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ABSTRACT

A centrifugal clarifier based on the principles of a hydrocyclone with an impeller was
developed for centrifugal clarification of sugarcane juice, for improvement in the quality of
jaggery and khandsari. The developed clarifier and an existing standard sedimentation disc
centrifuge were tested in regards of effect of operational parameters, namely, settling,
boiling, clarificant addition and sampling time/ juice volume on their performance. For
both equipments separation efficiencies improved significantly (1% level of significance)
by the four independent parameters. Gravitational sedimentation by allowing the juice
solids to settle during a settling period of 45 minutes could separate 15.23% solids, boiling
the cane juice at 105°C could separate 34.41% solids while clarification of sugarcane juice
through vegetative/chemical clarificant could separate additional 9.1% solids from the
juice. However, the overall separation efficiency ranged from 41.52% to 70.23% for
centrifugal clarifier and from 44.48% to 69.11% for disc centrifuge

Keywords: Clarifier, centrifugal, clarification. G-factor, hydrocyclone, settling, disc
centrifuge, India

1. INTRODUCTION

In India, jaggery and khandsari are among the most important cottage industries because
about 30% of the sugarcane produced is processed in such industries, yielding 10-12
million tonnes of these products (Indian Sugars, 2002). However, the quality of sweeteners
produced by these industries is inferior to sugar because in these industries vegetative
and/or chemical clarificants are used to remove the foreign materials present in sugarcane
juice. These clarificants are unable to efficiently remove the bagacillo, mud and other
colloidal materials, resulting in lowered quality of jaggery. The suspended particles are
carried over in the next subsequent processing and eventually get embedded in the product
resulting in inferior quality of jaggery. It was envisaged that a mechanical device
(centrifugal clarifier) causing accelerated sedimentation, using the concept of centrifugal
separation could separate such impurities at desired stage of juice processing and would be
helpful in improving the quality of jaggery.

Among the various types of solid liquid separators, structural and functional concept of
hydrocyclone was taken into consideration to design the clarifier. This was done because
hydrocyclones have no moving parts, are simple devices in structure and operation, and
have found a wide application in various fields of technology, such as cleaning atomizing
classification, solid-liquid separation etc (Lagutkin and Barannov, 1998; Li and Lin, 2004).
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Hydrocyclones are also being used in food industry for the separation of starch and protein,
in the separation of sand from sugarcane juice, in apple juice clarification, sugarcane juice
clarification and in the cleaning of wash waters in potato processing (Murray, 1973; Azad,
1996; Cilliers and Harrison, 1997; Ortega et al., 1997). Studies of particle size indicated
that clarifying ability of the hydrocyclone was good and it was better than that of a
centrifuge for removal of fine particles and was suggested that hydrocyclone could be
used prior to filtration to improve the clarification process, and that their use might be a
simple and inexpensive option in treatment of foods and biological materials (Svarovsky,
1974; Klima and Kim, 1998; Hsich, 1999).

Various researchers have reported that the hydrocyclone when used for small-scale
industries like the dairy industry poses an application problem (Williams, 1983). It was
found that for a hydrocyclone of any size, the capacity of the hydrocyclone should not be
less than 3300 I/h for an optimal residence time, for a satisfactory and efficient separation
(Svarovsky, 1974; Rovinsky, 1991; Sanjeev, 2001.). Such a feed rate is not possible in
practical operation in a small scale industry.

Sanjeev (2001) working on use of 12.5 cm hydrocyclone to separate starch from
impurities and to concentrate starch milk obtained from different crops, concluded that the
maximum pressure obtained was only 4kg/cm’, which was too low for effective starch
separation. Hence a high pressure pump (30hp) was required to develop 15kg/cm’.

