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ABSTRACT

Efflclt t .j of a separation process of two immiscible

incompatible fluids of different densities occurlng

under he influence of a combined centrifugal and

gravi »tlonal force field Is investigated.

The asrlysis is based on the set of equations for a

rotating two-phase flow of a mixture as presented by

Greenspan (1983). The geometry of the separation

process is considered and the total flow of the

separated phases evaluated.
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1. INTRODUCTION

The aim of the present investigation is to obtain

estimates of the separation efficiency of a

fluid-fluid centrufugal separator, rotating at

moderate speeds and producing a centrifugal force,

comparable to gravitational force. He thus consider a

separation of a fluid mixture in a resultant of a

centrifugal and gravitational force fields.

The mixture consists of two immiscible fluids of

different densities: one in the form of small droplets

representing the dispersed phase is homogeneously

distributed in another fluid which represents the

continuous phase. These two constituents of a mixture

are treated as two contlnua mutually influenced by the

ineraction force between them. The continuum

description of both phases is a result of an averaging

procedure applied to the local forms of the equations

of balance of mass, momentum and energy in their usual

forms for each constituent of a mixture as a single

continuum. The averaged equations are obtained either

by taking time averages (Ishil (1975), Delhaye

(1981)), or spaclal averages (Nignatulin (1979)) or

both spaclal and time averages ( Drew (1971), (1976))

of the local microscopic balance equations. Such

continuum description of a mixture Is thus valid in
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the regions that are large as compared to a typical

microstructural dimension, in our case a fluid droplet

size.

He are here Investigating the process of liquid

separation under the Influence of the centrifugal and

gravitational force fields beginning with a rigid body

rotation of the mixture occupying the Interior of the

entire container and leading to a certain final state

of separated fluids. The Investigation is based on the

set of equations of rotating two-phase flow as

presented by Greenspan (1983) and modified to take

irto account the effects of gravity. These equations

of balance of mass and momentum for each phase are the

tiae-average equations of a continuum mixture model

presented by Ishii (1975).
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2. BALANCE EQUATIONS

In this SECTION we follow the foraulatlon of the

system of equations governing the flow of the rotating

mixture of two immiscible lncoapresslble fluids of

different densities as presented by Greenspan (1983).

In teras of the void fraction o and time-averaged
DC D C

variables of the phase velocities v , vfc pressures p . p
D C

and shear stresses T ^ , T ^ the equations of balance

of mass and momentum in the coordinate frame, rotating

with a constant angular velocity as presented by

Greenspan (1983) and with the introduction of gravity

field in the direction inverse to the direction of ft

are

a . • (av?) . - 0 , (2.1)

-a • • Ki - a)vFj . - 0 , (2.2)
»t K »K

[(1 - «>tJkJr • *£ • (2.4)

D c
where *k> \ are the body (gravity) forces per unit



volume.

Following Greenspan (1983) we have the generalized

Interfacial drag forces of the form

M£ - D(a)(v£ - vj) , (2.5)

MT • -C(a)(v - v.) , (2.6)

The stress tensors depend on the corresponding rates

of strains in the usual manner for Newtonian fluids

Trk "

2 1

for I=C and I=D.

And finally the relation between the pressures is

obtained by means of capillary law

(2.8)

where a is a radius of a typical droplet and a is the

interfacial tension.

The drag coefficient is given by

C

D(a) ' <^i *<a) • (2#9)

a
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where

|C + 3 u x , f(a) - o(1 - a) , (2.10)
2X C D

see Greenspan (1983)

Assuming that the mixture occupies Initially the

entire container and that the dispersed phase is

distributed homogeneously within the continuous phase

Greenspan (1983) formulates the initial conditions as

follows:

a • an * const. , (2.11)

(2.12)

By analogy with Greenspan (1983) we introduce the

dlmenslonless variables

. . - * - .

and seek the solution In the form

c

2,
icv 0 l * C r * C 0 P C i 1 '

(2.17)
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where

F -!L!0 C2.18)

is the Froude number.

Upon dropping the asterisk notation and Introducing

(2.14) - (2.17) in (2.1) - (2.4) the system of

equations for the dlmensionless variables is obtained

a' + 2UDo - 0 , (2.19)

aUD • (1 - a)Uc - 0 , (2.20)

aWD + (1 - a)Wc - 0 , (2.21)

2(1 • . ) | e | *• + U* - V* - fa V D ] ̂  ?i + (1 o)(Uc

(2.22)

62(1 • . ) | e | *• + U* - V* -

B2(1 + e ) | e | ^ + 2UDVD + ^ Up] - (1 - o)(Vc - Vj , (2.23)

+ (1 - o)(Wc - Wp) , (2.24)

c ] - -P t - «(UC - UD) , (2.25)

Uc] - -a(Vc - V,,) , (2.26)

, (2.27)

B2

e2

B2

( 1 H

Ie|

U!

