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ABSTRACT

Separation of surface oil from water is an important op-

. eration for the contdpl of o0il pollution and for wastewater

treatment. The aim of this study-is to develop a method to

effectively remove surface oil from water.

-

, A vortex separation method was examined in this research.
A steady-state vortex was genefated by combining three major
actions, namely, (1) the li%uid was rotated gn the cylindri-
cal vortex tank by méans of an inverted 'horse-shoe’ stig;:r
(2) the liquid was withdrawn through the inner outlet pipe
from the vortex tank (3) the liquid was recirculated through
the annular opening surrounding the inner pipe back into the
vortex tank. Under specified operating conditions of stirc-
;r speed and outlet flow rates, vortices of up to 30-cm
depth or 'more could be‘obtained. When a layer of oil was
present on the 1liquid surface and the vortex fepth was
equivalent to the liquid depth in the vortex tank, the 6il
in the vortex-core could be withdrawn together with some of
the liquid@ from the vortex tank. Therefore, the possible
application of vortices for removing surface oil from water

became apparent.
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The present study ‘can be divi@éd into three phases Bé-
cause three different cafego;}es of experimentss were per-
formed dur@ng the course of project. The major variables
involved in this study were rotation speed:of the stirrer.
(f?), depth of the liquid in the vortex tank (H), inner out-

let velocity (Vi) and annular outlet velocity (Va). .

The ¥£irst bhaée‘of this Eesearch, ;he'charactériétics of
air-water vortices were studied. It was found that the f;oﬁ.
pattern  of the vortex in this studf was similar to Rankine's
combined vortex, and the vortex depth was directly related
to the above four variables (fz,H,Vi}Va). The air-water
vortex ‘formation was affected when a layer of froth was
présent on the surface of the wvater. The effect of the
ertw on the vorfex'depth depended on the stirrer rotational

speed and the thickness of the froth.

In the second phase of this research, the effectiveness
of 0il removal under various 'qﬁerating conditions was stud-
ied. The 0il removal effectivéneés was represehted by oil
removal rate and o0il content of the withdrawn two-phase mix-
ture. It was found that the oil removal rate was directly
related to the stirqer speed, the inner outlet velocity'andu
the annular outlet velocity, Sut it decreased as the liquid
depth increased. The oil content increased with increasing
stirrer rotational speed and annular outlet velocity, but it

decreased with-increasing liquid depth. Two ¢il types hav-

2
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cosity was much higher t

ing.gEfy different viscosities were utilized in this study,
namely Esso#2 furnace oil and paiiﬁfin 0il. It was found

that the oil removal rate was j he viscosity of

the oil. The 0il removal rate of paraffin oi}l of high vis-

rate for furnace 6i1 of low
[ 5

operating condition,

n the

viscosity under th ~ The o0il re-

moval rate (or the content) of the furnare 0il increased

s1gnxt&cantly when a layer of froth was present on the fur-
face of ;he oil, Under the operating conditions of this
study, tﬁe maximum oil content was\ 59.2 % for the paraffin
oil, and 48.7 % for the furnace oil. Howeyer, the maximum
oii'dpntent increased up—to0 94.1 % if a layer of froth was

present on the surface of the furnace oil. It might be con-

~cluded that the vortex apparatus used in this research couid

remove surface oil fram water effectively. However, some
. . L

‘degree‘of emulsification of. the oil and water occurred due

-"to the h1gh shear from the vortex motion., This was a disad-

vantage for this separation dev1ce.

The last phase of ®his research was a feasibility study

of the applicapion of the vortex apparatus fér slurry decan-

“tation. The results of this phase indicated that the modi-

fied vortex apparatus as developed in this study was not

successful in sepaFating.solid particles from dilute slurry.
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sNOMENCLATURE

Al inside cross-sectional area of the inner outlet
pipe. -
Aa area of the apnular openinj.
d exit pipé_diameter.
da inside diameter of the outer outlet pipe.
di inside diame£er of the inner(outlet pipe.
dp diameter of particle.
Dl diaméter of  the vortex tank. "
D2 inside diameter of the 'horse-shoe' stirrer,
é gravitational acceleration.
depth of liquid in a tank,.
Hc critical height of liquid in a tank at which
- air-entraining vortex occurs or top liquid
' begins to withdraw.
Ho thickness of surface oil.
Hv  vortex depth (height).
o pressure within liquid,
= pressure at the surface of liquid.
P resultant pressure force due to the pressure of
the surrounding fluid particles. ‘ _
P(r) pressure function,JEdzrdr . ' N

Q .1iquid volumetric flow rate in outlet pipe.

- yi -



Ay

~

Qa  liquid volumetric flow rate in the annular’ cutlet o

pfbe;
_Qi liquid volumetric flow rate in the inner outlet.
pipe. )
Qoil oil ;emoval rate. g
r radial distance of a point from a vertical axis.
s transition radius from forced vortex\Qq)freéa'
N .

vertex,

ssq local sum of squares of the difference between
m —
Vc(s) and its mean, ) (Vcij-Vei)? .
‘ t v n a
S overall sum of squares, ) ssg,.
it

.<|_

average outlet velocity, (Va+vi)/2. _

Va  velocity of a flow in the annﬁiar outlet pipe.
Ve combihed velocity;

Ve mean of dombined velocityi

vi veloctiy of a flow in thelinner outlet pipe.

Vs terminal settling velocity of'particle.

Vy tahgential velocity at a vortex surface.
W weight of the particle of fluid. _ .
z vertical distance of a.point from the ttom of

of a vortéx-core.

rotational ‘speed of the stirrer (rpm)

0 O

density of liquid.

Py density of bottom liquid.
P2 density of top liquid.

P, density of solid particle.
M viscosity of liquid;
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P i

-

-

) Fou
v
W

Ie

B

. - . °
- '. -
» . k A,
- - —_——

viscosity of surface oil.

kfnematic:viscosiiy'of liquid (UL /0).
angular véléqjty about & vertical axis
(radius-per unit time).

cifculation in - the region of free vortx = V;.r.
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Chapter I
" INTRODUCTION

1.1 GENERAL ‘

0il spills have disastrous effects on marine life. A ma-
jor source of accidental oil spills is off-shore drilling.
Several chemical and physical treatment methods are avail-

able. Nevertheless chemical treatment methods usually in-

.volve chemicals which are highly toxic to aquatic life and

can da more harm than would have been done by oil. The best
way to control accidental oif spills is to confine the oil
on the water surface and io remove the o0il physically.
Therefore, mechanical separation devices are useful for the

separation of surface oil from water. .
Removal of oily waste from water is an important treat-
ment in wastewater treatment processes., Three major indus-
trial sources of oily waste are the industries for petroleum
refining, for manufacturing and machininé of metals, and for
food processing. In the treatment of oily waste, the pr{ma-
ry treatment involves separating the surface oils from water
and emulsified oily material. Gravity-type seeﬁrators are
the most commonly used devicés in this treatment, A secon-
dary treatment is then required to break the oil-water emul-
sion and to separaté the remaining oil and water. Emulsion
can be broken by chemical, electrical or physical methods.
-1 - '
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Separétion of surfaée (floatable) oil from water is an
important operation for the control of oil pollution'and for
vastewater treéatment. Several different-types of oil recov-
ery devices are available for removing surface o0il from wa-
ter, including for example, gravity-type separators and.cen-
trifuges. However, some of these devices have a limited
capacity and arﬁbapplicable only in calm wateré;-_ As a re-

sult, further studies to develop more effective oil recovery

devices are necessary.

A vortex can be formed when a liquid is slowly stirred

using an inverted 'horse-shoe' stirrer and is simultaneously

withdrawn through a central orifice at the bottom of a cyl-

indrical tank. Air-liquid vortex formations in stirred

draining tanks have been studied previously at the Universi-
ty of Ottawa, Canadﬁ (15,16). Under specified conditions of
outlet flow and rotation speed of the stirrer, vortices 6f
up to thirty cm in depth or more can be observed. When a
layer of ;11 is present on the surface of - the liquid, and
the vortex depth is<equivalent to the depth of liquid in the
vortex tank, the cil in the vortex-core can be withdrawn to-
gether with some of the liquid from the vortex tank. The
possible application. of vortices for removing surface oil
from water becomes apparent, Under controlled cbﬁditions,
it is poésible to produce a vortex which withdraws oil and
water {oil-entraining vortex), but not air and oil and water

. \_.-v":;'
(air-entraining vortex) through the central outlet orifide,

&



mlaaratus was designed utilizing the oil-entré‘ining

vatex‘for removing surface-oil from water, and some prelim-
inary ;tudies were carried out in this University (17).
Based on the results from the preliminagy studies, ‘it was
found that modifications were required for the equipment be-
cause of the low o0il content obtained in mixture withdrawn.
A major innovation to the equipment involved the installa-
tion of a concentric tube inside the outlet fube of the vor-
tex tank. This inner tube allowed the withdrawval of liquids

mainly from the central vortex-core; as a_result, the oil

content of the withdrawn two-rphase mixture was' much higher

. . - . VT
than previously. Whereas water was recirculated through the

annular region surrounding the inner tube back to the vortex

tank. /’//

The aim of this study was to;developra ‘method to effec-
tively remove surface oil from water., ‘Based on the prelimi-.
nary informati%n, an improved equipment "has been constructed
for studying the effectiveness of o0il removal under various
operating conditions, The major variables involved in the
present study were the rotatjon speed of the stirrer, depth
of water in the vortex tank, flow rate in the inner outlet
tube, and flgﬁ rate in the annular outlet tube. The 0il re=
moval rate and the oil content in the withdrawn two-phase
mixture were measured for various combinations of these four

variables. Two oil types having very different viscosities
were utilized in this/ifugy, namely Esso #2 furnace oil (low

viscosity) and‘paraffin oil (high viscosity).

L

.
{
\‘ j
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- The vortex apparatus for oil-water separation can produce
steady vortices- for a. wide range of conditions. Since the’
‘vortex motion in the Qortex tank generates centrifugal ac~
celeration écting‘radially outward which is much higher than -
the gravitational acceleration, it is effective for'éil re-
moval and the possible applitation of vortices for separat-
ing solid particfés from liquid becomes apparent. A feasi-
‘bility Etudy for the latter application utilizing a modified

vortex apparatus for slurry decantation is included in this

stﬁdy.

1.2 STUDY GOAL

Thé present stud& can be divided into three phases be-
cause three different categories of experiments were carried
out during the. course of the project. However, all the ex-
periments were performed at steaay-state conditions in ic
the liqﬁid level and the depth of the ¢il layer in the vor-
tex tank remained constant; these were accomplished by re-
circulating the 1liquid withdrawn and by adding oil to the
vortex tank at the same rate it was removed.

The first phase of this research, the characteristics of
air-water vortices were studied. Because the outlet of.the
improved voggex tank consisted of inner and annular outlet
thbes, two outlet flows instead of cne were considered. In
addition, the flow-pattern surrounding the vortex was dif-

ferent than that in previous studies. Experiments were per-

}
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formed to study the combined effect of variations in these

two outlet flows on vortex formation. The purpose of the

first phase can be summarized as follows: s -

1.

To study the effects of the rotational spegd of the
stirrer, the depth of liquid in the vortex tank, the
inner outlet flow rate, and the annular outlet flow
rate on the vortex depth. '

To discover how the inn;r outlet velocity and the an-
nular outlet velocity may be combined to yield an
eguivalent vortex-forming condition.

To study the effect of surface froth on vortex forma-

tion.

In the second phase of this research, the‘effectiveness

of oil removal under various operating conditions was stud-

ied. The objectives for the second phase are:

1.

The last phase of this research was a feasibility study-

To study the effectiveness of oil removal under vari-
ous operating conditions of the four previéusly men-
tioned variables ((),H,vi,va).

To study the effect of oil viscosity on the oil re-

moval rate.

To study the effect of the surface froth on the oil

removal rate.

[y

of the application of the vortex apparatus for separating

solid particles from liquid.



Chapter I1I

REVIEW OF THE LITERATURE

N

2.1 GENERAL REMARKS

Vortex phenomena have been interesting subjects for phys-
icists and engineers for the past three decades. A consid-
erable amount of experimental research about free vortices

and forced vortices have been reported.

-

When an initially stationary 1liquid is drained from a
vesgel through an outlet orifice at the bottom, a vortex is
generated on the surface of the 1ligquid just above the drain
hole, This is called a 'bath-tub' vortex or a free vortex.
The origin of a free vortex has been considered to be the
result. of the Coriolis forces due to the earth's rotation.
However, the é;riolis forces are small compared with other
effects such as initial residual motion from ;he filling of
the vessel and boundary layer shearing at the bottom of the
vessel. Shapiro (3) performed carefully controlled experi-
ments involving the 'bath-tub' vortex; the results indicated
that the free vortex couid be developed from the Coriolis
forces due to the earth's rotation. Einnie (4) repeated
Shapiro's experiments but withw an exit pipe prétruding a

considerable distance upward from the bottom of the tank.
1] L ’
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In this way shearing action of the tank bottom on discharg-

ing water was reduced. He obtained a counterclockwise rota-

" tion ( the sense to be expected if the earth's rotation was

the cause ) in 15 consecutive tests. Sibulkin (5) found
that the direction of rotation for the free vortex reversed
as the liquid surfa;e approached the bottom of the vessel.
He suggested thét the boundary-layer vorticity was carried
down through the orifice accoiding to ﬁelmholtz's theorem,
YKelly, Martin and Taylor, (6) repeated Sibulkin's experi-
ments. They observed that reversal éf the initial direction
of rotation for the free vortex also occurred if a shock was
applied to the system during draining of the vessel, and
they proposed an explanation, based on a considerafion of
the surface waves generated by a shock. Marris (7) and Ha-
rada (8) reported detailed theoretical analyses of the free

vortex which included the effect of initial liquid rotation.

When a liquid is rotated in a cylindrical tank, a vortex
is generated. This is called a forced vortex. Le Lan and
Angelino (9) measured vortex shapes and depths of the forced

vortices, and observed the effect of stirrer position. Na-

gata, Yoshioka and Yokoyama (10) studied the angular veloci-

ty distribution of the liquid in a éylindrical Qessel agi-
tated by a concentric agitgtor. They reported that the flow
pattern‘in the vessgl was simjilar to Rankine's combined vor-
tex. This latter combined Qortex consisted of a forced vor-
tex at center of the vortex and a free vortex in outer re-

gion of the vortex.
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2.2 PREVIOUS RESEARCH |

A vortex can result .from many different liquid flow situ-
ations. ' There have been a number of research papers dealing

with different“aspects of vortex formation.

Lubin and Sprifiger (11) studied the formation of vortices
on the surface of an initially stationary liquid draining
through a concentric circular orifice at the bottom of a
cylindrical tank. Experiments were performed not only with
water in contact with air bdt also with a second immiscible
liquid placed on top of tﬁe water, Theylreported that a
vortex formed above the outlet orifice on the surface of the
bottom liquid at a critical height (Hc), and that, once
formed, it grew rapidly and extended into'the'outlet tube.
They also found that the critical height was independent‘é%
initial height of the liquid in the tank, and that the out-
let volumetric flow. rate was nearly constant up to the in-
stance of vortex formation. A simple analytical expression
was derived by Lubin and Springer to predict the critical
height (Hc) of the ligyid at which air-entraining vortex

formed or top liquid began to withdraw, The expression was:

i 2 - 10,2
. He 20,69 9

- d ( - &)gds - (2.1)

P1
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This expression is limited to shallow water depths and to

situations when there is no induced circulatien in the tank.

McDuffie (12) studied the conditions for preventing vor-
tex formation in a downflow System., He presented the criti-
cal relation between depth of liquid in the system and lig-
uid volumetric outflow rate for the transition from full
ligquid outflow to two-phase outflow .first for the air-wateé

system (equation 2.2}, and next fog:khe ligquid-liquid system
(equation 2.3):

4

Q < 1.26 r&( Przo - -Lur )d 0.5 H2
oo (2.2)
B 0.5
Q < 1.61 | & plp‘pa)J H2+o (2.3)
: 1l

These equations are also restricted for shallow water

depths (H/d<3) and outlet pipes of small diameter.

Toyokura and Akaike (13) studied the flow mechanism of

the steady 'bath-tub' vortex in a water tank and the forma-

tion of air-entraining vortex in the presence of a slight.
internal tank rotation which was produced by means of guide
vanes. They reported the relationship between the critical
depth (Hc) at which the air-entraining vortex occurred and

the magnitude of circulation (I} ) when water was drained

from a tank as:
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, Iﬂ2 0.25
He £
He . 10 1]6.67 - 1.34
d aZguc/ (2.4)

The circulation in this case was written in terms of the

tangential velocity.

[¢=v,.r (2.5)

The above expression is valid for the air-entraining vor-
tex which is generated by drainihg the water from a cylin-
drical tank and by simultanéously rotating the water slight-
ly. However, the liquid rotational rates used by Toyokura
and Akaike were much lower than those used in the present
study. Therefore, this expression cannot be utilizéd for

comparison with results from the present study.

Vortex formation in a stirred draining tank is a compli-
cated phénomenon, because it combines both the forced vortex

and the free vortex phenomena.

Lewellen (14) performed a complex analysis of vortex for-
mation in a stirred draining tank. However, the solution of

hgf analysis was limited Enly to specific cases.

Neale and Hayduk (15,16) studied the factors influencing
the vortex depth when 1liquid was withdrawn from a vessel
through a central orifice at the bottom, and was simultane-

ously stirred by means of an inverted 'horse-shoe' stirrer.

a
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They examined a {Feﬁdg§ataPe situation in which the with-
drawn liquid was recirculated back into the vessel via a
sparge pipe. They found that the vortex depth was highly
dependent upon the stirrer rotational speed, exit flow rate,
and exit pipe diameter, and the vortex depth decreased !'sig-

nificantly as the liquig viscosity increased.

The flow characteristics near the vortex were studied by
injecting blue dye into the water in the above study. It
was found that liquid moved rapidly downward at:-the vortex-
core, and moved slowly upward at a little further away from

the vortex surface. A postulated flow pattern of vortex is

shown in Figure 2.1 .,

A relationship between the vortex depth and the pertinent
variables was developed using dimensional analysis. For wa-
ter, the correlation was expressed as:

| 3\-0.76 1.22
Hv _ 7,35;10‘5(.QL> , (ﬁ_ ‘
d Q Vd

For a slightly viscous liquid (viscosity less than 3 mPa.s

), the correlation was:

3\-1.11 /gisi\
HY _ 0,035(Qd_) y (j_ ) y
d Q Vid s

) . D2§22 0.89 D2 0.95 H -0.40
g E- 3 (2.7)

4
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The correlations developed by Neale and Hayduk are suit-

able for relatively high water depths and high stirrer.rota-
tion rates. However, these correlations must be used with

caution, especially when applied to experiments outside the

range used in the original study.

Francois Leclerc studied oil-water separation using a
vortex in his senior project; the results of which were re-
ported in his undergraduate-thesis (17). He used an appara-
tus similar to that of Neale and Hayduk (15). Under speci-
fied conditions of stirrer speed and outlet flow, a vortex
whose depth was equivalent to the 1liquid height in the vor-
tex tank, was formed. When a layer of o0il was present on
the top of water, the oil in the vortex-core was‘*withdrawn
together with some water through the outlet orifice. Le-
clerc performed experiments to study the effects of effluent
flow rate and orifice.diameter on 0il removal rate. He con-
cluded that\lhe oil removal rate increased as the effluent
flows increased, and the 2,54 cm orifice diameter was the
best among the three testing orifice diameters. Leclerc
also mentioned that water depth in the vortex tank and rota-

tional speed of the stirrer also affected the oil removal

l'ate. ' . e

“
The maximum oil content of the two-phase liquid mixture
in Leclerc’'s experiments was 33%, with an average of approx-

imately 20%. Based on Leclerc's .study, sSeveral changes were
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made to the experimental apparatus, vhich later became the

improved vortex apparatus used in this study.

2.3 PROCESS DEVICES FOR OIL-WATER SEPARATION

Gravity-type separators are the most common devices em-
ployed for the removal of surface (floatable) -oil from wa-
ter. The operation of such separators is usually accompa-
nied by the use of gas flotation, heat, or chemicals
addition. The.effectiveness of a grévity separator is de-

pendent upon a suitable hydraulic design and an appropriate

retention time. -

The separation of immiscible liquiés by hydrocyclones is
attractive from the standpoint of low capital investment_ and
simplicity of operation. A hydrocyclone 1is a device which
utilizes the -centrifugal forces for phase separation. . By
comparison, vortex motion leads to high centrifugal forces,
which aid phase separation. Vortex motion can be produced
by usiné a tangential inlet to the cyclone or ;y providing
suitable dirécting vénes within the equipment. However,
liquid-liquid hydrocyclones are much less effective than
those employed in solid-liquid separations, because liquid
particles tend to disintegrate under the intense shear en;
countered in the cyclone. - Frequently, this size reduction

in the liquid droplets leads to emulsification. Therefore,

hydrocyclones are not widely used for oil-water separation.
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Centrifuges also utilize centrifugal .forces for phase
;epatation. There are two popular designs of centrifuge,
namely the tubular type aqd-the disk type. Tﬁe‘most common-
ly used design today is the disk type centrifuge which is
often operated to generate forces up to 9000 times that of
g;avity. Centrifuges can be effectively usea to separate
immiscible iiquids of different densities. However, they

require a good deal of power and are of relative y low ¢ca-

pacity.

2.4 PROCESS DEVICES FOR SLURRY DECANTATION

Sedimentation is an operation used to ‘clarify liquid

' wastes or to concentrate solid suspensions. Many of the

needs in these area are currentiy handled by gravity clari-
fiérs.,However, while effective, gravity clarifiers occupy a
considerable amount of Space, and the performance is limited
by factors such as zeta potential and Brownian movement.
Therefore, several solid-liquid separators which occupy less
space and perform more successfully have been invented;
these are hydrocyclones and centrifuges as discussed in the

~—

section concerning oil-water separation,
Whereas hydrocyclones are capable of removing some of the
suspended solids in wastewvater, they are unable to achieve

an effluent quality as high as that achieved by gravity

clarifiers. It is found that hydrocyclones tend to disperse
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fine floc - which may be removed by settling. The wuse of
'solid-body rotation' such as that -obtained in centrifuges

is considered to be a better method %f separation.

'

All centrifeges have the same basic operating principles.
Solids are removed from the £luid which flows through the
machine under the influence of the centrifugai forces. Cen-
trifuges can provide good separation only at low flow rates.
kEddy currents, created in the separating zone in the centri-

fuge at high flow rates, cause the Eedispersion of settled

solids.

. Recently, the Bird Machine Company introduced a Vortex
Clarifier which was originally developed at Queen’s Univer-
sity, Kingston, Ontario. The Vortex Clarifier, a novel form
of centrifuge, provides a fairl} high fluid-handling capaci-
ty. Oﬁeration of the Vortex Clarifier is based on é forced-
vortex principle. 'Liéuid introduced into the Vortex Clari-
fier rotates as a solid body with little or no fluid shear

* which may create turbulence and‘redispersion of settled sol-
ids. The settled solids are collected on the wall of the
rotating bowl and subsequently discharged using a predeﬁer-
mined automatic sequence, The Vortex Clarifier is suitable
for removing fine particles from fluids at relatively high
flow rates; 1its chief disadvantages are its high cost, and
high energy gafsumption.

. -
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Chapter III

THEORETICAL SHAPE OF FORCED VORTEX, FREE VORTEX
AND RANKINE'S COMBINED VORTEX -

-
ha

3.1 GENERAL REMARKS J

Vortices are freqguently encountered in day-to-day life.
There aré many different liquid flow situations which may
result’ in the formation of a vortex. A free vortex is
formed wﬁén an initially stationary liquid is drained by
gravity from a vessei through an orifice at the bottom. A
forced vortex is formed when a liquid is rotated in a cylin-
drical tank. A compound vortex motion has been well known
for a long time, and is called Rankine's édmbined vortex.
It consists df an inner cylindrical core rotating as a-solid
body (forced vortex), surrounded by a free vortex. Equa-
tions of the surfaces of constant pressure for the above
three Yértex types will be discussed in detail in the fol-

"lowing section.

