This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

The Removal of Fatty Acids from Edible Oil. Removal of the Dispersed
b s 1 - | Phase of a Water-in-Qil Dispersion by a Hydrophilic Membrane
J. T. F. Keurentjes®; G. I. Doornbusch?; K. Van't Riet*
aFOOD AND BIOENGINEERING GROUP DEPARTMENT OF FOOD SCIENCE, WAGENINGEN
AGRICULTURAL UNIVERSITY, EV WAGENINGEN, THE NETHERLANDS * AKZO Research,
Arnhem, The Netherlands

To cite this Article Keurentjes, J. T. F., Doornbusch, G. L. and Riet, K. Van't(1991) 'The Removal of Fatty Acids from Edible
Oil. Removal of the Dispersed Phase of a Water-in-Oil Dispersion by a Hydrophilic Membrane', Separation Science and
Technology, 26: 3, 409 — 423

To link to this Article: DOI: 10.1080/01496399108050481
URL: http://dx.doi.org/10.1080/01496399108050481

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conmplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399108050481
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 43 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 26(3), pp. 409-423, 1991

The Removal of Fatty Acids from Edible Oil. Removal of
the Dispersed Phase of a Water-in-Oil Dispersion by a
Hydrophilic Membrane

J. T. £ KEURENTIES,* G. I. DOORNBUSCH, and K. VAN'T RIET

FOOD AND BIOENGINEERING GROUP

DEPARTMENT OF FOOD SCIENCE
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Abstract

Fatty acids can be extracted from an oil phase by forming a dispersed phase of
saponified fatty acids/water/isopropanol in oil. This dispersion can be separated
in the two phases by two membranes of opposite polarity in series. In this study
the separation of the water phase from the dispersion by a hydrophilic membrane
and the mechanisms underlying the flux characteristics are investigated. The per-
meation flux through a PAN ultrafiltration membrane is optimized with respect to
the fatty acid/water/isopropanol ratio. It appears that a 1:6.5:3 (v/v) ratio gives
the highest flux [95 L/(m>h-bar)]. The dispersion at these conditions consists of a
continuous oil phase as well as a continuous water phase between 20 and 65%
water phase hold up. The flux/pressure curve shows a linear increase of the flux
with pressure at low pressures (determined by the membrane resistance), followed
by a maximum flux value for the case where the volume of the water phase present
in the inflow is limiting. It is not possible to remove the water phase with membranes
below a water phase hold up of 20%. At this hold up value the transition between
a bicontinuous and a discrete dispersion also occurs.

INTRODUCTION

Fatty acids have to be removed from oils for different purposes. In
refining procedures of edible oils, the free fatty acids (FFA) have to be
removed as a contaminant (I, 2) since too high levels of FFA will result
in rancidity of the oil (3). In the enzymatic production of fatty acids from
triglycerides, the reaction rate strongly decreases with an increasing fraction
of fatty acids in the oil phase (4). To maintain a sufficiently high reaction
rate, the fatty acids should be removed continuously.

*To whom correspondence should be addressed at his present address: AKZO Research,
P.O. Box 9300, 6800 SB, Arnhem, The Netherlands.
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The classical method for the removal of fatty acids from an oil is so-
called caustic refining. Soaps are formed by adding alkali to the oil, and
the soapstock formed is consequently separated from the oil by high-speed
separators (5). The most important problem occurring in this procedure
is the inclusion of triglycerides in the soapstock. This amount will usually
equal the amount of fatty acids saponified (6). This included oil is difficult
to recover and is therefore considered to be a loss. Caustic refining of oils
with a high fatty acid content will evidently introduce considerable losses
of triglycerides. In enzymatic oil splitting, the soapstock phase contains
the fatty acids, which are the products. As a recovery process for these
fatty acids in the enzymatic oil splitting (4), caustic refining will result in
a very poor product, containing about 50% fatty acids.

