronto 19, Ont.




APPENDIX 3 TREATMENT OF DATA



A% TREATMEHT OF DATA

A3+.a Teed Drov Size Distributions

First the mixing valve had to be calibrated. This calibration
consisted of relating the mixing valve pressure drop to some measure
of drop size distribution. Chaéter 4-mentions that the <Dg>32 dia-
meter was chosen

Details of the photographic procedure and the drop counting
method are given in Appendix 2.

A3«a+1 Statistical Desi

A statistical experiment design with both variables at 5
levels was used. It was a central composite design for two inde-

pendent variables; x, = mixing valve pressure drop and x oil/water

1 2
atio, the dependent variable being (Dg 3 This design is shown

in Table 42~1, for both coded and uncoded levels along with the data
obtained.

Attempts were made to use the geometric standard deviation as
the dependent variable, since the geometric mean diameter varied
1ittle ({0.) =95 " 2o/u).

p'g -
However, a more significant cerrelation was obtzined with

as the dependent variable.
v’ 32 p

L13e2.2 Controlling the Variables

piiind

Since the feed flor rate was kept constant, an increase in
tre oil flow rate necescituted a decrease in the water flow rate.
The totzl flov rate actually ranged from 4,02 to 4.09 IGPH {(or a

«104-
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TABLE 43-1 STATISTICAL EXPERIMENT DESIGHN FOR
TWO INDEPENDENT VARTABLES AT FIVE LEVELS
AND RESULTING VOLUT’E/ SURFACE DIAMETER

CODED _ UNCODED
RUN T X, 011 / water <Dp> 32 /_Ai,
* ) * - Hg volume ratio

1 0 0 . 52.95 0.1722 212.1
2 0 0 52,95 | 0.1722 223.2
5 -1 -1 35.30 .0-1554 | 293.9
4 1 -1 70.60 0.1534 220.2
5 -1 1 35.30 0.1920 274.3
6 1 1 70.60 0.1920 195.3
7 0 0 52.95 0.1722 1230.5
8 0 | 0 | 52.95 0.1722 199.6
9 2 0 88.25 0.1722 162.0
10 .=2 0 17.65 0.1722 304.0
11 0 2 52.95 0.2110 226.1
12 0 -2 -~ 52.95 0.1341 220.0

Hote

1.) Pressures are corrected for liquid in manometer lines

2.) Ctandard deviation of obszervations at the centre point is 15.5/.01, .
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velocity of 7.85 to 8.00 f.p.s.). The mixing valve pressure drop was.
adjusted to the desired value by changing the mixing valve setting..

The pressure drops quoted in Table A3«1 have been corrected for carbon
vtetrachloride that collected ih the manometer lines above the mercury.

A3.a+3 Calculation of (Dﬁ>32

The cumulative numbér:size digtributions found by the Zeiss
particle size analyzer were plotted on log-probability paper (Figures
43-1 to 43-12). Simce a relatively small number of drops (500 to 2000)
weré counted per distribution, the correction of Guyn et al (G~1) must
be applied to each distribution before the volume surface diameter
#
Q%}Bz

nust be log-normally distributed. A chi-square test done in section

can be calculated. To use this correction, each distribution

A3-a+5 considers this point.
The Zeiss analyzer reporis the number of drops existing be-
tween two size ranges. Gwyn et 2l define new diameters based on each

size interval diameter as follows. TFor example,

mean ares dismeter d2 3 d 2 + 4 2
. =
for an interval 5-6 -ii—jg—li-
mean volume diameter dz-f B d53 + d63
for an interval T _ 5
where d5 and d6 are the size interval limits of interval 5.
Surface area of drops of size in interval 5 = ﬂ'n5 dg ¢
and volume of drops of size in interval 5 = T n &
IR
where n5 = numnber of drops in interval 5.

These volumes and areasare zummed for each interval to give the total



FIGURES A3-1 to A3~12
DROP SIZE DISTRIBUTIONS FOR
RUNS 1 to 12



~108-~ __

0.0

T

0.1 _0.05
I
|
!
i

0.2

0.5

O 2 D O S I 11

10

5 : - ! Eearirid 5 IR P
o T i @
2 A=
3 =
- - EH
1< i K
A ]
1 o
2 * 0
oe s
=)
(=] ©
~ g "
Q-
o
e 8
o
5§
v
0
w @ -2
>0 @
Los g
30 @ ]
] b
Amm ——
oo
On
o x
N
o
-
B
AG
© ~
= e
o
o -
o =S
o
.
A
<
@D
& ] M
o

1000



46 8040

wapE U n A

X 2 LOG CYCLES

PROBABILITY

KeE

50 44U 3U

FIGURE A3-2

70

UFFEL & ESSER CO

KE

999 99.8

60

PERCENT

.Lom..__,



|k_._o|¢

96 »

2—5. & m
o 5]
< &)
2 T &
S s B4
] 3
[

O - s

<

0 -

@ -

Q5

e5 6
;

@

e 1

g 42

S

Ju g

Qg &

ag "

EE

RZ

o x

10




46 8040

X 2 LOG CYCLES

PROBABILITY

=

!

Y

FIGURE A3-4

KEUFFEL & ESSER CO

89,

o

70

€0

PERCENT

=
-

=3

&

1000
9.
8
P

w11 |



w12 |

©
=4

30

A . B

< @©

X\ &
= S
oy "
sk g P
[

o. ® &

S

Qs

[ 23 o

@ &

I

n

uw o

~3 a e

B

Jod

QY &

<Q 2 @

g

RZ

o x

N, 2

x




SR

= - —— o
5 H
i
0 5 S,
[ m
< i
o - " -
g |
f -
a2 B3 SRR
= | i L]
R 13 |
h |
O ¢ ; |
< _
0- EER
© = :
03 !
® 5 !
. I
g 2
s
s ‘
X0 , N
Es 4 _
30§ 3 :
Ty k& i 4 .
<0 2 -
G % .
e ;
X .._v _
_ .

BN}

ENT

C

PER!

BWHS) S

99.9 99.8

99.99




w

46 8040
Ui

MADE

X 2 LOG CYCLES

PROBABILITY

HeE

KEUFFEL & ESSER CO.

FIGURE50 A3=T

SRS IR

80

70

N (=}
4 @

80

&0

20

999 99.8

5 0.1 12

0.0

o

PERCENT

~114=|


http:IFt:p:,:':tf:.Lr

46 8040

MADL IN U

PROBABILITY

K& X% roe eveLes

0.01

.05

0.1

0.2

0.5

10

30

40

50

60

FIGURE A3-8

70

80

50

w0

©

KEUFFEL & ESSER CO.

98

99

0.2

99.9 99.8

0.5 0.1

Q.64

1080 99.99
Bae

L)

LoG (D

~115- |

PERCENT



46 8040

MADE tw U S A

PROBABILITY

K=& X Loe cveres

10

0.0!