3.2 THEORETICAL SHAPE OF FORCED VORTEX,’FREE VORTEX, AND
RANKINE'S COMBINED VORTEX

3.2.1 Genéral Considerktion

A

. ;
A fluid of constant density and viscosity, rotated about

a vertical axis, is shown in Figure 3.1 . The motion is

_17-
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steady, aﬁd the angular velocity (())) about the verfiéal

axis is assumed to be a function only of r, where r is the
radial di;tance of the point from the qxis. Hence a parti-

"cle of fluid having a weight of W describes a circular path

/WT in a horizontal plané with a constant.speed of (Vr; its.ac-
«celeration .is radiai‘and-inward and has a magnitude of(dzr.

An inertia force (W/g)()%r acts in a radial direction awvay
///from the axis of rotation.l This is called the centrifugal
force. The pressure is dependent upon r because of the cen-
trifugal force and upon z - because of the gravitational

. force. Thus the pressure gradients can be expressed as fol-

lows:
a59-’=,«O(.L}2r T (3.1)
ar ‘ - .
» _ '
= -g
Jz .p (3.2)
‘/

A pressure function may be defined as follows:

P(r) =fw?rar C (3.3)

IE\\can be determined when () is a given function of r.
Since p is an analytic function of position, p=p(r,z), dp

cen be written as: - @

« Ar dz (3.4)
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Substituting equations (3.1) and (3.2) into equation (3.4)

and integrating yields:'
p = Ok(r) g0z + K (3.5)

In the above expression, K is a constant of integration.

3.2.2 Forced Vortex

For a forced vortex, the fluid rotates about the vertical
axis like a rigid body; in this case the rotation speed (1)
is independent of r. Equation (3.3) can now be written as:
- '

2 .
P(r) = %w r? {(3.6)

-

By applying the condition that P=D, at r=0 and z=0, equation

(3.5) beco@es:

1 22 '
.= £ - +
= ZRW 80z * Bo (3.7)
Iﬁ the above expression, p, is the pressure on the liquid
surface.”, The surfaces of constant pressure are therefore
the paraboloids of revolution: |
. - 102r2 . DPy~P 7 . _
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In particular, the free surface of the liquid (p=p,) for the

forced vortex is parabola in shape (Figure 3.2).

An analysis of a forced vortex can be performed using an-
other approach. The free surface of the liquid for the
force vortex is curved as indicated ip Figure 3.3 . There
are a total of three forces acting on the fluid element at
point A. They are the weight of the element W, the resul-
tant force due to the pressure of the surrounding fluid par-
ticles P which is normal ‘to the curved surface, and the cen-
trifugal force (W/g)()%r acting radically outward. Since

these three forces are in equilibrium, we have:

P sins = ¥)%; (3.9)
-3
P coBg = W (3.10)

It is apparent that:

2
Wr dz ‘ | (3.11)
4 dr

tang =

The tangential velocity V¢ is equal to (Jr; then from egua~-

tion (3.11), Ww can be obtained as:

Ve = \[g.r.tane (3.12)
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Integration of equation (3.11) gives the equation of the

curved free surface which is the equation of a parabola:

‘ Cd2r2' ' -

Equation (3.13) is actually equivalent to equation. {3.8) for

p=p, at the free surface.

*3.2.3 Free Vortex

For a free vortex, the motion of the fluid is irrotatidn-
al, which means that although each small element of fluid

describes a fixed circular path, it has a zero rate of spin

about its own axis.

Consider an infinitesimal elemént of fluid between two
concentric streamlines as shown in Figure 3.4 . The radius
of curvature of the path is‘ r, and the tangentiai yeiocity
is v, . The‘infinitesimal element has a height dr, and an
' average area da along the curved surface. There is a cen-
trifﬁgal force F)dAdr(V?/r) acting on the element radially
outward, ‘and 1 resultant presﬁure force dpdA acting on the

element radially inward. Due to the balance of foreges in
the fadiél direction, the golloﬁing equation can be ob-
tained. '
ve

dpdA = O -t qadr
r



s
dp = p;—dr - (3.14)

For a free vortex, the streamlines are concentric cir-

cles. If the fluid is incompressible and ffictionless, and

the elevation changes are negligible, the Bernoulli's equa-

tion for one streamline can be represented as:

~

p+ pvi = constant ~ (3.15)
2 . .

Equation (3.14) cdn.be rewritten as:

' va )

dr T

and the derivative of equation (3.l5) with respect to r is:

av
4 . -
pv,

(3.17)
dr

—t
dr
Combining equations (3.16) and (3.17) gives a differential

_equation which can be separated and integrated to yield:

av ‘
......E QE:O
Vt T
Vt.r = ¢ = constant

.



or

H|O

( Ve == {3.18)

For this s?tuation, the velocity varies inversely as the ra-
*dial distance from the axis, and the angular velocity varies

inversely with square of the radial distance:

r

c
W=z (3.19)
_ \
According to eguation {(3.3), we therefore have:
..c?" .
B(r) = > | L (3.20)

Equation (3.5) becomes:

) |
C
p=K- p_zzr - 8Pz : (3.21)

The surfaces of constant pressure are given by:

, = {K=p) _ ¢
g0 2e? (3.22)

Therefore, the free surface of the liquid for the free vor-

tex is hyperboloidal in shape (Figure 3.5).
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Eguation (3.18) indicates that the tangential velocity

becomes infinitely large when r approaches zero. An infi-
nite velocity is not realistic for real fluid. In actual
flows, viscous shear effects causé a portion of the fluid in
the region near r = 0 to rotate like a solid body. Oﬁtside
this central core is a transition region; outside the tran-
sition region is a free vortex. ~ The velocity distribution
for this combination of vortex types is shown in Figﬁre 3.6

. This flow pattern is known as Rankine's combined vortex.

3.2.4 Rankine's Combined Vortex‘

Rankine's combineqd vortex consists of an inner cylindri-

cal core of radius/s rotating as a solid body with an angu-
lar velocity (i), {surrounded by a free vortex. The velocity

is continuous at he radius.s of the combined vortex. By

~

equation (3.19):

2
c = (ys~ _ (3.23)
The pressure in the core ( s > r > 0 ) is given by the equa-
tion as obtained for a forced vortex (equation 3.7), and the

surfaces of constant pressure in the core are described by

equation (3.B). The pressure at s is:

p(s) = ﬁ p(,;._)232 - 80z + p, (3.24)
“

~

\/—\
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However the pressure is continuous at s and can be described
by equation (3.21):

p(s)r-K-%g;-spz
s

or

048
+ Z

262 gQ (3.25)
v

Substituting egquations (3123) and (3.24) into equation
(3.25) yields:

K = p(s) +

K = pw?B? + P, (3.26)

Hence, by using equations (3.21) and (3.23), the pressure

when r > s, is given by:

2
. 2.2 ]
P=DP, + PW"s (1 - -5'2)" 802z (3.27)

r

- The surfaces of constant pressure are therefore given by:

2.2 2 P,.-P

Q) 8 8 ,) Q

z = 1l - + 3.28
'3 ( 2r® ( )

Thus, as indicated by equations (3.8) and (3.28), the free

surface of the liquid for Rankine's combined vortex has a

dimple form as shown in Figqure 3.7 .
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Chapter IV
EXPERIMENTAL WORK AND INSTRUMENTATION

4.1 GENERAL CONSIDERATION OF EXPERIMENTAL APPARATUS

Based on the information from the preliminary study (17),
an improved experimental apparatus has been constructed. A
schematic sketch of the eiperiﬁental set up is shown in Fig-

ure 4.1, and detailed descriptions of the equipment are

listed in Table 4.1 .

The equipment consisted mainly of a 60-cm diameter cylin-
drical plexiglas vortex tank (T1; equipped with a 'horse-
shoe' stirrer, a plexiglas vacuum tank (T2) and an oil sup-
ply tank (T3). All these tanks were interconnected with

circulation pumps and rotameters for circulation and flow

measurement.

-
-

The 'horse-shde' stirrer, of 37.5 cm inside diameter, was
mounted concentrically within the vortex tank, with its ro-
tation speed being ~controlled by a variable speed drive of
speed rafdging from 0 to 50 rpm. The stirrer!blades were 5
cm Qide, nd were mounted 3 cm abové the bottom of the vor-
tex tank {(Tl) and 5 c¢m from the tank wall. The dimensions

of the 'horse-shoe’' stirrer are dhown in Figure 4.2 .,

...30_.
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An outlet pipe pf_2.54.cﬁ inside diameter was centrally
loéated at the bottom of the vortex tazkf and an inner out-

let pipe of 1.6 c¢m outside diameter and 1.27 cm inside diam-

“féter with a bevelled sharp-edge was located concentrically
inside the 2.54 cm i.d. outlet pipe. The arrangement of the-
outlet pipes at the bottom of the vortex tank is. shown in

Figure 4.3 .

Liquid was withdrawn from the vortei-tank through the an-
. nular opening, and was récirculatgd back into the vortex
tank by géans of a centrifugal pumEP(Pl). The recirculated
Stream wés distributed through a sparge tube. This sparge
tupe located at the bottom perimeter of the Qortex tank and
with holes facing the tank wall, precluged any disturbance
to a steady vortex formation. .The annular flow was measured
by a rotameter (Rl) and was controlled'byza valve (V1). As
‘a result_of the pump work, thé liquid temperature tended to
rise slowly during the ekperimgnts: a shell-and-tube heat
exchanger (Hl1) was installed on line to keep the liquid at a

.

constant temperature.

.

A portion of the liguid in the vortex tank could be with-
~drawn- through the inner outlet pipe into the vacuum tank
utilizing the pressure difference between the vortex tank
and the vacuum tank. This inner flow. was controlled by a

“valve (V3) as well as the degree of vacuum in ;pé vacuum .
" "".‘tank. A \

~
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- The liquid in \the égzgum tank could be transferred back
into the vortex tank by means of a centrifugal pump (p2)
through the”sparge tﬁbe.’ This floy was again, measured and
ézntrolled by a rotametgi (rR2) and'a valve (V2). A heat ex-
changer (H2) was installed to control the liquid_temper54

ture.

Whereas the first phase of the experiments involved air-
wvater vortices,\ the second phase involved oil-gater vortic-
" es. For the oil-water separation e*periments, oil-water
mixtures were withdrawn from the vortex tank through the in-
ner outlet pipe into the vacuum tank. Thg 0il was accumu-
latea in' the vacuum tank while the water was continuously
%hmped back to the vortex tank by means of the pump (P2) to
maintain a steady water level in the vortex tank. * The pur-
‘pose for utilizing the vacuum tank instead of a pump was to
prevent emulsification of oil and water and to prevent air;

entrainment in the pump. i 4

The steadylgtate oil removal éate was determined by meas-
uring the :ate 'of oil accumulation in the vacuum tank. The
thickness éf the oil layer in the vortex - tank was kept
steady.by adding 0il to the vortex tank from the oil supﬁly
tank (T3) at the same rate as/}; was remoqedﬂ -

.

4

For certain experiments, the vortex motion generated com-
plicated internal flow patterns and high shear rates which.

caused emulsification of 0il and water. Therefpre, an emul-

2
-

\\Hh/ . \. . . | . .
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sion breaker was installed at the inlet to the vacuum tank;
it consisted of a 7.6 cm inside diamete} Plexiglas tube
packed with small (0.6 cm) Berl saddles to a depth of 28.0
cm. Compared.to ,other packing materials of simi}fZ size,

the ceramic Berl‘/saddle packing was found to be‘ the most

7
effective.

Thé‘third phase of this research invole;-utilizihg a
;ortex for the separation of solid particles from a slurry.
‘Procedures, for the experiments and modifications of the
equipment for each of the three phases will now be decr&bed

in detail in the following sections.

H

4.2 EXPERIMENTAL WO FOR PHASE I, INVOLVING AIR-WATER
VORTICES , . ;

$4.2.1 Air-Water Vortex Experiments

Phase I was aimed to stﬁdy the effects of rotation speed
of the stirrer ({)), water depth in the vortex tank (H), in-
ner outlet flow rate (Vi) and annular circulation flow raté

(Va) on the vortex depth (Hv)..

The equipmeht was set up as shown in Figure 4.1, but with
the emulsion breaker removed. Rotameters except the.one for
oil supply (R4) were qalibréted using distilled water as a
fluid at 25.0°C. Calibratioﬁ curves for the annular circu-
lation rotameter (R1l), the water return rotameter (R2), and

the inner outlet flow rotameter (R3) are included in Appen-

dix A.
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The inner outlet velocity:(Vi) and the aﬁnular outlet ve-
locity (Va) were systematically measured for vortex aepths
(Hv) equivalent to half of the 'water depth (H). and also
eéuivalent to the full water depth, at each of nine combina-
tions of the stirrer rotational speeds ((1=3,5,10 rpm) and
the water depths in the vortex tank (H=10.6,20.0,30.0 cm).
The procedure for the experiments is summarized as follows:
the vortex tank (Tl) was filléd with distilled water to a
predetermined height. The annular. circulation valve (V1),
the water return valve (V2), the inner flow valve (Yﬁg_ and .
the oil supply valve (V4) were initially kept closed. With
the vacuum pump {(P3) turned on, the vacuum indicator (PI)
was set to about -15 in. Hg by adjusting the vaéuum control
valve (V5). The inner flow valve (V3) was then opened, and
the water was withdrawn tﬁrough the inner outlet pipe inteo
the vacuum tank until the water depth in the vortex tank had

reached a pre-specified depth. The inner flow rate (Vi) was’
”

. now adjusted to a specified experimental value by means of

the valve (V3) and the rotameter “{R3), while the water in
the vacuum tank was pumped back, at the same raEe‘ag that of
the iﬁner flow, using the pump (P2). Therefdrg, the water
level in the -vortex tank was- kept constant by adjusting the
flow rate of the returned water. Once a steady yéter level
was achieved in the vortex tank, the stirrer was switched on
and set to a specified éxperimental speed. The rotation

speed of the stirrer was measured using a stopwatch. Under -



Ay,

35

the above liquid flow condition, a stable vortex was formed.
The annular circulation pump (P1) was then turned on, and
the annular flow rate was increased sléwly by means of the
annular circulation valve (V1) wuntil a VOftex depth (Hv)

equivalent to half of the water depth (H) was observed. The

vortex depth was measured by using two metric scales which

‘-

were located at opposite sides of the vortex tank. fhe
temperature of water in the system was maintained at

25$0.5°C by means of the coolers (Hl and H2). The steady-

state vortex depth was kept under close observati?n for at

least 5 minutes; then the inner and annular flow rates were.

. id
recorded. The same procedure was repeated for a vortex

depth (Hv) equivalent to the full depth ‘of water (H).

The range of the four .principal variables for which meas-

urements were made were: (1) rotation speed of the stirref
of 3 rpm to 10 'rpm, (2) water depth in the vortex tank of
10.0 em to 30.0 cm, (3) inner outYet velocity.of 0.00 cm/s
to 92.71 cm/s, 'and (4) annular outlet velocity of 0.00 cm/s

to 149.50 cm/s. It was found that any serious vibration or

- jolting of the vortex tank reduced the vortex depth."It was

also found that if the vortex tank was not set up verticél—
ly, the vortex depth was affected. Therefore four levelling
screws were mounted at the base of the equipment to ensure
that the vortex tank was - level. Some experiments wé:e re-
produced as replicates. In general, the experiméntal re-
sults qbfained in this phase were highly reproducible.

4
”

v o
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4.2.2 Air-Water Vortex Experiments "With Surface Froth"

1l

Ty Experiments were carried out to study the effect of sur-
- . face froth on votrtex formation. 'Steinberg’ 'dish detergent
N ,_hg;§§ used to produce froth simply because this detergent

proved to be a yery good foaming agent.

A thick layeibpfyfroth was created on the surface of wa-
‘ter by stirring ;pproximately 1 part of detergent to 3,000
parts oﬁ water in the vortex tank. The mean thickness of
the froth was about 1.5 cm, and the distribution of the
froth in the tank was not uniform (Figure 4.4a). The proce-
dure fori these experimé;fg was identical to that £for the
air-water vortex experiments (section 4.2.1)}. Some sixteen
selected tests wvwere performed using the same operating con-
ditions as for some of the air~water vortex experiments, 80
that the effect of the surface froth on vortex fqrmation

could be observed.

A second set of expériments using a tﬁin'layef oflfroth,
produced on the surface of the water by stirring approxi-
mately 1 part of detergent t& 30,000 parts of water were
performed. The mean thickness of the froth "was about 0.5
em, and fhe‘distribution of the froth was gquite uniform
(Figure 4.4b). - Eleven tests were carried out for the same
operatingrconditions of the aSove 'with froth' experiments.
Hence, the -effect of the froth thickness cculd be observed,
Some replicate experiments were performed tc determine the

reproducibility.
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. 4.3 EXPERIMENTAL WORK FOR. PHASE II, INVOLVING OIL-WATER
VORTICES , x

4,3.1 General Considerations -

The experiments carried out in this phase can be divide
into three series basedAon their scope. The first series of
the experiments was utili;ed to determine the operating con-
ditions of the principa} variables (g),H,Va,Vi)d for inci-
pient * o0il entrainment and incipient air-oil entraihm;nt.
The second series of experiments were performed to study the
effects of the four major variables (g),H,Va,Vi) and the
viscosity of the oil on the o0il removal rate. The last se-
ries was wused to study the effect of surface froth on the

: ' r
01l removal rate.

¢

The equipment for ocil-water separation experiments was
set up exactly as shown in Figqure 4.1 . All experiments in
this phase were carried out at steady state. ’The water and
oil depths in the vortex tank were kept cbnsﬁant by return-H
ing water }rom the vacuum tank and by adding oif to the vor-
tex tank respectively, AIl the measurements were carried
out at 25.020.5°C, and the temperature of the 1liquid was

~

controlled by means of the two heat exchangers. //)

Distilled water was used in all oil-w%ﬁsg,sepiigzzgn ex—

periments, because preliminary trials with tap water indi-
cated that a high degree of emulsification of oil and tap

water occurred. Even with distilled water

-

, some emulsifi-
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cation qQf the o0il and water did occur and as a result, the

water became somevhat opasgue.

J

4.3.2 Measurements of Density, Viscosity and Surface
Tension of the Oils Used

Two types of o0il having very different viscosities were
used in this study, so that the effect of viscosity on oil-
vortex formation and on oil removal rate could be examined.
The paraffin oil (high visgpsity) was purchased from Fisher
Scientific Company (white, heavy péraffin oil, Saybolt vis-
cosity 335/365), whilst the Esso$2 furnace oil (low viscosi-
ty) was the household delivery grade obtained from thelkkso
'distributién centre. fhe densities of the o0ils were meas-
ured by means of calibrated pycnometer bottles. The viscos-
ities of the oils were measured by calibrated Cannon-Fenske
routine viscometers utilizing a\»'Temp-Trol' viscosity bath.
The surface tensions® of the o0ils were measured by means of a
éisher,- Model 215 °f*Autotensiomat Surface Tension Analyzer
which was based on the principiés of du Nouy ring and Wil-
helmy plate method. The_properties of the two oils at three
different temperatures are shown in Table 4.2 , and the ex-
perimental data for the above measuremants are shown in Ap-

pendix B.
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-

-~ 4.3.3 Calibration of the Rotameters

'Since the densities and the viscosities of the oils were

relatively different from those of water, different rotame-

ter calibrations were required for each liquid used. The

calibration curves for the inner outlet flow rotameter (R3)

and the oil supply rotameter (R4) for the two oils are given”

in Appendix C. However, the calibration of the inner outlet
flow rotameter (R3) was difficult because two-phase mixtures
having both a high o0il content and a low o0il content flowed
through this rotameter during different operating condi-
tions. It vas impractical to calibrate the rotameter for
each operating condition. Hence,, an approximate method was
used to calibrate this rotameter by taking the averaéz value
of the volumetric flow rate of the high oil content and the
low 0il content mixtures at the same reading of the rotame-
ter for the calibration, he h}gh 0il content and low oil
content withdrawn mixtures could be achieved by varying the
annular circulation flow. Because the densities of liquids
flowing thr&ugh the-annular circulation rotameter (R1)} and
water return rotameter (R2) were close to the density of wa-
ter, the rotameter calibration curves for distilled water

could be used (Figures Al and A2).
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Phase 1

4.3.4 Procedure for the First Series of Experiments in

The purpose of the first series of experiments was to de-
fine the conditions of the two outlet flows for incipient
0il entrainment and incipient air-oil entrainment at various
conditions of the water depth (H) and fhe rotation sﬁeed of
the stirrer ({)). Thus the operating range of the inner and

annular flow rates for o0il entraining vortex could be deter-

mined. ’ ' ’

;f\ Ve

The incipient oil entrainment is defined as the oil-vor-

tex depth equivalent to the water depth (H) in the vortex

tank (Figure 4.5), but with no oil being actually withdrawn
out of the tank. The incipient air-oil entrainment is de-
fined as the depth of the air-core of the oil-vortex equiva-
lent to the water depth {(H) in the vortex tank (Figure 4.6);
however, in this”’ case, some oil (but no air) were being
withdrawn from the tank.

< —

The experimental procedure for the two types of oil were
identical. The vortex tank (Tl) was filled with distilled
water to. a predetermined height. All the control valves
were initially closed. After the vacuuﬁ pump (fB) was
turned on, the inner floﬁ valve (V3) was opened; the wvater
was withdrawn from the vortex tank into the vacuum tank un-
til the water 1sé;l‘in the vortex tank had reached a desﬁred

experimental height (H). The oil supply valve (V4) was then

-
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opened, and the oil was puﬁped into the vortex tank from the
0il supply tank (T3} by the pump (P4) wuntil 1.0 em of oil
was accumulated on the surface of the water. The annular
circulation pump (Pl) was turned on, and the annular flow
rate (Va) was set to a pre-specified rate using the annular
circulation valve {(V1). The sti{Eer was switched on, and
was set to the desired speed. The stirrer rotational speed
was.megsu%ed by a stopwatch. The vacuum pump was turned on
again, and the vacuum indicator was set to about -15 in. Hg.
The inner flow rate was increased slowly using the inner
flow valve (V3) until incipient 0il entrainment existed. At
the same time, water in the vacuum tank was returned at the
same rate as the inner flow rate to the vortex tank to main-
tain a steady water level in the vortex tank. Once th; in-
ner flow Eh{f for incipient o0il entrainment was recorded,
the inner flow rate was continuously increased until the in-
cipient air-oil entrainment-occurred, and this inner flow
rate was then also recorded. For inéipienﬁ gir-oil entrain-
-ment, oil and water were withdrawn togeth;; out of the vor-

e -

tex tank. “Therefbre, it was necessary that the oil thick-

.ness in the vortex tank remained steady; this was

A

ﬁ\;}f.' .

accomplished by adding oil from the oil subply tank (T3).

The above procedure was repeated for different combinations

of ‘the inner flow rate and the annular flow rate for inci-

pient oil and incipient air-cil entrainments at various wa-

ter depths and rotation speeds. ‘

.
N
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Some emulsification of the oil and water did occur during
the experiments because the vortex motion and flow through
the equipment generated high shear. The water thus became
somewhat opaque, and the observations for the depth of the
oil-vortices were difficult. Therefore, the distflled water
was replaced frequently in this series of experiments for
better observations and more accurate results., Nine groups
. of experiments were cqrried ocut at‘different combinations of
the stirrer rotational speeds (3,5,10 fpm) and the wvater
depths (10.0,20.0,30.0 cm). The ranges of the four princi-
pal variables in this series of experiments were: (1) the
rotation speed from 3 rpm to 10 rpm, (2)‘ the watef depth of
10.0 cm to 30.0 cm, (3) the annular Jutlet velocity from
0.00 cm/s to 47??6 cm/s and (4) the inner outlet velocity
from 0.55 cm/s to 98.55 cm/s.

4.3.5 Procedure for the Second Series of Experiments in
Phase II

The purpose of the second series of experiments was to
study the effects of the four principal variables
(() ,H,va,vi) and the viséosity of the oil on the oil removal
rate, Based on the results of the first series of experi-
ments, the operating.conditions'of the four principal vari-
ables for oil-water entrainihg vortex were determined for
the oils., The o0il removal rités were measured for at least

three different leveldl of each of the four variables. The

o5



‘to that for the first series of experiments. The water lev-

. dition, a stable oil-vortex formed. The o0il layer in the

-\\\;er an elapsed time of about 30 minutes for the coalesence

. ®f the oil. :The o0il removal rate and Eﬁe 0il content in the
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ranges of the variables for vhich measurements were made in-
cluded: (1) the rotation speed oflthe stirrer of 3 rpm to
10 Tpm, (2) the water depth of 10.0 cﬁ to 30.0 cm,. (3) the x

annular outlet velocity from 0.00 cm/s to 70.58 cm/s and (4)

the inner outlet veloctiy from 28.61 cm/s to 106.47 cm/s.

