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ABSTRACT

Vibromixing studies were performed by using a Iabbratory installation
equipped with stirring disks of different diameters . They had different
frequencies and amplitudes of oscillation and were used for stirring some
polymer solutions . Temperature differences rising due to the dissipation of
the movement energy of the vibromixing process were measured and these
data allowed us to calculate the consumed power . The manner in which this
power varied with the frequency and amplitude of oscillations was also
established. We also investigated the dependence of the power consumption
on the flow regime and the characteristic equation of K„=C.Re-n ' type for this
process was derived.
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INTRODUCTION

The vibromixing represents the stirring of a material
by inducing a vibratory movement of a given ampli-
tude and frequency by means of mixing devices
consisting of disk stirrers for liquids or active devices
for pastes and powders.

This operation carries through the wide range
of applications of vibrations in polymer processing by
extrusion, injection moulding or two-roll mixing . The
dynamic stresses on the material thus processed cause
the occurrence of some favourable effects connected
with uniform distribution of the tangential stresses
within the material, and the viscosity to decrease

which results in an improved processability and a low
energy consumption in comparison to the classical
processing procedures.

By using vibratory mechanical stirrers instead
of rotational ones for the vibromixing of the liquids
some better mixing effects can often be obtained with
a lower power consumption. In addition to that the
greater amount of the dissipated heat in case of the
liquids of a high viscosity could be used for heating
the reaction mixture [1].

To understand the phenomena occurring, gener-
ally, in vibroforming, the response manner of the mat-
erial submitted to a periodical stress must be known.

By taking these facts into account the aim of
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calculated by means of the following relationships:

~i cost	P

	

a = - tan 8/2
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( I )c =

Figure 1 . Manners of oscillations propagation in polymers.

the present paper is to present the effects of the
oscillations on the polymers as well as the experi-
mental results on the vibratory mixing of some
polymer solutions. In this purpose the influence of the
geometry of the mixing device and of the amplitude
and frequency of its oscillations on the consumed
power were studied.

THEORETICAL CONSIDERATIONS

Distribution of Oscillations within Polymers
During vibroforming the polymeric materials, which
may be either in solid or highly elastic state as well as
in viscous flow state, are in contact with the oscill-
atory devices. These devices ascertain either longitu-
dinal (Figure 1{e and e)) or shear oscillations (Figure 14,
6 and d)) in the polymeric media and the functional
nature of the vibration action [2-4].

During the propagation of oscillations within
polymers they are damped due especially to the dis-
sipative processes connected with the volume and
shear viscosities (in case of longitudinal oscillations)
or with shear viscosity only (for cross oscillations).
This effect may also occur due to different irreversi-
ble structural, chemical and intramolecular processes
determining the energy dissipation [5-7].

The theoretical analysis of the vibration pro-
pagation within a linear, viscoelastic medium indi-
cates that the propagation rate of the longitudinal and
transversal waves of low amplitudes c within the
polymers and the damping coefficient a may be

where:
p : density of material ; X : wavelength; S : loss angle;
M" : complex modulus (C' for transversal or E8 for
longitudinal waves).

Different cases of distribution of the movement
amplitude (or deformation amplitude) are possible in
function of the vibration field length (1) to wavelength
(76) ratio [1] . Thus:
—when ? a 1 the strain field will be, practically,
uniform and the deformation distribution on height
which is independent from the medium properties
would be either linear or close to linearity.
—when 7v and I are equal the distribution of
deformations and their amplitudes are determined by
both the sample size and the medium properties.
—when t I the vibration damping on length takes
place according to an exponential law, so that it prac-
tically develops within a material layer with a thick-
ness smaller than 1 and the deformation distribution
and amplitude depend on the medium properties only.

The application of vibrations on the polymeric
media results in the occurrence of some particular
phenomena influencing the rheological behaviour as
well as the thermal operating conditions in the vibro-
forming processes [5, 6].