C

[v-

• | e | W ' - -

C ~ C

+ 2 u c v c +

where

~ - , (2.28)
C
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here (2.21) is an additional condition of zero total

flux in the z direction.

Eliminating the pressure terms P - and ?2 by means of

(2.22), (2.25) and (2.24), (2.27), we obtain two
••e

equations for the derivatives of IL and W^.

1 - a ' ^T+ e(1 - a)

.2 .,2 2 ,, i . 1 ~ ot r ttZ ..2 2 „ a

(2.29)

V

(2.30)

The void fraction a , U and W_ are then obtained by

means of (2.19)-(2.21). And finally VD and Vc are

evaluated through (2.23), (2.26).
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3. CONCENTRATION

Following the presentation by Greenspan (1983) we have

performed the calculations in the rotating coordinate

frame. The results indicate that at every moment of

the separation process there are three different

regions, see the sketch in the end of this section.

The first - "inner" in the central upper part of the

container occupied by the concentrated dispersed phase

with a volume concentration of the dispersed phase

si. The second - "outer" region in the lower outer

part of the container and in a layer of small

thickness along the container wall, Is occupied by the

clarified continuous phase, with the volume

concentration of the dispersed phase =0. And finally,

the region occupied by the mixture, between the

"inner" and the "outer" regions. The existence of the

thin wall layer may be explained in the following way.

It is well-known that in the case of gravitational

separation in the inclined tube, the lighter particles

rise vertically until they reach the downward-facing

surface. The heavier continuous phase moves vertically

downward untill it reaches the upward-facing surface.

As a result of this process two thin wall layers with

the upward flux of the dispersed phase at the

downward-facing surface und the downward flux of the

continuos phase at the upward-facing surface are
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formed. The thickness of these layers Is small and

remains constant through the separation process. This

is the so-called "Boycott effect", see Ponder (1925)»

Nakamura & Kuroda (1937) and more recently Acrlvos &

Herbolzhelmer (1979). The "Boycott effect" in the

inclined tube increases the rate of separation as

compared to separation in the vertical tube by a

factor of the order of magnitude (1+H/b)sina , where H

is the height, b- the width of the tube and a is the

angle of inclination. 'In our case the wall of the

container is vertical, but the resultant of gravity

and centrifugal forces forms an acute angle with the

wall of the container. We therfore assume that the

heavier water particles are collected, besides the

lower part of the container, in a thin layer at the

wall of the container.

In the region, occupied by the mixture the volume

concentration of the dispersed and continuous phases

is time-dependent and in case of no in and outflows in

and out of the container, the volume of this region

diminishes until it finally disappears and the "inner"

and "outer" regions meet at a common Interface, which

completes the separation process.

Using the solution obtained by Greenspan (1983) we

evaluate the concentration of the dispersed phase in

the region occupied by the mixture in SECTION 2. By
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the contrast to the case of gravitational separation,

see Kynch (1952), the concentration of the dispersed

phase in the mixture Is time-dependent. If the

dispersed phase Is lighter than the continuos phase as

oil in water, its concentration approaches 1, see

Figure 1 . On the other hand If the dispersed phase is

the heavier one than its concentration tends to 0 with

the separation time.

inner" region

mixture

water «- •"outer" region
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Figure 1. Volume fraction versus dimensionless time at ea-0,1 and B"0,1

From Greenspan (1983)
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4. VELOCITIES OF THE PHASES

In this Section we describe the solution obtained by

Greenspan (1983) and modified to account for the

effects of gravity, see SECTION 2.

In the region, occupied by the mixture the velocities

of both phases are evaluated at every moment of the

separation process and in every point of the region.

The results indicate that the radial and

circumferential velocity components of both phases are

proportional to radial distance and are

time-dependent, whereas the vertical velocity

components are functions of time alone. In case of a

lighter dispersed phase when, the mixture

concentration tends to 1 with the separation time as

shown in Figure 1, the radial and vertical velocity

components of the dispersed phase approach 0, while

the same velocity components of the continuous phase

approach their maximum value, and circumferential

velocity components of both phases reach their maximum

negative value, see Figures 2-6.