The crude oil losses inherent to caustic refining can be avoided by the
use of other refining procedures such as distillation or steam distillation
(7). The high temperatures needed for these processes may especially affect
highly unsaturated fatty acids, either present as free fatty acids or in tri-
glycerides. A membrane separation process might be a mild alternative for
these processes. For the application of membranes for fat/fatty acid sep-
aration, three configurations can be envisaged. First, direct filtration with
a retention based on molecular size differences can be used. This will be
difficult because of the small differences in molecular weights. Second, an
extraction mode can be applied. However, the extractants found in the
literature (mostly alcohols) are not very specific (8, 9) and will also intro-
duce losses of crude oil. The third mode to apply membranes is the for-
mation of a dispersion that can be separated in the two phases by a
hydrophilic and a hydrophobic membrane in series. The two-membrane
system for the separation of this dispersion is shown schematically in Fig.
1 (10). To separate one phase from a two-phase mixture, the membrane
used has to fulfill the requirement that it is preferentially wetted by this
phase. The phase that does not wet the membrane (exhibits a contact angle
on the surface larger than 90°) can be retained in the case that the Laplace
pressure is higher than the applied transmembrane pressure.

The separation of dispersions will largely depend on the type of disper-
sion to be separated. The most simple types of dispersions are emulsions
of a dispersed aqueous phase in a continuous organic phase (a W/O emul-
sion) and of a dispersed organic phase in a continuous aqueous phase (an
O/W emulsion). In the absence of a stabilizing agent (surfactant) or in the
presence of sufficiently large droplets (in the order of 1 mm), these dis-
persions are not very stable and their separation into two phases is relatively
easy. Other, more complicated, types of dispersions may also occur. Ex-
amples are dual emulsions and microemulsions. In dual emulsions the
continuous phase is also present as small droplets in the dispersed phase



12: 43 25 January 2011

Downl oaded At:

REMOVAL OF FATTY ACIDS FROM EDIBLE OIL 41

hydrophobic membrane

NaOH .
FFA rich oil 2-propanol o FFA free oil

CB
2002 %2800 water
9P P20 2-propanol
fatty acids

F1G. 1. Two membrane system for the removal of fatty acids from an oil.

(11, 12). Microemulsions can be formed in the presence of a surfactant
and a cosurfactant (usually an alcohol). They are thermodynamically stable
water-in-oil dispersions with very small droplet sizes [of the order of 20
nm (I3)]. Upon increasing the fraction of the dispersed phase in such a
microemulsion system, a transition into a bicontinuous system can be ob-
served (14). Several types of bilayer and liquid crystal structures have been
found in this type of dispersed systems (15). However, no literature is
available on the filtration characteristics of the more complicated types of
dispersions.

In this study the soapstock obtained by the addition of alkali to a fatty-
acid-rich oil is solubilized by an alcohol under the formation of a dispersion:
soaps solubilized in water and alcohol form the dispersed water phase. The
objectives of this study are the selection of a suitable membrane for the
removal of the dispersed water phase from this dispersion and the estab-
lishment of the mechanisms underlying the permeation characteristics of
the water phase.

MATERIALS

Dispersions are prepared by adding alkali to oleic acid containing soy-
bean oil to saponify the oleic acid. Subsequently, isopropanol is added to
solubilize the soaps, and water is added to lower the viscosity of the water/
soap/alcohol phase. The soybean oil used is of edible quality (obtained
from Rhenus Inc., The Netherlands). In this two-phase system the solu-
bility of isopropanol in the oil phase is determined to be below 0.5%. To
avoid the formation of insoluble calcium and manganese soaps, deminer-
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alized water is used. All chemicals used were purchased from Merck (FRG)
and are reagent grade. The dispersion is stored in a stoppered bottle to
avoid the evaporation of isopropanol and is continuously stirred by means
of a magnetic stirrer.

A qualitative analysis for fatty acids, its soaps, and triglycerides is made
by means of TLC. The stationary phase is 0.2 mm Silicagel 60 F 254
purchased from Merck (FRG) and the mobile phase petroleum ether 40—
60, diethyl ether, and acetic acid [80:20:1 (v/v/v)]. After developing, the
sheets are colored with iodine vapor.

Several hydrophilic membranes have been tested for their capability to
separate this dispersion. They are summarized in Table 1.