The procedure in_-this series of experiments was similar

el and oil dep}h in the vortex tank were first set to de-
sired experimental values such as in the first series. The
stirrer was then turned on at é pre-set spééd. The anpular
flow rate was adjusted to a predetermined rate. The vacuuﬁ
pump (P3) was turned on, and the pressure ajusted to -15 in.
Hg using the valve ({5). The inner flow rate (Vi) was then
set to a pre-specified rate while the water in the vacuum
tank was returned intoc the vortex tank to maintain a con-

stant water level in the vortex tank. Under the above con-_

vortex tank was kept steady by adding oil into ‘the tank.
Usually the system became steady after about 5 minutes, and
the thickness of the oil accumulated in the vacuum tank at
that time was recorded. The system was operated at steady
state for another S minutes, and then shut down. The thick-

ness of o0il accumulated in the vacuum tank was recorded af-

inner flow were determined from the difference in quantity j

of the oil accumulated, in the vacuum tank,
5
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4.3.6 Procedure for the Third Series of Experiments 1n
Phase II _ ] -

The last series of experiments were p;\yormed to study
the effect of the surface froth on the oil remoyll rate.
The froth was produced by introducing the:fééd 0il from a
tube located.some distézce above the surface of the oil in
the vortéx tank. The feed oil c#rried a small amounts of-
air into the oil layer, which continuously generated a thin
layer of froth on the surface of the oil.- However, tiis
fggth producing method was successful only with furnace oil
but not with the more viscous paraffin oil, because most of
the air bubbles were trapped 1inside the high viscous paraf-
fin oil layer. . The procedure of the experimen%é was exactly

the same as for the second series of experiments in- this

phase,

The surface froth for the separation of paraffin oil from
water was generated by means of a detergent, The foam from
the detergent'was first geﬁerated in a small tank, ‘and then
transferred to the surface of the oil. However, these tests
did not appear to ﬁork well because there were - some reac-

tions between the oil and the detergent foam.
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4.4  EXPERIMENTAL WORK FOR PHASE III '

F£ngiiy some experiments were performed as a feasibiiitx
study utilizing the vortex apparatus ‘for “the purpose of
o slurry decantation. ‘I{ was_éonsidered that there were qu
significant forces acffng on the particle; of the slurry

during the experiments, namely a gravity fonéé‘agting verti-
cally downward and a centrifuéal force from the vortex mo-
tion acting radially outward. Therefore, this separation
process was assumed to combine sedimentation and centrifugal

separation simultaneously.
. | 3
The slurries in these experiments were perpared using

distilled water and a small amounts of fine USP calcium car-

bonate precipitated powder which was purchased from the J.
T. BakerfChemical Cdmpany. The distribution of the particlé
sizes was estimated by a settling hethod. The distribution
curve and the experimental data are presented in Appendix D. .
The average particle size of 10.2 um was estimated by means
of a setéling experiment utilizing a 3 wt. % calcium carbo--
nate slurry. The procédu;e fo£ the ;bove estimation is re-

ported in Appendix D,

The-concéntration of the.slurry was measured by a Fisher,
model DRT 160, light scattering photometer. The photométer
was calibrated using known concentrations of calcium carbo-
nate slurries. The éalibration curve is shown invkpﬁendix E.
The concentratioﬁs ©f the slurries used in thesé éxperiménts

ranged from 0.0219 wt.% to 0.0969 wt.% calcium ca;bonate;.
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modifications were necessary im this phase
of psearch. Aqhzgitator vas installed in the oil sup-

came a slurry preparation tank. Two

spmpling points were installed, one was at 12.0 cm above the

‘bottom of the vacuum tank, Pnd the other was at the water

return line. A 65.0-cm pipe instead of the emulsion- breaker

was -installed at the inlet of the vacuum tank for better

'mixing in the vacuum tank.

Since very dilute calcium carbonate solutions  were used

jn these experiments, "and the solubility of calcium carbo-
nate was low, the densities and the viscosiﬁiéz of the.solu-

. tions were. expected ,to be very close to those of the dis-

tilled water, The' fotametef' calibration curves for

distilled water weres used to represent the calibration
Y T . -

curves for the dilute slurry.
. u( -
For these experiments, the vortex depth 8 required to

be equivalent to the liquid depth in the vorted tank. The
operating conditions for the four variables ((i,H,Va,Vi).
for-a vortex whose depth was equal'¥o the lia id depth in
the %ortex-tank, were previously determiﬁed as described in

the initial experiments of phase I.

e .
The procedure for the experiments in this phase is summa-

BN

rized as follows: a dilu;e calciumfcérbonate .slurry was
prepared in the slurry preparation tank (T3) and was agitat-

ed by tRe'agitator.  The slurrf was allowed to stay ¥n the

\ -
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fank fog 5 m%nutes S0 as to settie out the larger-sized par-
ticles. This dilute ;lﬁrry was then transferred into the
vortex tank by means of the pump (P4). The above procedure
was repeated until a predetermined liquid height in the vor-
~tex tank was reached. The pre-set stirrer and annular cir-
culation pump (P1) were turned on to stir and to circulate
the solution in the vortex tank to reduce the rate of sedi-
mentatﬁpn. The solution was then withdrawn from the vortex
tank into the vacuum tank until the desired experimental
liquid height in the vortex tank was reached. After the an-
nular flow rate was set to the desired rate, Ehe vacuum pump
(P3) was turned on again, and the vacuum,inﬂféatot (PI) was.
'adjusted to -15 in. Hg. The inner flow rate could be set to
the pre-specified rate by the inner flow valve {(v3), while
the slurry depth in the vortex tank was kept steady by re-
turning liquid from the vacuum tank. The temperature of the
solution was maintained at 25.0%0.5°C by means of the two
heat exchangers (Hl1 & H2). Under the above conditions, a
stable vortex could be formed. Two samples were taken by
meaﬁs of a 50-ml pipet, from the top and the bottom liquid
levels in thé vortex tank; the average concentration of
these two samples represented the initial .concentration of
the solution iﬁ the vortex tank. The system was kept
steady, and allowed to run for at least another 30 minutes
(at least 3 retention times of liquid in the vacuum tank Y.

The system then shut down, and 50.0 ml samples were with-
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"drawn from the two saﬁpling peints (Sl & §2). The average
concent{ation of these samples represented the concentration
of 'clarified' 1liquid. Again, two samples vere withdrawn ;
from the top and the bottom 1liquid levels in the vortex
tank; the gvefage cbncenération of these samples represented

Jhe final concentration of solution in the vortex tank.

However, after several data were‘collected, it was found .
that the results were somewhat inconsisteﬁt. For instance,
the concentrations of the liquid in the vacuum tank in some
cases were higher than the initial average concentrations of
the solution in the vortex tank. The probable reason féf
this inconsistency is as follows: the solution at the lower
level of the vortex tank was continuously with@rawn into the
vacuum tank, and the solution at that level was slightly
more concentrated than that at the top of the liquid due to
sedimentation. Therefore, it was considered that the outlet
tubes were required to extend upward for the purpose of pre-
venting the concentrated of the slurry at the lower level-of
the tank to be withdrawn. Two S5-cm long tubes with suitable
diameters wetre Eitted onto the inner outlet tube and the an-
nular circulation tube, and these were designed so that they
could be installed or removed easily. As a result, three
different outlet layouts were possible: (1) only annular
tube to be extended (layout A); (2) both inner and annular
tubes to be extended (layout B) and (3) only inﬁer tube to

be extended (layout C). These three layouts are shown in

Figures 4.7 .
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Six experiments for each léyout vere carried oht at a wa-
ter depth of 10.0 cm and at various conditions of the stirr-
er fotational speed, the inner and énnular ouf;et veloci-
ties. ‘The results of the experiments showed fhat the layout
C (only inner tuB; extended) was the best among those three
layouts. Therefore, layout C was adopted for the rest of
the experiments, and the procedure for the experiments was
the same as that previously described. The rangés of the
four major variables in these experim;nts were: (1) the ro-
tation speed of the stirrer from 3 rpm to 10 rpm, (2) the
water depth of 10.0 cm to 20.0 cm (3) the annular outlet ve-
locity from 0.00 cm/s to 149.50 cmfs and (4) the inner out-
let velocity from 21.19 cm/s to 65.46 cm/s.
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LIST OF EQUIPMENTS

DESCRIPTIONS
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EB

Hl

H2

Pl
P2

P3
P4

PI

Rl
R2

R3

Emulsion breaker

length= 30.0cm; inside diameter= 7,6cm.

Heat exchanger (or water cooler) for

annular flow

type: shell-and-tube_

shell side data: 1ength=-134 5cm;
" o.d= 9.0cm.

tube side data. no. of tubes= 10;
length= 122.0cm;
o.d.= 1.27cm; .

- ) i-d-- 1.00C1‘n.

Heat exchanger for 'water return'
type: shell-and-tube
shell side data: length= 56.6cm;
o.d.= 7.6cm.
tube s1de data: no. <«of tubes= 5;
length = 45, Dcm-
o.d.= 1.27cm;
i.d.- 1.00cm.

Variable speed motor
speed range: 0 to 50 rpm.

Circulation pump for annular flow
type: centrifugal pump.

Water recycle pump
type: centrifugal pump.

DUG 'seal' vacuum pump.

0il supply and recycle pump -
type: centrifugal pump.

Vacuum indicator.

Rotameter for annular flow
range: l,to 8 USGPM.

Rotameter for water return flow
range: 1 to 5 USGPM,

- :
Rotameter for inner outlet flow
range: 1 to 5 USGPM.

flow
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Tl

T2

T3

‘T4

V1
V2
V3
- V&

Vs
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DESCRIPTIONS
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0il supply rotameter
range: 1 to 5 USGPM.

Sampling point at the vacuum tank.
Sampling point at water return line.

Vortex tank
diameter= 60.0cm; height= 60.0cm.

Vacuum tank
diameter= 29.25cm; height= 88.00cm.

0il supply tank | '
diameter= 29.20cm; height= 60.00cm.

Storge tank for clean up purpose
dimension: 40cm x 27cm x 80cm.

Annular circulation valve.
Water return valve,

Inner flow valve.

0il supply valve.

Vacuum control valve.



52
TABLE 4.2

PROPERTIES OF PURNACE OIL AND PARAFFIN OIL

PROPERTY ' _ TEMPERATURE (°C)
- 21.0 25.0 30.0

 — A ——— o A ——— . T . Y T P T T Y —— - —— i . - —— -

DENSITY (g/cm3) 0.8530 0.8491  0.8448 -

VISCOSITY (g/cm.s)  0.0328 0.0298 0.0264
(cp) 3.28  2.98 / 2.64

SURPACE TENSION 31.75 30.40 28.70
(dynes/cm)

¢

- -

PARAFFIN OIL

DENSITY (g/cm3) 0.8763 0.8726 0.8678
VISCOSITY (g/cm.s) 1.748 1.366 1.100
(cp) 174.8 136.6 110.0
SURFACE TENSION 33.73 33.10 32.30
: (dynes/cm) '
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Figure 4.2: DIMENSIONS OF THE STIRRER
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Figure 4.3: ARRANGEMENT OF THE OUTLET PIPES
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_\Ehapter \'4 ' \
PRESENTATION AND DISCUSSION dF RESULTS

5.1 RESULTS AND DISCUSSIONS OF PHASE I AIR-WATER VORTEX

5.1.1 General Remarks

A vortex can be generated in many different liquid flow

situations. A complicated,steady-staté_ vortex phenomenon

. S . '
was examined in this study. The, vortex was formed by com-

bining three major éctions, ﬁameiy, (1} the 1liquid was
.stirred in the cylindrical vortex tank by means of the
'horse-shoe’ stirrer (2) the liquid was withdrawn through
the ioner outlet pipe from the vortex tank and (3) the lig=
uid was reqirculated‘ through the annular opening back into
the tex tank. Based on the physical considerations, the
vor(Z:EIQrmation was dependent wupon the following parame-
ters:

. 1. rotation speed of the stirrer,

. water depth in-fhe vortex tank,

. inner outlet velocity (or flow_rate).

annular outlet velocity (or flow rate),

2

3

4

5. density of the liquid,

6. viscosity of the liquid, )
7

. surface tension of the liquid,

- 58 - ) -\-/,

-
o A el i~



B _. 7/ - D 1
8. inside diameter of the 'horse-shoe' stirrer (D2},
S ?.. diameter of the inner outlet plpe,
'10. area of the annular opening,
.ll; gravity acceleratzon, and

,}2. diameter of the vortex tank.
-Eeeed on the design of the experiments, only th; effects of
the first four perameters‘on vortex formation  were empha-
. _eized Therefore,. these four parameters were conszdered as

four principal variables in th1s phase.
,.Q . .

. Totally 112 data were collected to study the effects of
rotation'speed of the stirrer ({)), watér depfh in the vor-
tex tahk)(ﬁ);j;oner outlet velocity‘(vi) and annular outlet
rvelocity (Va) on the vortex depth (Hv). Among these data,
>f64(of them involved combining the inner outlet flow and the

annul;ﬂ(;utlet flow together ' for vortex formation at varied
§) and H, 18 of them involved-gsing only the annular outlet
flow for vortex formation; ,and 26 of them‘ involveo using
onl; the inner outlet flow for vortex formation at. var1ed§7
-and H: ~ The data are presented in Appendix F. The accuracy

of the vortex depth data was estimated to be within %10 ¢ém.
[

“ -

'

_The shapﬂ’of vortex varied with differeng'operating con-
ditions of the fsur prancipallvariabies. The followzng phe—
nomena were observed dur1ng the exper1ment5°

l. For a vortex wh;ch was generated u51ng oQiz'the annu-

lar c1rou1at10n flow &t the outlet at various () and
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H values, the shape of the bottom of the vbrtex was
relatively flat, especially at a loﬁ water depth
(Figure. 5.1}, ‘Bécausg there was no f£fluid passing
through the inner outlet pipe, a 'no-flow' region ex-
isted above the -inner pipe. The annular circulation
flow created a ring shape force field acting dow#ward
above the annular opening. These two effects com-
bined togethér to make the bottom of the vortex rela-
tively flat. ‘
The vortex diameter {(looking down from t top of the
vortex tank) -increased as the rotation speed of the
sfirrer increased. It was obvious that the stirrer
rotational speed had an Efféc; on the vortex shape.
The surface of ghe vortex was relatively smooth at
low (), vi, and va (the flow appeared to bé'lamingr),
but the surface of the vortex became rough, which
looked like a screw -at high‘(l, Vi? and Va (the flow

appeared to be turbulent).

+ L]

Fof‘high stirrer rotational speed-(fl-lo rpm}, the
vortex was unstable. _?he vortex depth usually fluc-
tuaﬁed to the extent of several centimeters, and tHe

vortex air-core always rotated around-its axis in a

small circGlar path in the same 'dirgction'as .the_

stirrer. For some cases, the' vortex air-core appedred
. ' ) ™
and then disappeared. The reason for these phencmena

may be the high turbulence of the flow and the high



shear between the liquid and the tank wall at high

- stirrer rotational speeds.

Most of the inner and the annular outlet flows used in

this phase were considered to be in the turbulent flow re-

gion, The stirrer rotational speed of 3 rpm was in laminar-
turbulent transition region, and those of 5 rpm and 10 rpm

were turbulent. Calculations of the Reynolds numbers for the

stirrer rotational speeds and for the two outlet velocities

to define the laminar-turbulent transition region are given

in Appendix G.

5.1.2 - Comparison of the Observed Vortex Shape with the
ape' Predicted by the Combined Vortex Egquations

The flow pattern for the vortex formation in a stirred

draining tank is compléx. It became obvious that thé vortex
phenomenon in this study could be described by neither the
forced vortex equation nor the free vortex . equation as de-
scribed in Chastér'3. ' However, based on thé observation of
the shape of’the vortex, it was considéred that it was simi-
lar to tbat'of Rankine's combined vortex.

: ]
The shapes of three experimental vortices were compared

with the predicted shapes based on the equations for the

combined vortices Lequat}on 3.8 and 3.28). - The detailed

_prodedure_for the comparison is given in Appendix H, and the

comparisons of the observed vortex shapes with tho&“gii-

-

-~
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dicted by the combined vortex equations for three experimen-
tal vortices are shown in Figures 5.2, 5.3 and 5.4 . *

*

For all three compa:isozf;ftkf vortex Shapes predicted by
the combined vortex equations showed a fair agréeﬁent with
the observed vortex shapes, except that there were some de-
viations at the outer éectiqn of the vortex. As a result, it
might be concluded that the flo§> pattern of the vortex in
this study was similar to Rankifie's combined vortex, which
invglged a forced vortex in the centfal-portion of tﬁe vor-

~

L3
tex and a free vortex in th& outer region of the vortex.

- .
5.1.3 .Comparison bf Experimental Hv/d with Predicted
. Values Using the "Néale and Havydu Correlation

The, flow pattern of the vortex in the present study was
similar to the fle pattern. in Neal% and Hayduk study
(15,16), if the vortex in this study was considered-to be

formed by combining the actions of the stirrer and ‘the inner

outlet flow together but excluding the annular flow. Th
the correlation equation obtained by Neale aﬁd Hayduk még:t
be suitable to predict tNe vortex depth for a specified case

(Va= 0.00 cm/s) in this study.

Twenty vo:tex.depth.data; ‘which the vortices were formed
under different conditions of the : inner outlet velocity
(vi), the stirrer rotational speed Tf?), and ‘the water depth

(H), were compared with values predicted by the Neale and

L}

~ ) -
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Hayduk f:orrelation "‘('quati_on 2.6M™ The expe;_imental :and
predictéﬁ values of Hv/d are compared in Table 5.1 . The
results indicate that the predicted wvalues are at legsp
three times greater thin the experimental baluis.. Therej
fore, the Neale and Hayduk correlation equation cannot be

used for predicting the vortex depth in this study.

The reason for the large deviation between the experimen-
tal and predicted values of Hv/d can Qe explainqd}fSE fol-
lows: the Negle and Hayduk correlation is only valia inside
their experimental range of the parameters. However, some v
. parameters EES tye present study were 'outside the ra;ge Qf
the parameters uséd in yeale and Hayduk study. Thus, * the
correlation equation obtained bf Neale and Hayduk i€ no
.longer vglid for this study. The ranges for the important

. parameters in the two studies are compared in Table 5.2 ,

'

It was not surprising that the predicted values of the
vortex depth by the Neale and Hayduk correlation were much
higher than the experimental values in the. present study.
This ;;sult could be explained by means of a mathématical
method. The Neale ané Hayduk correlation can be rewritten
as the following form: ' ' ’

N L]
~

d , - - .
. QL:98 yO-17 4-4.95° . (5.1) .

VRS S
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Since the ranges of stirrer rotational speed, kinematic vis-
cosity, gravitational accerleration and .outlet volumetric
flow rate of this study were within the ranges of the param-

eters used in Neale and Hayduk study, these pampameters vere

not considered to contribute to the disagreement between the.

observed behaviour and the correlation. Thus onl} the rela-
tion between the vortex depth,c thé ig:ide stirrer diametsr
(D2}, the gater depth (H), and the out &t pipe QE?Meter (d)
were considered; equagion (5.1) was simplified to the fol-

lowing form: t

. 5
d -

Equation (5.2) shows that Hv/d Qg;;frongly depégéent of

the stirrer inside diameter (D2), and the outlet diameter

(d). From Table 5.2 , it may be observed that D2 in this

(1izeéd to predict the vortex depth in byig study.

-

study was greater than the maximum of 'valid' values in Nea-
1éﬁand Hayduk study, ,and H ;} 10.0 cm and d in this study
were smaller than the miqimum of 'valid“ Qélues in Neale and
Hayduk _gfudy. As a fesult, the predicted values of HQ/d as
obtained“by‘the Neale and Hayduk correlation for this study
might hé expected higher than predicted. Thus the correla-

tion equation obtaired by Neale and Hayduk cannot be uti-

1

tubes, in.particular the ‘mular outlet, differred from that
.. ) o N
NE

-

W amndi

~Upis also observed that the arrangement for. the outlet
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used in EEP‘ previous work. Even though there was no flow
through the annular outlet in this case, the difference in

the tube arrangement may have influenced to the vortex

depth.

~

5.1.4 Combining the Inner and Annular Outlet Velocities

*

The design églthe vortex apparatus used in this study in-
volved two outlet flows (inner and annular flows). There-
fore, the vortex formation was dependent upon these two out-
let flows. It was of interest to déﬁise a methoa " for
cémbining the inner ‘ouplet velocifyy and the annular outlet
velocity to yield an; equivélent vortex-forming outlet flow.
Several methods were'attempted; ‘however, | only one gave an

-

acceptable result. - This method combined the two outlet ve-

‘locities in the following manner:

‘< A

Ve = vi yab . (5.3

and N
a+b=1 _ . . (5.4)

The combininé equation {(5.3) has an obvious limitation; it
applies only for theAcase when Vi and Va are not zero. The
;§uati?n (5.4) Eeeps the units of the combined velocity (Vc)
thg\Qéme as those for %ye étwé outlet .velocities. ~ Sixty-
eight data for the'air-wgtér vortex experiments were tested

. ]
: by this method; the values of a, and b ghich fitted the data
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best were found to be 0.82, and 0.18 respectively. The val-
ués of a and b were obtained by a trial-and-error methoed. '
Tﬁe procedure for this searching -method is summarized as be-
low. Among tﬁose 68 expeximental data, there were 17 groups
of data ‘having the same vortex depth, water depth, and
stirrer rotational speed, but haxing diffefent combinations
of the inner and’ ahnular outlet -velécities. The sum of
squares of the differences between the combined velogities
(vc) obtained by the equation (5.3) and its mean were calcu-
lated for each group; it was called the local sum of squares
for that group. The criterion for thé searching procedure
fé{\:/?nd b was to find. the minimum overall sum of squares,

whic was the sum of all the 17 local sum of squares. An

example for this combining method is given in Appendix I.

A plot of the vortex depth (Hv) against the combined ve-
logity (Ve) "at various () and H is shown in Figure 5.5 .
Figure 5.5 illustrates an approximately linear relationship
between Hv and Vc at each §2. Linear regression analysis .
was peaformed to fjnd the best fitting line for the‘ﬁatﬁ for

each ():.. The results are shown in Table 5.3 .

From Table 5.3 , it may be observed that the first coef-
ficient (the one befofe vec) increasés as the rotation speed
of the stirrer ({1) increases, and this cofficient reﬁre-’
sents the slbpe_ of the line. As a result, it is Spparéht,
£hat the vortex depth;}ﬁv) increas?s as (2 increases for any_‘

)}
'
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particular combined velocity. The correlation equations in
Table 5.3 could be used to‘predict the vortex depth at three
different stirrer _rotational speeds for the air-water vor-

tices utilized in this study.

It is evident from Figure 5.5 that the Hv - was directly
related to thetcdﬁbined veldgity {ve). Thus, there was an
increase in the vortex depth with an‘increase i?l;he inner
outlet velocity (Vi) or in the annular outlet velocity (va)
for a particular g) . - There is no indicated effect of the
water depth (H) on the vortex depth in Figure 5.5 . How-

~ ‘ever, the data for three different water depths could be

fitted by a suitable correlation equation excluding H.

o'rhegéfo;e, the effect of the water depéh on the vortgx depth
ié\considered to be small if not negligible.

Since the effect of the stirrer rotational speed on the
vprtex depth. was significant, the best vglues of a and b
vwere obtained sepafately for each {). The results are list-
ea in Table 5.4 . From Table 5.4, it may be observed that
_’the combining factors (a and b) vary with (3. ~Thus the ef-

fects of the inner and annular outlet flows on the vortex
depth alsd varied with {2. A-linear regression was again
performed to find the best fitting line for each (2, and thg

results are listed in - Table 5.5 .
' . )

Comparing the correlation coefficients for the correla-

tion eqguations in Table 5.3 with those in Table 5.5, the

-~

"<; '/
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latter table has higher correlation coefficients for = all,

~cases. Furthermore, these two tables show the same general

conclusion in that Hv is strongly dependent on f] and Vc.
For simplicity, the combining factors for the outlet veloci-

ties of a=0.82 and b=0.1B will be accepted.