41
=1

" 1

;o

0.1 005

0.2

0.5

10

it

SSSSS

3

4

998 999

5
ey

FIGURE A
50

SEE

70
pep—

90

KEUFFEL & ESSER CO.
95

e e e S SSEE s

99

99.9 99.8

99.99

0.2

0.05 0.1

X

1o¢ (D

PERCENT

~116- |



46 8040

MADE I ¥

X 2 LOG CYCLES

PROBABILITY

e

99:8. 999

=)
= 0 © " < o — o
g r—r
L=} i —
I |
|
8
vy e ot e
o
o i
o ]
wn
o
! 2
TG
o~ _m“
i TN
| I
i
il Wi I
il X
o HiH
=
T s i
n i
et B e
T :
i "
o i as
N T
I
1T
i
= i
Lel
1 i 1
(=2 i T
o T
1 R
LN e -1
<o
w T
T 1 |
o
i ” N
= 1 T
<] I ﬂ_
o 1 Ll
= t
Mo
=3 I
«© —
e
. =
(o]
Y I
© |
w it
ﬂ +
u 8 T
L4 )
- ‘|||Lv |
]
I |
% |
5 w
b o
X
I
l
T
{
I
[T
%
&
@ i
&
T
o
o
o
o
m ms ©
8 o w @ 0 < L

»

LoG (D

PERCENT

144<|_



46 8040

MADL IN U S A

PROBABILITY

K=& X2 Loc cveLes

10

0.0

0.05

0.1

0.2

0.5

o

40

50

FIGURE A3-11
60

70

80

i

90

KEUFFEL & ESSER CO.
85

58

99

99.9 99.8

uy

1000 99.99

®

Log (D

=118~ |
|



~119- |

0.01

0.05

0.2

0.5

10

20

30

40

€0

PERCENT

FIGURE A3-12
50

70

80

46 8040

MADE IN U 5. A.

KEUFFEL & ESSER CO.

H E PROBABILITY
X 2 LOG CYCLES

0.2

99.9 99.8

0.05 0.1

99.99

LOG (Dp)



~120~

-
t

volume and total area for that run. It is apparent that the proper

[&2]

diameter to use for esch intervel is weighted, depending on its use.
The run volumes and areas and the number of drops counted for each
run are given in Table A3.2,

According to Gwyn 2%t al, there are drops in the distributicn
which are larger than the largest drops observed in the photogrzphs.
These larger drops, although having a lovw fre ueucv will markedly
affect the total drop areas and volumes given in Table A3-2.

A sample calculation df <bg>32 for run 1 will now be given.

From Figure A3-1

geometric number mean diam g = 94 1
geometric standard deviation 5‘ = 1.92
log <Dp> = 1.972
g

log ¢ = 0.282

g
Actual znumber of drops couanted = 1,990
Then the expected value of the probability for the
largest observed size is 1,990 _ 0.9995

1,991

3
»

term probability means that a fraction 0.9995 of a2ll drops are

[£5]

smaller then this largest observed size., From Figure 1 o
a drop of this probability lies 3.27 {log fé) avove log {D§>g,-on a,
. (=]
nunber basis.
For a log-normal distribution, Jé is the same, regardless of
rether the distribution is plotted on a aumber (i), arez (3), or

volunie (V) basis. The geomeiric means for these three bases are relate

by Dgquation 1.


http:8...,..er
http:Figti.re
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TABLE A3-2

- MEASURES OF DROP VOLUMES,

AREAS, AND HUMBERS FOR EACE RUN

VOTUME AREA NUMBER
RUN Zn, dis 1 d_iz .
- 2 -8 i
4Pz 1078 | X 10

1 0.6794 0,3433 2000
2 0.2802 0.1398 1000
3 0.6361 0.2493 1100
4 0.363%" 0.1955 1600
5 0.7665 0.3288 2000
6 0.2712 0.1546 1200
7 0.1520 0.0747 500
8 0.2402 0.1293 1000
9 0.1410 0.0940 1000
10 0.7543 0.2789 1000
11 0.3545 0.1705 1000
12 0.6950 0.3321 2000

-121-
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log ((DI)g)S log ((Dp)g)N +  4.606 (log fg)z

e s 0 1
: —~ 12
log (<Dp) g)H + 6~9Q9 (1log og) |

log ((Dp> g)V

where ((Dg‘g)s geometric mean. diameter for a distribution

plotted on an area basis, for example.
Then the logarithm of the expected value of the largest obser=-

ved size on an arez basis, log (E{Dp) S)lies a distance 61‘above the
L ,

log of the area mean. The value £, is given by

1
€ = (527~ 4.806 log &) og 6
- 0.556 (see Figure A3-13)
Then, log {E(d o} = 1.972 + 0.556 = 2.528
C0o)s) - o5
and E (Dozs = B

Figure A3-13 shows that the above calculation has located
point A on the number distribution. Point A has a probability of
- 0.976, which is the same as the probability of the largest observed

size, on an area basis.

Similarly, the logarithm of the expected value of the largest

observed size on a volume basis log (E (Dp )V)lies_a distance 52
: ! L _ .

above the log of the volume mean. The‘value > is given by

€, - (3.27-6.909 (losr)) logd, = 0.5125
Then, log (Eé)pL) v) = 1.972 + 0.3725 =  2.3445
and B (DPL) v = 220/4(,

This point B on Figure 13-13, The probability at this point is

0.208.
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Now the volumes and areas previously calculated can be cor-

rected.
8 8.
Z vy T = b4 '
Total drop surface area = M x g'gfz) x 107 | A x 0'3/?\ 10 S
. 10 10 3
. B M x0.6794 = 10~  _Mx 0.748 x 10~ 4
Totzl drop volume = . T % 0.908 = = y
AO i .
Then 6 - 0.748 x 10° g
B Yy - e TR L o 3
3 5
2 1 . _[x0.%352 x 100 _ 5 2
Pgap = s 3557 = 0.1767 x 10”7
3 .
7
and D, = M3 = 212.1 4
P C17.67 x 10 /

A comparison of this value with a cazlculated value of 197.9‘/¢by the
definition, FEquation (4) Chapter 2, illustrates the importance of
the correction proposed by Guyn et 21.

A3.n.4 Cumulotive Drop Size Distributionsg

The cunulative number distributions for runs 1 to 12 are in
FPigures A3-1 to A3-12, An inspeciion of the data points shows that
they are well fitted by the log normal distridbution, except for run 9.
The predominant feature of most of the distributions is the existence
of tails at the ends of the line.

As far as the tail at the small sizes is concerned, it was
found thet changing drop size observers changed the tail, and left
the rest of the distribution unchanged. Thus observer judg?ment
and poor photograph contrast are to blame.

One interesting point about log~normal distributions is fhat
the cumulative number, surface énd»volume distributions are all

parallel on log=-probability paper. This is well illustrated by

2
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Figure A3-10. The tail at the upper end of the number distribution
merkedly affects the volume distfibution by the 50% probability point,
because the large drops containing about 50% of all the volume are
not log-normally distridbuted.