Flux measurements of the flat-sheet membrane are carried out in a New
Brunswick Scientific Megaflow TM 100 test module. The membrane surface
in this module is 64.5 cm? and the channel height is 0.4 mm. All membranes
are rinsed thoroughly with demineralized water to remove preservative
liquids before use.

The viscosity of the water phase has been determined by using an Ostwald
viscometer. After phase separation, the interfacial tension between the two
phases is measured by using a spinning drop tensiometer (16, 17). A small
drop of the low-density phase is brought into a rotating tube containing
the high-density phase. The drop will deform along the axis of the tube.
In case the length of the droplet is more than 4 times its height, the
Vonnegut approach gives the following relation:

Y = Apw?ri/4 1)

in which vy is the interfacial tension between the two phases, Ap is the
density difference between the two phases, w is the angular velocity, and
r, is the half height of the droplet.

To establish the transition from a continuous into a discrete oil phase,
a thin layer of the pure oil phase (containing Sudan III to color it intensely
red) is placed on top of a nonstirred dispersion. In the case of a continuous

TABLE 1
Hydrophilic Membranes Tested
Membrane Type* Pore size/cut off Manufacturer
Cellulose HF 6,000 ENKA
Cellulose acetate HF 200,000 ENKA
Polyacrylonitrile (PAN) FS 30,000 Rhone-Poulenc
Polyamide HF 0.2 pm ENKA

“HF = hollow fiber, FS = flat sheet.
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oil phase, the red-colored oil moves from the top downward by diffusion
and probably convection, whereas in the case of a discrete oil phase no
movement of the colored oil downward occurs. The transition from a
continuous into a discrete water phase is established by conductivity mea-
surements. Conductivity measurements have been performed by using a
400 Hz ac current to avoid electrophoresis. All measurements have been
carried out at 20°C, unless stated otherwise.

RESULTS AND DISCUSSION

Membrane Selection

The membrane selection experiments have been carried out with a dis-
persion containing 54% soybean oil, 10% sodium oleate, 14% water, and
22% isopropanol (v/v). The water phase contains the soaps, water, and
2-propanol, while the organic phase contains oil and only traces of 2-
propanol. It is not possible to detect any soaps in the organic phase. The
membranes given in Table 1 have been tested for their capability to separate
this dispersion. The results are summarized in Table 2.

For all membranes, the permeate is examined for the presence of soaps
and triglycerides by means of TLC. In the case of a cellulose and PAN
membrane, no triglycerides could be detected in the permeate, thus in-
dicating that the separation of the fatty acids from the triglycerides is
complete. From Table 2 it can also be concluded that the pore size of the
membrane influences the separation characteristics: the membranes with
the large pore sizes could not retain the oil phase. However, the cellulose
acetate and polyamide are expected to be slightly more hydrophobic com-
pared to cellulose and PAN (18). This also might be part of the reason for
the permeation of both phases. It is evident from Table 2 that the PAN
membrane gives the best flux and a complete separation. Therefore, the
PAN membrane was used for the flux optimization experiments.

TABLE 2
Fluxes Determined with the Standard Dispersion
Membrane Flux [L/(m*h-bar)]
Celulose 1
Cellulose acetate —
PAN 30
Polyamide —

“Both phases permeate.
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Flux Optimization in the PAN Membrane

The clean water flux of the PAN membrane is found to vary from 300
to 700 L/(m?-h-bar) depending on the sheet of material used. To allow a
comparison of the results obtained with different sheets of the membrane
material, the flux is standardized to a virtual clean water flux of 500 L/
(mZh-bar), the average of the measured clean water flux of the sheets
used. This correction is allowed, since in our system permeation of the
water phase is determined entirely by the resistance of the membrane. This
is shown in Fig. 2 in which the measured (noncorrected) flux is plotted
versus the inverse of the viscosity of the water phase with different com-
positions. This appears to be a straight line through the origin. The clean
water flux of this particular sheet is 580 L/(m?-h-bar), which falls within
the range of clean water fluxes measured. This means that although a
dispersion is present at the retentate side of the membrane, the membrane
is completely wetted by the water phase and the resistance against per-
meation is completely determined by only the hydrodynamic resistance of
the membrane: there is no additional resistance at the retentate side.

