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Abstract

Baffled vessels with multiple impellers are widely used in industry to generate
liquid-liquid dispersions. In this work, a new method to determine the minimum
agitation speed for complete dispersion in two immiscible liquids was developed. This
method was conceived to replace the traditional visual observation method that has been
extensively used in the past for this purpose. The minimum agitation speeds for liquid-
liquid dispersion with single and multiple impellers in baffled vessel were also
measured. The effect of a number of variables such as size and type of impellers, size
of tank, impeller location, spacing between impellers, and dispersed phase volume
fraction were studied. The results obtained in this work indicate that, contrary to
intuition, the presence of multiple impellers may not necessarily be beneficial to the
achievement of the just dispersed state for liquid-liquid dispersion. When a multiple
impeller system was used the configuration with pitched blade turbines (pumping
upward) required to least amount of power to produce a complete liquid-liquid

dispersion.
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Chapter 1

Introduction

Liquid-liquid dispersions in baffled vessels provided with multiple impellers are
widely used in industry. Some typical applications of these systems include solvent
extraction, emulsion polymerization, and liquid membrane separation. The purpose of
agitation is to produce as large as possible an interfacial area between the two
immiscible phases, and therefore produce small droplets. In these processes, the
agitation speed must be high enough to ensure complete dispersion of one liquid phase
in the other immiscible phase. Therefore, it is of great interest to be able to predict the
minimum agitation speed at which the complete dispersion state is achieved. Previous
studies on the determination of the minimum agitation speed for liquid-liquid dispersion
systems almost only considered one centrally mounted impeller. On the contrary, very
few studies concerning two or multiple impellers systems can be found in the literature

even though these systems are quite often used in industrial reactors.

The behavior of a liquid-liquid dispersion in baffled tanks with one or multiple
impellers was also examined as a function of variables such as impeller type and
diameter, impeller location, impeller number, distance between impellers, tank
diameter, and volume fraction of the dispersed phase. In the present work, both a
newly developed sampling method and the traditional visual observation method were
used to determine the minimum agitation speed. The results obtained with multiple

impellers systems were then compared with the results for single impeller systems.



Chapter 2

Literature Survey

2.1 Minimum Agitation Speed

Previous work on minimum agitation speed began with Nagata (1950), who
used an unbaffled, flat-bottomed tank with a centrally mounted flat blade turbine with
four blades (T/D=3, Ct/H=1/2, and blade width of 0.06T). Nagata obtained an

empirical correlation for the minimum agitation speed, N

Neg = 6D23 (%)1/9(&70_—%)0 26 (1)

He found no effect of interfacial tension on the minimum agitation speed. Van Heuven
and Beek (1971) studied liquid dispersion with a six-blade disk turbine in a baffled
vessel (D/T=1/3). They found

Nt D ped Doyars 3 S0 (14 2.5 67 @

Rearrangement of Equation (2) resulted in

3.28 9038 Ap038 5 00850 08( | 4 2.5 )09
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Skelland and Seksaria (1978) studied the minimum agitation speed using four different
types of impeller (propeller, pitched blade turbines, flat blade turbines, and curved
turbines) in baffled vessels (H/T = 1, ¢ = 1/2, and T = constant). The variables they

considered included location of impeller and liquid properties. In their study they also

o



used two impellers mounted on the same shaft, but they did not consider the effect of
impeller number and space between impellers on minimum agitation speed. Their

correlation is given by
Neq = Co D% p, 19 19 003 Ap0 25 )

where C, and o are dependent on the agitator geometry and the position of the agitator

in the vessel (clearance distance).

Skelland and Ramsay (1987) combined the results of 251 runs from their own study
with 35 experimental points obtained by van Heuven and Beek (1971) and 195 runs
reported by Skelland and Seksaria (1978) to produce their correlation. The variables
included 5 common types of impeller (3 radial and 2 axial flow) in 4 locations, fluid
properties, tank diameter, impeller diameter, liquid height and volume fraction of

dispersed phase. They obtained the following correlation

_M__ 0 084 (5)

Ned? om D _ o Lisego 106
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where
v = ¢pg + (1- ) p, (6)
and
o 1.5 p, ¢
ma =1 I ) @

Expansion of Equation 5 yields the expression
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The value of C and « are dependent on the type of impeller and its location. They
compared Equation 8 with the correlation obtained by Zwietering (1958) for solid-

liquid suspensions in a similar condition and obtained

T g045 Ap0 45 4, 01 D 02 (JO0R)O 13
Njs = C'(p)" DOSS p 055 ®

where C' and «' are constants based on impeller type and location.

It is interesting to notice the similarity between Equation 8 and Equation 9. This is
consistent with the statement of van Heuven and Beek (1971) that a similar mechanism

exists between complete liquid-liquid dispersion and solid-liquid dispersion.

Skelland and Ramsay's (1987) correlation (Equation 8) for the minimum agitation
speed 1in liquid-liquid dispersion systems was used by Skelland and Moeti (1989) to
predict the minimum agitation speed, when interfacial tension between the liquids was
lowered by the presence of surface active agents. The overall deviation between the
experimental data and their correlation was 11.67%. Skelland and Kanel (1990) also
applied the same correlation to predict the minimum agitation speeds for non-
Newtonian liquid-liquid dispersion systems. The overall absolute deviation was 8.9%
for their 120 experimental points when Vermeulen er a/.'s viscosity expression (1955)
was combined with Metzner and Otto's definition of apparent viscosity (1957), u,, in

place of u.



No literature guidance exits, to the best of the author's knowledge, on minimum

agitation speed for complete liquid-liquid dispersion when multiple impellers are used.

2.2 Power Consumption

In order to achieve the complete dispersion in two immiscible liquids it is
necessary to apply energy and to transfer it to the liquid phases through the impellers.
Rushton (1950) used dimensionless analysis to obtain a correlation for power

consumption. He introduced the power number, Np, defined as

N, = pNI;D5 (10)
The relationship between power number and Reynolds number Re is

Np = K (Re)™ D
where the Reynolds number of a mixing system is defined as

Re = 22 (12)

U

Depending on the Reynolds number, three zone can be distinguished:



Re < 50 laminar zone

Np o« Re (13)
50 < Re < 104 transition zone, the power number is a function of the Reynolds
number
Re > 104 fully turbulent zone, the power numbers are independent of

the Reynolds number

The state of complete dispersion of two immiscible liquids in baffled vessels is typically
associated with full turbulence. According to the study of van Heuven er al. (1971) for
one six-blade disk turbine systems, the power number in this state was constant and the

value was 5.4 + 0.5.