The teil at the upper end of‘the distribution illustrates
the concept of an "upper-limit size" as presented by Mugele and
Bvans (1-8). It seems that the mixing valve tends to bresk up the
large drops. Thus the percentage ofvthe smaller drops in the distri-
bution increases (and still follows a 16g—normal distribution) while
the percentage of large drops decreases. This is shown quite markedly

r Figure A5-9,-for the run with a large pressvre drop across the
ﬁixing valve (run 9).

Both Ilugele and Evans s and Ireni and Callis (I-1) give pro-
cedures for obtaining straight lines on log-probability paper when
such an upper limit size is apparent., These methods remove the
actusl physical interpretetion of the distributions and put them on

a mathematical basis which seems to have little meaning. While it

s evident from Figure A3-9 that there is an upper limit size, rather

e

“hen use the Ilugele--Ivans or the Irani--Callis procedures, a siraight
line was drawn by eye through the data. To test whether this line
édequately represents the data was determined by the }? test given

in the next section.

A3+2+5 The X~ Test on a Drop Size Distribution

The use of the:x? test for distributions plotted on log-
probability paper is thoroughlv discussed by Kottler (K-5). He

oints out that the probability scale is stretched at its ends and


http:stretct.ed
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therefore the deviation of a distrivution from a straight line at the

n

ends of -the line must be weighted before an accurate estimate of X
can be obtained,
The probability scale is really a representation of the cumu-

lative normal distribution and is defined by

2
2 -2
1. 2
P - 5 e e 2 g
) JER

When z = 0, P = 0.50, and this is the centre point on the probability
' m . 3 s s ‘ . 2 .
scale, To determine the weignting factor to use in the]Q test, con-

sider the equation

é’P = A/Sz

where A’ is the weighting factor. The value of A, for a few different

probabilities is given in Table A3~3. Table A3-3 shows that the pro-

bability scale is greatly distorted =t high (or low) probabilities.
The }? test gives an indication of the deviation of a distri-

bution from a straight line. Suppose run 9 is considered, and its

distribution is represented by a line with (D;>g = 68/u,, and
¥ F
e _
J g = 1.84. 5
2 2 (o - o)
et X - >
i=1 i

wihere o is the observed value of the probability at some drop size i,
and e is the expected value of the probability at the same size, as
given by the straignt line. For log-probability plots, (oi - ei)
must be weighted, depending on the probability value. Let the ob-
served probability wvalue determine the weighting factor to be used.

1

: 2 . v
Table A3=-4 gives the details for the X calculation. The



TABLE A3-3  VALUES OF THE WEIGHT 4' AT DIFFERENT PROBABILITIES

P §P Sz I M/%go

0.5000 0040 .01 0.400 1.00

0.6026 .0038 .01 0.380 .952

0.7019 .0036 .01 0.360. .900

0.8023 .0028 .01 0.280 .698

0.9015 .0017 .01 0.170 426

0.9901 .0003 .01 0.030 .075

0.9951 .0001 .01 0.010 .025

-127-
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TABLE A3-4 A X° CAICULATION FOR RUN 9
1 2 3 4 5 6 . 7
- 32 18.1 ¢ 10.0 5.26 2.770 18 .650
41 26.7 20.0 5.50 - 1.520 - 27 .825
50 33.9 30.0 3.61 433 54 1,925
61 42.9 42.9 0 - 43 975
70 48.4 52.5 4.10 .318 48 1.00
79 55.3 60.0 4.59 +348 55 975
90 63.3 68.5 4.95 355 63 950
103 70.4 76.0 4,62 .280 70 .825
110 74.6 79.5 3.80 .181 75 775
125 87.7 85.0 1.50 .027 83 .650
143 88.4 90.0 0.80 ) .007 83 .500
152 90.7 91.5 0.32 .001 91 . 400
162 1920 93.0 0.375 .001 92 375

< = 6.241
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calculated value of_x2 is 6.241, for 13 = 1 = 12 dégrees of freedom.
At the 95% confidence 1evél and 12 degrees of freedom, the table value
of X? (see Crowe (C-3)) is-21.03, well above the calculated.}?. This
neans that the measured drop size distribution for run 9 is not unlike
that represented by a straight line with <Dg’g==68 and Jé = 1.84.

One point that should be made#clear is that this is not neces-

sarily the best line that couldgbe drawn. By trial and error, or
least sguares, the X? value can be made even smaller by other lines.
However the slope and position of the best line will not changé radi~
cally from those given here. Therefore, even though the distribution
for run 9 is reélly two distrivutions, it can be well approgimated by
a straight'line,'and the corrections of Gwyn et al based on a log-
normal distribution can be applied.
.. All the remaining drop distributions do not show such marked
deviation from straight 1inesﬂand it would seem reasonablé then that
their calculated XF would be much less then the table value, inspite
of the présence of tails.

A3.2+6 Staticstical Treatment of the Drov Size Distribution Data

The second order polynomizl given in equation (2)

2 2
= I ER 'Y - % 2
(Dp>32 b Xy baX, T oy%, + b+ b1251x2.+ 0,5X5 +ees 2

was fitted to the data for the coded variable levels given in Table A3-1,
using least squares. The resulting equation with the coefficients eva-
luated is
() - 229.3 = 37.00%, - 2.69x. -1.32c%. + 3.646% + 1.68%2
p 32 - 2 T2 1 2

ceee 3
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To evaluate how well this equation represents the data, sonme
statistical measures should be considered.
The sum of sgquares of the deviations of observations Iy from

their overzll mean {y> can be broken into two parts

2 2 32
(v; =<5 = Gy -9D° + Gl -<»)

/
where y.

5 is the predicted value given.by the regression equation.

This expression can also be written as

&

s2 = 32 + 52
- /’
v /% y
) 2 ’, 2 '
where ss = (yi -/ (n -~ 1)
= veriance accounted for by the regression eguation
2 . . .-
Sy/x = variance not accounted for by the regression
' equation (standard error of estimate)
2 . .
sy = total wvariance of 7y about the nean (y).

A correlation coefficient con now be defined as

This correlation coefficient ranges from a value of zero for

rno correlation, to a value of one for z2l1l°observation, y.,

i 3 e
lying exactly

o1 the regression plane, Observations always have random error &:s50-

ciated with them, so thai ry/x is almost never zero or one. Its gta-
/
tiztical significance should therefore be tested.

Altrough the correlation cozfficient may ve significant, some
(] o ?