»

The value of a was found to be consistently larger than
that of b in the combining equation (5.3), and the order of
magnitude for the inner (Vl) and the annular (va) outlet ve-

locities were same. Thus the effect of the inne f£low was

expected to be greater than the effect of the annUtar flow

on the vortex depth. This conclusion was also supported by
the experimental data. For the cases in which the vortices
were generated by only one outlet flow (inner flow or annu-
lar flow), the annular flow velocity necessary to form a
vortex was greatet than the inner flow veTocity for the same
conditions of §) and H. The reason for this is probably re-
lated to the positions of the inner and annular -utlet
tubes. When only the inner outlet flow was used for/:drtex
formation, the water was withdrawn from the vortex tank
throuéh the central “inner out%et tube, and the vortex was
relatively thinner and longer. ’However, when only "the annu-
lar outlet flow was used for vortex formation, the water»éas
recirculated back into the vortex tank through the annular

open1ng surroundlng ‘the inner tube, and the vortex was rela-

t1vely wider and shorter., * o

-
»

-
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’ . -
. i;}lgf Apalysis of Data by Dimensional Analysis

A theoretical analysis of vortex forﬁgtion in this study
was considered complicated and difficult. Hence a simple

- R
dimensional analysis was attempted. Based upon physical

would depend upon several variables as follows:

Hv = f(Q-Vi-Va.di.Aa.H-p-# 18,D2) (5.5)
‘ .

. . . N
The notation in the equation (5.5) is explained in the No-

menclature section. The possible effects of surface tension

and vortex tank diameter (D1) -were neglected in this analy-

.,i.'S].S.

: A
Application of.the Buckingham r*-theorem to equation (5.5)

yielded the following dimensionless relationship-.

Ee (@O

: (5.6)

() (2)(2)

Since Aa," D2 and di were kept constdnt in this study, " the

terms (Aa/d12)6 and ¢ (D2/d1) could be included in the- con-

-

« Stant term o' ., Therefore, equation ¢5.6) became e

RO

consgderations, it was expected that the vortex depth, Hv,
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Equation (5.7) was transformed to a linear form by taking
the logarithm of E@fh sides of the equation. Values for the
exponents in equation (5.7) were determined by performing a
multiple regression analysis using 68 experimental data.
The multiple regression proéram was modified from ﬁagéka,

KogaKu and Kyokai (26). The theory for the multiple regres-

sion an¥k the listing of the pregram involved are presented

in Appendix J. The following result was obtained by multi-

Ple regression analysis: L -
BY - .57 Q_a1>0-41( Va)°-24( %)0-29 v “

Vi - .

'di ‘ (5.8)

(Vidl)o 43( )0 .56 ‘ ' .
gdi C- )

In the above equation g} is 1n terms of revolutlons per sec-
ond. The coefficient of multiple correlation was 0.9327,
and the averaée deviation between the experimental and pre-
dicted values of Hv was 16.44 %. The averagé deviation was
relatively high_because some particular operating conditions
of the experiments would make the deviations between the ex-
perimehtal and‘predictéd valués of Hv high. One of the par-
ticular condition was a.case in which qne of the cutlet ve-
locities was. much higher th;;’the‘ ot3§r outlet velocity.:
Thus the outlet £low with' the h1gher veloc1ty domznated the
effect on vortex fo}matiop. Thls would change the flow pat-
tern in the vorEgz—gghﬁ; and henge the result predicted by
the correlation equation (5.8) was very different from the
' -

A

e
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experimental result. Another particular condition occurred
at the high stirrer rotational speed (§2=10 rpm}. In this
ponditiog, tpe flow was highly turbulent, and the vortex'VasA
unstable. The vortex was usually fluctuating, and thus the
vortex depth measuremeﬁts- vwere not accurate. As a result,

»

the deviation between the experimental and the predicted

- values became large in such cases. A-visual t®st of the ef-

- fectiveness of equation {(5.8) is shown in Figure 5.6 , where

the experimental and predigyﬁd vaiués of Hv are compared.

The above correlation equation can be ‘utilized to predict
the vortex depth for air-water vortices in this study. How-

ever, it .is not recommended for the particular operating

conditions mentioned before.

Equation (5.8) could be simplified to the following form:

L]

-

Hv 0.25 (20.41 Vi0.90 ?a0‘24 H0.29

ai s . (5.9)

Equation (5.9) indicates that the vortex depth (Hv) 1is gdi-
rectly relatéd to the stirrer rotational speed, the inner

flovw'velocity, the annular flow velocity, and the water

depth in the vortex tank. However, there is some doubt

about the statement that 'the vortex depth is difectly re-

‘lated to the water depth in the vortex tank'. Because of

the design of the experiments, - only two vortex depths were
- . .

used, half of the water depth (Hv=H/2T‘ and that. equivalent
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to the total vater depth (Hv=H). ‘These data might mislead -

one to believe that invariably the vortex depth increases as

the water depth increases. Theréfore, further study for the

effect of. the vater depth on the vortex depth is recommend-

"ed. L : y

5.1.6 The Effect of Surface Froth on Vortex Formation
: L 4

Some twenty-seven tests were carried out to study the ef-

’ fect of surface froth on the vortex depth. These e;per1-‘

ments were performed under the same operating conditions of

the four variables as those for the air-water vortei_stperi-

ments. Thus the effect of the surface froth on the vortex
depth could be observed by comparing the vortex depths of
these two. series,of experiments. The'e%pesiméhtal data are

givenSn Appendix K

For the 'with froth’ exper1ments, the froth filled the

central air-core of the vortex which was ,normally occupled
by air in aif-watei_vortlces (Figure 5.7). The shapes of
the'Gortices in ﬁhe 'ﬁith _froth; expefiments were usu&lly
thinner (in diameter) than those in the 'without froth'

periments. The redson for this §hape dlfferent is probably
due to the differenqe in the 1nte{fac1a1 tension between
air-water and detergent froth-water system. The interfacial
tension between water and air is relatively high, but it is

relatively low between dilute soap sblution and air. Thi’s

~
; =
. .

e e ot T
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interfacial tension change may affect Gorter formarion.- it
i§ also possible that the viscosity of the air iS‘mugh less
than that of tﬁe froth, thus affecting'the‘vortex shape.

Compar:sons of vortex depths (Hv) of 'with froth'’ exper{-
ments w1th those 'without froth' are shown in Figures 5.5
and 5.9 . These figures illustrate that the vortex depth is
afiZCted by the surface froth. - Fiéure 5.8 is @ plot of Hv
aga1nst Va at f}- 3 rpm and for a froth thickness of 1 5 cm;
S it shows that Hv increases if the surface froth is present
at low skitrer 'speeds. However, Figure 5.9 shows a totally
-d1£ferent resylt Figure 5.9 is a plot of Hv against Va at
(}- 10 rpm and the same froth thxckness of 1.5 cm; it shows
that Hv decreases if surface froth is present at high stzrr—
er speeds. Therefore, the effect of surface froth on the
vortex depth was strongly influenced by the stirrer rota-
tional speed. The reason for this result may be the result
of the effect of interfacial tension or generally of the
vortex flow pattern. A detailed explanation for the above
phenomenon is not evident from this research; further inves-

tigation is necessary. . B ,

Figure 5.10 is a plot of cefgigisggihof vortex -depths be-
tween two sets of 'with froth' experiments with different
surface froth thicknesses (0.5.cm and 1.5 cm). It shows

that Hv was affected by the froth thickness, in particular,

that Hv increased as the froth thickness increased at low

e
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stirrer speeds, but that Hv decreased as the froth thickness

increased at high stirrer speeds.

5;2 RESULTS AND DISCUSSIONS FOR PHASE II, QIL-WATER

SEPARATION EXPERIMENTS

5.2.1 Operating Conditions for Incipient 0Qil Entralnment
and Incipient A1r-011 “Entrainment

Eighty-experiments were performed using furnace oil to

determine the operating. conditions of the inner outlet and

the annular outlet velocities (Vi and‘VaJ for incipient oil
entrainment and 1nc1p1ent a1r 0il entrainment at 'varlous
conditions of the stirrer rotational speéds (Q)= 3,5, 10 rpm)
and the water depths in the vortex tank (H= 10.0,20.0,30.0
cm). The expefimental data are given in Appendix L. Be-
cause an éil-éntraining vortex (qnly oil and wéter were
withdrawn out of the vortex tank) was expected to occur be-
tween the conditions of incipient o¢il entrainment and inci-

pieht air-oil entrainment, the operating ranges of Vi and Va

for the formation .of the furnace oil-entraining vortex could

be determined from the results of the experiments.

The vortex motion'created complicated internal flow pat-
terns and high shear; ‘some degree of emulsification of the
0il and water existed during the experiments. Thus the pre-
cisions of some results were low: replicateé were perférmed

only for inconsistent results.

-
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The method for combining the  two outlet velbcitfgé (vi

and Va) to yield an equivalen;‘conditfoh for fdﬁ@ing an
vortex was of particular intefést here, becquse it co
duce the number of independent variables affecting vor
formation, and hence sguld simplify the problem. Severa
methods were aitempted: the first method, which combined the
.tWwo non-zero outlgt_!elocities to yield the average veloci-

ty, gave an acceptable result, The resulting average cutlet

velogities (V) are shown in A ix L.
. . R _ .
The average outlet velocit ) for incipient furnace
~0il entrainment and incipient ir entrainment are plotted

*against thg ratios of water depth to diameter of the inner
pipe (H/di) at various () on a semi-log graph paper as shown
in Figure 5.11 . The diagram shows an essenti;lly linegr
relationship between the average outlet -velocity and the
value of 1n(H/di} for incipient’ oil entrainment, and also
for incipient air-oil' entrainment at each (). Linear’ re-
gression analyses were performed to find thé best fitting
lines for the data for the two entrainments. The area be-
tween the incipient oil entrainment line and the incipient
air entrainment 1line at each {) was the useful oil-vortex

formation region for that (2. : (

From Figure 5.11, it is evident that the incipient oil

entrainment line of lower () is located above the 1line of

.

higher (], and equivalently the line for incipient air en-
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trainment at lower gi.is also‘ located above the line of
higher ) .? 'Therefore, at low (), the oil entrainment {or

iair entrainment) condition occhrréé at relatively higniout-

let velocities. These results we;g‘expected.

An expression can be written for the relation between ¥

and H/di.. _ . - ' .

V= A+ B.ln(H/di) - (5.10)

-

In the above. expression, A and B are constants which were
determined from the experimental data for the particularﬂ)

and type of vortex formed.

Sixty-figf experiments were,cafried out using paraffin
©0il to determine the operating conditions for the two outlet
velocities (Vi and va) fo? incipient o0il entrainment ahd in-
cipient air-oil entrainment at varied stirrer rotational
speééé ({1) and vater depths (H). The equrimentafldatg ar
shown in Appendix M, Similafly, Ehe operating ranges of Vi
and Va for the formation of the paraffin oil-entraining vor-
tex at various conditions of (2 and H could be estimated

.'--!:from the experimental results, ‘ ‘

The inner outlet velocity and the annular outlet velocity
were also combined Ey the same method as ﬁsed for the fur-
nacekuilff\ The ;esu1t$n£ average outlet velocities (V) are
given in Appendix M, A plot ‘of the average out&et veloci~-

ties (V) for the two types of entrainment at various () is
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shown as a function_of lH(H/dii in Figufe 5.12 . Again, the
linear relationships between ¥V and lpn(H/di) for incipient
""o0il entrainment and for incipient ‘air entrainment are indi-
cated. Thus the identical expression (5.10) coula apply to
the paraffin oil case but with.different constants. The lin-
ear regression analyses were perforﬁed to find the best fit-
ting liqes for the data. Similarly, the paraffin oil-vdrte;
.formﬁtion region Et a particular (}-was the operating region
between the incipient oil° entrainment line and the incipient

air entrainment lige at that ().

~

§.2.2 Furnace Qil-Water Separation Experiments

The mechanism for oil-water separation (or oil skimming)
as evolved in this stydy can be explained as follows: a sta-
ble oil-vo}tek can be generated in the vortex tank at steady
state. Under certain operating conditions, the oil-vortex
core covers a part of the inner outlet pipe. Thus the sur-
‘face 0il in the vortex-core :is withdrawn together with some

~ water through the inpet outlet pipe. This separation mecha-
nism is somewhat different from the mechanism of separation
for other oil-water seﬁaration devices such as the hydrocy-

clone and centrifuge.

, Based on physical considerations, the formation of oil
entraining'vortices‘depend on: (1) stirrer rotational speed

(2) water depth in the vortex tank (3) inner outlet velocity

\

~.

-~
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(4) lannular outlet‘velocity (5) viscosities of oil and water
(6) densities of oil and water (7) outlet pipetdiametefs (8)
stirrer inside giamete; (9) interg:cial tension and (16) oil
thickness i;'tﬁé vortex Lank.- However, only the effects of
the first five pafameters were considered i;‘the preséent

‘study. N

One hundred Néeventy-one experimenss were performed with
furnace cil to study the éffectiveness of oil removal under
various operating conditions of the four variables
(f),Vi,Va,H). The éxperimental data are presented in Appen-
dix N. The oil removal gquantity is represented as ths i1‘
removal rate (em3/s) and oil content of the>withdrawn mix-
ture in the inner pipe (volume %). The o0il removal rate is
defined as the oil accumulation rate in the vacuum tank, and
the oil content -is defined as the oil removal rate divided
by the inner vblumetric flow rate and multipled by 100.
Replicates were performed only when the results appeared in-
consistent, and the precision of the o0il removal rate date

was estimated to withip + 1,0 cm3/s.
- -

Plots of the o0il removal rate {(Qoil) against the inner
outlet velocity (Vi) under various conditions of the annular
cutlet velocity (Va) * for nine combinations of the stirrer
rotational speeds (§2='3,5,10 rpm) and the water depths (H=
10,20,30 cm) are shown in Figures 5.13 to 5.21 . These fig-

ures indicate that Qoil was directly related to Vi-within
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the oil-vortex formation region. Thus the Qoil might be
. - e

seen to increase as Vi was increased inside the oil-vortex

formation region, when the other variables (f),H,Va) vere

. However, Qoil decreased wvwhen Vi was in-
o the point at which an air-entraining vortex oc-
curred. For the air-entraining vortex, air was also contin-
uously withdrawn %ith the oil-water 'mixture from the vortex
tank.. As a result, the inner outlet flow became unstable;
and the quantities of the 6il and vater in the inner flow

reduced. % vas not possible to obtain a corréfation be-

tween Qoil and Vi"for the condition of air-entrainment.

It is evident from Figures 5.13 to 5.21 that the oil re-
moval rate increases as_thekannular outlet velocity increas-
es, uhenlfhe other variables (f),H,Vi) are maintained con-
stant. Therefore, it is also evident that the use of two
thlet flow systems are significantly better for o0il removal
than the former system with. only one outlet flow system
.(17). The reason for this improvement may be that the vor-

tex-core is wider, and the oil layer within the vortex-core

is thicker when annular flow is used together with the inner

flow.

By comparing the oil removal rates at different stirrer
rotational speeds, it was found that‘the .oil removal rate
was directly related to the stirrer rotational speed (§))

for most of the results. However,:for some of the results at
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high stigrer speeds and low water'depths (for examﬁle, f) .
10 rpm andIH =10.0 ca) ., the o0il removal rafe was lower than
that at lower f} when the other variables were kept con-
stént. The reason for this js probably due to the fact that
the vortex is unst;ble at high (10 rpm). The repeated ap- -
pearance and-disappearance of \ie oil-vortex at high (2, was
considg?ed to decrease the oil removal rate significantly.
Figure 5.22 is an example to show the relationshib between-
the oil removal rate and the rotation speed of the s;irrer
af a specified operating condition. This figure illustrates
that at higher {2, an air-entrainihg vortex formed at rela-s
tivelyzlow inner outlet velocities while the other variable

(H,va) remained constant, )

Based on the observed results, the oil removal rate was
found to be invéfsely related to water depth in the vortex
tank (H). Figure 5.23 is used to demonstrate the effect of
wvater depth on the oil removal rate at a particular operat-
ing condition. From Figure 5}25, it may be observed that at-
lower H, an air-entraining vortex was formed at reiatively
low inner outlet velocities when the other variables ({2,Valn

were kept constant.

N

As a result, -the maximum (optimum) o0il removal rate was
expected to exist at the‘coﬁditions of low H and . high fz,

with Va and Vi within the oil-vortex formation region.
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The highes\/ experimental furnace oil removal rates for
nine‘caseé with different combinations of (} and H inside

.

the oil-vortex formation region are listed in Table 5.6

.-

For all nine cases, the highest oil removal ‘rates ocggifed

at the condition of'the highest Va and Vi when these corre-

sponded to the oil-vortex formation degion. This was in

agreement Hlth the expected operating ¢gonditions for optimum

oil %emoval rate. The maximum o0il rehoval rate observed for

the furnace oil-water separati riments was 25.7 cm3/s.

The highest experimental bil contents of the withQrawE’
mixture in the inner outlet pipe for nine cases with differ~
ent combinations of () and H are given in Table 5.7 .  The.
maximum'oil‘conéent for the furnace oil-water separation ex- .
periments was 8.7 %: The highesi oil content gsually oc-

curred for the experimental conditions corresponding to' the

_highest' Va and to a relatively low Vi within the oil-vortex

formation region.

F1gure 5.24 'illustrates the relationship between the oil
content and the annular og\iet flow at a specified operating
condition, - It is evident from the fggure-that the oil con-
tent inc:éased-as the annular outlet velocity increased
while the other varibles (f},H,Vi) were maintained constant.
However, from Figuge 5.24, there appeared to be no correla-

tion between the e+l content and the inner outlet velocity.
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Similarly, ' based on the observed oil content data, the
oil content was direétlj related to the stirrer rotational

speed, but it was inversely. related tQ1L\F .water depth 1n

the vortex tank

A correlating equation of the following form was used to

fit the experimental data:

Qil = « ()BViY vad e '. (s.11) &

This equationiwas transformed to a linear form by taking the _
logarithm of both sides of the equation. Valeee of the e§¥
:ponents ;ere determined by performing a multiple regression
analysis using 96 experimental data (Va and Vi were not

zero). The following result was obtaxned'
Qoil = 2.93 Qo-te VS” va® —0.76 (5.12)

In the above expression, i in terms of revolutions per
second. The average deviation between the e%perimental val-
ues of .Qoil and values predicted by eguation (5.12) was hig@,—
(24.4 %), and the experimental data could not be described
reasonably by the predicted curve. Therefo;eJ this correla-
tion was considered to be a fafiure. Oil-vortex_fqrmation
as investigated in this study is considered to be a compli-
cated phehomenon;_ hence it may not be surprising that the
experimental data could not be fitted by a sifiple correlat-
ing equation such as equation (5.12). Because of the lack

of a more comprehensive background theory for oil-vortex
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- formation, a more successful corrélatfon is not forthcoming'
"in this study. .

- - t

5.2.3 " Paraffin-Oil-Water Separation Experiments"“

Some 190 expérimenté vere performed in the. study of;tﬁe
effectiveness of paréffin 0il removal under various opefat-
ing conditions of séirrér iotational speed ((2), inner flow
v;locity (vi), annular flow velocity (Va), and water depth

in the vortex tank_(H).- The experimental data are reported
_in Appendix O. The terms oil réﬁoval rate and oil content
are also-utilized to represent the oil removal effectiveness
. in the paraffin oil case. Répliéates were only perfgr?ed
when the results appeared?inconsisteﬁt. It was estimated

that the o0il removal rates were accurate to within % 1.5
cm3/s.

Plots of the oil removal rate (Qoil) against the inner
flow velocity (Vi) under various conditions of Va, §)
(3,5;i0 rpm) and H (10,20,30 cm) are shown in Figures 5.25
to 5;33 . These plots illustréte that the paraffin oil re-
moval rate increased as the .inner outlet velocity increased
within the oil-vortex formation regiomn when the other vari-
ables ({),H,va) were kept constant. However, Qoil decreased
while Vi was ~ increased to the condition where air entrain-
ment occurred. When air was p;esent, the air reduced the

volume of oil-water mfx;ure in the withdrawn mixture, and

2
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. therefore the oil remoqi; rate decreased. It is evident
< Vi -

from Figures 5.25 to 5.33 that the paraffin oil removal rate

was directly related to the annular outlet velocity. Ce

Prom an observation of the oil removal rates for differ-
ent conditions of water depth (H)}, it was four® that the pa-
raffin o0il removal rate decreased with increasing water
depth when‘ the other variables (f),Va,vi) were kept c§h-
stant. Similarly, it was found fhat thg oil removal rate
vas directiy related to the stirrer rotationil speed for
_most of th; resulté, except that for some resuits at high Q

'”and'low H. - The reason for this incdnsiétency may be due to

the fact that the vortex was unstable for high (), especial-
ly at loQ‘H. ///

Based on the effects of the Vi, Va, H, and f) on the pa-
raffin oil removal rate, the optimum oil removal rate was
expected to exist for the conditions of low H and high Vi,

Va and (2 inside the oil-vortex formation fegion.

The highest experimental paraffin o¢il removal rates for

the oil~vortex formation region are listed in Table 5.8 .

nine cases with different combinations qf4§? and H within
Based on the ohkservations, the highest oil removal rate for
each case occurred at the condition of relatively high va
and Vi inside the oil-vortex formation region. The maximum
0il removal rate for the paraffin oil-water separation ex-

periments was 42.4 cm3/s.
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The highest experimental oil contents for nine cases with

different combinations of () and H are summarized in Table -

'5.9 . The highest o0il content for each case usually oc-
curred for the éondition éf the highest Va and relatively
low Vi within'the oil- vortex formation region. The ma¥imum
oil content in the withdrawn mixture- for fhe paraffin oil-

water separation experiments was 59.2 &.

The effects of annular outlet velocity (Va), stirrer ro-

tational speed ({)), and water depth in the vortex tank (H)

on the paraffin oil content were similar to the results for

the furnace o©il case. As a result, the paraffin o0il content
was directly related to Va- and (2, and was inversely related

to H. Again, there was no correlation between the o0il con-

tent and the inner outlet veloecity (Vi).

A correlation equation similar in form to egquation

(5.11) was attempted to fit the experimental data. After
linearizatifn equation (5.11), values were obtained for the
exponents by performing a multiple regression analysis uti-
lizing 102 experimeh£61 data (Va and Vi were not zero). Tﬁe

following result was obtained:

Qo1l = 1.54 ()0:42 y31-13 yg0.44 y~0.73 (g 43

In the above equation, f} is in terms of revolutions per

second. Again, however, the average deviation between ex-

o e
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peEimental values of Qoil and predicted values using equa-
tion (5.13} was high at 22.6 &, ana the fxpetimental data
could not be suitably described by a simple correlation

eqguation. .

5.2.4 Effect of Viscosity of. the 0il on the 0il Removal
Rate :

The o0il removal rates of furnace oil and paraffin oil are
compared in Fi;ures 5.54 to 5.42 ., These figuregrafe plot-
te@ as the oil removal rate (Qoil) against the inner outlet
velocity (Vi) ate various conditions of annular flow velocity
(VQ): rotation speed of the stirrer ({)), and water depth in
the vortex tank (H). It is evident that the oil removal rate
of paraffin oil is significantly higher than the oil removal
rate of furnace o0il under the same operating conditions of

the four variables.

The viscosities, densities and surface tensions of the
two oils at 25,0 °C are reported in Table 5.10 «  The densi-
ties and the surface tenijons of the two oils are very simi-
lar. Whereas, the viscosity of paraffin oil is almost 46
times that of the furnace oil. As a'résult, it may be con-
‘:Euded that the oil removal rate is strongly influenced by
.the viscosity of the o0il, and that the oil removal rate of

an oil of high viscosity will be higher than the removal
rate of a low vfscosity cil wunder the same operating condi-

tions.
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A_simb}e experiment was performed to compafe the. coales-
cence rates of the two 0ils used in this_study. A volume of 
100 ml of 0il and 800 ml of'distiiléd water were agitated by
means of a high speed agitator in a beaker for 5 minutes,
then the coalescence time of the emulsion was recordéd. The
_coalescence‘time_qf paraffin oil was found to be 80 seconds
while that of furnace oil wvas 13b se%onds. Therefore, the

coalescence rate of the paraffin oil may be considered to be

higher than that of the less viscous furnace oil.