Chapter 3

Experimental Apparatus and Method

3.1 Fluids Used.

Distilled water formed the continuous phase in all runs; the dispersed phase
consisted one of the following fluids presaturated with water in all cases: mineral oil

(0g= 0.826g/cm3) or heptane (p,= 0.684g/cm3).

3.2 Apparatus.

A schematic of the apparatus used in this work is shown in Figure 1. The
experimental system consisted of a variable speed motor (Cole Parmer E650MG) with
at a maximum speed of 3000 rpm. The agitation speed was measured using a digital
tachometer with a photoelectric pick-up sensor (Cole Parmer) and was accurate within
+1 rpm. The motor controller was provided with a power meter, which gave a reading
proportional to the power delivered to the shaft. This meter was calibrated, as

explained below in greater detail.

Three fully baffled cylindrical tanks were used. One tank was made of glass and
provided with metal baffles secured to a ring placed above the tank. In this case, the
baffle width was 8.7% of the tank diameter. The other two tanks were made entirely of

Plexiglass. The dimensions of the tanks are given in Table la.

Three types of impellers namely disk turbines, flat blade turbines, and 459 pitch-blade
turbines pumping either up or down (all available of three different sizes) were used, as

shown in Figure 2. The shaft, impellers, and baffles were all made of 316 stainless



steel. Depending on the experiment one, two, or three impellers were mounted on the
shaft. The clearance of the lower impeller off the tank bottom, Cp, or the clearance
between top impeller and air-liquid interface, Ct and the spacing between the impellers
(for the multiple impellers case), S, were varied during the experiments. Dimensions of

the equipment are listed in Table 1b.

The sampling apparatus shown in Figure 1 consisted of a vertical glass tube 4 mm in
internal diameter placed in the middle position between two baffles and at a radial
distance from the shaft equal to the one half the tank radius. The distance of the
sampling point from the tank bottom was varied. The sampling tube was connected to a
series of flasks and hooked to a vacuum system. Several valves were used to divert the
flow from the tank and through the sampling tube to either a reservoir or a graduated

cylinder (25 mm in diameter, and 100 ml in volume).

3.3 Operational Method.

All equipment was washed with detergent, rinsed with distilled water, and air
dried. Two immiscible liquids were poured into the tank. Depending on the
experiment, the dispersed phase was from 10% to 30% by volume of the total liquid
mixture, and the combined height of the liquids was always equal to the tank diameter.
The motor was started at an agitation speed well below the minimum agitation speed
for complete dispersion. After an equilibration period varying between 10 and 15
minutes the vacuum system was activated by opening Valve C (see Figure 1). Then,
Valve A was opened so that the liquid would flow from the tank into the reservoir.
This was done to insure that the material initially contained in the sampling tube would
not be included in the sample. When some S0 ml of dispersion had accumulated in the

reservoir Valve A was closed and Valve B was opened, thus allowing the flow to be



diverted to the graduated cylinder until some 80 ml of dispersion were collected. The
operation typically lasted only about 10 seconds. The last bottle in the line was added
only to protect the vacuum system from accidently receiving some liquid. The mixture
collected in the graduated cylinder was allowed to separate into two phases, and the
fraction of the dispersed phase in the sample was determined. All the liquids were then
returned to the tank. The same procedure was repeated at 5 to 11 different agitation

speeds.

In addition, the minimum agitation speed for complete dispersion was also obtained in
each experiment by visual inspection. Accordingly, N¢d-yis, the visually obtained
value for N4, was defined as the minimum impeller speed at which no dispersed phase
was observed at rest at the top of the continuous phase (Skelland and Seksaria, 1978).
In most of our experiments we observed some hard-to-disperse small fluid pockets of
approximately Iml to Sml near the baffle corners or around the impeller shaft. The
presence of these pockets was neglected when N.4-yjs Was determined since they were
observed even at agitation speeds clearly associated with exceedingly well-mixed
dispersion states. This approach is in line with the observations of previous

investigators (Skelland and Seksaria, 1978; Godfrey et al., 1984).

For each experiment the power consumption was read and recorded from the motor
controller, which had been calibrated using an ELB agitator system (Chemineer). The
calibration procedure consisted of reading and recording the power from the motor
controller at predetermined constant agitation speeds for a given system, and using the
ELB to measure the corresponding torques at the same speeds for the same system.
Then the torques measured on the ELB were multiplied by the corresponding agitation

speeds to give the power consumptions. A calibration plot of the power read from the



motor controller against the power calculated from ELB was obtained. The calibration

curve is shown in Figure 3.

10



Chapter 4

Result and Discussion

4.1 Determination of Minimum Agitation Speed Using the Sampling Method

The concentration of the dispersed phase in the samples, V*, was plotted as function of
agitation speed (two examples were shown in Figure 4). From these plots one can see
that a good estimate of Nq can be obtained by just inspecting the plot and determining
where the change in the slope occurs. While this method is unequivocal if a maximum
exists, some arbitrariness can be introduced in cases such as that reported in Figure 4a,
for which there is no maximum. This problem can be more serious, although not as

significantly as in the visual method case, if the change in slope is not as pronounced.

In order to eliminate any ambiguity, we have developed a procedure that provides an
unequivocal interpretation of the experimental plots. However, a distinction must be

made between those plots that do not present a maximum vs. those which do.

Case 1. The plot of the experimental value of V* vs. N does not have any maxima
We used two methods to obtain a value for Neg-gmp for the case in which no maxima
are present. Both methods rely on the use of interpolating curves to produce a value for

N¢d-smp- The first method is based on the use of a fourth-order polynomial, while the

second uses spline curves.

11



Method 1a: the points are interpolated with a fourth-order polynomial

Each set of data points containing no maximum was fitted with a fourth order

polynomial of the type:

VE=aNt+bN? + c N2+ dN + e = g (N) (14)

using the least square method, in order to obtain the values for the parameters a, b, c,
d, and e. Then the value of N¢g-gmp Was obtained by taking the third derivative of V*

with respect to N and putting it equal to zero. Hence:

Ned-smp = - b / (4a) (15)

The rationale for this method is the following. Assuming that the polynomial fits the
points well, the first derivative of the polynomial gives the value of the slope of curve,
the second derivative indicates the rate of change of the slope, and the hence the third
derivative indicates how fast this rate of change is changing itself. Therefore, when an
abrupt and significant drop in the positive but declining value of the slope occurs, as in
correspondence of Ngd-yig, We can except to see a maximum rate of change of the
slope, i.e., a minimum in the second derivative, and a corresponding zero of the third

derivative. A pictorial representation of this process is shown in Figure 5.