Thermal Effect of Vibrations
The shear or volume periodical deformation of the
viscoelastic systems (the polymeric materials among
them) proceeds always with dissipative heat release in
connection with the shear or volume viscosity . The
mechanical work of dissipation for an harmonic
regime of deformation of a viscoelastic body may be
calculated by using the mechanical work A accomp-
lished for an oscillation shear cylce on the volume
unit:

A = ft(t)dy

	

(2)

In this relationship t represents the shear stress
and if the shear rate. When t(t) = t acosoot and y(t) =
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4cos(tat-8) the above relationship may be calculated
as follows:

A = Jo

	

2~acoscot[tjmsin(wt – 6)] = [– cos& sin2 wt +

2 sln6(wt + 2 sln2Nt)fQNm

Thus, for an oscillation cycle a mechanical
work equal to aTasin8 per volume unit is converted
irreversibly into heat. The dissipation function D
characterizing the intensity of transformation of
internal forces work in volume unit per time unit may
be calculated as follows:

D = Af=A = taw sin&= cu G"

	

(4)
2n

	

2

	

2

The above equation indicates that the released
heat decreases with increasing the elasticity of the
system (decrease of 8) and reaches zero for the ideally
elastic body (8 = 0) . Under identical conditions the
maximum dissipation of the internal energy will
correspond to the viscous system (6 = 90°).

The method of heating by means of vibration is
applied in injection moulding and extrusion processes
of the polymeric materials for which the plastification
in extruders, due to the rather long residence time
required in the heating zone, is not recommended . In
this zone non-uniformities of the temperature field
may occur leading to the destruction of the filler
particles and other troubles of such a plastification
system. Consequently, the heating by low frequency
vibrations is recommended which determines a better
uniformity of the temperature field as well as a high
heating rate in the polymer processing. This heating
procedure is also recommended for processing the
long fibres filled polymers since the fibres may thus
be kept unchanged during the plastification process.

EXPERIMENTAL

Experimental Installation and Working Procedure
The installation for this study (Figure 2) was built in
the laboratory of the Faculty of Mech . Eng., Tech-
nical University "Gh . Asachi" Jassy . It consists of a

Figure 2 . Experimental installation.

vessel I of an inner diameter of 0 .36 m, provided with
an external thermal isolation and closed by the lid 2.
The' lid has two holes for the thermometer 3 and for
the stirring device, respectively . The latter consists of
the shaft 4 and the stirring disk 5 on it . In order to
modify the geometry of the stirring device the disks
can be changed by dismantling the lid and then fixing
the new disk with a screw on the shaft 4.

Three disks of different diameters were used in
our experiments : 0 .135, 0 .20 and 0.26 m, respectively.
The disks of 5 .10 -3 m thickness were provided with
conical holes of 6 mm diameter and 90° cone angle.

The stirrer shaft was assembled on the lid in the
slippery bearings 6, and it ends with the fork 7 on
which the bearing 8 is supported . The oscillations
produced by the cam 9 drive on the bearing 8 . The
eccentricity (e) of the cam determines the stirrer
vibration amplitude, so that the installation is provid-
ed with four different cams giving amplitudes of 2, 3,
5 and 10 mm, respectively . The cam 9 is driven by an
AC motor 12 by means of the coupling 11 and of the
gear wheels reductor 10 . Because the oscillation
frequency of the stirrer is determined by the turn of
the cam, the electric engine 12 has an interchangeable
numbers of poles. This is commanded by the control-
ling device l3 and the reducer 10 may realize two

(3 )
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Table 1 . The values for temperature differences recorded after 10 min mixing with stirrers of different diameters.

Frequency (Hz)

Amplitude (mm) 20

	

I

	

30

	

I

	

35

	

I

	

45

	

I

	

50

	

20

	

I

	

10

	

I

	

35

	

'1

	

45

	

I

	

50

POE solution

	

