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The paper reviews the ways of boostingordormance of hydrocyclones by using series cotiores and
recycles, with particular reference to wheat staBifferent applications, alternative arrangemeartd applicable
design rules are discussed, with quotes of spemdfie studies encountered in industry. Aimed attiicners such as
chemists, process engineers or plant operatorgelhas students and academics.

Introduction

Hydrocyclones are now well establishethimstarch industry as separators of choice wheonites to washing,
thickening or classification by particle size (fiaoation), shape or density. When dealing withfther starches such
as wheat starch, hydrocyclone performance is pushisl limits and every ‘trick of the trade’ haslte used to
achieve it. Although this is a technical paper desirg the design and operating rules, installeatpsses and series
arrangements, greater detail and the actual desjgations can be found elsewHeaad in chapters 6, 15 and 16 in ref
2, All of the technology described here is of cowapglicable to any other starches that also coffiménfractions but
the author’s experience is almost exclusively idito wheat starch.
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Fig 1. Schematic diagram of a hydrocyclone and of the vortex inside it. Flow rates Q, U and Q-U represent
total volumetric flows in the three streams shown.

Fig 1 shows of a hydrocyclone in a simplified schémdiagram. In processing of wheat starch, ®tdtv density and
small particle size, the hydrocyclones have torhallsin internal diameter (usually 10mm) and of tia@row cone
angle design as depicted. Due to the small sizerandorrespondingly low flow capacity of such aafiranit, many
have to be installed in parallel (usually in box@syive the required flow.

It is easy to see the advantages of adtydione as a separator as it is essentially a&pmépipe with a tangential
inlet, a cone at the bottom and a lid on top, whth overflow pipe (vortex finder) protruding thrdug. This simple
piece of plumbing has no moving parts and can stalied easily and cheaply. The tangential inletegates a
standing vortex in the flow inside and it causesgaparation of particles from the flow by cenggduforce. There has
to be a density difference between the particlestha liquid for the separation to take place sosparation is
essentially by density and patrticle size. In additio that, due to the steep gradients in the fteseparation can also
be by particle shape because of differences imtii®n of the settling particles. All of that iery useful in starch
applications but one general problem is that adgyirione on its own, in a one-stage operation shase limitations
in performance which for fine starch particles #meir relatively low density need extending.

If the particulate system presented tohyarocyclone is of uniform density and of uniforgnanular particle
shape, the separation is by particle size as shWwig 2. The curve is called grade efficiency @and, like a
‘transfer’ curve, it shows how much of the differgarticle sizes in the feed is separated intactregse product
leaving through the underflow. If one needs to wauk how much mass in total will be removed as searoduct, it
is an integral of the product of feed size disttidm by mass (or volume) and the applicable grdfigiency curve of
the hydrocyclone. Similarly, we can also prediet farticle size distributions in the two outgoitigeams if needed.
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Fig 2. Typical shape of the grade efficiency curve G(x) of a hydrocyclone (dotted curve), the definition of

the cut size X5 and the effect of the splitting of the flow Rf. The dashed curve is much steeper (giving a

sharper cut), with reduced intercept, as can be obtained with a multistage arrangement. Please note that
this may also move the system cut size to the right or left (not shift is indicated in Fig 2) depending on the
arrangement used.

Coming back to the grade efficiency cutself, it can apply to a single hydrocyclone staga whole multistage
system with or without recycles. Its most importkgature is its position along the x-axis. The camest way of
describing this position is the size at which thadg efficiency reaches 50%, and we engineerstcalit’ size %0

There are two other important properties of theseuthe sharpness of cut and the split ratio. Teepmess of the
curve, as described by many different indices,nseasure of the sharpness of cut i.e. how cletireiseparation
between two different fractions in the two outgosigeams in particle size (if the grade efficiercplotted against
particle size), in particle density or particle ghaif plotted against those properties respegtivalwheat starch
processing, all of this is highly relevant as weymeed to separate size fractions in some processkbm others
different particle densities or particle shapesit@h from starch, for example). As can be seengr2fFthe sharpness
of cut of a single hydrocyclone is not particulaglyod but a multi-stage system can improve thisarkably as shown
by the dashed curve.

The last characteristic parameter is g itio Rf which gives rise to, and is usually equal to,itttercept on

the y-axis in Fig 2. Using the notation from Figtlis defined as the ratio of the total underloslumetric rate U and
the total feed flow rate Q, i.e.
R¢ = UIQ

This is because the underflow is in the form oluarg, and the liquid content and to some extesb dhe particles in

it, carry some of the finest fractions in the féet the underflow. The result is that the gradiiehcy shows a finite
efficiency for particles approaching zero in sitee(intercept in Fig 2), which the centrifugal aatiwithin the
hydrocyclone has no chance of recovering into tidedflow. This effect of the splitting of the feftdw into the two
outgoing streams affects all fractions presentoafrse, but for the finest ones it is most visiblhen the purpose is to
maximize recovery of all solids, the effect is vaatte and can be boosted by simply taking more liguil the solids
by increasing the size of the underflow orificeofigh one would not necessarily want to do that diLites the
underflow). When the purpose is classificationgarch washing) to producecaar se product free of fine particles

(or granular starch particles free of the hydroatyitally lighter gluten), the effect is detrimendald the split ratio has
to be minimized.

In a single hydrocyclonef Ban be reduced by reducing the size of the urmedkifice but this coarsens the cut

which usually is not an option with wheat starcedRced split ratio can, however, be once agaireseliby using a
multi-stage system as indicated in Fig 2 by théndd<urve. Finally, when the purpose is classificato produce a
clean fine product free of the coarse patrticles, the splitting offlbev does not affect the quality of the fine protjut
just reduces the yield of it.