Method 1b: The points are interpolated with spline curves

A second alternate method was devised to give a better correlation between Ned-smp

and Ngd-vis. The same sets of data (with no maxima) used with the previous method

12



were fitted this time with cubic spline curves. Then, from the function V¥ = f (N) so

obtained, the function:

S(N) = %(% (16)

was derived, where f'(N) and f"(N) represent the first and second derivative of the
interpolating spline curve function, respectively. The value for N¢g-gmp was obtained

by imposing that:
¢'(N) =0

where ¢'(N) is the derivative of ¢(N). This time the rationale for the method is the
following. The second derivative of the spline curve function V* = g(N) represents the
rate of change of the slope, which appears to be greatest in correspondence of Ned-vis-
However, a better way to determine the point where the change is more signficant is by
calculating the change 1n slope, i.e., f"(N), with respect to the slope itself, f'(N). The
rate of change will be maximum (in absolute value) when the derivative of the function
so derived, ¢'(N), is zero. It should be remarked that the function ¢(N) must be
negative in correspondence of this point since the experimental points are increasing at
a declining rate in the neighborhood of N.4.yis- Figure 6 shows an example of the

methodology used in this case.
Case 2. The plot of the experimental values of V* vs. N shows a maximum point

In this case, the simplest but still unequivocal determination of Neg-gmp can be

obtained by using that value of N within each appropriate data set for which V* is

13



maximum. However, we have found that a better way of interpreting the data is by
fitting a series of spline curves through the experimental points and then taking the
derivative of the resulting interpolating function and putting it equal to zero. The

approach used in this case is illustrated in Figure 7.

A total of 65 experiments was conducted in which both N¢q_yis and Ned-gmp were
determined for each experiment. Some experiments were conducted in triplicate to
determine the reproducibility of the results for Ned-smp. It was found that
reproducibility was within 11.9%. Each value of N¢g-gmp was obtained by generating
a plot, such as those reported in the previous figures, containing some 5 to 11
experimental points. The plots that showed no maxima were roughly half of the total

(32 out of 65). All the data are listed in Appendix A.

The plots that contained no maxima were first interpreted using Model la described
above which utilized the fourth-order polynomial interpolation. A comparison between
the values for N¢g-yis and N¢d-gmp S0 obtained is shown in Figure 8. One can see that
the agreement is, general speaking, rather good. However, some points are clearly off
the 459 line. For this reason, the same "no-maxima" data were reanalyzed using the
spline curve approach of Method 1b. The results are reported in Figure 9 (Remark: the
number of points appearing in Figure 9 is greater than that of Figure 7 since the
polynomial methods could not be reliably applied to all data set that contained too few
points). One can see that the agreement is now much better across the entire range of
values. When the points in this figure are fitted with a straight line using the least
square method, the slope is 1.014 + 0.038 (95% confidence interval), i.e., very close
to the value of 1.0 that one would expect. The corresponding intercept is -1.17 + 16

rpm and the coefficient of variation is 4.33%.

14



When we imposed to the regression line to pass through the origin, the slope was found
to be 1.101. The standard deviation of the experimental data from the 45° degree line
going through the origin was found to be 17.68 rpm with a coefficient of variation of

4.52%.

The plots containing maxima were analyzed as described above (Case 2), i.e., by
determining the value of N in correspondence of the maximum point in the spline
curves interpolated through the experimental points. The results are shown in Figure
10. Once again, the visually obtained values for the minimum agitation speed, N¢d-viss
compare very favorably with the values for Nog-gmp. A regression line through the
points was found to have a slope of 0.990 + 0.029 and an intercept of 1.61 + 11.48
rpm (95 % confidence interval in both cases). The correlation coefficient, standard error
of estimate, and coefficient of variation were found to be 0.997, 13.059 rpm and
3.6%, respectively. It should be remarked that similar although not as good results
were obtained even when the experimental maxima points from the plot were directly
used without any interpolation. In such a case the error of the estimate was larger

(26.69 rpm) and the correlation coefficient was only 0.987.

If the points in Figure 10 were interpolated with a straight line through the origin the
slope was found to be 0.994. In addition, the standard deviation of the experimental
points from the 45° degree line going through the origin was found to be 13.31 rpm

with a coefficient of variation of 3.69%

Finally, all the points from the plots with or without maxima were combined together,
as shown in Figure 11. In this figure the plots with no maxima were analyzed using the
spline interpolation method (Method 1b). Also in this case the comparison between

Ned-vis and Ned-smp appears to be quite favorable. The slope and intercept of a

15



regression line through the points are 1.011 + 0.024 and -4.39 + 9.97 rpm,
respectively. The correlation coefficient, standard error of the estimate, and coefficient
of variation are 0.995, 15.82 rpm and 4.2 %, respectively. If a straight line through the
origin was considered the slope was found to be 1.0007. Finally, the standard deviation
of the points from the 45° degree line through the origin was 15.93 rpm with a

coefficient of variation of 4.24%.

16



4.2 Effect of Impeller Diameter on N.gq and Power Consumption

The effect of the impeller diameter on N4 for systems having one, two or three
impellers was studied. The results are shown in Figure 12. In Figure 12a, 12b, and 12¢
the clearance, Ct, between top impeller and the air-liquid interface was maintained
constant, since the impeller closest to the dispersed phase was anticipated to have the
greatest impact on achievement of the complete dispersed state. A regression of the
experimental data produced the following results (all data and regression results were

listed in Appendix B):

for disk turbines,

Neg « D17 (forn=1, Ct = 7.6 cm) (17)
Neg o« D290 (forn=2, Ct = 7.6 cm) (18)
Neg < D1#7 (forn=3, Ct = 7.6 cm) (19)
Ngg « D207 (forn=1, Ct = 9.4 cm) (20)
Neg « D213 (forn=2, Ct = 9.4 cm) (21)

for flat blade turbines,
Neg o« D208 (forn=1, Ct = 8.4 cm) (22)
Neg « D23 (for n=2, Ct = 8.4 cm) (23)

For the disk turbine case the number of impellers has little effect on the exponent of D,
but for flat blade turbines this is not true. It is interesting to notice that as the clearance
distance Ct increases, the value of the exponent also increases. This means that the
relationship between impeller diameter and N is also affected by Ct. The exponents

found here compare well with those obtained by previous investigators. Skelland and

17



Ramsay (1987) found for one disk turbine systems the value of -2.41 + 0.46
(Ct/T=1/2). For flat blade turbines the corresponding values are -2.09 + 0.13
(Ct/T=1/2) and -2.73 + 0.45 (Ct/T=3/4). The results obtained here compare
favorably with the data obtained by Armenante, Mmbaga and Hemrajani (1991) for the
case of floating solids. They found that for one impeller the exponent for D was -2.15

(for disk turbines, Ct/T=1/2) and -2.31 (for flat blade turbines, Ct/T=1/2).