NaCMC solution
d=0.135m

2 1 .8 2 .0 2.4 2.6 2 .8 1 .2 1 .4 1 .4 1 .6 1 .6

3 2 .1 2 .4 2.8 3 .1 3 .2 1 .4 1 .6 1 .6 1 .8 1 .8

5 2 .4 2 .6 3.0 3 .2 3.2 1 .6 1 .8 2 .0 2 .2 2 .2

10 2 .6 2 .8 3.2 3 .4 3 .5 1 .8 2.0 2 .0 2 .4 2 .4

d=0 .200m _

2 2 .2 2.6 2.8 3 .1 3 .4 1 .4 1 .6 1 .8 1 .8 2 .0

3 2 .5 3.0 3 .2 3 .4 3 .6 1 .6 1 .8 1 .8 2.2 2 .2

5 2 .8 3.2 3 .6 3.8 4 .0 2.0 2 .2 2 .2 2.6 2 .8

10 3 .2 3 .6 3 .8 4 .0 42 2.4 2 .6 2 .6 3.0 3.2_
d=0 .260m

2 3 .5 3 .6 3 .8 4 .0 4.2 1 .8 2 .0 2 .2 2 .6 3.0

3 3 .8 4 .0 4 .2 4 .5 4.6 1 .8 2 .2 2 .2 2 .6 3.0

5 4.4 4 .5 4 .6 4 .8 5.2 2 .2 2 .6 2 .6 2 .8 3 .2

10 4.8 4 .8 5 .0 5.2 5 .5 2 .8 3 .2 3.2 3 .6 3 .8

transmission ratios.
Five different vibromixing frequencies have

thus been realized : 20, 30, 35, 45 and 50 Hz.
A 5% aqueous solution of polyoxyethylene

(pyo•c = 920 kglm3 ; 1 0= 0 .1 Pa .s and c 9 = 3200 JIkg.K)
and 5% aqueous solution of Na-CMC (p 2oc = 1050
kglm3 ; Tlo= 2 .5 Pa.s and c7, = 2000 J/kg.K) were taken

for study . The runs were made with 20 L of solution
with an initial temperature of 20 °C each . The
consumed mixing energy was determined by means of
the calorimetric method [7}.

The solution was placed into the vessel and the

initial temperature was measured . Then the stirring
device was started and after 10 min the temperature
was read again . The temperature increase, At, was
estimated with the thermometer precision being of 0 .1

degree . As the temperature differences did not exceed
5 °C the physical constants of the liquids were
assumed as constant.

RESULTS AND DISCUSSION

The temperature difference for different vibration

amplitudes and frequencies of the three stirring disks
was the amount measured in our experiments . The
results are given in Table 1.

By means of these data the consumed power
was calculated by means of the relationship:

N V
.p .c,,.At

(w)

and then the power criterion:

The influence of the flow regime on the power
criterion was appreciated by calculating the values of
the Reynolds criterion:

p.f.x,, .d

	

(7)

where:
V : liquid volume, m3; p : liquid density, kg.m3 ; c,,:

specific heat of the liquid, J .kg-' .K'1 ; r : mixing time,

s ; d : stirrer disk diameter, m ; vibration amplitude,
m; f: vibration frequency, Hz; Tl : dynamic viscosity of

solution, Pa .s.

KN
p .d3x

; f3
N

(5)

(6)

Re =
T l
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Figure 3. Variation of the mixing power with of the vibration
amplitude for POE solution in the case of using a stirrer with
d = 026 m (.); d = 0 .20 m (a) and d = 0.135 m (A), for
different values of the vibration frequency: (1) 50 Hz ; (2) 45
Hz ; (3) 35 Hz; (4) 30 Hz and (5) 20 Hz.

By means of the calculated amounts the curves
of power variation with amplitude and with frequency
were plotted for the three disks as well as the power
criterion versus Reynolds number.

In Figure 3 the mixing power dependency on
the vibration amplitude with the oscillations frequen-
cy as a parameter was drawn for the 5% POE aqueous
solution.

Families of five curves corresponding to the
five values of the vibration frequencies are obtained
for each of the three mixing disks . The curves are
continuously increasing with increasing of amplitude
which can be also noticed by means of the data in
Table I where the temperature differences increase
with increasing the oscillation amplitude and
frequency.

The fact can also be noticed that the curves
families shift toward higher consumed power with
increasing diameter of the mixing device, and as
expected the displacement of the high values of the
power is needed.

Similar observations can be made for the plots
in Figure 4 where the power variation versus oscill-
ations frequency with the amplitude as a parameter is
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Figure 4. Variation of the mixing power with the osdllations
frequency for POE solution in the case of using a stirrer with
d = 0 .26 m (.) ; d = 0.20 m (a) and d = 0 .135 m (A), for
different values of the vibration amplitude : (1) 10 mm ; (2) 5
mm; (3) 3 mm ; (4) 2 mm.

depicted.
It can be noticed in this case that the curves

show inflexion points within the 30–40 Hz frequency
range indicating the change of the variation rate of the
consumed power in function of frequency . The S
shape of the curves is more striving for the stirrer of
the smallest diameter and for small oscillation
amplitudes.