To optimize the flux of the PAN membrane, the fatty acid to water and
2-propanol ratio is varied. The experiments are carried out at 1 bar trans-
membrane pressure. Varying the isopropanol content of the dispersion at
a fixed water content results in a permeation flux and fatty acid flux as
shown in Fig. 3. It can be seen that although the permeation flux increases
with an increase in isopropanol content (due to a decrease in viscosity of
the water phase), the fatty acid flux (this is the permeation flux times the
fatty acid concentration) has an optimum value at an isopropanol to fatty

@ (1/(m2h))
60

o

T T T T T T T T

0 0 40 600 800 _ 1000
N (m2.N"s")

FiG. 2. Permeation flux through the PAN membrane versus the inverse of the viscosity of
the water phase at 1 bar transmembrane pressure.
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F16. 3. Permeation flux and fatty acid flux through a PAN membrane at different isopropanol/
fatty acid ratios (P = 1 bar).

acid ratio of 3:1. At this optimum isopropanol content the water content
is varied and the same types of curves are obtained (Fig. 4). The optimum
composition of the water phase with respect to the fatty acid flux appears
to be a fatty acid, water, isopropanol ratio of 1:6.5:3. At this optimum
composition of the water phase a permeation flux of 95 L/(m*h-bar) can
be achieved, resulting in a fatty acid flux of 15 L/(m*h-bar). All experi-
ments described further are carried out with this composition of the water
phase.

o (L/(m2h)
10
2 o

8 (l/m”h) |
16 100
141 // SN {90
1721 80

f

10 L70

AL AL

55 65 15 85
water/ fatty acid ratio(v/v)

Fi16. 4. Permeation flux and fatty acid flux through a PAN membrane at different water/
fatty acid ratios at the optimum isopropanol content (P = 1 bar).
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Although not performed here because it is not relevant for our purposes,
the relation between flux and viscosity and therewith with the composition
can easily be brought in an optimization model with the fatty acid flux as
the parameter to be optimized.

Long-Term Performance of the PAN Membrane

In a series of consecutive batch experiments the performance of the PAN
membrane has been investigated. Every new batch is started without clean-
ing the membrane. In these experiments the permeate is recirculated to
the feed vessel. From Fig. 5 it can be seen that the flux gradually decreases
from an initial flux of 105 L/(m*h-bar) to around 30 L/(m?-h-bar) after
560 h. Every new batch initially gives a higher flux; however, after 1 day
the flux decrease continues according to the pattern of the batch before.
Rinsing the membrane with isopropanol for 3 h restores the flux to 53 L/
(m?-h-bar), a value comparable with the value after 60 h. Rinsing with
nitric acid (0.1%), however, has no effect, indicating that the flux decay
is probably due to clogging of the membrane with nondissolved soap mol-
ecules.

Characterization of the System

To reveal the nature of the dispersion, several experiments have been
performed. It appeared to be impossible to estimate the particle size by
microscopy. This indicates that a more complicated system than a water-
in-oil dispersion is formed. This might be due to low interfacial tension.
From spinning drop measurements at different angular velocities it follows
that y equals 0.27 = 0.01 mN/m. This value is sufficiently low to form a

@ (t/{m2h))
100
J new batch
80 new batch new batch
)2} n 9 :\'\_‘- a r\\.;
=y —g
0 r T y
0 80 160 240 320 400 480 560
time (h)

F1G. 5. Long-term performance of a PAN membrane in the separation of a two-phase system
' (P = 1 bar).
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microemulsion. However, laser light-scattering experiments indicate that
in the water phase as well as in the oil phase, no microemulsion is formed.

By performing conductivity measurements it can be seen (Fig. 6) that
the conductivity of the system increases almost two decades stepwise at a
water-phase content of around 20%. It also shows that no other stepwise
increase in conductivity takes place, which indicates that water is present
as a continuous phase above 20% water phase in the dispersion. The
experiments with colored oil show a similar abrupt change around 35% oil
phase. It can therefore be concluded that the oil phase is present as a
continuous phase above 35% oil phase.