The radial velocity component of the dispersed phase

is always negative and It3 vertical velocity component

is always positive and vice versa for the continuous

phase. That Is oil droplets move towards the axis of
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rotation and upwards while the water particles move in

the opposite direction, see Figure 7. It should be

pointed out that the relative circumferential velocity

component of each phase is negative, which means a

retrograde rotation with the respect to the rotating

coordinate frame. For the details see SECTION 2.
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Figure 2. Dimensionless radial velocity of the dispersed phase versus dimensionless time

for e—0,1 and B"0,1. From Greenspan (1983).
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Figure 3. Dimensionless radial velocity of the continuous phase versus dimensionless time

for e—0,1 and 8«0,1. From Greenspan (1983).
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Figure A. Dimensionless angulai »elocities of the continuous and dispersed phases

versus dimensionless time for e—0,1 and 0-0,1. From Greenspan (1983).
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Figure 6. Dimensionless vertical velocity of the continuous phase versus dimensionless

time for e—0,1 and B»0,1.
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Figure 7. Trajectories of oil droplets, for €"-0,1, 6*0,1 and F"1,
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5. INTERFACIAL BOUNDARY SURFACES

The three distinct regions are separated by the

interfacial boundary surfaces. The upper and lower

boundary surfaces move with a velocity of the order of

magnitude of the oil or water drops in the mixture.

Since this movement is slow as compared to the

rotational movement, we treat it as a quasi-stationary

process. This means that the clarified continuous

phase in the lower part of the container and the

concentrated dispersed phase in the upper part of the

container are at static equilibrium at every moment of

the separation process. We thus assume that the

resultant of the centrifugal and gravity forces acting

on surface element is parallel to the surface normal

at the considered point.

Amg
i

Amflj:

Amg

where Atnfl r

g

!dz

» r*

dl

dr

dz

Tin?

(5.1)

(5.2)

(5.3)

Equations of the surfaces are found to be paraboloids
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of revolution around the axis of rotation, with a

slope proportional to Froude number that Is the ratio

of centrifugal acceleration to the acceleration of

gravity. By analogy with the case of the gravitational

separation in the inclined tube an additional

interfacial surface, separating the mixture from the

thin layer of the continuos phase along the wall of

the container, is formed.
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6. FLUXES THROUGH THE BOUNDARY SURFACES

Using the results of the previous SECTION we obtain

the area element of the surface, separating the

mixture from the maximally concentrated dispersed and

clarified continuous phase in the form

dz - 2irr:r V1 • F r; dr

and the unit normal to the surface

Having the velocity of the dispersed phase in the form

VD - <vr
 ( Fr*UD ' Fr*VD

we obtain

2 2 ^
|e|a n rn o i

dQD " V n d S ^T-2~2irr*('Fr*UD + 7 WD ) dr* • (6'4)

C

which gives the total flux of the dispersed phase

2 ( . l A r* + i W r
2 )|r1

0 * 7 D * 2 D * '' 0
C

where r is the maximum radial distance for the points
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en the surface, see the sketch in the end of this

SECTION. In the same way the total flux of the

continuous phase is

Qr(t*)

r' (6.6)
•

and therefore the total volumetric flux of both phases

is given by

2 , 1 2 4 .
i 0 4 * C D
C

(6-7)

The total volumetric flux of each phase through the

upper and lower boundary surfaces, separating the

mixture from the regions occupied by the clarified

continuous and concentrated dispersed phases depends

on the area of the surface, the phase velocity and the

volume concentration of the dispersed phase in the

mixture. The total volumetric flux of each phase is

illustrated in Figures 8-12, which show that the total

flux of the dispersed phase through the boundary

surface separating the mixture from the concentrated

dispersed phase has Its maximum at the beginning of

the separation process. As the concentration of the
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dispersed phase in the mixture approaches 1 , as shown

in Figure 1, the flux of the dispersed phase tends to

0, while the flux of the continuous phase through the

surface boundary separating the mixture from the

clarified continuous phase reaches its maximum. The

flux of the continuous phase is at its minimjm in the

beginning of the separation process.

The total volumetric flux of both phases,

characterizing the speed of the separation process is

obtained by summing the fluxes of the dispersed and

continuous phases and is approximately constant

through the separation process, see Figure 12. The

total flux may be evaluated for various values of the

Froude number F. It is of interest to note that even

by putting the Froude number F=0 which means that the

angular velocity is 0 and the mixture is separated by

means of gravity force alone ( in this case the volume

concentration of the dispersed phase is constant) we

still obtain a considerable total flux, see the Table

below. The total volumetric flux in lit/min is

obtained by means of the dimensionless flux and

depends strongly on the radius of a typical droplet of

the dispersed phane and the radius of the container.