Figure 12d shows the results obtained for the case in which the ratio Ct/D was kept

constant. A regression of the data produced

for disk turbine

Neg o« Dtod (forn=1,Ct/D = 1) (24)
Neg « D18 (forn =2, Ct/D = 1) (25)
Neg &« D14 (forn =3, Ct/D = 1) (26)

These values are lower than those for the corresponding cases with constant Ct, and
more similar to the value of -1.666 predicted by Tsai (1988) on the basis of

Kolmogoroff's theory of isotropic turbulence.
Similarly, the total power consumption of the impeller(s) decreases as the impeller

diameter is increased, but this relationship is strongly dependent on type of impellers

and clearance distance.

18



4.3 Effect of Number of Impellers on N.q and Power Consumption

The effect of the number of impellers, n, on the minimum agitation speed and
power consumption at different spacings between impellers is shown in Figure 13 for
three types of impellers. One can see that in most cases an increase in the number of
impellers does not necessarily correspond to a reduction in the agitation speed for
complete dispersion. Clearly the uppermost impeller in multiple impeller systems has
the greatest effect on N.q. For two-impeller systems the lower impeller also has an
effect on Niq, but not as much as the upper one. For three-impeller systems the lowest
impeller has a negligible impact on N.4. In some systems (Figure 12b and 12c) three
impellers were actually worse than two impellers, as far as N is concerned. It could
be that the presence of the additional impeller results in a flow pattern interfering with
the flow pattern of the other impellers. As the space between the impellers is increased,

this effect becomes more significant.

The power consumption to achieve the complete dispersion state was found to be higher

for the multiple impeller cases than for the single impeller cases. The only exception

was the dual flat blade turbine systems.

4.4 Effect of Tank Diameter on N.q and Power Consumption

The effect of tank diameter was studied in two ways. In a first set of

experiments Ct/T was kept constant. In a second set of experiments Ct/D was

maintained constant. Three different tank sizes (18.9 cm, 24.6 c¢cm, 28.6 cm in
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diameter) were used in both sets. The results are shown in Figure 14 and Figure 15.

From Figure 14 the following relationships were obtained:

for disk turbines

Neg ®« T'2  (n=1, CUT = 0.31) 27)
Neg &« TI3 (=2, CUT = 0.31) (28)
Neg ®« T'®  (n=3, CYT = 0.31) (29)

for flat blade turbines

Neg & TI%  (n=1, CYT = 0.31) (30)
Neg & TI3%  (n=2, CUT = 0.31) (31)
Neg ® T'2 (=3, CYT = 0.31) (32)

for pitched blade turbines

Neg & T'7  (n=1, CyT = 0.31) (33)
Neg « T'Z  (n=2, CyT = 0.31) (34)
Neg « TO%  (n=3, CUT = 0.31) (35)

For the same type of impellers the value of the exponents for T are similar. The
regression coefficients for these correlations are close to 1 except for the case of the
three pitched blade turbine system (only 0.852). A comparison of these data with the
data obtained by Skelland and Ramsay (1987) [1.70 + 0.45 for one disk turbine
(Ct/T=1/2), 1.38 + 0.13 for one flat blade turbine (Ct/T=1/2), and 1.17 + 0.47 for
one pitched blade turbine (Ct/T=3/4)] shows that the results are similar. However, in
the second set of experiments (shown in Figure 15) in which Ct/D were kept constant

the results were more complex than the first case and the regression data are:
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for disk turbines

Neg o« THO3 (n=1, Ct/D = 1) (36)
Neg =« T3 (n=2,CYD = 1) 37)
Neg ® T  (n=3, Ct/D = I) (38)
for flat blade turbines

Neg <« TOB (n=1,CUD = 1) (39)
Neg « T9%  (n=2,Ct¢D = 1) (40)
Negg & TO02%  (n=3, CYD = 1) (41)
for pitched blade turbines

Neg « TO0®  (n=1, Ct/D = 1) 42)
Neg « TO0L (n=2, Ct/D = 1) (43)
Neg « TO0  (n=3, CtD = 1) (44)

The effect of tank diameter on power consumption is strongly dependent on the type of
impellers and clearance distance. In general, for all types of impellers the power
consumption increases with the tank diameter as Ct/T is kept constant. However, for

the case, constant Ct/D, the effect is more complex.
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4.5 Effect of Volume Fraction of Dispersed Phase on N.q and Power Consumption

The effect of volume fraction of dispersed phase on minimum agitation speed
for liquid dispersion is shown in Figure 16. From this figure one can see the minimum
agitation speed for liquid-liquid dispersion is weakly dependent on the volume fraction.
This relationship is similar to that reported previously for similar systems (Mersmann et
al., 1982). In our work we also found that an increasing volume fraction of the
dispersed phase lead to an increase of the mean drop size of dispersed liquid. This
result was obtained by visual inspection of the mixture. However, no drop size
measurements were made. This result is agreement with previous studies by van
Heuven (1971) and Okufi er al. (1990). For one impeller systems, the value for the
exponent of ¢ obtained by Skelland and Ramsay was 0.05. Our results are 0.01, 0.04,
and 0.07 for disk turbine, flat blade, pitched blade turbine, respectively. For multiple

impeller systems the results are more complicated.

From Figure 17 one can see that the effect of the volume fraction of the dispersed
phase on power consumption is very complicated. We can only see that pitched blade
turbines consume less power than the other two types of impeller to achieve the

complete dispersion state.

4.6 Effect of Clearance Distance on N.q and Power Consumption

The effect of the clearance between the air-liquid interface and the top impeller
on minimum agitation speed was significantly complex, as shown in Figure 18. Very
few previous studies considered this effect. Although some literature concerning the

effect of clearance distance on minimum suspension speed for the solid-liquid system
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can be found (Raghava Rao er al. 1988), no correlations on this effect have been
produced. For small values of Ct the presence of multiple impellers has some effect on
Ncg. As Ct is increased the effect is reduced. This phenomena can be explained by
noticing that the flow pattern of the lower impeller(s) interferes with that of the upper

impeller.

The power consumption is also significantly affected by the clearance distance. For
multiple impellers systems, as Ct is increased from T/3 to T/2, the power consumption

increases sharply.