In the oil-water separation exberiments, some degree of
. emulsification of o0il and ‘water occurred. The oil-water
mixture withdrawn from the-vongi tank was afllowed to coal-
esce in the vacuum tank for 30 minutes before the final oil
accumuiatiqn read}ng was téizh. Since the coalescence rate
of furnace o¢il was soﬁewhgt lower than that for the paraffin
oil, the obsg?vgd furnace oil accumulation rate in the vac-
uum' tank might be expected to be somewh&t-lowe} than the ac-
‘cumulation raté of the paraffin oil at the same ‘'coales-
-éenqe' time. The,wdifference in .the coalescence rates
between the oils may be a slight factor in the determination
of oil removal rates; however, the main influence of the
viscosity of the o0il is considered to be the effect on the

formation of the oil vortex.
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5.2.5 Effect on the O0il Removal Rate of a Layer of Froth
on tﬁe 011 Surface

Some 68 experiments using furnace oil were performed to
study the effect of surface froth on the oil removal rate.
The experimental data are given in Appendix P. The surface
froth.was formed by int;oducing the feed o0il from a tube lo-
cated some distance above the oil layer in the vortex tank.
The feed oil carried a small amount of dir into the oil lay-
er continuously, and the air generated a layér of froth hav-
ing a small ;ell size, on the top of the oil. When the oil-
vortex formed, the surface ‘ffoth filled the central

vortex-core, without being drawn out of .the vortex tank.

The furnace oil removal rate of the ‘'without froth' ex-
periments and those of the 'with froth' experiments are com-
pared in Figures 5.43 to 5.47 . Based on the observations
from these figqures, the fﬁrnace oil removal rates of the
'with froth' experiments were much higher than the o0il re-
moval rates of tﬁe 'without froth' experiments. . Thus the
furnace oil removal rate increased significantly if a layer
of froth was present on the surface of the oil. The reason

\\\;j;/this improvemént is not clear; it may be due to the ef-
ect of interfacial tension. However, an explanation is
propbséd. The function of the surface froth appeared to de- *
lay the.onset of an air-entraining ;ortex; thus higher out-
let flows could be utilized for oil removal Qithout air en-

trainment. As a resulﬁ, higher o0il removal rates could be

achieved.
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‘The highest furnace o0il remo;al rates and oil contents in
the withdrawn mixture for the 'with froth' experiments, for
five different combinations of () and H, are shown in Tables
5.11 and 5.12 . The maximum oil removal rate for the 'with

_froth' experiments was 71.8 cm3/s, and the maximum oil con-

tents was 94.1\%.

The method for producing froth used qith furnace oil
could not be used for paraffin éii,. probably because the
viscosity of the paraffin oil was sufficiently high so that
most of the air bubbles were trapped inside, the o0il layer.
It wag\\:ifficult to produce a large area of froth on the
surfacewf paraffin oil by this method. The successful
method for producing a stable froth seemed to involve air

bubbles surrounded by a film of water.®

A stable froth was successfully produced when using pa-.
raffin oil by means of detergent and water in a small tank;
the froth was then transferred to the surface of paraffin
oil in the vortex tank. Some tests for the removal of pa-,
raffin oil in the presence of surface frqth which was pro-
duced by the detergent, .were performed. However, the re-
sults of the tests were very‘inconsistént, because of the
reaction between the oil and the detergent foam which pro-
duced a éolid curdtlikél substance at the cil-water inter-
face. Therefore, the detergent foamiﬁg method was consid-
ered a failure, and the tests fof the effect of foam on thg

separation of paraffin oil from water, inconclusive.
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5;3 " RESULTS AND DISCUSSIONS OF THE FEASIBILITY STUDY OF
~ VORTICES FOR SLURRY DECANTATION

Experiments were performed to study the feasibility of
the'voftex appardtus for slurry decantation. The experimen-
tal-data are reported in Appendix Q, and a summary of the
results is listed in Table 5.13 . The concentration differ-
ence (wt. % diff.) in Table 5.13 is defined as the differ-
ence between the initial concentration of the solution in
the vortex fank (Ci) and the concentration of the 'cldri-
fied' solution (Cl) divided by the initial concentration

multipled by 100.

’

R . ' »
The mgximum concentration difference observed was about
30.0 & which was considered 1low. However, when the final
cbd;entration of solids in the slurry in the vortex tank

(CE) w

mpared with the concentration of solids in the
'clarified' solution (Cl), they were very similar. It ap-
hat the decantation in these experiments was mainly
that due to sedimertation, while the centrifugal force from
the vortex i tributed only a small effect to the de-
cantati ss, The magnitude of the centrifugal accel-
ergtion, ich was generate§ by vortex motion, was therefore
The flow pattern of the inner section of the vor-
tex in this study was similar to that for the combined vor-
tex; hence, the magnitude of the centrifugal acceleration at
the inner (or lower) part of the vortex could be estimated

by the combined vortex equations as described in Chapter 3.



91
The results of four cases aré listed in Table 5.14, and a
sample calculation is shown in Appendix R. All the estimatf_
ed centrifugal accelerations are §reater than - the gravita;
tional acceleration in Table 5.14 . Thus Ehe centrifugal
force mighf bé expected to haQe an effect on"the separation.
A probable reason for the lack of such an effect is proposed
here. When the- 'reténtion time' of the h;entrifugal force
actilg on the particles near the vortex surface was consid-
ered, it was found that this 'retention time' was usually
very small., Por instance, the minimum inner outlet velocity
for all khe cases considered in Table 5.13 was 21.19 cm/s:
hence, the maximun 'retention time' particles under the in-
fluence of the centrifugal focres near the vortex surface
" was only 0.71 seconds. The particles at the vortex surface
' might nbt/be forced to the outer part of the vortex tank in
this.éhﬁrt 'retention time', Thus the particles were con--
tinuously withdrawn together with the liquid, and the con-
centration of the 'clarified’ solution and the final concen-
tration of the solution in the vortex tank were nearly the

same.’

(

The design of the vortex apparatus for slurry decantation
had an obvious drawback in that the ‘'clarified' liquid was
withdrawn through the outlet pipe at the bottom of the vor-
tex tank. As a result, 1liquid near the bottom of the tank
containing a highef concentration of separated solids was

easily withdrawn together with the liquid from the surface;
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and hence the efficiency of the separation became pbor. For
most solid-liquid separation devices, the 'clarified' liguid

is withdrawn from the top of the device.

It may be concluded that the modified vortex apparatus as
used in this study was not suitable to separat® solids from’
a dilute slurry, and it could not, successfully take advan-

tage of the centrifugal forces involved.
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_ TABLE 5.1
COMPARISONS OF THE EXPERIMENTAL -AND PREDICTED VALUES OF Hv/d

[

vo. § H Qi - Hv/d Hv/d RATIO
(rpm) (em) {cm3/s) (expt.) (pred.) (*)

. —— Y R W T T VI e A  —— S S S e e S -

1 3 10.0 42.25  3.94 12.72 3.23
2 3 10.0 50.88 - 5.51 8.39 3.34
3 3 20.0 65.67 . B.66 7.08 3.12
4 3 20.0 82.93 13.39 42.99 3.21
5 3 20.0 100,18 15.75 62.50 3.97
6 3 30.0 100.18 15.75 58.34° 3.70
7 3 30.0 117.44 21.65 79.91 3.69 ——
8 5 10.0 38.55 3.94 16.81 4.26
*9 5 10.0 50.88 7.87 29.12 3.70
~10 5 20.0 -65.67 12,60 42.89 3.40
11 5 30.0 82.93 15.75 63.55 4.03
12 5 30.0 100.18 21.26 92.38 4.35%
13 5 30.0 117.44 23.62 126.56 5.36
14 10 10.0 47.18 3.94 46.79 11.88
. 15 10 10.0 50.88 .8.27 54.33 6.57
16 10 20.0 50.88 7.87 48.29 - 6.10
17 10 20.0 65.67 12,60 80.04 6.35
18 10 20.0 82,83 15.75 127.05 8.05
lg 10 30.0 65.67 14.96 74.71 4.99
2 10

30.0 82.93 . 23.62 118.59 5.02-

N.B. Qi denotes the inner volumetric flow rate,
and (*) denotes the ratio of predicted Hv/d
to experimental Hv/d.
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TABLE 5 2.

COHPARISONS OF THE RANGES FOR THE PARAMETERS IN THIS STUDY
AND. IN NEALE & HAYDUR STUDY

PARAMETERS ' . THIS WORK NEALE AND HAYDUK
1. rotation speed of 3 to 10 0 to 25
the stirrer (rpm) :
2. outlet volumetric 38.55 to- 40.00 to-320.00
flowrate,Q, (cm3/s} 117.44 )
. 3. outlet diameter,d, 1.27 1.80 to 2.54
(cm)
4, stirrer inside * _ 37.5 15.0 to 30.0

diameter,D2, (cm)

5. water depth,H,(cm) 10.0 to 30.0 20.0 to §5.0

6. Kinematic viscosity 8.92x10"3 8.92x1073
of water,(cm3/cm.s
7. gravity accerlation, ‘980.665 980.665
g,(cm/s2)
A
TABLE 5.3

LINEAR REGRESQION ANALYSIS FOR FIGURE 5.5

STIRRER RESULT OF LINEAR ° CORRELATION
-ROTATIONAL REGRESSION COEFFICIENT
SPEED(rpm)
3 Hv = 0.4224.Vc~2.9320 0.9715
5 Hv = 0.6271.Vc-5.3107 0.9641
10 . Hv = 1,0972.Vc-15.6641 0.9034

e
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TABLE 5.4
VALUES OF ,a AND b FOR VARIOUS STIRRER

STIRRER . - a

ROTATIONAL SPEED N
(rpm) - '
3 0.85
5 0.81
) 10 0.75
‘ - TABLE 5.5

ROTATIONAL -SPEED

LINEAR REGRESSION ANALYSIS FOR TABLE 5.4

STIRRER RESULT OF LINEAR CORRELAfION
ROTATIONAL - REGRESSION COEFFICIENT
SPEED(rpm) .

"-
- 3 Hv = 0,4255.Vc-3.0370 0.9757
' 5 " Hv = 0.6246.Vc-5.1713 0.9681
10 Hv = 1.1056:Vc—14.9448 0.9468
-~
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TABLE 5.6°

THE HIGHEST FURNACE OIL REMOVAL RATES POR NINE CASES WITH
DIFFERENT COMBINATIONS OF Q AND H .

NO. 0 H Va

(rpm) {cm) (em/s)
1 3 '10.0 47,36
2 3 20.0 70.58
3 3 30.0 70.58
4 5 10.0 47.36
5 5 20.0 "70.58
6 5 30.0 70,58
7 10 10.0 12.11
8 10 20.0 70.58
9 10 30.0 70.58

Vi

{cm/s)

s il e D D P A T T —— . —_ — TR R TP —— R D S - —— -

49.10
8l1.88
81.88
40.91
57.30
81.88
36.81

40,91

57.30

OIL
REMOVAL -
RATE(cm3/s)
11.7
10.9
9.2
19.5
25.7
14.1
7.2
22.8
20.2

96
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* TABLE 5.7

THE HIGHEST FURNACE OLL CONTENTS FOR NINE CASES WITH
DIFFERENT COMBINATIONS.OF () AND H

No. () H va vi oIL
" . if?ﬂ_ ___Ec_:llll {em/s) (cm/sz___:?gENT

1 3 10.0 47.36 26.61  23.9

2 3 20,0 70.58  40.91 14.2 )
3 3 30.0 70.58  _59.35 10.4
4 5 10.0 47.36  28.61 48.7 : ‘

~ 5 5 20.0 70.58 31.69. 45.7

6 5 30.0 70.58 65.49 16.1
7 10 '10.0  12.11  36.81 - 15.4
8 10 20.0 70.58  40.91 43.9
9

10 30.0 70.58 49.10 30.2
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"TABLE 5.8

THE HIGHEST PARAFFIN CIL REMOVAL RATES_FOR NINE CASES WITH
DIFFERENT COMBINATIONS OF () AND H

NO. 0 =& va i OIL
v . REMOVAL
(rpm) (cm) {cm/s) {(em/s) RATE(cm3/s)

____________________________________ e

1 3 7 10.0 18.13 56.41 33.0

2 3 20.0 70.58 °  58.14 26.9

3 3 30.0 70.58 77.15 21.2

4 5 10.0 24.15 56.41 40.8

5 5 20.0 70.58 56.41 42.4

6 5 30.0 24.15 . 84,07 40.1

7 7 10 10.0  24.15  42.58 25.5

8 10 20.0 12.11 63.32 33.1

9 10 30.0 47.36 84.07 32.0



TABLE 5.9

THE HIGHEST PARAFFIN OIL CONTENTS FOR NINE CASES WITH
DIFFERENT COMBINATIONS OF Q AND H

NO. H Va vi OIL
CONTENT
(rpm) {cm) (em/s) (cm/s) (%)
1 3 10.0 * 47.36 32.20 56.7
2 3 20.0 70.58 42.58 41.2
3 3 2 30.0 70.58 58,14 25.1
4 5 10.0 24.15 56.41 57.0
5 5 20.0 70.58 56.41 59,2
6 5 30.0 70.58 42,58 47.2
7 10 10.0 24,15 32.20 49.4
8 10 20.0 70.58 42,58 50.5
9 10 30.0 47.36 42.58 46.4
Y _
: " TABLE 5.10 ,
PHYSICAL PROPERTIES OF FURNACE OIL AND PARAFFIN OIL AT 25
- DEGREE C
« FURNACE OIL PARAFFIN OIL
VISCOSITY (g/cm.s)  0.0298 1.3660
DENSITY (g/cm3) 0.8491 0.8726
SURFACE TENSION 30.4 33.1
{dynes/cm)

99
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TABLE 5.11

THE HIGHEST FURNACETglL/REﬁOVAL RATES FOR FIVE CASES IN
FRO

) W1 TH" EXPERIMENTS
vo. f) H- Va vi 0IL
_ REMOVAL
(rpm) {cm) (em/s) =~ (cm/s) .RATE(cm3/s)
1 3 20.0 70.58 81.88 28.7
2 3 10.0 47.36 57.30 . 49.9
3" 5 20.0 70.58 73.69 71.8
4 5 30.0 70.58 98.27. 56.3
5 10 . 20.0 47.36 57.30 ©  51.2
__ - -ﬂ.h_,
:  TABLE 5.12 vy

THE HIGHEST FURNACE OIL CONTENTS .FOR FIVE CASES IN "WI/TH/
o FROTH" EXPERIMENTS

£

vo. ) H Va vi OIL
’ o CONTENT -
(rpm) {cm) (em/s) - (cmys) (%)
1 3 20.0  70.58  40.51  31.0
2 5 10.0  47.36 . 28.61  94.1 -~
3 5 20.0 . 70,58 32,62 81.0
4 5 30.0  70.58  56.28  45.1
5 0 ,20.0  70.58  31.69  93.7
TN
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TABLE 5.13
SUMMARY .OE'. SLURRY DECANTATICN RESULTS

No. (). H Vi  WP. § OF SOLID (%) WT. %

{(rpm) (cm) (cm/s) (em/S) ===-—mmmmcccccce e DIFF,

ci cl ct (%)
1 3 10.0 9.82 26.54 0.0464 0.0325 0.0266 '29l95
2 3 0.0 0.00 33.35 0.0393 0.0308 0.0289 21.55
3 3 10.0  0.00 40.16 0.0435 0.0365 0.0320 .21
. 4 3 20.0 149.50 26.54 0.0817 0.0713 0.0748 712.68
5 3 20.0' 149.50 40.16 0.0751 0.0680 0.0713 13.99
NG C:a 20.0 0.00 59.62 0.0638 0.0544 0.0581 14.76
) 7 “5 10.0 12.11 21.19 0.0588 0.0431 0.0438 26.80
8 5 10.0 9.11 23.62 0.0657 0.0520 0.0501 20.79
9 5 10.0 0.00 26.54 0.0534 0.0417 0.0417 "22.02
10 10 10.0 12.11 21.19 0.0329 0.0238 0.0228 27.85
11 10 10.0  0.00 23;52 0.0289 0.0257 0.0259 11,38
12 . 10 10.0 0.00 26.54 0.0355 0.0280 0.0275 21.19
13 0o 20.0 24.15 21.19 0.0817 0.0579 0.0567 29.11
14 10 20.0 18.13 23.62 0.0605 0.0464 0.0515 23.34
15 10. 20.0 - 15.12 26.54 0.0567 0.0449 0.0480 26.75

N. B.. Ci denotes the initial weight % of solid of the

solution in the vortex tank Cl denotes the

weight % of solid in the
Cf denotes the final weight %' of solid of'the

solution in the vortex tank.

clar1f1ed'

solution: .

-

-



TABLE 5.14 Sy
ESTIMATED CENTRIFUGAL ACCELERATION UNDER VARIED OPERATING
CONDITIONS
/
No. () H Hv Vi ESTIMATED  ESTIMATED

{(rpm) (cm) (cm) (cm/s) (cm/s) POSITION, . CENTRIFUGAL
Z (cm) ACCELERATION

S O L S R T N D L D e e e D ————— A e ke —— T Y Y . i - - —

1 3 3qlo 30.0  61.29 79.09 1.0 26.7xg
2 3 10.0 5.0 9,82 26.54 1.0 . 8.0xg
3 5 20,0 10.0 77.54 0.00 1.7 6.6xg
4 10 30.0 30.0 114.68 '26.54 5,0 14.7xq
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Figure 5.1: THE SHAPE OF A VORTEX IF ONLY THE ANNULAR FLOW
WAS USED AT THE OUTLET
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Figure 5.5:

BY EQUATION (5.3)

COMBINED VELOCITY., Ve (em/s)
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Figure 5.8: COMPARISONS OF VORTEX DEPTH OF "WITH FROTH" AND
: "WITHOUT FROTH" EXPERIMENTS AT () = 3 rpm, H=
20.0 cm AND VARIED Vi
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20.0 cm AND VARIED Vi
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6.1.1

Chapter VI
CQNCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Phase I, Air-Water Vortex Experiments

Several conclusions can be drawn, based on the experimen-

tal results of the phenomena involving air-water vortices.

1.

A stable vortex could be produced by the vortex appa-
ratus used in tﬁis1study. The flow pattern of this
vortex was similar to Rankine's combined vortex, in
wvhich a forced vortex was considered to exist in»the
center of the vortex and a free vortex to exist in
the outer region of the vortex. _

In this study, the vortex depth in an air-water 5ys-—

tem could be predicted by means of the following cor-

relation:

HV _ 1.57 (Qdi>°‘4l(15>°'24<lj_ 0.29
di Vi Vi di

v gdi

The vortex depth (Hv) was dependent upon the rota-
tional speed of the stirrer ({}), the inner outlet

velocity (Vi), the annular circulation velocity (va),

- 150 -
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. and the wafer depth in the vdf;ex ;Ank (H). The vor-

k\\_ ) tex depth in the airfwateqisfsteﬁ vas diréctly re}ét-

' ed to the above four variables (g),vi,Va,H).

- *4. _The vortex formation was affected when- a layer . of
froth was present on the surfaqe of the water, The
effect of the surface froth on the .vortex dspth dq—
pended on the stirrer rotational speed (fl}, and the
thickness of the froth. The vorfex depth increased
at low f} if surface froth was present, but it de-

creased at high f}.

r

6.1.2 Phase 11, Qil-Water Separation Experiments

Béseglpn the results of the_oil-ﬁater separation experi-
ments, a number of conclusions can be made as fgllows: ’
1. The oil-entraining vortex (only qjil and water being

withdrawn from the vortex tank) existed between the
conditions of incipigqt oil entrainmen nd incipient
air-oil entrainment.

2. The 5&1 removal rate within the oit-vortex formation
region was directly related to the stirrer rotational
speed, the inner flow velocity, and the annular flow
velocity, but it decreased as the water depth in the
vortex tank increased.

3. The maximum (or optimum) oil removal rate was expect-

. ' ed to occur for the conditions of low water depth in

the vortex tank, high inner ‘and annular flow rates,



‘creased as the water depth in the vortex tan
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- and relatively high stirrer rotational Speed, "within

‘the di14vortex'formation regisprx\¥ . o
Under the operating conditions o} this study, the

maximum experimental paraffin oil removal rate found
was 42.4 cm3/s, and the maximum furnace oil removal
rate kes-25.7 cm3/s.  The furnace oil removal rate
e?uld'increase up to 71.8 cm3/s when.a layer of sur-
face froth was present on the oil. N

The oil content 'in the inner outlet withdrawn mixture
was directlf related to the stxrrer rotational speed

and the annular ocutlet veloc1ty, however, 1t de-

creased. There was no correlatxon between thej oil
content and the inner outlet veloc1ty.
In this study, the  maximum oil content of the two-
phase mixture withdrawn was 59.2 § for the paraffin

oil case, and 48.7 % for the furnace o0il case. How~

_ever, the maximum o0il content increased up to 94.1 %

~—itf-a layer of froth was-present on the surface of the

furnace oil.

-~

The oil removal rate and the oil content in tﬁifzho-
phase mixture were affected by the viscosity of the
oil. The o0il removal rate of paraffin o0il of high

vicosity was much higher than the rate for furnace

0il of low viscosity under the same operating condi-

tion.
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B. For the furnace oil of low viscosity, the oil removal
rate and the oil content" 1ncreased significantly Hhen
a layer of f;oth was present on the surface of the
oil,

8. The vortex apparatus used’in the present study could
remcve sﬁrfaée 0il froﬁ water effectively. However,
some degree of emulsification of the oil and water

) occurred due to the high shear from the vdgzéx mo-
tion. - This.wés an observable disaanntage r thfs
separatién device, The vortex - separation method is
suitable for removing the surface oil from some emul-
sified oily materials, and it can also be used to re-

- move a surface liguid from other immiscible liquids.

9 :

6.1.3° bhase III, Feasibilit Study Using the Modified
Vortex Apparatus for Slurry Decantation

* The modified v?rtex apparatus as developed in this study
was not successful in separating solid particles from water
effectively. The design of this apparatus could not take ad-

vantage of the centrifugal forces associated with vortex

formation.

W/ ~
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6.2

Based on the experimental results and cbservations, the -

following recommendations are proposed:

1.
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RECOMMENDATIONS

-

N .

d r“..

As mentioned in section 5.1.5, there is some doubt
about the statement that 'the vortex depth is direct-
ly related to the water ‘depfﬁ in the vortex tank'.
Further study for the effect of the water depth on
thervortex depth is recommended.

The effect of the surface f;oth on th 'r;waier vor-
fex fornhtion is an interesting subject. Furthé}
study in this subject may be worthwhile, :

The emulsification of oil and water mdde the measure-
ments difficult Quring the experiments:n Although an
emulsion breaker was installed in the system, it
could not break down the emulsion completely. ‘For
further study of oil-water separationi some better
emulsion breaking methods would be useful to improve

\
the reliabilit} of the measurements.

. L
For the pil-water separation experiments, only five

variables (Y},Vi,Va,H,L&m) vere considered. Howevsr,

the oil-vortex formation depended on many other pa-

rameters, Such as exit ipe diameter, thickness of
Pip ,

the surface oil, dernsity of the oil etc.. Further
study'inuolving these parameters is suggested.
The vortex apparatus wused in this study has the po-

tential td remove some surface materials other than
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oil from a second immiscible -liquid. Further study
with other immiscible liquid systems is recommended.

- . s ) .

N R
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Appendxx A
CALIBRATION CURVES OF THE ROTAMETERS FOR PHASE I
EXPERIM'ENTS
All the calibrations were performed at 25.0%1,0°C. The
calibfation curve for the annular circulation rotameter is
shown in Figure A.l1 . A linear regégssion analysis was per-
formed to find the best fitting 1line between X=1 and X=5,

and the following result was obtained:
¥ = 0.1720 + 4.2570*X ! . (A.1)

In the above expression, X is the rotameter reading in terms
of USGPM, and Y is the volumetric flow rate in terms of lit-
er/min. The coefficient of correlation was 0.9971 for the

above equation.

The calibration curve for the watefireturn rotameter is

shown in Figure A.2 ., A linear regression analysis was car-

ried out, and the correlation equation was found as follows:

Y-= 1.2442 + 1.4946*X . (A.2)

' The notations of X and Y are same as before (equation A.l).