Liang-Yin Chu et al.( 2000) designed a hydrocyclone with a series of modifications based
on the conventional hydrocyclone, the structural modifications with central insertions
named winged core, solid core and inner diffuser could increase all the reduced separation
efficiency, separation sharpness, cut size, capacity and flow split, and decrease the energy
loss coefficient. The structural modification of 20° cone with spiral has the same function.
For increasing separation efficiency and reducing energy loss coefficient only, straight
vortex finder with siphon and straight underflow pipe with cone are efficient structure
designs.

2. MATERIALS AND METHODS

Under gravitational force, solid particles settle in a fluid at a fixed maximum sedimentation
rate. To increase the settling rate the force of gravity may be replaced by a stronger
centrifugal force. The basic separation principle employed in a centrifugal separator is
centrifugal sedimentation i.e. the suspended particles are subjected to centrifugal
acceleration which separates them from the liquid (Svarovsky, 1974). Centrifugal
separators have replaced gravity separators in production operation to a considerable extent
because of their greater effectiveness with fine drops and particles and their smaller size
for a given capacity (Hugot, 1986; Wang et al., 2006; Kraipech et.al., 2005).

A particle, at any point within the flow in a centrifugal separator is basically subjected to
two forces; the external and internal field of acceleration termed as gravity and centrifugal
forces respectively and the drag force exerted on the particles by the flow (Fig. 1). The
gravity effect is usually neglected in the separators so that only centrifugal force (Cr) and
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drag force are taken into account. If the centrifugal force acting on the particles exceeds the
drag, the particle moves radially outward and if drag force is greater, the particle is carried
inwards (Hsich, 1999; Neesse et al., 2004; Rovinsky,1995).

When a spherical ball of mass ‘m’ and radius ‘r’ is rotating inside a circular path of radius
‘R’, the effective radius of rotation of the ball is ‘R-r’. If the drum is rotating at ‘N’ rpm
then
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Figure 1. Concepts of centrifugal sedimentation
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Since R >> r, neglecting r, the above equations for Cy may be written as:
Cr =4nmN*R )
Also weight of particles acting downwards,
W =mg A3)
Considering the separation factor, G.
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The settling time of the particles is limited by residence time of the liquid in the bowl. At
the end of this residence time let the particle be ata  distance rg from axis of rotation.

Residence time (tr) is equal to the volume of the liquid in the bowl (V’) divided by the

volumetric flow rate Q.
1

\%
Thus, tt= — 5)
Q
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2.1 Design of the Clarifier

Preliminary experiments were conducted on standard solid retaining sedimentation disc
centrifuge (Fig 2) to examine the possibilities of development of low cost equipment for
clarifying the cane juice. Based on the results of these preliminary experiments, a clarifier
was designed and fabricated. Structural and functional concepts of hydrocyclone were also
taken into consideration for designing this clarifier. The design proposed by Columbus
(1993) for a 12.5 cm diameter hydrocyclone was tried. However, hydrocyclone as a
clarifier for cane juice clarification was found to be unsuitable for practical operation due
to high feed rate requirement or due to fabrication constraints. Therefore, an agitator was
used to provide the required centrifugal force. With addition of an agitator, the concept of
hydrocyclone, which have no moving part had to be discarded (Cilliers and Harrison,
1997). Adhering to the optimum relative dimensions of cyclones proposed by Columbus
(1993) for a 12.5 cm diameter hydrocyclone, structural design of the clarifier was made

(Fig3).
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Figure 2. Schematic diagram showing the principles of centrifugal separation in a Disc
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Figure 3. Experimental setup of the Centrifugal Clarifier

2.2 Experimental Design

Four independent parameters, namely, settling, boiling, clarificant addition and sampling
time/volume were selected for performance evaluation. As an alternative, the juice was
also processed in a standard solid retaining sedimentation disc centrifuge (Fig 2) for its
mechanical clarification using centrifugal force. For the first three parameters, two levels
(zero and optimum) were used while for the centrifugal clarifier five levels of sampling
time (5, 7,9, 11 and 13 minutes) and for the disc centrifuge; six levels of juice volume (1,
2, 3, 4, 5and 6 litre) were used. However, use of clarificant was recommended only for
boiled juice and hence experimental combinations involving juice plus clarificant were not
executed. Three runs of each experimental combination were done in order to minimize
experimental errors. Factorial experimental design was employed to determine the number
of experiments. Performance of the developed clarifier and the standard sedimentation
disc centrifuge available in the laboratory was estimated under various operating
conditions on the basis of separation efficiency (1]), defined as