From these experiments it can be concluded that the system behaves
similarly to the concentrated microemulsions used by Lagiies (19), and it
forms a bicontinuous system at a water-phase content between 20 and 65%.
However, it has to be noted that bicontinuous in this context is not the
same as the expression bicontinuous in the classical way: the dispersion is
not transparent, and it definitely is not the result of a highly concentrated
microemulsion (20, 21). Lowering the fraction of the water phase below
20% will result in a transition from bicontinuous into a discrete emulsion
containing water spheres in oil. According to Kirkpatrick (22), this tran-
sition is expected to take place between 15 and 29% dispersed phase in
the system, based on a percolation theory approach. Above this threshold
value, the conductivity is expected to increase according to a power law
with an exponent of around 1.6 (22). However, from a log-log plot of the
results given in Fig. 6, a maximum exponent of 0.8 follows, showing that
the conductivity of the system increases less with an increase of the water-
phase content than expected from the percolation theory.

log G (ohm™. m™)
04] f//'f‘q
0

-04]
-08]

-1.24
-1.61

'ZOJ T T L . L

0 60 80 100
water phase content (%)

FIG. 6. Conductivity of the dispersion at different water phase contents.
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It can be concluded that three regions can be distinguished for our
system: between 0 and 20% water phase a dispersion of water droplets in
oil is formed, between 20 and 65% water phase the water phase as well
as the oil phase is present as a continuous phase, although it is not yet
clear which type of bicontinuous system is present. Above 65% water phase
a dispersion of oil droplets in water is formed.

Flux Versus Dispersed Fraction

In a batch experiment the water-phase content will decrease upon fil-
tration. For a dispersion containing 45% water phase, the flux can be
plotted versus the water-phase content, giving Fig. 7 as a typical result.
The maximum flux found in this plot equals the flux in case the water
phase only is applied as a feed solution on the same sheet of membrane,
which is in agreement with the fact that the water phase is present as a
continuous phase and is wetting the membrane completely. It is also found
that the same curves are obtained in the case of sodium, potassium, and
lithium soaps, and an increase in the temperature only influences the max-
imum flux, which is merely due to a decrease in viscosity of the water
phase. In Fig. 7 a steep decrease of the flux can be observed below 20%
water phase in the system, and the flux finally becomes zero at 18%. The
same phenomenon has been observed in the case of the cellulose mem-
brane, thus indicating that this stepwise flux decrease is a property of the
dispersion rather than an effect caused by the membrane.

¢ (1/(m2.h))
100

60

40 1

2]

o L L T
0 10 20 30 40
fraction dispersed phase {%)

FIG. 7. The permeation flux through a PAN membrane varying with the fraction dispersed
phase in the system.



12: 43 25 January 2011

Downl oaded At:

REMOVAL OF FATTY ACIDS FROM EDIBLE OIL 418

This transition point coincides with the transition from a continuous
water phase into a water phase consisting of discrete spheres in oil. Ap-
parently the dispersed droplets cannot coalesce with the same phase present
in the membrane. The size of the droplets is many times smaller than the
height of the flow channel, and dispersed droplets will be lifted away from
the surface because of the tubular pinch effect (23, 24). This will result in
an extremely low flux.

By removing the oil phase from this poor emulsion it is possible to obtain
a dispersion with more than 20% water phase again. Consequently, the
flux then can be restored to the value it has above 20% water phase. This
can be done in the two-membrane system as proposed for the separation
of this dispersion (10).