The coefficient of correlation was 0'9992'\_;_.//‘

The calibration curve for the inner outie't . W rotameter

is shown as Figure A.3 . Again, a linear regression analy-

" sis was pe({ii?ed, and the followipg result was .obtained:

t - 188 -
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'Y = 1.4255 + 1.4792*% (A% 3)

The notations of X and Y are same ag before. The correla-

-

tion coefficient of the equation was 0.9993.
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Appendix B
MEASUREMENTS OF PROPERTIES OF THE OILS

B.l DENSITY MEASUREMENTS =~

.

The densities of the oils were measured by .calibrated
pycnometer bottles. Two pycnometer bottles were used; one
was for the furnace o0il, and the other was for the paraffin

oil. These bottles were calibrated by distilled water, and

\\\/;fus the relation between the reading on.the bottles and the

Y

-

orresponding volume was obtainf&. The densities - of the
Esso42 furnace oil at different temperatures are shown in
Table B.1 . The densities of the paraffin oil at different
temperatures are shown in Table B.2 , and the densities of

the two oils are plotted against temperature in Figure B,1 .

B.2 VISCOSITY MEASUREMENTS

* The viscqslty of the fﬁrnace ©il was measured by a cali-
bréted size 100 M523 Cannon-Fenske viscometer. The time in-
terval for the oil passing froQLan upper marked level to a
lower marked level in the viscometer at a specified tempera-

ture was recorded., -This efflux time multipling the viscome-

ter constant gave the kinematic viscosity of the oil%t that

' temperature. The viscosity of the oil could be calculated

!

\ ’ ) -"163 -
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if the density of the oil at that temperature was known.
The viscosities of the furnace oil at different temperatures
are shown in Table B.3 . The viscosity of the paraffin oil
was measured by a calibrated size 300 T336 viscometer, and
the viscosit%gs- of the paraffin oil at different tempera-

tures are shown in Table B.4 .

.

B.3 SURFACE TENSIONS MEASUREMENTS

The surface tensions of the two oils were measured by.
Fisher, Model 215 Autotensiomat Surface Tension Analyzer.
The surface tension of the oil was indicated directly from a

meter on the analyzer. The surface tensions of the furnace

oil and of the paraffin oil at different temperatures are

jshoun in Tables B.5 and B.6 respectively,

J



TABLE B.1
DENSITIES OF THE FURNACE OIL

WEIGHT OF THE FURNACE OIL IN THE PYCNOMETER BOTTLE
AT 23.4 DEGREE C WAS 2.7456 GHAMS.

TEMPERATURE
{£0.05°C)

VOLUME OBTAINED .
FROM THE CALIBRATION
CURVE (cm3) :

DENSITY
(gm/cm3)

3.2146
3.2259
3.2297 .
3.2335 .
3.2445
3.2500
3.2560
3.2622
3.2663

- TABLE B.2
DENSITIES OF THE PARAFFIN OIL

0.8406

WEIGHT OF THE PARAFFIN OIL IN THE PYCNOMETER BOTTLE
AT 23.4 DEGREE C WAS 2.6911 GRAMS.

TEMPERATURE
(20.05°C)

VOLUME OBTAINED
FROM THE CALIBRATION
CURVE (cm3)

3.1010
3.1040
3.1100
3.1120

DENSITY
(gm/cm3)

0.8647

165
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"TABLE B.3

VISCOSITIES -OF THE FURNACE OIL

-

TEMPERATURE RINEMATIC DENSITY VISCOSITY
(£0.05°C) VISCOSITY (gm/cm3) {gm/cm.'s)
.~ (centistokes)
3.845 0.8530 0.0328
3.788 0.8520 0.0323(*)
3.791
3.665 0.8506 0.0312(*)
3.669 .
, 3.629 0.8502 0.0309
e  3.497 0.8489 0.0297(*) .
. 3.495 - -
3.336 0.8470 0.0283(*) &
3.337
3.098 0.8447 0.0262(*)
3.110

(*) DENOTES THE AVERAGE VALVE.

A
_TABLE B.4
VISCOSITIES OF THE PARAFFIN OIL .
TEMPERATURE KINEMATIC NSITY VISCOSITY
- .(+£0.05°C) VISCOSITY (gm/cm3) {gm/cm}s)
' (gentistokes) :
21.0 . . 199.50 0.8763 . 1.7482
21.5 : 197.76 . 0.8758 1.7319(*) .
197.73 - -
23.1 - 178.01 0.8742 1.5562 .
23.5 173.27 0.8736 . 1.5137 -
25.1 156.73 4 0.8723 - 1,3659(%)-
156.45 . :
27.1 - 138,34 0.8703 1.2040
30.1 114.74 0.8677 0.9956

~

N.B.: (*) DENQOTES THE AVERAGE VALUE.-
) A

-
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TABLE B.S
SURFACE TENSIONS OF THE , FURNACE OIL

TEMPERATURéj SURFACE TENSION

{(x0.05°C) - (dynes/cm)
15.0 . 33.75 !
20.0 32.00 C
22.5 31.17(*)
25.4 ‘ ‘ 30.20(*)
30.0 . 28.70

. 35.0 E 27.00(*)

N.B.: (*) DENOTES THE AVERAGE RESULT FROM .
AT L%AST TWO DATA. L=

- ‘ | ) ~ ™
. TABLE B.6
SURFACE TENSJON OF THE PARAFFIN OIL >
TEMPERATURE ' SURFACE TENSION
- (x0.05°C) (dynes/cm) , '
15.0 34.70
120.0 33.90
- 23,5 33.33(*)
25.0 33.10
27.2 R 32.50(*)
33,0 31.83(*)
36.0 _ 31.33(*)

N.B.: (*) DENOTES THE AVERAGE RESULT FROM
AT LEAST TWO DATA.

o\
N

w1e
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fused in'equatidn.(c.l). The coefficient of cerrelatiop was

_/ , -../‘—/-'. .n_-" ) ‘l'

Appeﬂdix c

CALIBRATION CURVES OF THE ROTAMETERS FOR PHASE
-1 EXPERIHENTS ‘

All the calibrations were caE;ied qut‘at ES.OtiQO‘C. "The
calibration curve for the oil éﬁpply rofameter for“?urnace
oil is shown in Figure C.1 . A linear regression analysis
vasfpé:formed to find the best fitting line for .the data,

-

and the following result was obtained: ) : . -
T = -0.9137 + 4,1618#X <. “{C.1)
. - . S

In the above equation, X denotes the reading frod;the rotam-
eter in terms of USGPM, and Y denosfs the volumetric flow
rate in .terms® of liter/min. - The cogfficient_of.corrglation

was 0 9990 for the above correlation equatxon.

‘.

The calibration -curve for the 0il supply ' rotameter for

b

paraffxn oil is shown in Figure C.2 . 'The corfelatioﬁ equa-

. tion for this calibration curve was obtalned by performxng a

linear regreepibn analysis on the data, and the correlation
equation was: | . LT
» % ’ : . 2
Y = -0.8854 + 1.8564*X | (c.2)

The notations for\X and Y  are same as the notations being
. Lot : b

..o

0.9940.

-
[
-
o .
(Ve )
|
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The Ealibration of .the inner outlet ftew rotameter (R3)
in the 6i1—water separation experiments wa$ ;ifficult be-
cause both high pil content and low o&l ‘éonfeht mixtures
wou}d flow tﬁrough this rotameter during different operating
conditions of the experiﬁents._ The avg;age value of the
velumetric flow rate which includeé mixtures of high eil
content and low oil content at the same reading of the ro-
tameter was used for calibration. The high oil content and
low 0il content mixtures were obtained by varying the annu-

lar flow rate. The calibration data for the furnace oil and

the paraffin oil are shown in Table C.1 and Table C.2 re-

spectively.

The calibration curve for the innér'flow rotameter (R3)
fo; furnacé oil and water mixture is shown in Figure C.3 .
Thé correlation equation for t;e calibration_curve ~was ob-
tained by performing a linear regression analgsis on the

data, and the following equation was obtained:
Y = 1.3963 # 1.5572*X (C.3)

The notation of X and Y are same as before. The correlation

coefficient was 0.9979. '

The calibration curve . for the inner flow rotameter (R3)
for paraffin oil and water mixture is shown as Figure C.4 .
Again, a linear regression analysis was performed, and the

correlation equation was:

Y = 1.7907 + 1.3140*X . : (C.4)

3



' ) 1N
1. _ o

.The notatins of X and Y are same as before. The correlation

coefficient was 0.9904.
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b
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TABLE C.1
CALIBRATION DATA OF THE INNER OUTLET FLOW ROTAMETER
FURNACE OIL AND WATER MIXTURE -
ROTAMETER o . VOLUMETRIC
(R3) READING FLOW RATE
: (11ter/m1n)
0.5 ’ 2.1235(+)
o - 2,0966(-)
T e »r
L_”//~\' 2.1101(*)
- 1.0 « 3.0106(+)
2.9030(-)
2.9568(%)

4.6663(*)

: , . 5.9740(*)
+) deno;::\éheankjigoil content flow rate.

(-) denotes the low oil content flow rate.
(*) denotes the average flow rate.

FOR

172



" TABLE C.2

CALIBRATION DATA OF THE INNER OUTLET FLbW ROTAMETER FOR -

PARAFFIN OIL AND WATER MIXTURE

ROTAMETER VOLUMETRIC
.{R3) READING FLOW RATE
"{liter/min)

- — A S A — — ———— — —— ————————————— — —— ————

.5 . 2.2464(-)
2.1B40(-)
2.1235(-)
2.4864(+)
2.5536(+)
2,3923(+)

2.3310(*)

1.0 . 3.2256(-)
3.1584(-)
3,0240(+)
3.0240(+)

[ 3.1080(*)

2.0 4.7040(*)
3.0 . 5.5608(*)
(+) denptes the high oil content flow rate.

{-) denotes the low o0il content flow rate.
(*) denotes the average flow rate.

..
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_Appendix b
"MEASUREMENTS OF DISTRIBUTION OF PARTICLE SIZ2ES

AND AVERAGE PARTICLE SIZE OF THE CALCIUM
\ CARBONATE

D.1 MEASUREMENT OF DISTRIBUTION OF PARTICLE SIZES

The @istributicn of.particle sizes of the calcium carbo-
nate was roughly determined by a sedimentation method. A
0.089 wt. % of calcium carbonate slurry was prepared in dis-
tilled water at 25. 0+1 0°C. This solution was stirred in a
large beaker by a hlgh speed stirrer for five minutes, and
thus the particles were distributed uniformly iﬁ the water.
The solution was thenltransferred into a 8.0-cm diameter, 2
liter glass cylinder which has a metric scale‘én ité outside
wall, Once the cylinder was filled with this slurry to a
depth of 50.0 dm, a timer was started. After a specified
time interval, a sample was withdrawn at 40.0 cm below the
ligquid surface in the cylinder using a 50-ml pipét. "~ This
sample taking step had to carried out carefully because it
was easy to redisperse the settled particles at rﬁk bottom
of the cylinder. The wéight concentration of the sample was
measured by the light scattering photometer. The calcium
carbonate slurry in the cylinder was stirred by a glass rod,

and was transferred back to the beaker. The above procedure

- 178 -
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was repeated for the. other ;ime intervals. The experimental

\data are summarized in Table D.1 , Baseq on the experimen-
tal dﬁta, the particle size of éwbaméle at a particular time
interval could 'be estimated by considering that a. type-I

sedimentation equation applied. Type-1 sedimentation is

concerned with removal of nonflocculatimg discrete particle

in a dilute suspension. - A sample calculation 1is shown in

the Table D.2 , and the distribution curve is shown in Fjé“

.
w

ure D.1 .

D.2 MEASUREMENT OF AVERAGE PARTICLE SIZE

The average particle size was roﬁghly determined by set-
tling a 3 wt. % of calcium ca;boqate solution. The solution
was perpared by mixing calcium carbonate and distilled water
in a large beaker. This solution was stirred by a high speed
stirrer for five minutes, so that the distribution of the
particles was nearly uniform in the water. The solution was
transférred into a 8.0~cm diameter, 2 liter glass cylinde._
The height of the interface‘between the clear water and the
milky slurry from the bottom of the cylinder was measured by
meaﬁs of a scale attached to the cylinder wall. The heights
of the interface and its correspondfng times were recorded.

’ .o : ’

The results are plolted as Figure D.2 . The average par-

ticle size could be estimated by the slope of the setﬁlinq

region, and the average particle size was 10.20 um. A sample

calculation is shown as follows:

L
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Slope of the setgiing region = 0.76 cm/min (velocity)

The average particle size was estimated by the same

procedure as in Table D.2 .

- ¢

g( Ps-R)

ap = J;Q(O.BGleo'z)(O.'IG/G_Ol
‘ 980(2.93-0.9971)

;p _ ‘/ 18[L Vs

dp = 1.02x10™° ‘em

dp = 10:20 um. ' | e

ir -
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"TABLE D.1
EXPERIMENTAL DATA FOR MEASUREMENT, OF' DISTRIBUTION OF
) " PARTICLE SIZES

INITIAL WEIGHT CONCENTRATION : 0.089 WT. % OF
CALCIUM CARBONATE

TIME CONC. AT 40.0 cm WT. $ OF PARTICLE
(min.) BELOW THE SURFACE PARTICLE SIZE o
(wt. % of solid LESS THAN dp
in the solution) dp (%) (um)
0.5 0.089 100.00 -
1.0 0.089 100.00 -
5.0 0.089 100,00 -—-
10.0 0.089 100.00 -
15.0 0.089 100.00 -——— .
18.0 0.086 96.60 17.41
20.0 0.084 94,38 16.51
22.0 0.082 92,13 15.75
24,0 0.081 91,01 15.08
26.0 0.078 B87.64 14,48
28.0 0.077 : 86.52 13.96
30.0 0.071 79,78 13.48
35.0 0.061 68.54 12.48
40.0 0.057 . - 64.05 11.68
45.0 0.049 54 .50 11.01
50.0 0.042 47.19 10.44
58.3 ' 0.035 39,33 9.67
70.0 0.032 35.39 8.82

110.0 . 0.028 30.90 7.04
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TABLE D.2

-

SAMPLE CﬁiCULATION OF THE PARTICLE SIZE
, :

SAMPLE- CALCULATION FOR THE CASE: TIME=20.0 HIN.,
CONCENTRATION=0 084 WT. %.

Assumptions:

(1) particles have uniform density.

(2) particles are spherical in shape.

(3) Reynold number < 1.0, i.e. Stoke's law region.
For type I sedimentation, the expression for
terminal settling veloc1ty (Vs) of the partzcle
can be written as: .

ve = &L Ps-0 )dp2
or | 18l

_ 18L£Vs :
o \/g( Ps-L) (0-1)

At 25.0 ©°C, viscosity of water is 0.861x10"2
m/cm.s; density of water is 0.,9971 gm/cm3 ,

and density of the calcium carbondte is 2.93
gm/cm3 (from Handbookeof Chemistry and Physics)
By equation (D.l)}, the diameter ©f the particle
(dp) could be estimated. ™~

ap =J1:3(0.861::3.0'2)(40/12001
980(2.93-0.9971)

dp 1.65110*3 cm or 16.5 wum.

The percentage of pgrticle less than the above
diameter cquld be calculated as follows:

0.084
0.089

% of particles = x 100% = 94.38 %.




100 :

S0

(%)

80

T

70

T

60t

SOt

40

30t

20 ¢

WEIGHT PER CENT OF PARTICLES LESS THAN dp

“»

N . n o

s
-

Figure D.1l:

10 ‘ 14
PARTICLES SIZE. dp (um)

DISTRIBUTION CURVE OF.CALICUM CARBONATE
PARTICLE SIZES

18




\\g~

184

-

40 . — , — —

INTERFACE HEIGHT (cm)

0 : - - - . : . —
0 10 20 30 40 SO 60 70 80 90
' TIME (MINUTES) '

Figure D.2: BATCH SETTLING CURVE FOR 3 WT. § CALCIUM
CARBONATE SLUURY

| -



Appendix E
CALIBRATION ACURVE FOR THE. LIGHT SCATTE_!‘RI NG
: PHOTOMETER
-The Fisher, model DRT 100 light scatter;qg photométer was
calibrated using known concentrations of calcium carbonate
.solutions. The calibration curve is shown in figure E.1 .
The correlation equation for the calibration curve was ob-

tained by performing a linear regression énalysis on the

data, and the equation was:

( Y = 4.475x1077 + 9.412x1077%X (E.1)

In éﬂi above expression, X denotes the reading from the pho-
tometer, and Y denotes the weight % of solid in the solu-

The correlation coefficient was 0,9980 for the above
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Appendix P
DATA FOR THE AIR-WATER VORTEX EXPERIMENTS

The experimental data for-the study of the effects of the
rotation speed of the stirrer (f)). water depth in the vor-
tex tank.(H). inner ogflet velocity (Vi), and annular outlet

-velocity (va) on the vortex depth (Hv) are shown in Table
Pl . \

The inner outlet flow raée was originally observed from
the inner outlet flow rotameter (Ri), "and the corresponding
vblumeéric fiow'rate in terms of liter per minute could be
found from égq calibration curve (or from the correlation
equation for the calibration curve). The unit of the volu-
metric flow rate was converted into cubic cm per second by
mﬁitipling a factor of 16.67. The inner outlet velocity
(Vi) was calculated by dividing the volumetric flow rate by

the cross sectional area of the inner pipe ( Ai=1.27 cm2).

The annular outlet flow rate was observed from the annu-
lar circulation rotameter (Rl1). The ahnular volumetric flow
'rate in terms of cubic cm per second.could be obfaiﬂed by
the same procedure as the inner outlet flow. ‘However, the
annular outlet velocity wés calculated by dividing the volu-

metric flow rate by the annular opening area ( Aa = inside

- 187 -
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cross sectional area of the outer pipe (i.d.=2.54 cm) - out-
side cross sectional.arga of the inner pipe (0.d.=1.60.-cm) =

3.06 cm?2). . . ' .

i
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TABLE F.1l

DATA FOR THE AIR-WATER VORTEX EXPERIMENTS

NO, H Hv Vi Va
(rpm) {cm) (cm) . {em/s) (cm/s)
1 3 10.0 5.0 0.00 81.02
2. 3 10.0 5.0 26.54 9.82
3 3 10.0 5.0 33.35 ¢.00
4- 3 10.0 7.0 40.16 ~ '0.00
5 3 10.0 10.0 0.00 135.57
6. 3 10.0 10.0 26.54 110.04
7 3 10.0 10.0 32.38 33.44
8 3 10.0 10.0 40.16 9.82
9 3 20.0 10.0 “0.00 133.25
10 3 20.0 10.0 26.54 79.88
11 3 20.0 10.0 32.38 24,15
12 3 20.0 10.0 .40.16 9.82
13 3 20.0 10.0° . 46.00 6.00
14 3 20.0 11.0 51.84 0.00
15 3 20.0 17.0 65.46 0.00
le 3 20.0 20.0 79.09 0.00
17 3 20.0 14.0 0.00 149.50
18 3 20.0 15.0 26.54 149.50
19 3 20,0 17.5 40.16 149.50
20 3 20.0 20.0 46.00 149,50
21 3 20.0 20.0 51.84  133.25
22 3 20.0 20.0 59.62 24.15
23 3 20.0 20.0 65.46 15.12
24 3 20.0 20,0 79.09 0.00
25 3 30.0 12.5° 0.00 149.50
26 3 30.0 15.0 26.54 - 149.50
27 3 30.0 15.0 40.16 §3.79
28 3 30.0 15.0 51.84 24.15
29 3 30.0 15.90 65.46 4.91
30 3 30.0 20.0 79.08 0.00
31 3 30.0 27.5 92.71 0.00
32 3 30.0 12.5 D.00 148.50
33 3 30.0 15.0 26.54 149.50
34 -3 30.0 18.0 40.16 149,50
35 3 30.0 23.0 51.84 149.50 -
36 3 30.0 27.0 65.46 -149.50
37 3 30.0 30.0 73.25 135.57
38 3 30.0 30.0 79.09 61.29
39 3 30.0 30.0 B4.92 35.76
40 3 30.0 +30.0 92.71 18.13 N
41 5 10.0 5.0 0.00 3344
42 5 10.0 5.0 23.62 9,27
43 5 10.0 5.0 . 26.54 6.00
44 5 10.0 5.0 30.43 0.00
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{Table F.1l cont.)
NO. 0 , H " Hv Vi Va
(rpm) (em) (cm) (cm/s) (cm/s)
45 5 10.0 10.0 - 40.16 0.00
46 5 10.0 10.0 . 0.00 82.18
47 5 - 10.0 10.0 23.62 18,13
48 5 10.0 10.0 26.54 12.11
49 5 10.0 10.0 32.38 ©7.09
50 5 10.0 10.0 340.16 0.00
51 5 20.0 10.0 0.00 77.54
52 5 20.0 10.0 23.62 21.14
53 5 20.0 10.0 26.54 13.61
' 54 5 20.0 10.0 32.38 9.27
55 5 . 20.0 10.0 40.16 7.09
56 5 20.0 16.0 #2184 0.00
57 5 20.0 17.0 N0.0D- 149.50
. 58 5. 20.0 " 20.0 26.54 149.50
59 5 20.0 20.0 32.38 91.47
60 5 20.0 20.0 40.16 21.14
61 5 20,0 20.0 51,84 10.36
62 5 30.0 15.0 0.00 123.97
63 5 30.0 . 15,0 26.54 79.86
64 5 . "30.0 15.0 32.38. - 56.65
65 5 30.0 15.0 40.16 15.12
66 5 30.0 15.0 46.00 9.82
67 5 30.0 15.0 51.84 6.00
68 5 30.0 20.0 65.46 0.00
69 5 30.0 27.0 79.09 0.00
70 5 30.0 30,0 92.71 0.00
71 5 30.0 19.5 0.00 149.50
72 5 30.0 24.0 26,54 149.50
73 .5 30.0 28.5 40.16 149.50
74 5 i 30.0 30,0 46.00 149,50
75 5 30.0 30.0 51,84 91.47
76 5 30.0 30.0 65.46 45.04
77 5 30.0 30.0 79.09 12.11
78 5 30.0 30.0 92.71 - 0.00
79 10 10.0 5.0 - 0.00- 21.14
80 10 10-.0 5.0 23.62 13.61
81 10 10.0 5.0 . 26.54 9.82
82- 10 10.0 5.0 37.24° 0.00
83 10 10.0 10.0 40.16 . 0.00
84 10 10.0 10.0 0.00 33.44
85 10 10.0 10.0 23.62 16.92
86 10 1¢.0 10.0 26.54 13.31
87 10 10.0 10.0 32.38 7.09
88 10 10.0 10.0 40.16 0.00
89 10 20.0 10,0 0.00 38.08
30 10 20.0 10.0 23.62 21.14
L 91 10 20.0 10.0 26.54 18,13
92" 10 20.0 10.0 32,38 9.27



(Table F.l cont.)

Vi
{cm/s)

'

T ————— Y —— — ——— - ——— - —— — —— T i o S T ——

40.16
51,84
65,46
0.00
23.62
26.54
32,38
40.16
51.84
65.46
0.00
26.54
40.16
51.84
65,46
0.00
26.54
40.16
51.84
65.46,

—— -



Appendix G
REYNOLDS NUMBER CALCULATIONS

G.1 REYNOLDS NUMBER CALCULATION FOR INNER QUTLET FLOW

Reynolds number for a fluid in a smooth circular pipe can

be cilculated by the following equation:

_ ai<vidQ :
Re = Q1SVION (6.1)
n

The transition region from laminar flow to turbulent flow is

around Re = 2100. The equation (G.l) can be rewritten as:

i>= Reid

§iﬂ3 : FG.Z)

a
Thus the average velocity <Vi> at the transition region can

be estimated by equation (G.2).

'~ For this study, the i.d. . of the inner outlet pipe was
1.27 cm. The density of water at 25.0°C is 0.9971 gm/cm3,
and tke v15co§ity of water at 25.0°C is 0.0086 gm/cm.s. By
substituting these data into the equation (G.2), the average

inner outlet velocity at the transition region from laminar

flow to turbulent flow was 14.26 cm/s.