4.7 Effect of Spacing Between Impellers on N.q and Power Consumption

The effect of the spacing between impellers, S, was considered at constant Ct/D

as shown in Figure 19. For two impellers mounted on the central shaft the results are

show in Figure 19a and can be correlated by the following equations:

Neg o« SO0 (for 2 disk turbines) (45)
Neg o« S0% (for 2 flat blade turbines) (46)
Neg o« SO (for 2 pitched blade turbines) 47

For three impellers the results were

Neg o« SO0 (for 3 disk turbines) (48)
Neg o« S04 (for 3 flat blade turbines) (49)
Neg o« S92 (for 3 pitched blade turbines) (50)



The effect of S on power consumption is more significant than on N.q. For two-
impeller systems there are a sharp changes in the range 1 < S/D < 1.4. This result is
compatible with the study of Armenante, Li, and Huang (1991) for solid-liquid

suspension in multiple impeller systems.
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Chapter §

Conclusions

1. The results found in this work justify the claim that the minimum agitation
speed for the complete dispersion of two immiscible liquids in mechanically agitated
vessels can be experimentally obtained by plotting the volume fraction of the dispersed

phase from samples taken from the vessel vs. the corresponding agitation speed.

2. The effects of impeller diameter or tank diameter on minimum agitation
speed is similar for single impeller and multiple impeller systems. The exponent values
of D in N¢q vs. D increase with an increase in clearance between the upper impeller

and the air-liquid surface.

3. The use of multiple impellers may not be advantageous to the achievement of
the minimum agitation state for liquid-liquid dispersion. In general, the minimum
agitation speed is only slightly affected by the presence of the additional impeller.
However, if the flow pattern of the additional impellers contrasts with the flow pattern
established by a single impeller then the minimum agitation speed for the multiple

impellers may be higher than the state for one impeller system.

In addition, the power consumption in correspondence of the minimum agitation
for complete dispersion was generally found to be higher for multiple impeller cases

than for the single impeller cases.



Ct
Cb

f(N)

g(N)

Ned-vis

N, cd-smp

NOMENCLATURE

Parameter in Equation 1; rpm-4

Parameter in Equation 2; rpm-3

Parameter in Equation 3; rpm-2

Constants

Parameter in Equation 4; rpm-1

Parameter in Equation 1; non-dimensional

Distance between the impeller and the air liquid interface; m or cm
Distance between the impeller and the bottom of vessel; m or cm
Impeller diameter; m or cm

Height of liquid in the vessel; m or cm

Number of impellers mounted on the same shaft, non-dimensional
Constant

Agitation speed; revolutions per minute (rpm)

Spline curve interpolation function correlating the experimental values
of V* with the corresponding values of N; non-dimensional
fourth-order interpolation function correlating the experimental values of V*
with the corresponding values of N; non-dimensional

Minimum agitation speed for complete dispersion in liquid-liquid
systems; revolutions per minute (rpm)

Minimum agitation speed for complete dispersion in liquid-liquid
systems using the visual method; revolutions per minute (rpm)
Minimum agitation speed for complete dispersion in liquid-liquid

systems using the sampling method; revolutions per minute (rpm)
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s
liquid; revolution per minute (rpm)
Np Power number (p“ﬁl;ﬁs)
Power input to the system; watts
R Weight fraction of solids
Re Reynolds number (pNDZ)
S Distance of between impellers; cm
T Vessel diameter; m or cm
V* Ratio of dispersed phase volume in sample to total sample volume;
dimensional
Greek Symbols
a, o, Constants
10} Volume fraction of dispersed phase
d(N) Ratio of second derivative of f(N) to first derivative of f(N); non-
dimensional
P Apparent viscosity for agitation corresponding to (du/dy),; kg/m sec
Yo Viscosity of continuous phase; Ns/m3
Pt Defined by Equation 7; Ns/ m?2
Pc Density of continuous phase; kg/m3
Pd Density of dispersed liquid; kg/m3 or g/cm3
Pm Defined by Equation 6; kg/m3
o interfacial tension; kg/qec2

Minimum agitation speed for complete suspension of solid particles in

Kinematic viscosity of the continuous phase (mg/p); cm2/sec
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Table 1. Apparatus Dimensions
la. Dimensions of Tanks (cm)

material of construction Plexiglass  Plexiglass Glass
internal diameter of vessel 18.9 24.6 28.6
height of liquid 18.9 24.6 28.6
height of vessel 23.1 33.1 46.0
baffle width 2.0 2.0 2.5
baffle thickness 0.6 0.6 0.3

1b. Dimensions of Impellers (cm)

diameter of shaft 1.2

diameter of disk turbine 6.4 7.6 10.2
diameter of flat blade turbine 6.4 7.6 10.2
diameter of pitched blade turbine 6.4 7.6

width of disk turbine 1.2 1.5 2.0
width of flat blade turbine 0.8 0.9 1.2
width of pitched blade turbine 0.9 1.2
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Figure Caption

Figure 1. Experimental apparatus
Figure 2. Types of impellers
Figure 3. Calibration curve for power reading

Figure 4. Examples of experimental plots of volume fraction of dispersed phase,
V*, vs. agitation speed, N, (a.) Plot not containing 2 maximum point (system: 10%
heptane in water, 2 flat blade turbines, H = T = 28.6 cm, D = 10.2 ¢cm, Cb = 8 c¢m,
S = 10 cm, sampling location from vessel bottom: 10 cm); (b.) Plot containing a
maximum point (system: 10% oil in water, 1 disk turbine, H = T = 24.6 cm, D =
7.6 cm, Cb = 10.2 cm, sampling location from vessel bottom: 11.4 cm)

Figure 5. Analysis of an experimental plot containing no maximum using Method
la. (same experimental conditions as in Figure 4a) (a.) Experimental points; (b.)
Interpolation curve using 4th order polynomial method; (c.) First and second derivative
of interpolation curve; (d.) Third derivative of interpolation curve with Ncd-smp point.

Figure 6. Analysis of an experimental plot containing no maximum using Method
1b. (same experimental conditions as in Figure 4a) (a.) Experimental points; (b.)
Interpolation curve using cubic spline method; (c.) Plot of f(N) vs. N; (d.) Plot of
f'(N) vs. N.

Figure 7. Analysis of an experimental plot containing a maximum point. (same
experimental conditions as in Figure 4b) (a.) Experimental points; (b.) Interpolation
curve using cubic spline method; (c.) First derivative of interpolation curve with Necd-
smp point.

Figure 8. Comparison of N¢d-smp With Neg-vig using Method la for experimental
points whose plots do not contain any maximum point.

Figure 9. Comparison of Ned-gmp With Neg-yig using Method 1b for experimental
points whose plots do not contain any maximum point.