In Figure 5 the variation of the power K N with
Reynolds number is plotted in double logarithmic co-
ordinates, with the obtained lines being parallel and
having a negative slope of (-2.79) which does not
depend on the size of the stirring device.

3
Z

300

200

Iranian Polymer Journal / Volume 7 Number 2 (1998)

	

133



Study of Vibromixing for Polymer Solutions

}

3`41 ~. .~C.-•-3"

4q.~r~=~• "gam ~
. ~~— . ..A— 4^

3
p-- - y-a

20

	

30

	

40

	

50
((Hz)

250

200

150
z

100

50 10

1

	

2

	

3
log Re

Figure 5 . Dependence of the power number on the flow
regime for vibromixing of the POE solution using stirrers
with a 0 .26 m {•) ; 0 .20 m (x) and 0.135 m (A) diameter.

For Na–CMC solution the curves describing
the variation of the power with amplitude (Figure 6)
and with frequency (Figure 7) have a shape similar to
those for POE solutions.

2
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Figure 6. Variation of the mixing power with the amplitude
of vibrations for NaCMC solution using a stirrer with the
diameter of: 0 .26 m (•) ; 0 .20 m (x) and 0 .135 m (A), for the
vibration frequency of : 50 Hz (1), 45 Hz (2), 35 Hz (3), 30

Hz (4) and 20 Hz (5).

Figure 7 . Variation of the mixing power with the frequency
of vibrations for NaCMC solution using a stirrer with the

diameter of: 0.26 m (•) ; 0 .20 m (x) and 0 .135 m (a), for the

values of amplitude: 10 mm (1), 5 mm (2), 3 mm (3) and 2

mm (4) .

The values of consumed power are different for
the same vibromixing conditions due to the differ-
ences of specific heats and viscosity values for these

solutions.
The curves in Figure 7 are similar to those in

Figure 4, and the S shape is being more attenuated
and appearing in case of the disk of the smallest
diameter only.

It may be assumed that in case of the disk-
stirrers the edge effect greatly influences the flow
regime of the liquid and it is the most significant for
the highest d/D ratio and low oscillations amplitudes.

In this case the linear representations log K N =

flog Re) are parallel with a slope of -2 .72, indepen-
dent of the stirring device dimensions (Figure 8).

We concluded that for both solutions taken in
this study the flow regime was always laminar, and no
experiment reached a turbulent one for which KN
would be constant and therefore independent of Re.

Using the results derived from the variation of
power against Reynolds number, the dependency
relationships of the following type were derived:

C

KN= Rem

5

4

2

1

(8)
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Figure 8. Dependence of the power number on the flow
regime for vibromixing of NaCMC solution using stirrers with
the diameter of: 0 .26 m (.) ; 0.20 m (x) and 0.135 m (o).

for the two mixed liquids . The values of the C
coefficient and m index are presented in Table 2.

One may notice that, unlike the value for m
index which is independent on the d/D ratio, the C
coefficient from equation (8) depends on the ratio
between the diameter of the mixing disk (d) and the
vessel diameter (D).

CONCLUSION

By performing the liquids vibromixing in a laboratory
installation with drilled disks as mixing devices we
were able to measure the temperature rising due to the

Table 2. The values for C coefficient and m index in the
power equation .

Geometrical
d/D ratio 0 .375 0 .555 0.722

POE

solution
Ca 10-9 9 .69 16 .33 27.96

m 2 .79

NaCMC

solution
Ca 10-6 5.77 10 .40 15 .16

m 2 .27

dissipation of the movement energy . By means of the
measured values we calculated the suitable values for
the consumed power at different amplitudes and vert-
ical oscillatory frequencies of the mixing device.

The plots of the power versus amplitude and
vibratory frequency of the mixing devices yielded a
family of upward moving curves, with similar shapes
for the two solutions taken into account.

By increasing the diameter of the mixing device
the consumed power for mixing increases . The great-
est values for N correspond to the maximum mixing
device diameter to vessel diameter ratio.

Taking the influence of the flow regime on the
power criterion into account, linear dependencies of
the function IogKN — logke were obtained . This
observation allows us to conclude that we worked in a
laminar flow regime for which the following relation-
ship is valid:

K N = C .Re-'

By means of the plots, the values of C and m
for the mixed liquids were determined and the fact
noticed that while the m index is almost independent
of the stirring disk diameter, C is dependent on the
stirring disk diameter-to-the vessel diameter ratio.
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