The Effect of Pressure and Flow Conditions on Filtration

For a filtration in which no concentration polarization occurs, the flux
will be entirely determined by the membrane resistance. It has been shown
above that the flux decreases linearly with an increase in viscosity. When
at a fixed feed flow velocity the pressure is increased, the flux will be
limited by the membrane resistance, and it will increase linearly with the
transmembrane pressure:

¢ = by AP,/ (2a)

where ¢ is the permeation flux, and ¢, is the clean water permeation flux
at 10° N/m? transmembrane pressure and 1 m*> membrane area, P is the
transmembrane pressure, A is the membrane surface, 7 is the viscosity of
the permeate, and m,, is the viscosity of water. A mass balance then yields

¢ = Q(fin - fout)/A (2b)

in which Q is the feed flow and f;, and f,,, are the dispersed fractions in
the feed flow and the flow leaving the system, respectively. From the
experiments mentioned above it follows that f,, cannot be smaller than
0.2. This implies that the flux cannot increase above the value calculated
from Eq. (2b) with f,, = 0.2

bnax = Q(fin - 02)/A . (2C)

In Fig. 8 it is shown that the predicted and measured permeation flux at
conditions for which f,, > 0.2 (Eq. 2b) show good agreement at the
condition of pressure-dependent permeation. From Fig. 9 it can be con-
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FI1G. 8. Permeation flux through a PAN membrane at different feed flow velocities and
transmembrane pressures.

cluded that the maximum permeation flux, i.e., for fo,, = 0.2 (Eq. 2¢), in
this system is well described by the amount of water phase that is present
in the inflow. Both figures confirm that the pressure-limited permeation
at low transmembrane pressures (determined by the membrane resistance)
and inflow limited permeation at high transmembrane pressure determine
the flux/pressure curve.

@ (1/(mZ.h))
280

200
200]
160
120 ]

o maximum flux {occording to eq. 2c)

©  measured maximum flux

T

0o 2 4 6 8 10 1
feed flow (1072 m/s)

Fig. 9. Permeation flux through a PAN membrane at different feed flow velocities. The
maximum flux is calculated according to Eq. (2c).
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Prediction of the Membrane Performance

With the experimental data obtained it is possible to predict the per-
formance of a membrane used in this separation. First, it has to be estab-
lished whether a membrane is capable of retaining the oil phase or not.
Subsequently, the performance can be determined as shown schematically
in Fig. 10. A change in the composition of the water phase will result in
a change in viscosity. By using the ratio of the viscosity of the water phase
over the viscosity of pure water together with the clean water flux, the
permeation rate can be calculated. A mass balance over the system gives
the maximum flux that can be attained. Combining the concentration of
the product in the water phase with the maximum flux finally results in
the product flux.

CONCLUSIONS

From this work it is concluded that it is possible to separate fatty acids
from an oil by forming a dispersion of saponified fatty acids/water/iso-
propanol in oil. It follows from conductivity and diffusion measurements
that a bicontinuous system is formed between 20 and 65% water phase in
the system. The filtration characteristics at a hydrophilic membrane have
been investigated. The permeation flux through a PAN ultrafiltration mem-
brane is optimized with respect to the fatty acid/water/isopropanol ratio.
It follows that a 1:6.5:3 (v/v) ratio gives the highest flux {95 L/(m?-h-bar)].
In these experiments the flux is limited by the amount of dispersion across
the membrane. It appears that it is not possible to go below 20% water
phase in the dispersion, which can be explained by a transition from a
bicontinuous system into a discrete dispersion. This 20% value falls within

[cortion} ety | [rass s

clean water| |
flux

flux/pressure max. flux

product flux

F1G. 10. Route for the prediction of the performance of a membrane for the removal of the
water phase from the dispersion.
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range predicted by percolation theory for the transition between

spheres and a bicontinuous system. However, by removing the oil phase
by a hydrophobic membrane in series, it is possible to restore the water-
phase content to a value above 20%.

A
f in
f out
G

rq

=20
3

SYMBOLS
membrane surface area (m?)
dispersed fraction in feed (—)
dispersed fraction leaving the system (—)
conductivity (ohm~*m~!)
half droplet height (m)
transmembrane pressure (N/m?)
feed flux (m*/h)
interfacial tension (N/m)
permeation flux (m*m-2-h-?)
clean water flux (m*>m~-2h-!)

bmx  Maximum attainable permeation flux (m*-m-%h"!)

n viscosity (Ns/m?)

Th viscosity of water (Ns/m?)
Dp density difference (kg/m?)
® angular velocity (rad/s)
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