Figure 10.  Comparison of Ned-smp With Neg-yis for experimental points whose
plots contain a maximum point.

Figure 11.  Comparison of Ned-smp With Neg-vis using all points.

Figure 12.  Effect of impeller diameter on N.q and power consumption. (a.), (b.),
(c.): constant Ct; (d.): constant Ct/D.

Figure 13.  Effect of number of impellers on N4 and power consumption.

Figure 14.  Effect of tank diameter on N4 and power consumption.(constant Ct/T)
Figure 15.  Effect of tank diameter on N.q and power consumption.(constant Ct/D)
Figure 16.  Effect of volume fraction of dispersed phase on Ncg.

Figure 17.  Effect of volume fraction of dispersed phase on power consumption.
Figure 18.  Effect of clearance distance on N.q and power consumption.

Figure 19.  Effect of spacing between impellers on N4 and power consumption.
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(a) Pitched blade turbine

Figure 2.

(b) Flat blade turbine
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Appendix

A. Data for Determination of the Minimum Agitation Speed

Case 1. The plot of the experimental value of V* vs N does not have any maxima

10% oil in water, H =T = 24,6 cm, D = 7.6 cm

type of impeller | n Cb sample Ncd-vis Ncd-smp by | Ncd-smp by
location spline polynomial
from method method
bottom rpm
cm cm pm pm
disk turbine 1 7.6 3.8 500 540 438
flat turbine 1 7.6 3.8 308 809 828
flat turbine 1 7.6 11.4 787 824 778
pitched blade 1 7.6 3.8 633 663 586
turbine
(pumping down)
10% heptane in water H = T = 28.6 cm, D = 7.6 cm
type of n S Cb sample Ncd-vis Ncd-smp by | Ned-smp by
impeller location spline polynomial
from method method
bottom rpm
cm | cm cm pm rpm
disk turbine | 2 10 110 15 381 376
disk turbine | 2 7.6 7.6 15 406 414 377
disk turbine | 3 7.6 7.6 15 320 339 285
disk turbine |3 7.6 | 3.8 15 360 353 340
disk turbine | 3 S S 15 420 429
disk turbine | 3 5 8 15 380 398 387
flat blade 2 7.6 17.6 15 520 511 491
turbine
flat blade 2 7.6 115.2 15 360 371 357
turbine
flat blade 3 7.6 3.8 15 480 469 680
turbine
flat blade 3 3.8 3.8 15 720 720
turbine
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10% heptane in water, H = T = 28.6 cm, D = 10.2 cm

type of n S Cb sample Ncd-vis Ncd-smp by | Ned-smp by
impeller location spline polynomial
from method method
bottom rpm

cm | cm cm rpm rpm

disk turbine 1 10 10 277 282

disk turbine | 2 5 5 10 284 295 268

disk turbine | 2 5 10 10 260 267

disk turbine |2 10 |5 10 269 251 257

disk turbine |2 5 8 10 277 278 266

disk turbine | 3 5 5 10 269 288 199

disk turbine |3 5 8 10 253 242

disk turbine |3 5 10 10 238 244

disk turbine | 3 7 5 10 250 249 241

disk turbine | 3 7 8 10 233 239

disk turbine | 4 5 5 10 236 237 270

flat blade 1 8.5 5.5 474 449 473

turbine

flat blade 2 10 | 8.5 20 270 270

turbine

flat blade 2 5 8 10 347 335

turbine

flat blade 2 10 | 10 10 261 282

turbine

flat blade 2 10 |8 10 293 293 269

turbine

flat blade 2 10 |5 10 386 347 369

turbine

pitched blade | 1 8.5 5.5 577 571 554

turbine

(pumpig

down)
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Case 2. The plot of the experimental values fo V* vs. N shows a maximum point

10% oil in water, H =T =246 cm, D = 7.6 cm

type of n S Cb sample Ncd-vis Ncd-smp by
impeller location spline
from method
bottom

cm | cm cm pm rpm
disk turbine | 1 7.6 11.4 390 374
disk turbine |1 10.2 3.8 345 329
disk turbine | 1 10.2 11.4 340 344
flat blade 1 10.2 11.4 859 881
turbine
flat blade 1 10.2 3.81 830 820
turbine
pitched blade | 1 7.6 11.4 631 620
turbine
(pumping
down)
pitched blade | 1 10.2 11.4 539 499
turbine
(pumping
down)
pitched blade | 1 10.2 3.8 547 539
turbine
(pumping
down)
pitched blade | 2 7.6 | 7.6 11.4 345 352
turbine
(pumping
down)
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10% heptane in water, H =T = 28.6 cm, D = 10.2 cm

type of n S Cb sample Ncd-vis Ncd-smp by
impeller location spline
from method
bottom

cm | cm cm rpm rpm
disk turbine 1 8.5 15.5 288 303
disk turbine 1 8.5 5.5 289 280
disk turbine 1 7 10 320 319
disk turbine 1 8.5 20 290 280
disk turbine | 2 10 {8.5 15.5 231 235
disk turbine | 2 10 | 8.5 5.5 235 231
disk turbine | 2 10 | 8.5 20 230 228
disk turbine |2 10 | 8.5 20 230 222
disk turbine |2 10 | 8.5 20 230 218
disk turbine |2 7 5 20 293 307
disk turbine |2 7 8 10 254 250
disk turbine | 2 7 10 10 239 262
disk turbine | 2 10 | 8 10 239 226
disk turbine |2 10 | 10 10 226 238
disk turbine | 4 5 8 10 238 238
flat blade 2 10 [ 8.5 5.5 261 262
turbine
flat blade 2 10 | 8.5 15.5 264 277
turbine
flat blade 2 5 10 10 289 282
turbine
flat blade 2 7 8 10 338 338
turbine
pitched blade | 1 8.5 5.5 478 477
turbine

(pumping up)
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10% heptane in water, H =T = 28.6 cm, D = 7.6 cm

type of n S Cb sample Ncd-vis Ncd-smp by
impeller location spline
from method
bottom
cm cm cm pm pm
disk turbine |2 7.6 10 15 384 388
flat blade 2 152 | 7.6 15 380 387
turbine
flat blade 3 7.6 |7.6 15 400 407
turbine
flat blade 3 3.8 |7.6 15 460 443
turbine
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B. Data for Effect of Variables on Ncd and Power Consumption