[N

of the regression coefficients in the regression equation may not be

icant. This can ke checked by first calculating the standard
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errors of the partial regression coefficients. For bj

S, T Sy/123...x VP85

J

where Sy/125 X is the standard error of estimate, n is the number of

observations in the sample, and eij ig the value of the diagonal ele-
o

ner

t in the inverse matrix for the normal equations (see Crowe (C-3)
page 171). y
A Student 't' test can be performed to see if b, is signifi-
cantly different from zero. The calculated t value for bj is
b.
+ = —
s
b.
J
and this t value may be compared with the table value of t.
The significance of equation 3 may now be determined., The

multiple correlation coefficient can be calculated from

2
(n.— k - 1) Sy/125

I“ . : = 1 -
y/129...k (n - 1) S.2
: J
. where , k = number of independent variables
n = number of observations

and where

Yy S s ( 3 1)2
v/125...xk ° mnok=-71 & Wi-y

and :
n 2y -(&y,)

% n (u-1)

Using these formulae and the data from Table A3-1, it was

found that:

s - 1,780. | no= 12
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0 .
sy/12 = | 424.9 k = 2
and
ry/12 = 0.910

The statistical significénce of the multiple correlation co=-
efficient is determined by comparing it with the table value (see
(c-3), page 241) at the 95 confidence. level, for k + 1 variables and
na-~Xxe-1 degrees of freedom. Then,

k+1 - =

ne-5k%a=1

[
o O W

£0
r, . .6
table o1

Therefore the calculated value of r is significant at the 95%
confidence level, (There are only 5 chances in 100 that x > 0.697
could have arisen due to random error alone.) Equation 3 satisfactorily
represents that data, but the statistical significance of its regression
coefficients must be checked. Table A3~5 gives the sitanderd errors for
each of the regression coefficients, and the calculated Student 't!' value.
If the calcﬁlated t Vaiue for each coefficient is larger than the table
value given at the 959 confidence level for n - k - 1 degrees of freedon
(see (C=3), page 231), the regression coefficient is statistically dif-
ferent fronm zero. Then, =t the 95% confidence level

ne-=kea«n1 = 9

£ 2.262

table

Only b1 is significent.

The procedure to follow when a partial regression coefficient



TABLE A3<5  STUD

BT tt! VALUES FOR THE PARTIAL

LATION)

REGRESSION COEFFICIENTS (DROP SIZE CORRE
COEFFICIENT STANDARD STUDENT
ERROR 't VALUE
b1 5.950 6.233
b, 5,950 0.452
I 10.3%06 0.129
b11 4,463 0.815
%0 4.463 0.375
ttable = 2,262
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is not statistically significant is:
f) retain the term.
2) calculate a new regression equation (preferrably on a new samplé
of observations), omitting 6bservations on the insignificant variable.
3) discard the term and use fhe regression equatiog as it was.

If procedure one is decided against, then procedure two is the
proper method. If the experimental design was orthogonal (as it was
here) then procedures two and three are equivalent,

Procedure two was decided upon since a new linear regression
equation based on the wacoded levels of mixing valve pressure drop
(x1) was desirable. Using least squares to fit ; linear relation to

the data resulfed in

<DI? 32 = 324.64 - 1.69 x,
where
N\ = . / e R ( o
(Dpfaz volume/surface dia., )ﬁ )
x;} = mixing valve &P, (mm. Hg)

The statistics are

ry/x = 0.7427 T oble = 0.576

s, = 0.4823

. . 169 _

ty = Qs = 350 tiavie = 2-228

The correlation is statistically sighificant at the 95% CON=
fidence level, and the slope (1.69) is statistically different from
zero, at the 95% level.

A significant correlation between a measure of the drop size
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distribution,~<ﬁb>52, and the mixzing valve pressure drop hss been ob~

tained.

A3+%. Hydrocyclone Sevaration

| In attempting to separate two immiséible ligquids from one an-
other, the efficiency of the separation will depend in part on the dfop
size distribution. This verisble was correlated with an easily measured
parameter (mixing valve pressure drop) in (a) paft. From the literature,
it appesred that the volume split in the cyclone was zlso important.
" Finally, the oil/water ratio should play a significent part in deter=
mining separation efficiency since it determines the load that the cfclone
must opefate under, if the feed flow rate is kept constant.

A3e®+1 Statistical Design

A statistical central composite experiment design for three
independent variables at five levels Qas used. The variables were;
x, = oil/water ratio (in feed), x, = volume split (overflow rate/

underflow split), and x, = (Dp)32 (Sauter mean diameter of the feed).

3
The experiment design, for coded and uvncoded levels, and the resulting
cyclone efficiencies are given in Table A3-6, (To distinguish between
runs 1 to 12 used in measuring drop size distributions, let the effi~.

ciency work be designated as TRIALS 1 to 20.)

43.be2 Controlling the Variables

The oil/water ratio was controlled simply by adjusting the pump
discharge throttle valves until the desired rotameter readings were
reached. The mixing valve préssure drop (determining <EE?32) was
easily changed by adjusting the mixing valve opeﬁing. '

The adjustment of the volume split was difficult since it could
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TABLE A3-6  STATISTICAL EXPERIMENT DESIGN FOR TIRED INDEPELDENT
VARIABLES AT FIVE LEVELS, AND THE RESULTING CYCLOWE EFFICIZLCIES
TRIAL| CODED LEVELS UNCODED LEVELS OBESERVED
: TFFICIZHCY
x, %, x. oi'l,-/'.-.'ater voI.Lur;e (D!? 52‘ , (r/zé)
! 2 | ratio x, split %o Xz (0
1 -1 -1 <1 .1534 5/1 284.1 95.66
2 1 1 1 1020 7/1 284.1 67.58
7 1 -1 1 1920 5/1 207.8 79.55
4 -1 1 1 .1534 7/1 207.8 70.85
5 0 0 0 L1722 6/1 218.6 80.60
6 0 0 0 1722 6/1 218.6 76.75
7 1 1 1 .1920 7/1 207.8 65.41
g | -1 -1 1 1534 5/1 207.8 91.69
9 | -1 1 -1 1534 7/4 284.1 75.90
10 1 -1 -1 .1920 5/1 284.1 94.99
11 0 0 0 L1722 6/1 218.6 75.74
12 0 0 0 L1722 6/1 218.6 76.46
17 -2 0 0 L1341 6/1 218.6 91.96
124 2 0 0 .2110 6/1 218.5 £9.89




TABLE 43-6 (continued)

137~

15 -2 0 L1722 4/1 218.6 94.16
16 2 0 .1722 8/1 218.6 64.54
17 o |-2 1722 6/1 304.0 84.25
18 o | 2 AT22 6/1 162.0 74.05
19 0 0 L1722 6/1 218.6 78.63
20 o | o 1722 6/1 218.6 60.35




not be measured directly. Since the cyclone overflow valve was
always open, the volume split was altéred by changing the under-
flow valve opening. By placing plugs in the overflow and under-
flow tanks, and recording the times for these tanks to fill up
between two reference marks, the volume split could be determined.
Usually three re-settings of the underflow valve were necessary
before the desired volume splif was attained.

AZebe3 Calculation of Cyclone Efficiency

Since the cyclone flow rates (Q1, Q,, Qg) were 2ll known,

3)

and sample analyses determined the volumetric compositions and

Jn

yB, the separation efficiency could be calculated from

\ Q |y, - ¥ QG |y, -7
A ol ot Rl e

The sample compositions for all 20 Trials are given in Table

A3-7., BSince two samples were taken for each I and y3 measurenent,

two efficiencies could be calculated for each trial. The efficiencises

in Table A3-6 are thus an average of two efficiencies.