S =S x 100 (5)

f =
r

For the centrifugal clarifier, the juice was fed to the clarifier to the depth 6.6 cm below the
top lid and its rpm was adjusted to 3400. The motor was switched on to provide the
necessary centrifugal force in accordance to the requirement of residence time for the juice.
The juice was processed for 5 minutes as a batch type to provide sufficient residence time
for solid removal and after that it was made continuous. Siphon mechanism was used to
feed the clarifier at a rate of 25 1/h. The feed rate of 251/h provided sufficient residence
time for the incoming juice for their clarification before coming out from the clarifier.
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Samples were collected at 2 minute interval at 5, 7, 9, 11 and 13 minute. Optical density
and separation efficiency were recorded for each sample drawn.

For the case of the disc centrifuge, six litre of juice were used in form of six lots of one
litre each for each run. The first lot of juice was fed to the open pan of the disc centrifuge.
Volume of juice coming from each port of the disc centrifuge was measured. Also, the
processing time of the lot was recorded with a help of a stopwatch. From each port
samples were drawn and its optical density and separation efficiency measured (Hugot,
1986). Same steps were repeated for the subsequent five lots. Flow chart for the
experiments is shown in Fig. 4.
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Figure 4. Flow chart showing the experiment design

3. RESULTS AND DISCUSSION

The exclusive effects of boiling, clarificants, settling and run on separation efficiency are
given in Table 1. The table indicates that separation efficiency of solids due to settling is
15.23% and that due to boiling is 34.41%. When both settling and boiling treatments are
given, the values increase by 1.81% to become 36.22%. Thus, it can be inferred that out of
the 15.23% solids separated by the process of settling, 13.42% solids are such that boiling
can as well separate them. Furthermore, increase in solid separation due to addition of
clarificants is 9.62% with settling and 8.58% without settling i.e. an average increase of
9.10% due to addition of clarificants.
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Table 1. Separation efficiency ( 1] ), of sugarcane juice due to boiling, clarificant addition,
settling and experimental run

Treatment Runl Run2 Run3 Average
Boili Clarificant Settli No Settli Elo Settli No Settl; No
oring addition cring settling cHng | settiing | Setting settling cttiing settling
No No 1454 | 0.00 | 1564 | 0.00 | 1553 | 0.00 | 15.23 | 0.00
Yes No 3398 | 33.12 | 38.57 | 36.24 | 36.12 | 33.88 | 36.22 | 3441

At the end of centrifugation of juice in the clarifiers, the samples drawn were analyzed for
their separation efficiency (1).The separation efficiency ranged from 49.04% to 66.03% for
centrifugal clarifier (Fig 5) and from 53.08% to 66.97% for the disc centrifuge (Fig 6). The
statistical analysis of data showed that for both the equipments separation efficiencies

improved significantly (1% level of significance) by boiling, settling and addition of
clarificants.
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Figure 5. Effect of clarificant, settling and time elapsed on separation efficiency for
mechanical clarification of cane juice in clarifier
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Figure 6. Effect of clarificant, settling and volume on separation efficiency for mechanical
clarification of cane juice in a disc centrifuge

The respective reasons of these improvements were i) boiling coagulates nitrogenous
impurities present in the juice, which starts floating in the form of scum at the surface and
are removed, ii) settling for 45 minutes removes some amount of the coarsely dispersed
materials, and iii) addition of clarificants agglomerates the waxes, pectin, and colouring
matters which are otherwise not removed by boiling. These unwanted agglomerated
materials (in the form of scum and mud) are removed using a strainer. However, the
clarificants added get embedded in the juice which gives it a hazy appearance. Operating
the juice in clarifier and disc centrifuge separates these materials thus improving the
separation efficiency.