1. Effect of impeller diameter

Disk turbine

10% oilinwater , H =T =24.6cm, Ct = 7.6cm, S = 5.1 cm
n=1 n=72 n=3

impeller | Ncd power Ncd power Ncd power

diameter | rpm watts rpm watts rpm watts

cm

6.4 470 2 425 3 435 3

7.6 340 1.5 280 2 300 2.5

10.2 187 1.5 165 1.5 180 2

The exponent value of D in Ncd vs D

impeller number a standard error correlation
coefficient

1 -1.97 0.166 -0.9991

2 -2.0 0.248 -0.9982

3 -1.87 0.144 -0.9993

Disk turbine

10% oil inwater, H=T =24.6 cm, Ct = 94¢m, S = 5.1 cm

n=1 n=>2

impeller | Ncd power Ncd power

diameter

cm pm watts rpm watts

6.4 500 2.5 470 3.5

7.6 350 2 285 2

10.2 190 1.5 170 1.5

The exponent value of D in Ned vs D

impeller number a standard error correlation
coefficient

1 -2.07 0.092 -0.9998

2 -2.13 0.522 -0.9929
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Flat blade turbine
10% oil in water, H = T =24.6 cm, Ct = 8.4 cm, S = 7.6 cm

n=1 n=2

impeller | Ncd power Ncd power

diameter

cm rpm watts rpm watts

6.4 770 4.5 600 4

7.6 470 2.5 350 2

10.2 285 2.5 210 2

The exponent value of D in Necd vs D

impeller number a standard error correlation
coefficient

1 -2.08 0.533 -0.992

2 -2.19 0.65 -0.9896

Disk turbine

10% oilinwater, H=T =24.6cm, Ct/D=1,S =5.1¢cm

n=1 n=72 n=3

impeller | Ncd power Ncd power Ncd power

diameter

cm pm watts pm watts pm watts

6.4 470 2 420 2.5 400 2.5

7.6 340 1.5 280 2 300 2.5

10.2 190 1.5 177 2 200 3

The exponent value of D 1n Ncd vs D

impeller number a standard error correlation
coefficient

1 -1.94 0.136 -0.9994

2 -1.82 0.347 -0.9957

3 -1.47 0.093 -0.9995
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2.Effect of number of impellers

H=T=24.6cm, Ct/D =1,D=76cm,S =3.8cm
10% oil in water

n =1 n =72 n =
type of Ned power Ncd power Ncd power
impeller rpm watts rpm watts Ipm watts
disk turbine | 340 1.5 285 2 297 2
flat blade 460 2.5 325 1.5 307 2
turbine
pitched blade | 325 0.5 297 0.5 295 1
turbine
H=T=246cm, Ct/D =24.6cm, D =7.6cm,S =5.1cm
10% oil in water

n=1 n=>2 n=
type of Ncd power Ncd power Ncd power
impeller pm watts rpm waltts pm watts
disk turbine | 340 1.5 280 2 300 2.5
flat blade 460 2.5 320 1.5 335 2
turbine
pitched blade | 325 0.5 290 0.5 300 0.5
turbine
H=T=246cm,Ct/D =1,D=7.6cm,S =6.4cm
10% o1l in water

n =1 n =72 n =
type of Ned power Ned power Ncd power
impeller rpm watts rpm watts rpm watts
disk turbine | 340 1.5 283 2 305 2.5
flat blade 460 2.5 350 2 365 3
turbine
pitched blade | 325 0.5 300 0.5 345 1.5
turbine
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H=T=246cm,Ct/D =1,D=7.6cm,S =7.6cm
10% oil in water

n=1 n=2 n=3
type of Ncd power Ncd power Ncd power
impeller rpm watts rpm watts pm watts
disk turbine | 340 1.5 295 2 306 3
flat blade 460 2.5 360 2 410 4.5
turbine
pitched blade | 325 0.5 310 0.5 300 0.5
turbine
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3. Effect of tank diameter

Case 1:.Ct/T is constant

Disk turbine

10% oil in water, H/T = 1, Ct/T = 0.31,D = 7.6 cm, S = 5.1 cm

n=1 n=2 n=23
tank Ncd power Ncd power Ncd power
diameter
cm pm watts pm watts pm watts
18.9 250 1 190 0.5 220 1
24.6 340 1.5 280 2 300 2.5
28.6 420 4 330 3 335 4
The exponent value of T in Ncd vs T
impeller number a standard error correlation

coefficient

1 1.24 0.126 0.9987
2 1.35 0.203 0.9973
3 1.03 0.237 0.9937
Flat blade turbine
10% oil in water, H/T = 1, Ct/T = 0.31,D = 7.6 cm, S = 5.1 cm

n=1 n=2 =3
tank Ncd power Ncd power Ncd power
diameter
cm pm watts rpm watts pm watts
18.9 320 1 225 1.5 225 1.5
24.6 460 2.5 320 1.5 335 2
28.6 580 5 400 3 380 4
The exponent value of T in Ncd vs T
impeller number a standard error correlation

coefficient

1 1.45 0.116 0.9992
2 1.38 0.077 0.9996
3 1.29 0.359 0.9909
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Pitched blade turbine

10% oil in water, H/T = 1, Ct/T =0.31, D =7.6cm, S = 5.1 cm

n=1 n=72 =3

tank Ncd power Ncd power Ncd power

diameter

cm rpm watts pm watts pm watts

18.9 240 0.5 215 0.5 290 0.5

24.6 325 0.5 290 0.5 300 0.5

28.6 390 0.5 360 1 370 1.5

The exponent value of T in Ncd vs T

impeller number a standard error correlation
coefficient

1 1.17 0.032 0.9999

2 1.23 0.16 0.998

3 0.54 0.673 0.852
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Case 2: Ct/D is constant

Disk turbine
10% oil in water, H/T = 1, Ct/D =1, D =7.6 cm, S = 5.1 cm

n=1 n =2 =3

tank Ncd power Ncd power Necd power

diameter

cm pm watts rpm watts pm watts

18.9 255 0.5 250 1 262 1.5

24.6 340 1.5 280 2 300 2.5

28.6 390 3 290 2 300 2.5

The exponent value of T in Ncd vs T

impeller number a standard error correlation
coefficient

1 1.033 0.096 0.999

2 0.366 0.105 0.990

3 0.368 0.289 0.933

Flat blade turbine

10% oil in water, H/T = 1, Ct/D =1, D =76 cm, S = 5.1 cm

n=1 n=>2 n=3

tank Ncd power Ned power Ned power

diameter

cm pm watts pm watts pm watts

18.9 405 2.5 322 1.5 360 2

24.6 460 2.5 320 1.5 335 2

28.6 430 2 360 2 325 2

The exponent value of T in Ncd vs T

impeller number a standard error correlation
coefficient

1 0.133 0.496 0.602

2 0.236 0.429 0.7474

3 -0.250 0.038 -0.9972
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Pitched blade turbine
10% oil in water, H/T = 1, Ct/D =