A3+9+4 Preczure Drop Acoss the Cyclone

Flow rate to the hydrocyclone was kept constant. However,
changing the volume split changed P1, P2, and P5' For the szke of
completeness, these pressures were neasured and are also recorded
in Table 43-7. The pressures are corrected for liquids in the mano-

meker lines.

A3+be5 Statistical Treatment of the Cyclone Separation Data

This subsection follows a sinilar form to the statistical

treatment of part (a). The data were fitted to a second order



TABLE A3-7 ‘CYCLONE OUTLET SAMPLE COMPOSITIONS AND PRESSURES FOR ALL TRIALS
TRIAL PRESSURES mm. Hg COMPOSTTIONS (¢ VS%HEQ)
_ i 2 g (1) 2 (2) (1) & (2)
1 290 103 176 100.0 99.68 17.02 17.58
2 295 122 203 94.40 94.37 - 14.31 14.28
3 295 111 183 96.70 96.90 19.80 19.95
4 300 124 199 96.00 96.10 20.50 20.43
5 295 116 190 96.80 97.60 17.80 18.35
6 295 116 190 96.56 96.50 17.83 17.58
7 300 124 204 94.05 94.17 18.90 17.90
8 290 103 174 99.36 99,36 22.42 21.30
9 295 120 199 96.84 96.54 14.87 14.62
10 290 109 181 99.68 99.53 14.67 5.47

=-6¢L=



TABLE A3~7 (Continued)

1 295 118 196 96.49 96.18 17.20 17,23
12 295 116 190 96.48 96.47 18.27 18.02
13 295 115 170 99.38 99.32 20.95 20.08
14 300 120 199 .94.56 94.36 16.32 15.89
o, 295 98 170 99.94 99.94 éB.BO 23.75
16 305 126 208 - 94.67 94,33 | 16.35 16.60
17 295 115 190 97.60 97.76 13.29 13.219
18 310 116 198 96.32 96.02 21.41 21.90
19 295 116 194 96.95 | 96.71 16.53 17.12
20 290 111 190 97.28 56.96 17.00 17.%2

-ovi=



TABLE A3-7 (Continued)

NOT

=
[95]

D

1.) Pressures are corrected for the presence of water and carbon tetrachloride
in pressure lines,
2.) Compositions give component mass balances to wifhin 13%.
3.) Overall mass balances agreed within 5%.
4.) Standard deviation of observations at the centre point is 2.103é.
,5.) Solubility in the opposite phase was negligible in each-case.
4.

6.) Temperature constant at 25°C _ 2°C,

7.) Trials 5, 6, 11, 12, 19, 20 are replicate rums.

-LyL-



polynomial and its significance tested. Then a 1iﬂear relationship
among the variables was found and statistically tested.

A second order polyﬁomial éf the form given below was used
to represent the data

2

E = box o+ Db.x, +DbyX, + byxy, + byx, + b, %o + by Xo 4 b, X%, +

174 272 373 7 Y11 2272 3373 1271972

b13x1x3 + b25x2x3

The constants for this polynomial were determined using an

I.B.M. 7040 computer with a computer program written to solve the
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normal equations as given by Crowe (C~3). The resulting expression was

By = 79.45 = 4.419x, - 8.85Tx, - 2.939%, + o.7s4xf + 0.590x§ +

; - 0.119%,x, - 1.074x, + 1.524x,%5

0.340x 1%

The standard errors znd the corresponding Student 't' values
for the partial regression coéfficients are given in Table A3-8, At
a 95%'confidence level and fdr 10 degrees of freedom, the tabulated

t value is 2,228, Comparing this value with those in Tuble A3-8
shows that only b1, b2, and b3 are significant. The multiple cor-

relation coefficient for this equation was found to be
T = 0.
v/123 09

For k + 1 variables (=4) and n - k - 1 degrees of fréedom

(=16), and at a 955 confidence level, r = 0.615. Therefore the

table
Tegression eguation in highly significant, even though the constants
of the second order terms are not significant. This infers a linear

relation.
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TABLE A3-8 STUDENT 't' VALUES FOR THE PARTIAL REGRE:SION
COEFFICIENTS (SECOND ORDER EFFICIENCY CORREIATION)

cozrrrorane| stavmimp | srupmm

TRROR | 't' VALUE
b, 0.810 5.458
b, 0.810 | 10.914
by ©0.810 3,630
b, 1.145 0.104
o5 1.145 | . 0.938
B3 ' 1.145 1.331
b, 0.616 | 1.213
by, 0.646 0.604
533 0.646 0.525

tiople = 2.228
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Although there is considerable scatter in fhe data for mixing

the above second order regression

32’

equation shows that mixing valve pressure drop (xi) is the least

valve pressure drop versus <ﬁ&?

important of the three variables, Even though the difficulty of
reproducing drop size distributions has seemingly been neglected in
determining this second order eguation, this error does contribute
to the standard error of estimate of the separation data. Since‘
X3 is the least important of the three variables, its effect on
the standard error of estimate is small.

A linear relation of the form given below was then fitted

to the data ‘ -

B = boxo + b1x1 + b2x2 +.b3x3

Upon evaluzting the constants, as before,'this equation became

k=

= 79.45 = 4.419x1 - 8.837x2 - 2.939%

s 3

The standard error of the partial regression coefficients
and the calculated Student 't' values are given in Table A3-9. At
a 95% confidence level and for 16 degrees of freedom, the tebulated
t ‘value is 2.120. Comparing this value with‘those for the partial
Tregression coéfficients shows that allkcoefficients are significant.

The multiple correlation coefficient was found to be

]

Ty/123 0:9%9

and

Tiable 0.615

Therefore the linear regression is highly significant.
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TABLE A3-9 STANDARD ERRCR AND STUDENT 't' VALUES
FOR THE PARTIAL REGRESSION COEFFICIENTS
(LINEAR EFFICIENCY CORRELATION)

COEFFICIENT | STANDARD STUDENT
ERROR 't! VALUE
b, 0.766 5.773
b, 0.765 11.543
b 3 0.766 3.840
t = 2.120

table



-A3.c Summary of Appendix 3

This appendix has given the experimental data on drop size
distributions and hydrocyclone separations. t was found that the

drop size distribution data can be correlated by & linear relation
| <Dp>32 = 524.64 - 1.69x,

This correlation does not include the effect of oil/water
ratio on <D;>32 since the oil/water ratio was found to have no

significant effect at the 95% significance level.

~146~

The cyclone separation data can be correlated by the equation

B .
S

79.45 = 4.419x, ~ 8.837x, = 2-939X3

The second order terms were found to be not significant.