- 192 -
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G.2 REYNOLDS NUMBER CALCULATION FOR ANNULAR FLOW

The Reynolds number for the annular tubes can be calcu-

lated by the follouing'equaiion:

Re = $a(1-K)<Va)D o (G.3) .

woo
In the above expression, k is the ratio of outside diameter
of the inner tube to insiﬁe diameter of the outer tube, 'and
da is the i.d. of the ou7¥r tube. The average velocity <Va>
at the transition fegion from laminar flow to turbulent flow
(Re=2100) can be estimatgk by the rewFitten form of equation
(G.3). »

(ay= —Reld (G.4)
da(1-K)0 - .

,

For this study, k was egual to 0.6299, and da was 2.54

-

cm. The average velocity of the annular flow at the tran-
sition region was calculated by substituting the correspond-

ing data into eguation (G.4), and the result was 19.27 cm/s.
¢
G.3 CALCULATIONS OF IMPELLER REYNOLDS NUMBER

The impeiler Reynolds number can be calculated by equa4

tion (G.5), !

Re = D_aiQ_Q_ . - (G.S)
T ‘

) .
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" » In the above equation, Da denotes the impeller diameter, and

f) is in term of rev./sec. For.turbulent'flou in the tank,
the impeller Reynolds number is greater than 10000. - The
Reynolds numbers 95 the three experimantal rotation speeds
of the stirrer are examined as following calculations: ’

1. §2; 3 rpm or 0.05 rev./s, and Da = D2 = 37.5;&m,

rd
ne < 37.5)%(0.05)(0.9971)
’ .. 0.86x107°

Re(impeller) = 8150.

2. (2- 5 rpm or 0.0833 rev./s, Re{impeller) = 13580,

3. {l= 10 rpm or 0.1667 rev./s, Relimpeller) = 27170.

Therefore, the first case was in laminar-turbulent tran-

sition region, and the last two cases were turbulent flow.

]
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Appendix H
»
COMPARISONS OF OBSERVED AND PREDICTED VORTEX
’ - SHAPES

The shape of the experimental (observed) vorfex was esti-

mated from the photo that had been taken during the experi-
ment. Three vortices, which were formed at different oper-
ating conditions of the four variables, wer® examined.

Their operating conditions are¢ summarized in Table H.1 .

The sample calculation of the case 1 is presented as be-
low. The observed values of the distance from the vortex
"tip' (2) and the distance from the axis of the vortex (r)
are shown in Table H.2 ,

. ) \
The equations for Rankine's combined vortex as described

in Chapter 3 can be rewritten as the following forms: (p=p,

at free surface of the liquid)

2.2 '
2= Wt o5 (3.8
2g
and
2.2 2 '
z:ws(l_%>'r>s - (3-28)
g 2r

Since there was no hint for the position of the tran-

sition radius, s, (or region) from forced vortex to free

- 195 -




1 . 196
vortex, a trial value éf s was assigned. By trial and er-
ror, a éuitable value of s could be found. This trial-and-
error mgthod is summarized as follows: a trial wvalue of s
was selected, and the angular velocity ((J)) at the surface
of the vortex corresponding to this trial value could be eé--
timated by equation 3.8°'. Qubsﬁituting the.data into egua-
“tion 3.28', if the term Qﬁgﬁz in equation 3.28! was smaller
than the full vortex depth, a greater value of s would be
used for next trial; if the term QQ;EE was greater than the
full vortex depth by more than 1.0, a smaller value of s
wéuld be used. After several trials, a suitable value of s
could be found when the value of égéﬁi was just greater
than the full vortex depth (not more than 1.0). The value

of the transition point s for the case 1 was found to be

1,02 cm.

At s=1.02 cm, " the corresponding value of z was 15.5 cm
from the observed data. The tangential velocity (Vy) and
the pressure (p) at s were continuous, and the angular ve-
lociky was assumed to be continuous at s also. Thus the ang

gular velocity () could be estimated by the rewritten form )
of equation (3.8'). '

= 2(980)(15.5)
W \/ (1.02)°

()= 170.88 g~1
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. Substituting the ceorresponding ‘Egka into the eguations
(3.8') and (3.28') yielded:

= 28z = 2!28022
V ng V (170.88)
V 0.067z , l.02 cm2r >0 {(H.1)

:_‘\ and . .
\x/'*~”“*;, " (170.88)%(1.02)° 1 - (2.02 2

980 i 2r

H
I

4
H
1

z = 31.00 - 18:13 .
r N .

16.13 y, T > 1,02 cem
T = _— d
' (31.00-z) (%.2) .

£

From the above two equations, the predicted relationship be-
,tveen z and r could be calculated. The results are also giv-

en in table H.2 .

~
~

Similaély, the mredicted shapes of the liquid surface for
the cases 2 and 3 by the combined vortex equations could be

estimated. The results are summarized in Tables H.3 and H.4

-
-
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OPERATING CONDITIONS FOR THREE CONSIDERED VORTICES

CASE
NO.

Va #

Vi
(cm/s) (em/s)

. — ——————— — T A A M P T —— S — e . S S . S

Hv

{(cm) (cm)
30.0 30.0
20.0 10.0
30.0 30.0
TABLE H.2

26.54 114.68
0.00 77.54
79.07 61.29

COMPARISON OF OBSERVED AND PREDICTED VORTEX SHAPE FOR CASE 1

»

r{observed)
~ (em)

r(predicted)

{cm)

4.00
1.80
1.20
1.02(s)
1.00
0.80
0.68
0.00
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TABLE H.3 - .
COMPARISON OF OBSERVED AND PREDICTED VORTEX SHAPE.FOR. CASE 2

z r(observed) r(predicted)
(cm) (cm) ‘ (cm)
10.0 3.66 _ 2.49

8.3 1.656 1.27
6.7 1.00 0.98
5.5 0.87 0.86
5.3 0.84(s) 0.84
5.0 0.83 0.82
3.3 0.66 0.66 ..
1.7 0.50 0.48
0.0 0.00 0.00
TABLE H.4

COMPARISON OF OBSERVED AND PREDICTED VORTEX SHAPE FOR CASE 3

z : r (observed) r(prdicted)
(em) {cm) (cm)
30.0 3.45 1.62
25.0 0.86 0.60
20.0 0.52 0.44
15.5 0.37 0.37
15.4 0.37(s) 0.37
15.0 ‘ 0.35 0.37
10.0 0.25 0.30
5.0 0.24 0.21

0.0 0.00 0.00




Appendix I
EXAMPLE OF THE METHCD FOR-COMBINING THE TWOC
' OUTLET VELOCITIES
The inner and the annular ocutlet velocities were combined

by the following manner: ‘

Ve = vi® vaP (5,3) .

and
a+b=1 ‘ (5.4)

Criterion for finding the best values: of a and b was to
search the minimum overall sum of sguares, which was the sum
of all the local sum of squares of the difference between
the combined velocities (Ve) and their mean (Vc), ssq, for a
group of data having same g}, %, and Hv. By trial and er-
ror, the best wvalues of a and b was found to be 0.82 and
0.18 respectively. The trial vaaues of a and b, and its
corresponding overall sum of squares are summarized ianable

1.1 .

A ‘sample calculation for the - local sum of squares is
shown as follows. For the case-of (}= 3 rpm, H= 10.0cm,
" there were three sets of data having different combinations
of Vi and Va for the same vortex depth (Hv) of 10.0 cm.

These velocities were combine? by the following equation:

- 200 - ~
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i0.82 0.18

Ve'=V va~*

The results are shown in Table 1.2 .

Similarly, the local sum of squares {ssq) of the other
groups of data having the same Hv, H, and {2, but different
Vi and Va were calcuiated. The overall sum of sguares was

calculated by adding up all the local sum of squares.

The sample standard deviations of Vc(s) for each group

were calculated. ' The results are summarized in Table I.3
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TABLE 1.1

SUMMARY OF THE TRIAL AND ERROR RESULTS

TRIAL . a * b - OVERALL SUM OF

NO. SQUARES (S)
1 0.40 0.60 18773.33
2 0.50 0.50 11103.75
3 0.60 0,40 5628.23
4 0.70 oégo 2108.31
5 0.80 0.20 533.16
6 0.81 0.19 489.51
7 0.82 0.18 467,89(min.)
8 0.83 0.17 "468.73
9 0.84 0.16 492.49

10 0.90 0.10 1146.81
’ TABLE 1.2

RESULTS OF THE COMBINED VELOCITIES FOR THE CASE IN WHICH (2-
3 rpm, H= 10.0 cm AND Hv= 10.0 cm

NO. vi va ve Ve LOCAL
{cm/s) (em/s)  (cm/s) (cm/s) ssq
1 26.54 110.04 34.28
2 - 32.58 33.41 32,57 32.68 4.82
3 40.16 95.84 31.18
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TABLE 1.3

SUMMARY OF THE DEVIATIONS OF THE COMBINED VELOCITIES

No. () H Hv Ve DEVIATION
(rpm) {cm) (cm) (cm/s)
1 3 10.0 5.0 22,19 -
2 3 10. 10.0 32.68 1.5528
3 5 10.0 5.0 20,14 0.2475
4 5 10.0 I9.0 23.40 1.0993
5 10 10.0 .0 21.79 - 0.5657
6 10 10.0 .1p.0 23.44 1.1950
7 3 20.0 0.0 31.53 0.7296
8 3 20.0 15.0 36.23 ===
9 3 20.0 17.5 50.88 -
10 3 20.0 20.0 54.82 5.3498
11 5 20.0 10.0 25.48 2.8668
12 5 20.0 20.0 37.46 1.6958
13 10 20.0 10.0 24.59 1,3596
14 10 20.0 20.0 31.96 4.5389
15 3 30.0 15.0 41.10. 4.9077
16 3 30.0 18.0 50.88 ---
17 3 30.0 23.0 62.73 —-——
18 3 30.0 27.0 75.95 -
19 3 30.0 30.0 74.79 5.37869
20 5 30.0 15.0 34.37 1.3633
21 ‘5 30.0 24.0 36.23 ——
22 5 30.0 28.5 50.88 ---
23 5 30.0 30.0 57.98 2.1869
24 10 30.0 15.0 27.73 1.1243 N
25 10 30.0 30.0 39.45 4.7011
40.8630
N.B. =--- means that there was only one data, so

that deviation was nonexistent,




Appendix J
'"MULTIPLE REGRESSION ANALYSIS

J.1 THEORY

The linear regression of y upon a single variable x can

be extended to the multiple regression;

y = K}lxl + K32¥2 R K?nxn =§tl3jxj (3.1)
. =1

In the apove expression, x1,x2.....xn are n different vari-
ables. Suppose that m experimental observations have been
made, and that xij is the value of the variable xJj at the
ith observation. yi is the ith observed value of y. If, as
frequently occurs, xl=1, x2=Xx, x3=x? , x4=x3 .etc., it is a
special case of multiple regression known as polynomial re-

gression. ' -

As a model, assume that the xij are known precisely, but
yi contain statistical errors that tollow a normal distribu-
tion. The estimates bi of parametersﬂ3i together with their

variances and covariances are desired.

The procedure is to minimize the sum of squares of resi-

duals with respect to (3 :

- 204 - -
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E=) (yi- gﬁj.xi,')z_

(3.2)
izt

Setting de/38c =0 for k=1,2,....n and replacing the 3j with
their least squares estimates bj, equation (J.2) becomes:

Exik(yi - bj.xiy) = 0
(R

it
that is

(J.3)
13}

n m m
2.0 Lxik.xij = ) xik.yi
in i1
'k =1,2,...n
d
Now let X as a m x n matrix containing xij in its ith row
and jth column,

xll xl2 ...... Xxln

x21 ° x2n
X = ij) =. : M .
2= (xij) : : (J.4)
ml » 5808800 N0e m-n
- ~ i
and also define the following column vector
] | y
- Yyl - b1
ye N b2
= : b = :
L : (J.5) = 4 ~ (J.8) ¢
ym ) bn
s —— = _l ’

Equation (J.3) can be rewritten in the equivalent form

VA
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“
Txv=xTy : CaLn

and the vector b can be solved by the followigg equation,

b= (.07 y ©(3.8)
if the matrix X'X is not singular.

An n x n symmetrical variance-covariance matrix V can be

defined by:

V= (vig) = (X%t S8
‘ . L =~
where ¢2 is the variance vector.

(7.9}

4
For some cases, the variable y can be expressed in the

following form:

L]

— - ¥ = xlﬁl. xzﬁa.....- mﬁn (J7.10)

It is known as a power regression, where x1,x2,....xn are n
different variables. This nonlinear model can be trans-

formed to a linear form by taking logarithms of both sides:

ln y = K311n x1 +£321n X2 + oes + Z?n;n Imn (J7.11)

4

. "
Now considering ln y equivalent to y', 1ln xl1 equivalent
to x1', 1n x2 eguivalent to x2' etc., equation (J.11) be-

comes a form of multiple regression,
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A l31xl' + K3212' Foaeen 4 ﬂ?nxn‘
Therefore, the same procedure for solving multiple regres-

sicon analysis can be used to solve the linearized power re-
L .

gression problem.

J.2 LISTING OF THE COMPUTER PROGRAM

The program of multiple regression analysis is listed as

follows:

- i

—
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Appendix 5
DATA FOR THE “"WITH FROTH" AIR-WATER VORTEX .

. . EXPERIMENTS
The data for the air-water vortex experiments with 1.5 cm
froth on the surface of water are shown in Table K.1 , and
the data for the experiments with 0.5 c¢cm froth on the sur-
face of water are shown in Table K.2 . The calculations of
the inner flow veloéity and the annular flow velocity were

same as the calculations in Appendix F.
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-
_ TABLE K.l ~

- ‘ e
DATA FOR THE AIR-WATER VORTEX EXPERIHQE%S WQTH 1.5 CM FROTH
ON THE SURFACE OF WATER

NO. () H vi Va Hv
' (rpm) {cm) {cm/s) (cm/s& (em)
1 3 20.0 0.00 133.25 15.0
2 3 20.0 26.54 79.86 13.0
3 3 20.0 40.16 9.82 13.0
4 3 20.0 0.00 149.50 18.0
5 3 20.0 26.54 149.50 19.0
6 3 20.0 40.16 149.50 20.0
7 10 20.0 ) 0.00 38.08 6.0
8 10 20.0 26.54 18.13 7.0
9 10 20.0 40.16 0.00 10.0
10 10 20.0 51.84 0.00 16.0
11 10 20.0 65.46 0.00 20.0 .
12 10 20.0 0.00 79.86 15.5-
13 10 , 20.0 26.54 40.40 12.0
14 10 20.0 40.1¢6 . +19.40 14.5
15 10 20.0 51.84 " 9.27 17.5
16 - 10 20.0 65.46 0.00 20,0
' TABLE K.2

DATA FOR THE AIR-WATER VORTEX EXPERIMENTS WITH 0.5 CM FROTH
ON THE SURFACE OF WATER

' -

NO. H Vi Va Hv
(rpm) (cm) (em/s) (em/s)  (cm)

1 3 20.0 0.00 133,25 14.5

2 3 20.0 26.54 79.86  11.5

3 3 20.0 40.16 9.82 13.0

4 3 20.0 51.84 0.00 15.0

5 3 20.0 65.46 0.00 20.0

6 3 20.0 0.00 149,50 16.0

7 3 20.0 26.54 149.50 19.0

8 3 20.0 40.16 - 149.50 20.0

9 10 20.0 0.00 38.08 10.0

10 10 20.0 0.00 79.86 18.0
11 10 20.0 26.54. 40.40 19.0



Appendix L
EXPERIME".NTAL DATA FOR INCIPIENT FI?RNACE 6IL
ENTRAeNMENT AND INCIPIENT AIR-OIL ENTRAINMEN'I‘_

The expefimental data for incipient furnace oil entrain-
ment are shown in Table L.1 , and the experimental data for
incipient air-oil entrainment are shown in Table L.2 . The
inner and annular volumetric flow rates were observed from
the calibration curves for the corresponding xotameters in
'Appendix A. vThe inner and annular outlet velocities were

: '
calculated by the same methods as in Appendix F.

r
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- DATA FOR INCIPIENT FURNACE OIL ENTRAINMENT EXPERIMENTS

THICKNESS OF THE OIL ON THE WATER SURFACE IS 1.0 cm

e - A . R - S o S

TABLE L.1

vi
(cm/s)

Va
(cm/s)

0.00
12.11
18.13
24,15

0.00
12.11
18.13
24.15
35.76
0.00
12.11
18.13
24,15
35.76
347.36

0.00
12.11
18.13

0.00
12.11
18.13
24.15
35.76

0.00
12.11
18.13
24.15
35.76
47.36

0.00
12.11

0.00
12.11
18.13
24,15
35.76

0.00
12.11
18.13
24.15
35.76

Viave.)
(cm/s)

——
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TABLE L.2

219

DATA FOR INCIPIENT FURNACE OIL-AIR ENTRAINMENT EXPERIMENTS

THICKNESS OF THE OIL‘ON THE WATER SURFACE IS 1.0 cm

NO.

HH P
mmbwwwommqmmﬁ-’uml—d

NNNNNNNNH -
Nl SWOUD -~

O el e e S N SNy SEy Sy S e
CO0O0OOCODOOOOCNIUNTUICINTUNIUTIINUTUTIU W W W WWWWwwww

‘H Vi Va
{cm) (cm/s) {cm/s)

10.0 57.68 0.00
10.0 53.79 12.11
10.0 49.89 18,13
10.0 42.11 24.15
10.0 30.43 35.76
20.0 96.60 0.00
20.0 91.74 12.11
20.0 86.87 18.13
20.0 77.14 _ 24,15
20.0 65.46- 35.76
30.0 . 96.60 35.76
10.0 46.00 0.00
10.0 40.16 12,11
10.0 35,30 18.13
‘18;31,\ 28.49 24.15
105 \14.24 35.76
20.0 179,09 0.00
20.0 \75.19 12.11
20.0 71.30 18.13
20.0 63.52 24.15
20.0 53.79 °  35.76
30.0 96,60 18.13
30.0 90.76  -24.15
30.0 77.14 35.76
10.0 55,73 0.00
10.0 32.38 12.11
10.0 23.01 18.13
10.0 10.96 24.15
20.0 92.71 0.00
20.0 77.14 12.11
20.0 61.57 18.13
20.0 55,73 24.15
20.0 49.89 35.76
20.0 38.22 47,36
30.0 92.71 12,11
30.0 84.92 18.13
30.0 77.14 24.15
30.0 67.41 35.76
30.0 57.68 47,36

V(ave.)
(cm/s) *

- ——



Appendix M Y

EXPERIMENTAL DATA FOR INCIPIENT PARAFFIN OIL
ENTRAINMENT AND INCIPIENT AIR-OIL EN'B\RAINHENT

The experimental data for incipient paraffin oil entrain-

ment are shown in Table M.l , and the experimental Bata for

incipient air-oil entrainment are shown in Table M.2 . The

inner and annular velocities were calculated by the same

methods as mentioned in Appendix L.

ﬂh
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DATA FOR INCIPIENT PARAFFIN OIL ENTRAINMENT EXPERIMENTS

THICKNESS OF THE OIL ON THE WATER SURFACE WAS 1.0 cm
NO.

el s
COCOOOCUUIUIUIUTUITU WU UIU U W W L W L W) W Wi w bW,

— e
coo

TABLE M.l

vi
" (em/s)

28.49
13.70
3.29
0.55
36.27
26.30
21.91
12.05
51,84
34,32
29.46
24.10
13.70
27.39
9.31
1.64
30.43
25.75
10.96
2.74
36.27
26.30
19.17
12.05
23.01
10.96
29.46
14.24
9.86
3.29
34.32
24.10-
19.17
10.96

Va
(em/s)

¢.00
12.11
018.13
24.15
0.00
-12.11
18.13
24.15
0.00
12,11
18.13
24.15
35,76
0.00
12.11
18.13
0.00
12,11
18.13
24.15
0.00
12,11
18.13
24.15
0.00
12,11
0.00
12.11
18.13
24.15
0.00
12.11
18.13
24.15

Y{ave.)
{cm/s)

———— -
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222
TABLE M.2

. DATA FOR INCIPIENT PARAFFIN OIL-AIR ENTRAINMENT EXPERIMENTS

THICRNESS OF THE OIL ON THE WATER SURFACE WAS 1.0 cm

NO. 0 H vi Va V(ave.)
(rpm) (cm) (em/s)  (em/s) (cm/s)
1 3 10.0 96.60 0.00  =m~=-—-
2 3 10.0 82.98 - 12.11 47.54
3 -3 10.0 44.06 18.13 31.08
4 3 10.0 32,38 24,15 28,26
5 3 20.0 82,98 18.13 50.55
6 3 20.0 77.14 24.15 50.65
7 3 ' 20.0 67.41 35.76 51.58
8 3 30.0 96.60 35.76 66.18
9 3 30.0 86.87 47.36 67.12
10 5 10.0 51.84 0.00  -----
11 S 10.0 ° 42,11 12.11 27.11
12 5 10.0 32.38 18.13 25.25
13 5 10.0 7 23.01 24,15 23,58
14 5 20.0 96.60  12.11 54.35
15 5 20.0 71.30 18.13 44.71
16 5 20.0 57.68 24.15 40.91
17 5 20,0 49.89 38.76 42.83
18 5 30.0 98.55 18.13 58.34
19 5 30.0 90.76 24,15 57.46
20 5 30.0 79.09 35.76 57.42
21 10 10.0 59,62 - 0,00 ==
22 10 10.0 38.22 12,11 25.16
23 10 10.0 28.49 18.13 23.31
24 10 20,0 81.03 0.00  ===--
25 10 20.0 57.68 ;**&2.11 34.89
26 20.0 38.22 18.13 28.17

[ ]
~J
[y
oo
N
o

-

o
[P

o
w
o

24.15  28.26
0.00  -----
. 12.11  41.70
30.0  59.62  18.13  38.88
. 24.15  38.00
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w0 m
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w W
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[] L)
oo
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Appendix N
DATA FCR E;URNACE OIL-WATER SEPARA'ItION
EXPERIMENTS
The data for furnace oil-water separation experiments are
reported in Table N.1 . The inner volumetric flow rates
were obtained from the calibration curve for the inner out-
let fibw rotameter in Appendix C, and the annular volumetric
‘fiow rates were observed from the calibration curve for the
annular circulation rotameter i; Appendix A. The inner and
the annular outlet velocities were calculated by the same
methods as in Appendix.F. The oil removal rates were calcu-

lated by the following definition:

the 0il in the the o0il in the

(Final volume of) (Initial volume'of)
vacuum tank vacuum tank

Oil Removal _
Rate -

Experimental time !

The oil contents were calculated by dividing the oil removal
rates By the corresponding inner volumetric flow rates and

multipling by 100.

- 223 -
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DATA FOR FURNACE OIL-WATER SEPARATION EXﬁERIMENTS

TABLE N.1

THICKNESS OF THE OIL ON WATER SURFACE WAS 1.0 cm

NO.

T R B et B e A S - — — — — —— — —— — — ———————

-
WP WWWWWWWWWWRRNRNNNNNNRDNNN R
HFOWO-JOhUSWNHFOWURNANPWNHFHOUD-NOANORWNHO QO ~JON Nk LN
WWWWWWWWWWWwWwWwwWwWwWwWwWwwWwWwwWwwwwWwwwwwwwwwwwwww

H
(cm)

D
[ =)
OO0 COO0

30.0

Va.
(cm/s)

Vi

(em/s) (cm3/s)ACONTENT

Qoil

« 3 = @ s & »

')

Y i
- - L] - - - L] L] [ . - . » - . L] , L[] L) - L] . L) -

—
NOWNOdO-JTAVONAUIDESOAUNdONIOAFHOOOOWLRDUNOMEOIAW,

|
LI I N A

-,

sd!.om-c:-r--u:n--hqwmmmmmmmmm»hwmwwmqwqu-cha\-slchl—'l—aquwn—-'N

0IL
(%)
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(Table N.l cont.)

NO.

——— . —— — —— - ———— o ————————————————_ T o Tt T A —————— -

(JQ%)

mu-lmmmmmmmmmmmmmmmmmmmmmmmmmmwuwwwwuwwwwwwwwuwwu

(cm)

30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0
30.0

30.0 .