I,D=7.6cm,S =5.1cm

n=1 n =2 n=3

tank Ncd power Ncd power Ncd power

diameter

cm pm watts pm wartts rpm watts

18.9 315 0.5 350 1 375 2

24.6 325 0.5 290 0.5 300 0.5

28.6 325 0.5 345 0.5 410 1

The exponent value of T in Ncd vs T

impeller number a standard error correlation
coefficient

1 0.08 0.063 0.9332

2 -0.11 0.994 -0.223

3 0.10 1.555 0.1245
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4, Effect of the dispersed phase volume fraction ¢

Disk turbine

H=T=246cm,Ct/D=1,D=76cm,S =5.1cm

n=1 n =72 n =23

volume Ncd power Ncd power Ncd power

fraction f | rpm watts pm watts pm watts

0.1 340 1.5 280 2 300 2.5

0.2 340 2 280 1.5 320 2.5

0.3 345 2 290 3 330 3

The exponent value of f in Necd vs f

impeller number a standard error correlation
coefficient

1 0.01 0.019 0.7816

2 0.03 0.046 0.7816

3 0.09 0.009 0.9987

Disk turbine

H=T=246cm,Ct/D=1,S/D=1,D=7.6cm

n =2 n=3

volume Ned power Ncd power

fraction £ | rpm watts pm watts

0.1 295 2 306 3

0.2 300 2 290 3

0.3 290 3 310 2

The exponent value of f in Ncd vs f

impeller number a standard error correlation
coefficient

2 -0.01 0.058 -0.3695

3 0.002 0.13 0.0346
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Flat blade turbine
H=T=246cm,Ct/D=1,D=76cm,S =5.1cm

n=1 n=2 n=3

volume Ncd power Ncd power Ncd power

fraction f | rpm watts rpm walrts pm watts

0.1 460 2.5 320 1.5 335 2

0.2 490 3 315 1 320 2

0.3 480 3 325 1.5 330 2

The exponent value of f in Necd vs f

impeller number a standard error correlation
coefficient

1 0.04 0.076 0.7653

2 0.01 0.054 0.3607

3 -0.02 0.076 -0.4599

Flat blade turbine

H=T=246cm,Ct/D=1,S/D=1,D = 7.6 cm

n=>2 n =23

volume Ncd power Ncd power

fraction f | rpm watts rpm watts

0.1 360 2 410 4.5

0.2 335 2 400 3

0.3 345 1.5 400 4

The exponent value of f in Ncd vs f

impeller number a standard error correlation
coefficient

2 -0.05 0.095 -0.702

3 0.02 0.019 -0.931
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Pitched blade turbine

H=T=246cm,Ct/D=1,D=7.6cm,S =5.1cm

n =1 n=2 n=3

volume Ncd power Ncd power Ncd power

fraction f | rpm watts pm watts rpm waltts

0.1 325 0.5 290 0.5 300 0.5

0.2 350 0.5 305 0.5 320 1

0.3 350 0.5 325 1 330 1

The exponent value of f in Ncd vs f

impeller number a standard error correlation
coefficient

1 0.07 0.057 0.9310

2 0.10 0.045 0.9767

3 0.09 0.009 0.9987

Pitched blade turbine

H=T=24.6cm,Ct/D =1,S/D=1,D = 7.6 cm

10% oil in water

n=72 n =

volume Ncd power Ncd power

fraction f | rpm watts rpm watts

0.1 310 0.5 300 0.5

0.2 320 0.5 345 2

0.3 330 1 340 1.5

The exponent value of f in Necd vs f

impeller number a standard error correlation
coefficient

2 0.06 0.016 0.99

3 0.12 0.128 0.9822
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5. Effect of clearance distance

Disk turbine

H=T=24.6cm,D =7.6cm,S =5.1cm
10% oil in water

number of n =1 n=2 n=3

impeller

clearance cm | Ncd power Ned power Ncd power
rpm waltts pm watts rpm watts

5.1 340 1.5 275 1 270 2

6.4 340 1.5 278 1.5 280 2

7.6 340 2 280 2 300 2.5

8.9 345 2 292 2 325 3

10.2 365 3 315 2.5 360 4

11.4 370 3 330 3 375 5

12.7 355 3 360 4 530 12

Flat blade turbine

H=T=246cm,D=76cm,S =5.1cm

10% oil in water

number of n=1 n=2 n=3

impeller

clearance cm | Ncd power Ncd power Ncd power
rpm watts rpm waltts pm watts

5.1 315 1 310 1.5 307 2

7.6 460 2.5 320 1.5 335 2

10.2 550 4.5 393 3 475 7

12.7 620 7 496 6 512 8.5
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Pitched blade turbine
H=T=246cm,D =7.6cm, S = 5.1 cm
10% oil in water

number of n=1 n=2 n=3

impeller

clearance cm | Ncd power Ned power Ncd power
pm watts pm watts pm watts

5.1 295 0.5 260 0.5 260 1.5

7.6 325 1 290 0.5 300 0.5

10.2 365 1 410 2 410 3

12.7 467 1 470 3 540 6.5
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6.Effect of spacing between impellers

impeller number: 2

H=T=24.6cm, Ct/D =1, D = 7.6 cm

10% oil in water

disk turbine flat blade turbine pitched blade turbine

spacing Ncd power Ncd power Ncd power

cm pm watts rpm watts rpm watts

3.8 285 2 325 1.5 297 0.5

5.1 280 2 320 1.5 290 0.5

6.4 293 2 350 2 300 0.5

7.6 295 2 360 2 310 0.5

8.9 306 2.5 400 3 325 1

10.2 310 2.5 417 3.5 335 1

The exponent value of in Ncd vs S

type of impeller a standard error correlation
coefficient

disk turbine 0.10 0.046 0.9065

flat blade turbine 0.27 0.11 0.9309

pitched blade 0.14 0.073 0.882

turbine
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impeller number: 3
H=T=24.6cm,Ct/D =1,D = 7.6 cm
10% oil in water

disk turbine

flat blade turbine

pitched blade turbine

spacing Ncd power Ned power Ncd power

cm pm watts pm watts pm watts

3.8 296 2 307 2 295 1

5.1 300 2.5 335 2 300 1

6.4 305 2.5 365 3 345 1.5

7.6 306 2 410 4.5 330 1

The exponent value of in Ncd vs S

type of impeller a standard error correlation
coefficient

disk turbine 0.05 0.013 0.9806

flat blade turbine 0.41 0.102 0.9854

pitched blade 0.21 0.203 0.8304

turbine
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