The_ variables may be listed in decrezsing order of -importance as

N E
i

volume split

2
Xy = 0il/water ratio-
x3 = drop size distribution (mixing valve pressure

~ drop)
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A4 CONSIDERATION OF (D
4 cor (%50

In chspter 2 the concept of the (Dp)50 size particle was
briefly discussed. In this appendix, consideration will be given
to methods of calculating (Dp)SO'

-

"A4-a Stokes Iaw and the Hvdrocyclone

A drop reaches its horizontal equilibrium position in the
hydrocyclone when the drag forée on the drop, due to the inward flow
of liquid, equals the centrifugal force caused by the drop's circular
path. If the radial velocity is knéwn at 211 pointe, then this velo-
city can be set egual to the terminal velocity of a drop, 2nd hence

. equilibrium envelopes can be calculated. An example of»equilibrium
envelopes for Kelszll's cyclone is given in Figure.A4—?. However,
to calculate the drop terminal velocity that equals the fluid radial
velocity requires the use of either Stoke's Law (1) or Newton's Lav
(2), depending on the particle Reynold's Number, radial velocity,

and tangential velocity.

2 2
v _ (\Os B D"> DD Yy
t l? aC,rT

4

. . - )
2000 s 00 g0t 1

4(p. - p)D ¥V
v - Ds Ye/ "p 7T 5

t z o~ e o v s 0s 000

- r
g bg//‘c T

There are five methods available for calculation of

. ati £
A4.b Calculation o (DD)50

D
(2,)50.
» They will be discussed in turn. &11 methods are applicable to the

=148
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FIGURE A4-1  EXAMPLE OF DROP EQUILIBRIUM ENVELOPES (AFTER KELSALL (X-2))

.

Invelope of zero
vertical velocity
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2 inch diameter cyclone used.

Adebe1 Dahlstrom (D-1)

Dzhlstrom presents an empirical equation that represents his

data. It is

0.68
(D) - 81 (D, D)7
p’50 053
e
For Trial 6
Q1 = 4.85 TULGPM.
D1 = D2 = 0.475 inches

1.583 gm./cc.

_~
[ 9)]
1]

Pe = 1.00 gnm./cc.

21.9/&;

Adeb+2 Yoshioka and Hotta (Y-3)

Then (Dp)50

These authors also preseant an émpirical eguation

]

()0

For Trial 6

)
]

0.146 feet

6.0 x 1074 1b./ft-sec.

3

and

D 21.4
(2,)50 4k

It should be noted that both the ahove equations are for
cycloaes with no valves on the outlets. The cyclone used in the

present work had the overflow valve fully open so that its presence
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would have little effect on the cyclone operation.

A4+b-3 Lilge (1-1)

Lilge presents a method to calculate (Dp)50 which is based

N\

on an empirical correlation of velocity profiles. The method is

very long, and only the result is given here, for Trial 6.

(D)5 = 10.4/4
This method does not assume Stokes Law and so involves a
trial and error procedure., Lilge giveé an equation for calculation
of'Vr, giving{for this cyclbne operation a valve:Vr = 0,257 fps.
This‘Vr, when compared with the'Vr from Bradley's work (to
follow), is roughly three times larger.

A4ebs4 Rietema (R -2)

This author investigated many hydrocyclones of different
designs. He gives the equation
(0)2,( P, =0,) L (Ap)
p’ 50 s ¢ ‘1

Cy = ;
50 /ALC ec g

where CySO is an empirical constant given by Figure 6 of his paper.

it is found

For Trial 6, Cyeq = 6 and solving for (Dp)50
‘ ) ?

(D)so - 56/u

Rietema has assumed Stokes Law to be applicable, and his

derivation also assumes the presence of an air core. In the calcula-

tion, the (Asp)t given by Rietema's method for run 6 has been multi-

plied by 2, since the pressure drop in a cyclone with no air core is

-151-~

-about twice the pressure drop when operating with an air core, for the



w1

seme throughput (R-2).

&

h4+beS Bradlery (B-2)

Since Bradley's derivation of an expression for (DD>RO is
straight forward, it is glven here, especially since it can be easily
nodified from the form he gives to a ﬁore generally applicable equa-
tion.

It is generally agreed that the tangentialvelocity in the

outer region of the hydrocyclone is given by

n

VT T = constant (below the vortex finder
and near the cyclone wall)
where 1 2 n 2 zero

If the taongential velocity distribution in the outer region followed
the law of ceonservation of angular momementun, n = 1, It has been

found that n ranges from 0.4 to 0.8,

o
]

A velocity loss ratio o is defined :

where V1 is the velocity of the fluid in the inlet pipe and Vb is
the fluid velocity at the feed inlet level in the hydrocyclone, near

the cyclone wall.

The position of the enveleope of zero vertical velocity
(Figure A4-2) approximately coincides with the surface of & cone,
drawn with bage dicmeter egual to 2.3 D2.

How, assuming thet 211 liguid passing to the overflow must

)

croge through the side of this imaginary cone, the inward radial

2
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FIGURE A4-2 LOCATION OF ZIERO VERTICAL VELOCITY LOCUS

Envelope of zerd
vertical velocity
lies along cone
surface
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velocity can be written

Q
- 2 LR I R R A I A RN A ) 1

v
¥ (7/2)(2,3 1,) I,

Bradley sets Vf équal to the terminal velocity Vi of a par-
ticle of size (Dp)SO’ since Vi has been predicted at the envelope of
zero vertical velocity.

Therefore

o, (P - 0I5y (V)° .

(i/2)(2.3 1,) L, | 18 T,

N

« s e

where in place of the gravitatiocnal acceleration, the centrifugal
accelerstion has been written. Here, VT and Tn, are the tangential

velocity and radius at any point on the envelope of zero vertical

velocity.
Howevef, »
. n B Y B n
JT T = VC T = & <V1> rC
T £
Thersfore, v, - <V1> (ﬁ.)
\TT
n
/v D
= (>< \"‘>( C in = Ed
i 2.3_D2 s SiNnce I‘T = 2.) 32//?
. 4.Q,
Since <V1> = fase 12
A D,i ,
0 .
2ex Q D -
Then Vo = = 21 < & \ ..... ceeeeeeras B
T D, 2.3,/
Substituting (3) into (2) and solving for (Dp)SO yields
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, n 2
(D)en = B ps 2.3 Dy 1 D 4
- / - ,] *® 8 0 00 00 o
p’ 50 5 1,(p, ?C) N 2,
Since the particle Reynold's Humber of (DP)50 may be > 1,
Newton's Iaw should be used instead of Stokes Law. If Newton's Law
is put into equetion (2), then equation (5) results.
Q 40y = P D 50)(7,7)
2 _ Us " Ve/Vp T 5
(m/2)(2.3 D,)(1y) 30y Do T
Replacing VT as tebre gives
2 ; N . 2 2n
o, AR = RO )50l 4 X Yy Dy
- e .- ] 2 -
(n/2)(2.3 2,)(L,) 3 Cp <>C T H'D1 2.3 D,
———— - - B - “J
Solving fo? (Dp)SO again ?esults in | B
. - [ D 2 —72 5.3 p_|P
(D ) 2 CDPC rT Q? 1 3 2 ceess b
p’50 PO / . 1
4(\3S Yo (2.3 D,)(1;)(x)(2 2,) Dy
where r . - 2.3 D2
T 2

A trial and error solution is necessary to equation (§),
with three trials usually yielding a solution.
J 24
When equation (4) and equation (6) are solved for (Dp)SO
?
using the conditions of run 6, the results are
b

(,)50

54/% evesseess Lguation 4
(Dp)SO = 55 (L eseess.n. Equation 6

It may be seen that Stokes Law introduces negligible error,
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even in this case where Re particle = 1.7. For these calculations,
values n = 0,8 and & = 0.5 were assumed. These are reasonable, ac-
cording to Bradley (B-2).