In all the experiments, it was observed that separation efficiency was maximum (66.03%
for the centrifugal clarifier and 66.97% for the disc centrifuge) at the start of the
experiment but decreased significantly, with operating time/juice volume. In case of the
centrifugal clarifier, this was due to the partial mixing of the incoming and outgoing
streams of juice, which resulted in transfer of solids from the raw juice to the lower portion
of the clarifier and replacement of the solids from lower portion to the outgoing stream in
order to reach an equilibrium with no concentration gradient of the solids. For the case of
the disc centrifuge, the solids, which continue to get accumulated inside the bowl, mix with
the incoming juice and keep on decreasing the separation efficiency with the increasing
volume of juice processed.

Statistically, it was observed that the run also had a significant effect on the separation
efficiency which may be due to difference in composition of the juice due to variation in
variety, age of the crop, agronomical practices, crushing methods etc. Since such variations
cannot be avoided in commercial juice, ‘run’ as an independent parameter remains beyond.

Also, mass balancing of the solids in the case of centrifugal clarifier was done but it was
found that in most of the cases the solids accumulation, in the residual juice, due to
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accelerated sedimentation, exceeded the amount separated from the incoming juice. The
reason being that the samples being drawn intermittently from the middle outlet differ in
their solid concentration due to continuous change of solid concentration gradient, and also
the sample drawn from the lowest point is not a true representative of the juice in the
conical portion of the clarifier holding the separated solids.

4. CONCLUSIONS
On the basis of the study following conclusions had been drawn:

= Physical operations such as gravitational/centrifugal sedimentation and boiling could
be used effectively for clarification of sugarcane juice.

= QGravitational sedimentation through allowing the juice solids to settle during a settling
period of 45 minutes could separate 15.23% solids.

* Boiling the cane juice at 110°C could separate 34.41% solids. However, out of these,
13.42% solids are those, which could also be separated through gravitational settling.
Thus, in case of boiling, the added advantage of settling gets reduced to 1.81% only.

= C(larification of sugarcane juice through vegetative/chemical clarificants could separate
additional 9.1% solids from the juice.

= All the independent parameters considered for the study i.e. boiling, clarificants
addition, settling, experimental run and time of processing/volume of juice processed,
affect the separation efficiency significantly (1% level of significance), for the
developed Clarifier and existing Disc Centrifuge equipments. However, experimental
run remains uncontrolled parameter for actual field conditions.

= For both the equipments, the separation of solids decreases with time of equipment
operation/volume of juice processed. The amount of additional solids separated
through centrifugal sedimentation ranges from 20.72% at 5 minute operation (zero litre
juice volume) to 7.12% at 13 minute operation (3.33 litre juice volume) for the
developed Clarifier and from 21.13% at one litre juice volume ( 23 second operation)
to 10.35% at sixth litre juice volume (193 second operation) for Disc Centrifuge.

* In addition to the decline in separation efficiency with time of equipment
operation/volume of juice processed for the two equipments, for Disc Centrifuge the
capacity also decrease from 156 litre per hour for the first litre (initial) of juice
processed to 111.9 litre per hour for the sixth litre of juice processed (final). Therefore,
further studies would be required for incorporating appropriate modification in these
equipments in order to maintain a constant level of separation efficiency and equipment
capacity.
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NOMENCLATURE

Ct centrifugal force
D, diameter of cyclone

D; diameter of inlet

D, diameter of outlet

G separation factor

0.D optical density

Q volumetric flow/feed rate

g mass of the spherical ball
RPM revolution per minute

R radius

Sc : Insoluble solids in clarified juice
Sr : Insoluble solids in raw juice
\'%A : volume of liquid in bowl

A% : linear velocity

1 : Separation efficiency
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