30.0
30.0
30.0
30.0
30.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
1¢.0
10.0
10.0

10.0 -
*10.0

10.0
10.0

10.0 -

20.0
20.0
20.0
20.0
20.0
20.0
20.0
20,0
20.0
20:0
20.0
20.0

Va
(cm/s)

0.00
0.00
0.0
12.11
12.11
12.11
12.11
24.15
24.15
24.15
24.15
24.15
24.15
47.36
47.36
47.36
70,58
70.58
70.58
0.00
0.00
0.00
0.00
12.11
12.11
12.11
24.15
24.15
24.15
24.15
24.15
47.36
47.36
47.36
47,36
.00
0.00
0.00
0.00
12.11
12.11
12.11
¥2.11
24.15
24.15
24.15
24.15

vi

{cm/s) (cm3/s) CONTENT‘

81.88
98.27
106.47
59.35
88
98.27
98.27
- 59,35
#31.88
98,27
98.27
106.47
106.47
59,35
81.88
106.47
59.35
81.88
106.47
32.71
40.91
45.00
49,10
32.71
36.81
40,91
28.61
32.71

36.81

40.91
57.30
28.61
40.91
57.30
57.30
49.10
65.49
77.79
90.08
49.10
65.49
73.69
81.88
31.69
49.10
57.30
1 65.49

Qoil

UT ks U0 b b D) b W W0

e & & % % & & = & B s s =

HNWOUOANOOIIEIOT
[ ] - [ ] » * . - - - L] L]
OEDN-JUI\D-PNOON\DQODWLDNNON&IO\O\D\IO\

e
B W
e .
VNN

15.5
17.3
15.9

-17.7

19.5
15.3
15.2

4.7

99
12.5
i4.6

6.7
12.1
14.6
15.8

8.4
15.2
17.5
18.4

OIL
(%)

[

NSO ER RO UNBELWWLWWL

[

s s @

ONUVOOWVRWANWSNINHFOWNDWWOAON

[y
@ = N
* *
o]

23.5
25.4
30.8
31.1
33.2
33.3
21.9
48.7
37.5
21.0
20.9

7.5
11.9
12.7
12.8

10.7

14.5
15.6
15.2
20.9
24.4
24.1
22.1
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5
(Trable N.1 cont.)
NO. . " Va, Vi  Qoil OIL
(rpm)  (em)  (em/s) (cm/s) (cm3/s) CO?T?NT
P ) ) %

__________________________ _{____-__..._F.._—_—___-—__—__
89 5 20.0 - 47.36 31.69 11.9 29.6
90 5 20.0 47.36 49.10 17.4 27.9
91 5 20.0  47.36 57.30 21.3 29.3
92 5 20,0 47.36, B81.88 19.3 18.6
93 5 20.0 70.58 31.69 18.4 45,7
94 s 20.0 70.58 57.30 25.7 35.3
95 5>~ 20,0 70.58 81.88 21.5 20.7
96 5 30.0 0.00 65.49 4.8 5.8
97 5 30.0 0.00 98.27 7.1 ¥5.7
98 5 30.0 0.00 106.47 8.7 6.4
99 5 30.0 0.00 106.47 9.3 6.9
100 .5 30.0 12.11 69.59 6.1 6.9
101 5 30.0 12.11 81.88 6.9 6.6
102 5 30.0 12.11 98.27 9.0 7.2
103 5 30.0 12.11 98.27 9.6 7.7
104 5 30.0 24,15 65.49 9.9 11.9
105 * 5 30.0 24.15 81.88 11.2 10.8
106 5 30.0 24,15 90.08 12.1 ~ 10.6
107 5 30.0 24.15 . 90.08 11.7 10.2
108 5 30.0 24.15 98.27 12.5 10.0
109 5 30.0 47.36 40.91 7.2 13.9
110 5 30.0 47.36 40.91 6.9 13,3
111 5 30.0 47.36 65.49 12.8 15.4
112 - 30.0 47.36 81.88 13.1 12.6
113 5 30.0 47.36 98.27 13.% 10.9
114 5. 30,0 70.58 40.91 8.1 15.6
115 5 30,0 70.58 65.49 13.4 16.1
116 5 30.0 70.58 65.49 13.0 15.6 {h\
117 5 30.0 70.58 B81.88 14.1 13.6 ~
118 5 30.0 70.58 98.27 14.8 . 11.9
119 10 10.0 0.00 28B.61 1.6 4.4
120 10 10.0 0.00 31.69 2.7 6.7
121 10 10.0 0.00 40.91 4.7 9.0
122 10 10.0 0.00 49.10 6.! 10.4
123 10, 10.0 - 0.00 53.20 6.9 10.2
124 10 10.0 0.00 57.30 6.9 9.5
125 10 10.0 12.11 22.89 2.0 5.9
126 10 10.0 12.11 31.69 5.4 13.4
127 10 10.0 12.11 36.81 7.2 .15.4
128 10 10.0 12.11 40.91 7.2 13.9
129 10 20.0,. 0.00 61.40 7.7 9.9
130 - 10 20.d  0.00 73.69 11.2 12.0
131 10 20.0 0.00 73.69 0.8 11.5
132 10 20.0 0.00 B81.88 15.5 14.9
133 10 20.0 0.00 90.08 -16.8 14,7
134 10 20.0 12.11 40,91 6.9 13.3



ry iz

{Table N.l cont.)

NO.

S k  — — — —  — — —  ————— —————————— T . . S o= ———— ————

“  Va
(em/s)

12.11
12.11
12.11
12.11

™\ 24.15

24.15
24.15
24.15
47.36
47.36
47.36
70.58
70.58
70.58

0.00

0.00

0.00

0.00

0.00
12.11
12.11
12.11
12.11
24.15
24.15
24.15
24.15
24.15
24.15
47.36
47.36
47.36
47.36
70.58
70.58
70.58
70.58

Vi Qoil

(cm/s} (cm3/s) CONTENT

40.91 6.3

. 49.10° 14.3

57.30 17.7
65.49 20.2
31.69 11.2
40.91 17.2
49.10 18.9
57.30 18.1
31.69 15.6
40.91 22.2

57.30 7
31.69 17.5
40.91 22.8

57.30 21.4
69.59 - 9.0

90.08 12.3.

90.08 11.9
98.27 15.2
106.47 15.9
53.20 9.9
61.40 11.6
69.59 13.0
81,88 14.1
40.91 9.6
45,00 10.5
53.20 13.9
61.40 '16.1
61.40 18.0
81.88 16.1
40.91 11.9
49.10 - 15.4
57.30 18.9
90.08 21.3
40,91 13.7
49.10 18.8

57.30 - 20.2

90.08 21.9

OIL
(%)

12.1
22.9
24.3
24.3
27.8
33.1
30.3
24.9
38.8
42.7
29.8

.43.5

43.9
29.4
10.2
10.8
10.4
12.2
11.8
14.7
14.9
14.7
13‘6
17.3
18.4
20.6
20.6
23.1
15.5
22,8
24,7
26.0
18.6
26.4
30.2
27.8
19.1
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Appendix O

DATA FOR PARAFFIN OIL-WATER SEPARATION
EXPERIMENTS )

~

The data for paraffin oil-water separation experiméntsk
are reported in Table 0.1 . The inner volumetric floQ rates
were observed from the calibration curve for the inner out-
let flow rotameter in Appendix C, and the annular volumetric
flow rates were observed from the calibration curve for the
annular circulation rotameter in Appendix A. The inner and
the annular outlet velocities were calculated by the same
methods as in Appendix F. The 0il removal rates were calcu~

lated by the following definition:

the o0il in the the o0il in the

(Final volume of) (Initiai volune of>
vacuum tank vacuum tank

0il Removal _
Rate -

BExperimental time

The oil contents were calculated by dividing the oil removaf\
rates by the corresponding inner volumetric flow rates and

multipling by 10Q. .
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DATA FOR PARAFFIN OIL-WATER SEPARATION EXPERIMENTS

TABLE 0.1

THICKNESS OF THE OIL ON WATER SURFACE WAS 1.0 cm

No.

H

(cm)

Va
{cm/s)

Vi

Qoil

OIL

(cm/s) (cm3/s) CONTENT

(%)

T e ———— - —— ——— ——————————— —— ————— T — - ———  ——

J—

wuwwwwuwuwuwwuwwwwuwuwwwuwuuuwwwwuwwwuwww

10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
16.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0

10.0°

10.0
20.0
20.0
20.0
20.0

. 20.0

20.0

'20.0

20.0
20.0
20.0
20.0

. 20.0

20.0
20.0
20.0
20.0
20.0
20.0
20.0

0.00
0.00

0.00"

0.00
0.00
.00
0.00
12.11
12.11
12.11
12.11

12.11 -

12.11
18.13
18.13
18.13
24.15
24.15
24.15
47.36
47.36
47.36

0.00

0.00

0.00

0.00

0.00

0.00
12.11
12.11
12.11
24.15
24.15
24.15
24,15
24.15
24.15
35.76
35.76
35.76
47.36

32.20
42.58

. 49.49

49.49
58.14
65.32
77.15
32.20
42.58
42.58
52.95
63.32
63.32
42.58
49.49
56.41
32.20
42.58
63.32
32.20
42.58
63.32
42.58
58.14
77.15
77.15
84,.07

0.98
70.24
77.15
84.07
42.58
58.14
65.05
70.24
77.15
77.15
56.41
63.32
66.78
42.58

[
MNOOWWSNUI W

WAhOoohH-
» s

R
W~
-

—
(Ve
.

o

20.4
26.0
29.5
29.7
25,2
29.1
33.0
22.2
28.2
35.1
23.2
28.7
35.8

1.1

12.3
13.7
15.8
17.12
13.7
17.0
21.3
15.3
1.0
20.0
21.9
22.0
22.6
21.3
23.1
24.0
20.1
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, (Tab1|e Q.‘l contr.)

NO. H Va ‘vi Qoil OIL ’
~{rpm)* (cm) (ecm/s) (cm/s) {(cm3/s) COthE):NT
%
42 3 20.0 47.36 58.14 24.9 33.7
43,7 .3 20.0 47.36 77.15 25.6 26.1
244 < X3 20.0 70.58 42.58 22.3 41.2
45 3. 20.0 70.58 58.14 26.9 36.4
46 3 20,0 “70.58 77.15 30.8 31.4
47 3 30,0° - 0.00 °"58.14 1.6 2.2 -
48 3 30.0 0.00 63.32 2.5 3.1
49 3, 30.0 0.00 77.15 5.4 5.5
50 3 30.0 @ 0.00 90.98 8.3 7.2
51 3 30.0 0.00 97.90 9.0 7.2
52 3 30.0 0.00 97.90 9.5 7.6
53 3 30.0 12.11  77.15 6.1 6.2
54, 3 30.0 12,11 90.98 9.6 8.3
55 3 30.0 12.11  97.90 11.2 9.0 -
56 3 30.0 24.15 58.14 9.4 12.7
57 3 30.0 24,15 77.15 13.2 13.5
58 3 30.0 24.15 90.98 15.7 13.6
59 3 30,0 24.15 97.%0 14.8 11.9
6 3 30.0. 24.15 97.50 15.4 12.4
6 3 30.0 47.36 58.14 13.0 17.6
63 3 30.0 47.36 77.15 17.8 18.2
63 3 30.0 47.36 90.98 17.8 15.4
64 3 30.0 47.36 - 97.90 17.0 13.7
65 3 30.0 70.58 58.14 18.5 25.1
66 3 30.0 70.58 77.15 21.2  21.6
67 3 . 30.0 70.58 §7.90 22.5 18.1
68 5 10.0 0.00. 32.20 1.0 2.5
69 5 10.0 0.00 35.66 3.4 7.5
70 5 10.0 0.00 40.85 10.3 19.9
71 5 10.0 0.00 46.03 15.7. 26.9 .
72 5 10.0 0.00 49.49 18.9 30.1
73 5 10.90. 0.00 56.41 24.2 33.8
74 5 10.% 12.11  32.20 12.3 30.1
75 5 10.0 12.11  35.66 13.9 30.7
76 5 10.0 12.11 42.58 19,9  36.8
N 77 5 10.0 12.11  42.58 20.3 37.5
78 5 10.0 12,11  49.49 26.9 42.8
79 5 10.0 12.11 56.41 29.8 41.6
80 5 10.0 24.15 32.20 16.8 41.1
81 5 10.0 24.15 35.66 23.3 51.5
82 5 10.0 24,15 42.58 28.2 52.2°
83 5 10.0 24.15  49.49 32,2 51.2
84 5 10.0 24.15 56.41 40.8 - 57.0
85 5 10.0 24.15 _56.41 38.9 54,3
86 5 20.0 0.00 ~34.80 1.1 . 2,5
5 20.0 0.00 56.41 12.3 17.2
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(Table 0.1 cont.)

NOo. - () H . Va vi . Qoil OIL’
(rpm) - {cm) {(cm/s) (cm/s) (cm3/s) CO?T?NT
. %
88 5 +20.0 0.00 63.32 18.9 23.5
89 5 20.0 0.00 73.70 25.4 27.0
90 5 20.0 0.00 77.15 25.1 25.6
g1 5 20,0 0.00 84.07 29.6 27.7
92 5 20.0 12.11 63.32 29.7 36.9
93 5 20.0 12.11 63.32 29.1 36.2
94 5 20.0 12.11 70.24 31.8 35.6
95 5 20.0 12.11 78.88 36.9 36.8
96 5 ., 20.0 18.13 56.41 35.1 49.0
97 <] 20.0 18.13 63.32 40.9 50.9
98 5 20.90 18.13 70.24 44.1 49.4
99 5 20.0 24.15 34,80 19.0 43.0
100 . 5 20.0 24.15 49.49 32.1 51.1
101 5 20.0 24.15 56.41 37.8 52.8
102 5 20.0 24.15 56.41 39.6 55.3
103 5 20.0 24.15 63.32 42.5 52.9
104 5 20.0 24.15 77.15 43.0 43.9
105 5 20.0 47.36 34,.B0 24.2 54.8
106 5 20.0 47.36 56.41 42.0 58.6
107 5 20.0 47.36 77.15 48.6 49.6
108 5 20.0 70.58 34.80 25.2 57.0
109 5 20.0 70.58 56.41 42.4 59.2
110 5 20.0 70.58 77.15 49.1 50.1
111 5 30.0 0.00 42.58 1.3 2.4
112 5 30.0 0.00 63.32 11.0 13.7
113 5 30.0 0.00 77.18 13.7 14.0
114 5 30.0 0,00 50.98 19.9 17.2
115 5 30.0 0.00 90.98 22.6 19.6
116 5 30.0 0.00 97.90 25.1 20.2
117 5 3080 12.11 77.15 19.5 19.9
118 5 30.0 12.11 90,98 25.5 22.1
118 5 30.0 12.11 97.90 27.6 22.2
120 5 30.0 24.15 42.58 13.5 25.0
121 5 30.0 24.15 63.32 28.1 34.9
122 5 30.0 24.15 77.15%5 37.3 38.1 .
123 5 30.0 24.15 84.07 40.1 37.6
124 5 30.0 24.15 90.98 30.8 26.7-
125 5 30.0 24,15 90.98 30.8 26.7
126 5 30.0 47.36 42,58 21.9 40.5
127 5 30.0 47.36 63.32 35.3 !43.9
128 5 30.0 47.36 73.70 37.2 39.7
12% 5 30.0 47.36 73.70 38.0 40.6
130 5 30.0 47 .36 77.15 40.0 40.8
131 5 30.0 70.58 42,58 25.5 47.2
132 5 30.0 70.58 63.32 37.2 46.3
133 5 30.0 70.58 77.15 40.5 41.3



(Table 0.1 cont.)

NC.

- — - T ——————— T ——————— —— T T - — e —

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
‘150
151
152
153
154
155
156
157
158
159

160 .

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
178
180

() H
(rpm) lcm)
10 10.0
10 10.0
i0 10.0
10 10.0
10 10.0
10 10.0
10 10.0
10 10.0
10 10,0
10 10.0
10 10.0
10 10.0
10 10.0
10 10.0
10 20.0
0 20.0
ﬁo 20.0
0 20.0
10 20.0
- 10 20.0
10 20.0
10 20.0
10 20.0
10 20.0
10 20.0
10 20.0
10 20.0
10 20.0
- 10 20.0
10  20.0
10 20.0
10 20,0
10 20.0
10 20.0
10 20.0
10 30.0
10 30.0
10 30.0
10 30.0
10  30.0
10 30.0
10 30.0
10 30.0
10 30,0
10 30.0
10 30.0
10 30.0

Va
(cm/s)

0.00
0.00
0.00
0.00
0.00
0.00
12.11
12.11
12.11
12.11
12.11
24.15
24.15
24.15
0.00
0.00
0.00
0.00
0.00
0.00
12.11
12.11
12.11
24.15
24.15
24.15
24.15
24.15
24.15
47,36
47.3%
47.36
70.58
70.58
70.58
0.c0
0.00
0.00
0.00
0.00
0.00
12,11
12,11
12.11
12.11
18.13
18.13

7‘
Vi

éoil

. O1IL
{cm/s) (cm3/s) CONTENT

(%)

232



{(Table 0.1 cont.)

No." . () H Va
{rpm) (cm) (em/s)

vi
{cm/s)

Qoil

23

o1L

(cm3/s) CONTENT

(3)

181 10 30.0 18.13
. 182 10 30.0 24.15
183 10 30.0 24.15
184 10 30.0 24.15
185 10 30.0 24.15
186 10 30.0 24.15
187 10 30.0 24.15
188 10 - 30.0 47.36
189 10 30.0 47.36
190 10 30.0 47.36

70.24
42.58
52.95
56.41
58.14
77.15
84.07
42.58
56.41
84.07

27.1
19.5
24.3
25.7
27.0
29.1
29.1
25.1
32.0
35.4

30.4
36.1
36.1
35.9
36.6
29.7
27.3
46.4
44.7
33.2



Appendix P
DATA FOR FURNACE OIL-WATER SEPARATION
EXPERIMENTS WITH A LAYER OF SURFACE FROTH ON THE
OIL »

The data for furﬁace oil-water separation experiments
with a layer of surface froth on the oil are reported in Ta-
ble P.1 . The calculations of'tﬁe inner and annular outlet
velocitieg, the o0il removal rate, and the oil content in the
withdrawn mixture were same as the descriptions in Appendix

-

N. .

%



TABLE P.1
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DATA FOR FURNACE OIL-WATER SEPARATION EXPERIMENTS WITH A
LAYER CF FROTH ON THE SURFACE OIL

—

THICKNESS OF THE OIL ON WATER SURFACE WAS 1.0 cm

NO.

. —————— -

=
CWD~IH U WA

HHH e
W00~ 0N U1 L N

NNNNN
WO

30

PNRNRN
VOO

—

mmmmmmmmmwmUunU'lU\mUlmmmmmmmmmmmm.wuuwwwuwuwww

H
{cm)

Va
{cm/s)

24.15
24.15
24.15
24.15
47.36
47.36
47.36
47.36
70.58
70.58
70.58
70.58
12.11
12.11
12.11
24.15
24.15
24,15
24.15
24.15
47.36
47.36
47.36
47.36
12,11
12011
12.11
12,11
24.15
24.15
24.15
24.15
24,15
24,15
47.36
47.36
47.36
47.36
47.36
70.58

70.58

Vi

{cm/s) (cm3/s) CONTENT

40.91
61.40
73.69
81.88
40.91
59.35
73.69
81.88
40.91
59.35

" 73.69

81.88
32.71
40.91
49.10
28.61
32.71
36.81
40,91
57.30
28.61
36.81
40.91
57.30
49.10
65.49
73.69
81.88
31.69
37.83
45.10
57.30
57.30
65.49
31.69
37.83
49.10
57.30
57.30C
31.69
37.83

Qoil .

7.8
11.4
14,2~
15.2
13.3
17.3
19.0
21.0
16.1
22.4
27.1
28.7
11.7
16.4
21.9
29,2
30.0
34.7
37.6
43.3
34,2
39,9
41.8
49.9

7.2
16.3
20.1
26.0
16.1
22.4
30.6
38.3
38.3
44,0
23.6
27.8
39,3
48,3
46.2
32.6
36.7

OIL
(%)

15.1
14.6
15.2
14.6
25.6
23.0
20.3
20.2
31.0
29.7
29.0

27.6

28.2
31.6
35.1
80.4

72.2

74.2
72.4
59.5
94.1
B5.3

80.5 -

68.6
11.5
19.6
21.5
25.0

40.0

46.6

49.1

52.6
52.6
52.9
58.6
57.9
63.0
66.4

- 63.5

8l.0
76.4




(Table P.l1 cont.)

NO. .

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

(gg;)

ey e
coocococooouUOBIOIOIBIBILNOIOITaOan

H

(cm) -

Va
(cm/s)

Qoil

{cm3/s) CONTENT

20.5

25.8

‘-

OIL
(%)
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Appendix Q
EXPERIMENTAL DATA FOR THE .FEASIBILiTY STUDY OF
THE VORTEX APPARATUS FCOR SLURRY DECANTATION
The e;perimental data for the feasibility study of the
vortex apparatus for‘slurry decantation are reported in Ta-
ble Q.1 . 1In Table Q.1 » Csl and Cs2 denoge the wt. concen-
trations of the sample from the sampling points at the vac-
uum ténk and at the water return line respectively. The wt.
;onéentration is in terms of wt. % of solid in the solution.
Cl is the average wt. concentration of the samples ('clari-~
fied' liquid). Ci and Cf are the initial and final wt. con-
centrations of the solution in the vortex tank respectively.

The wt. % difference in Table Q.1 is defined as:

—

. Ci - Cl
Wt. % difference = ————=— x 100 %
‘ Ci -
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EXPERIMENTAL DATA FOR SLURRY DECANTATION TRIALS

Va

(em/s) (cm/s)

TABLE Q.1

vi Ci Csl

CASE A: (2= 3 rpm; H =10.0 cm

1 9.82
2 0.00
3 0.00
4 149.50
5 149,50
6 0.00

CASE C: ()=
7 12.11
g8 9.11
9  0.00

CASE D: ()=

10 12.11
11 0.00
12 0.00
CASE E: §)=
13 24.15
14 18.13
15  15.12

26.54 0.0464 0.0261

33.35 0.0393 0.02890

Cs2

0.0388
0327

40.16 0.0435 0.0313%0.,0417
CASE B: (2-3 rpm; H =20.0 cm

26.54 0,0817 0.0708
40.16 0.0791 0.0685
59.62 0.0638 0.0553

5 rpm; H = 10.0 cm

21.19 0.0588 0.0421
23.62 0.0657 0.0487
26.54 0.0534 0.0402

10 rpm; H = 10.0 cm

21.19 0.0329 0.0238
23.62 0.0289 0.0252
26.54 0.0355 0.0271

10 rpm; H = 20.0 cm
21.19 0.0817 0.0520
23.62 0.0605 0.0482
26.54 0.0567 0.0468

0.0718
0.0675
0.0534

0.0440
0.0553
0.0431

0.0238
0.0261
0.0289

0.0638
0.0445
0.0431

O

0.0325
- 0.,0308
0.0365

0.0713
0.0680
0.0544

0.0431
0.0520
0.0417

0.0238
0.0257
0.0280

0.05879
0.0464
0.0449

0.0266
0.0289
0.0320

0.0748
0.0713
0.0561

0.0438
0.0501
0.0417

0.0228
0.0259
0.0275

0.0567
0.0515
0.0480
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appendix R.
SAMPLE CALCULATION OF THE ESTIMATION OF THE
CENTRIFUGAL ACCELERATICN AT A VORTEX
A sample-calculation of the estimation of the centrifugal
acce;eration at a vortex is presented as follows. Because
the flow pattern of the inner section of the vortex in this
study was similar to the combined vortex, the centrifugal
acceleration at,fhe inner part of the vortex could be esti;
mated by the combineq vortex equations as described in Chaé—

ter 3.

A vortex with Hv= 30.0 cm, which was formed under the op-
erating conditions of ()= 3 rpm, H= 30.0 cm, Vi= 79.07
em/s, and Va= 61.29 cm/s, was considered here, From abpeh-
dix H, the-shape of this vortex was estimeted by the photo.
At a point of 1.0 cm from the vortex 'tip' (z), the distance
between the surface of liquid and the axis of the vortex (r)
was 0.075 cm. The angular velocity at this point waﬁ calcu-
lated by the rewritten form of eguation (3.8') in appendix

H.

= 'f_&zﬁz - ‘/&(ML-TQI= 590.29 s™*
r

(0.075)

[y

The centrifugal acceleration at z=1.0 cm was:
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0.29)2(0.075).
33 cm/ a?

I‘. y
<5§/é61

= 26.7T x E.
& PJ ‘ . . -
= v
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w °
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