Adec lMeasurement of (DD)SO

The wide variation in calculated (Dp)50 dictated that an attempt
should be made to measure\(Dp)Sb. The experimental procedure required
photographing the overflow dispersion through the glass overflow pipe.
Care was taken to position the camera so thot it was focussed along the
centre line of the pipe to avoid distortion, since the optical cell
was not used here., The focal plane was moved into the pipe, away
from the wall, to avoid any wall effect in the drop size distribution.
Other experimental details can be found in Appendix 2. A sample
photograph of the overfloﬁ dispersion is given in Figure A4-3.

VWhen the drop size distributions that resulted were plotted
on the basis of n/llx versus size x, where n = number of drops in
2 = ¥y

the graphe in Figure A4-4 resulted. The feed drop size distribution

size interval x1 to Xps Ax =x and x is the mid-interval size,
is that expected for Trial 6 (photo series 16-5, photo {1). The
second distribution is that for Tri#l 5 overflow. The third dis-
trivution is for the same conditions as Trial 6, but with an in-
creased amount of liquid going to the underflow.

The most striking feature of theée pléts is that both over~
flow distributions show a very sharp peak which falls off rapidly to
anbn/QSX:of avout 10. This is in contrast to the feed distribution

which is gquite full and rounded near its peak. Since the (DD)5O size.
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FIGURE A4-3  SAMPLE PHOTOGRAPH OF THE OVERFLOW DISPERSION

Photo Series 19-2-3 (#5)



FIGURE A4-4 FEED AND OVERFLOW DROP SIZE DISTRIBUTIONS

FOR TRIAL 6, AND FOR A LARGER VOLUME SPLIT =158«
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for a cyclone is theoretically that size at which the cyclone cut is
sherpest, then (D )50 should be easily locatable on a plot of the over-
flow drop size distribution., It is apparent from Figure Ad-4 that (D )50

is 20-25 ¢ . Further evidence that is between 20 to 25 microns
S

(p

P)BO
has been presented in Chapter 4. The (DP)50 size does not seem to be
seusitive to the volume split, and this is borne out by equation (6),
which gives an insignificant change in (Dp)50 vhen Q2 is made smaller,

The results of this section can be summerized in Table Ad-1.

Ad-d Hindered Settling

The calculation of <Dp>50 is based on the eguivalence of Fd
and Fﬁ at the envelope of zero vertical velocity. This assumes no
inter-particle influence. In sedimentation, it is known that groups
of particles settle slower than if they were falling in the coniinuous
medivn with no other particles nearby. It would seem, then, that cal-
culations of (Dp)50 should contain a correction for this inter-particle
influence. Xriijsman (X-4) and others have made the statement that
particle flocculation in the cyclone is retarded by the high shearing
stresses present. Iowever, other than these qualitative statements,
the nmatter was not persued,.

Adee Sumrary of Apnendix 4

Both the Dahlstrom and the Yoshioka-Ilotte equations

[

or (Dp)50

have predicted accurate values for (DP)SO. The agreement beiween the

experinental value of (Dp)50 and Dahlstrom's eguation is probvably only
coincidental since his equation is an empirical expression correlzti ng
(Dp)SO values found for a particular solid/liquid feed. The Ydshioka-

Hotta expression for (Dp)SO has been derived using velocity profiles
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TABLE A4-1

SUMMARY OI (Dp)SO CALCUIATIONS AND MEASUREMENTS

-

D METEOD
( p)SO

D ). (MICRONS)
p’50

Dahlstrom 22
Yoshioka et al 21
Lilge 10
Rietema 56
Bradléy (eqn4) 54
Eqn 6 55
 Experimental 20 - 25

Value

160~
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measured by a pitot probe. The (Dp)SO vélue predicéed by this expression
should be close to the experimental value,
lMost of the other eguations for (Dp)SO have predicted high values.
The use of Newton's Law to extend the range of applicability of
Bradley's (DD)5O expression does not lead to any differeuce between the

(D). value predicted by his expression and the (D velue predicted
p’50 .

9)50

by the modified expression.



APPENDIX 5 DROP SIZE DISTRIBUTION CONSIDERATIONS



-~ A5 DROP SIZT DISTRIBUTICH COHSIDERATIONS

AS5.2  Introduction

The literatﬁre on particle size characterization was only
briefly survered in chapter 2. This appendix discusses a feuw of the
more pertinent topics that must be considered in particle size dis-
tribution work.

Since this work re»uiréd the specification of a mean dianeter
to characterize the drop size distribution, g few definitions are con=-

sidered firat.

AS5¢b Definitions of IMean Diameter

First of 211, if an infinite distribution of spherical par-

ticles is sampled, data consists of numbter of particles, n, in a

given size interval, 4 Dn' Since there will be a smallest size Dpo

observed, and a largest size DDm obgerved, and if the size intervals
&

are very small, 2 mean volume diameter <ﬁ£>30 can be defined as

2
pBO ?]—D- : p p E-D—- de se e
A -3 P

D D

pm pu

% <D>3 an an = —%—5 "D’ dn
po Dpo

& ¥ .
Similarly, a mean surface diametex (Dg’ZO can be défined es

D D
pr pm
il <D;}2 j dn_ dD_ = T;‘j 0% dn 4D
20 aD p LD p "ttt
D o) D
. po po
e ‘ /- 3 v 2 Spt 2
Solving (1) and (2) for \D§>30 and <D£>20’ and d1v1d1§g these

-163~
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two mean diameters defines the volume surface diametar<ﬁ¥>32’ OrCD Y

sp Vs,
D
SmeBd
n
N3 p 35~ 4D
<D2 =\DQ/7}O Dpo dDA‘ p'..."‘.i.ll......}
52 (o 2 D
¥ 20 S\fm:ogdn
p P39
po D

Since any perticle size measuremént involves finite size ine-

tervals, equation (3) can be expressed as

N

ni'D
1 Py

[
[
4
°
£

(D5 =

TOBA::TWVAE:
nNo

ni D
1 P

i
where N size intervals are considered.

Sauter (S-1) defined a mean diameter as
A 6V
<<D§>vs - A
where V is the volume occupied by the particles and 4 is their sur-

face area.

s . - . s '
The {D ) _ for non spherical particles is defined as
Nplvs , *

» 6
DT

wheree:(v and st are shape factors whose values depend on the par-

‘ticle material and the method of measuring Dp . For spheres, it may
i
be seen that

s = s
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A

A\ W]

+¢ Sample Calculation on Literature Data

Having defined mean diameters, it is instructive to consider
the effect of the Gwyn et al correction on some data, Gwyn et al
gives the following data for a spray:

1) Number of particles messured = 503

6154 1% (= £n, Dp‘?)