The following numerical example, is based on Figure

12: (here a is radius of a typical droplet, r - radius

of the container, F - Froude number, ft - angular
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velocity of the mixture in the container, Q - total

flux of both phases through the boundary surfaces)

These results are, however, obtained by neglecting the

downward flux of the continuous p*iase in the thin

layer at the wall of the container, which may be of

the same order of magnitude as the flux of the

continuous phase through the lower boundary surface.

According to Ponder (1925) and Nakamura & Kuroda

(1937) (see also Acrivos & Herbolzheimer (1979)) the

enhancement to the flux of the continuos phase in the

inclined tube is H/bsina , where H is the height,

b-width of the tube and a is the angle of

inclination. By analogy we assume that the enhancement

-2 -1/2
in our case is of the order of magnitude H/(2r,)(1+F )

0

, where H the height, r =the radius of the container

and F= the Froude number. The values of the total flux

in the table below may therefore increase by up to

90%, if we take into account the flux of the

continuous phase in the thin wall layer. Note,

however, that the increase of the total flux is due tc

the increase of the flux of the heavier, continuous

phase alone. The flux of the continuous phase

versus dimensionless time is shown in Figure 10. As it

Is seen it approaches its maximum value at the end of

the separation process, when the concentration of the

dispersed phase in the mixture approaches unity. At

the same time the flux of the dispersed phase tends to
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zero, see Figure 8. We thus conclude that the

enhancement to the total flux is minimum at the beginning

of the separation process and reaches its maximum at

the end, see Figure 13.
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Table 1

Total volumetric flux of both phases Q through the

boundary surfaces for various Froude numbers F

a(mm) ro(m) F ft (r. p.m.) Q (l/min)

0,1

0,1

0,1

0,1

0,1

0,1

0,5

0,5

0,5

0,5

0,5

0,5

0,1

0,1

0,1

0,1

0,1

0,1

0,5

0,3

0,3

0,3

0,3

0,3

0,3

0,3

0,3

0,3

0,3

0,3

0,3

0,5

0,5

0,5

0,5

0,5

0,5

0,5

0

0,5

0,8

1

1,5

2

0

0,5

0,8

1

1,5

2

0

0,5

0,8

1

1,5

2

0

0

39

49

55

67

77

0

39

49

55

67

77

0

30

38

42

52

60

0

34

37

44

48

64

94

839

924

1091

1192

1679

2435

93

102

121

132

187

270

2331
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0,5

0,5

0,5

0,5

0,5

0,5

0,5

0,5

0,5

0,5

0,

o,

1

1 .

2

5

8

5

30

38

42

52

60

2564

3030

3310

4662

6760

The volumetric flux of each phase depends strongly on

the area of the corresponding boundary surface and

rapidly diminishes with diminishing maximum radial

distance of the boundary surface, see the sketch

below.

maximum radial
distance r.
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Figure 8. Dimensionless volumetric flux of the dispersed phase through the boundary

surface versus time for e=-0,1, 6=0,1, maximal dimensionless radial distance of the

boundary surface r̂ .= i and various values of the Froude number F.
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Figure 9. Dimensionless volumetric flux of the dispersed phase through the boundary

versus time for e=-0,1, 6=0,1, F=1 and various values of the maximal dimensionless

radial distance of the boundary sv •face r .
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Figure 10. Dimensionless volumetric flux of the continuous phase through the boundary

surface versus time for e=-0,1, 6=0,1, maximal diinensionless radial distance of the

of the boundary surface r =1 and various values of the Froude number F.
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Figure 11. Dimensionless volumetric flux of the continuous phase through the boundary

surface versus time for e=-0,1, 8=0,1, F=1 and various values of the maximal dimensionless

radial distance of the boundary surface r..
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Figure 12. Dimensionless volumetric flux of both phases through the boundary surfaces

versus time for e=-0,1, 6=0,1, maximal dimensionless radial distances of the boundary

surfaces r =1 and various values of the Froude number F.
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Figure 13. Enhancement to the total volumetric flux in per cent due to the downward

flux of the continuous phase in the thin wall layer, for e=-0,1, 6=0,1, H/(2r_)=1

and various values of the Froude number F.
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