2) Total Surface area

- 1
3) Total Volume = 37,252 4 (= £ n, Dp3)
Now calculate . 5
. é; ni'Dp
2 . T 1.V 2
<p e —32 2 = 12,22 w
¥ 20 $ 503 -/
2ni Dp3
s 2 1B seme | 3
5 s Tz 503 740 &
Then - oPs L 410 | .06 w

12.22

This <b£>32 is the value that is obtained using equation 4.
If the Upper Limit‘Equation of lugele and Evans (M—B) is used,
the following data result:
(Y., =
\Dp 10 3'%#
‘ . (10% of drop volume contained in drops

smaller than this size, for the experi-

(Dp\so = 7.6/u mental drop size distribution)
(Dp) o0 = 1424

and (Dp\m - 209 u a = 2.9
ugg = 0.904 _5 = 0.9%0

u5o = 0.341
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s / _ ; pm . . : o
Since <D£>32 = , . 1ns§rt1ng'the numbers gives
(1 + a 9452
D = 6.06 1t
p 32 St

This agreement is no accident since Mugele and Evans have
derived their method to give the same resuit as equation 4.

Any analysis of samples of a drop size distribution is
~restricted by the number of samples taken. Gwyn et at recognize
that there are always drops notiencountered in the samples whose
sizes are larger than the largest size observed in the samples. 3By
nct allowing for the presence of these larger drops, the calculation
of the drop wvolume and surface area will always be low.

Taking the data again and applying the corrections of Gwyn et al,

yields the following data.

1) Number of particles = 503 + 1 = 504
2) Total Surface area = 6595 f@-z
3) Total Volume = 46,900 /u 5
Calculating
2. _ 8% _ 2
<Dp>20 = E = 13.06 4
3 ~ 46,900 . 3
<Dp>30 = o= 930 4

.O
and (205 = T%Z 7.12 &
Assuming the applicability of the Gwyn et al method, it mey
be concluded that all past literature not allowing for sampling size

limitations will consistently under estimate <(bé>32'
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A5ed Measure of Dispersion

The above sections have been concerned with the definition of
2 mean diameter to characterize a distribution. By itself, 2 mean.
diameter tells nothing about the range of_drop sizes. Specifying
that the distributioﬁ is 1og—normallstill leaves an infinite number
of possible log-normel distributions. This is shown by Herdan (H-1)

who gives the following expression for <D§>52.

in <Dp>52 = exp (1n <DI?8 + 2.5 (1n ,rg)z)
Therefore if4<D£>32‘is fixed, an infinite number of combine-
tions of <:Dé>g and’{fé will still exist. A way to completely.specify
a log-normal drop size distribution is‘to give two of <TD£>32,<:D£>S,
and d‘g, with the last two usually being given for 2 log~normal dis-

tribution.

ASee Drop Size lleasurement

Two important quéstions mu;t be answered when an attempi is
made to measure drop sizes. IFirst, are the drops spherical? Using
the Zeiss anzalyzer, the diameter of a circle of the same area as the
projected view of the droplet is the estimate of the drop size. If
the drops measured are not spherical,Ashape factors must be taken into
account in calculating <fD;>52. By observation of all photographs,
the drops appeared as circles. This is expected fronm aicalculation
of the Laplace radius which is defined as

A 1
@= Uy _ o \2
AN g

\



| ~168-

For the oil/water system used

6} _ o + =  38.5 dynes/cu.
AQ = - 0.583 gn/cec.
g = 981 cm./sec.?
Then 3 = 0.265 om.
\ = 2650/,0'

The maximum observed drop size was about 5OQ/§L, and so all drops are
expected to be spherical, since the Laplace radius is much greater
the largest drop size in the dispersion.

The second guestion concerns whether or not the drops are
brezking up in the feed line beéause of shear forces. Sleicher (S=5)
calculates the maximum stable drop size in turbulent floﬁ from the

following eguation for the waximum stable drop size, (D_)

p’/max, :
2 i : 0.7
o) .. NV w.v o s v
“pimax. xc : c = 2811 + 0.7 [+ d
G , a
Using the following data for this work
A = 1.00 gn/ce.
*\ c
v, = 254 cm./sec.
q = 38.5 dynes/cn.
/u© = .00894 gm/cm.-séc.
/Lbd = .00915 gm/cm.=-sec,
D1 = 0.475 inches
Reynolds Number = D1 v 0 c
= 35,000
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and (Dp)max. = 94O/Lu

Therefore, the drops observed were probably not breaking up wnder
shear force in the feed line., OSince the problem of drop~drop coa-
lescence was considered in Chapter 4, the drop size distributions
photographed were probably not changing with distance aloﬁg the feed
line. |

While the above questiois are answered, the problem of drop
size neasurement is not yeﬁ free from error. Two other factors may
introduce error in the drop size distributions photographed., If one
drop happens to come betweén the photographed drop in the focal plane
and the camera, the photographed drop's image size may be inéreased'
or decreaséd, depending on the difference in refractive index. This
is shown in Figure A5-1. No gquantitative estimate of this effect
can be made, since the change in image size is also dependent on the
diemeter of the intervening drop. |

The problen of eﬁulsion and paper shrinkage raises a valid
objection to the photographic technique. Emulsion shrinkage on cellu~
loid flim is negligible. The shrinkagevof photographic paper 1is very
srall (1 mm. in 300 mm.), but measureable. It was neglected in this
work.

The photographic technique has objections, but they do not
seen serious enough to restrict the applicability of the method to
this work,

AS5-f llecessarv ilumber of Drous to Reoresent a Drov Size Distribution

The larger the number of drops measured the better the sample

population’ will represent the actual population, espeéially in the
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FIGURE A5-1 EFFECT Or INTERVENING DROP ON DROP SIZE TIMAGE
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small drop frequencylregions (commonly referred to as the tails).
In this work, the same drop size distribution was gsampled 4 times.
When all the drops are represented by a summation curve, and all five
distributions are plotted on log-probability paper, the data in
Table A5=~1 result. |
This table show; fhat <Dﬁ>g a?diré for the summation curve
end for Run 7 are about the same. Therefore, counting 500 drops
gives the same distribution as when 4500 drops are counted. In all
other runs, at least 1000 drops were cdunted, so that the sample

population is expected to closely represent the actual population.
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TABLE A5-1" GEOMETRIC MEAN DIAMETER AND GEOMETRIC STANDARD

DEVIATION AS A FUNCTION OF THE NUMBER OF DROPS MEASURED

NUMBER OF ,
RUN .DROPS (DY I
COTTNTED NPg g
1 2000 94 1.92
2 1000 79 1.95
8 1000 80 1.82
7 500 84 1.88
Summation
o Ccurve 4500 87 1.87
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