Let us now have a look at what needs tadhéeved in wheat starch processing and how thastates into the
use of hydrocyclones. As a natural product, whigaith has no standard particle size distributionitousually looks
like shown in Fig 3. It is bimodal (having two pegktherefore consisting of two distinct fracti@mrsspecies. Particle
density is around 1500kg/m3. If one needs to recasenuch as possible of all sizes of starch ptetiemcut size of
the hydrocyclone (if just one stage is used) dhefseparation plant (for multistage arrangemer#s)to be as low as
possible, preferably below the minimum particleegizesent. Unfortunately, due to the low densiffedince between
the wheat starch particles and water (about 50@&p/a single 10mm hydrocyclone operated at themax



practicable pressure drop of 6 bar is unlikelyit@@ cut size lower than about 6 microns. Thisaslow enough as
there are particles present in the starch thdfirree (down to about 3 microns) and one would thedosing some fine
starch to the overflow. One can remedy that, howéwuereducing the effective cut size by using r@esen the
direction of overflow, as further discussed later.
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Fig 3. A typical bi-modal distribution of particle size of wheat starch (by mass or volume) showing where we
need the cut size to be when classifying or washing/thickening.

As can be seen from Fig 3, if the two safgafractions present in wheat starch are to parated, the
approximate cut size of 10 microns is needed aatlishachievable without the need for loweringchesize in a
series on overflow. In all other cases we haveotoliine overflow and underflow series in one inatah, as shown
later.

Series connectionsin the direction of overflow

These connections are used either to Itiveecut size or to re-classify the fine produgt &process sometimes
called refining). In its simplest form it is contieg) hydrocyclones one after another to repeaséparation on the
overflow of the previous stage as shown on theeexérright of Fig 4 for a three-stage installatiBasides the simple
overflow series it also shows the use of re-cycimgngements A and B which are used to compettsamherwise
high overall I? ratio in this arrangement. These arrangementsgilecthe designer the option to set up the fiages

as a thickener (operated with high underflow cotregion) and following stages as clarifiers (opedatvith dilute
underflows and higher cut sizes as a result).
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Fig 4. Three alternatives of a three-stage overflow series: comparison of the two underflow recycling
arrangements A & B with a simple overflow series. Normally, there will be pumps in between the stages (not
shown in the picture) but the simple overflow series on the right has been known in some cases to be driven
by a single pump at the front. However, in that case the effect of the extra back pressure on the overflow of
the initial stages has to be offset by suitable adjustment of the underflow orifices in those stages.

In classification of wheat starch, the rflesv series has been used to produce a clearc@ingonent of the bi-
modal starch, free of the coarse fraction. FoRtist patented this series for such a purpose thighview of
producing fine starch which he identified as maatuable. However, for the case of producing a ctemrse product
this would be no good as it would be polluting ithafines due to the relatively large overall spdtio in this
arrangement. For this, the undeflow series is &beption as shown later.

In washing of wheat starch, the overfl@nies plays a very important part and it is nowejubutinely used to
treat the system overflow from a counter-currenghiag train, as will be shown later in this pageg(6). Without it
(or another more efficient separator like a sedimgrcentrifuge as often used in USA), counter enrwashing trains
that use hydrocyclones would otherwise lead to ceptable losses of starch to system overflow (wbhahg gluten is
wanted). When given the alternatives presentedgrtFdesigners sometimes opt for recycling arramgés A or B in



trying to reduce the amount of water returninghi® washing train. However, it is often possible better to use the
most efficient arrangement of the simple overfl@sies without recycles but compensate for the asmd water return
by adding less water elsewhere, such as at thedfahe washing train. | have advised a Britisheahstarch producer
along these lines and this lead to significantéases in starch recovery.

Series connection in the direction of underflow

In spite of several options in this catgdoeing available to industry in general (see G&ap in Ref), there is
really only one option useful for wheat starch.sTisi because the simple underflow series (conrgebtdrocyclones
one after another to repeat the separation onrttlertiow of the previous stage) always leads toasening of the
system cut size. In case of wheat starch, oneftireralways has to compensate by using overflowotes and,
therefore, these are always present. The avaitgistem is shown schematically in Fig 5, as an elaifop a three-
stage arrangement.
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Fig 5. A schematic diagram of a three-stage underflow series with recycles as used for classification,
washing or thickening. Here recycles must be used because a simple underflow series would otherwise
coarsen the cut too much and also require much larger amounts of wash or dilution liquid. In washing, this
system is for obvious reasons called ‘counter-current washing train’ and it may use up to 20 stages. Once
again, pumps (not shown in the picture) have to be installed in between stages.

This may be used for thickening, washinglassification. The streams depicted with largease dots carry the
solid starch particles from left to right, beingskad or classified by a stream of wash/dilutionitigpassing through
in the opposite direction from right to left. Inolehydrocyclone stage the solids stream is filsttelil by a returning,
cleaner stream, then thickened in a hydrocycloaegsénds the decanted liquid backward to the puswtage and the
thickened solids forward to the next stage.

One significant application of this arrangent in classification is that of producing coatsech as stilting
material for manufacture of carbonless copy papee.technology was first developed to use arrowstanrich which is
suitably coarse and mono-modal but, as the sugyrowroot worldwide is too limited, the coarsemgmnent of
wheat starch was found as a good substitute. Tleechmponent has to be removed really well as itldviead to
smudging when using the copy paper. There are gnubivhen attempting to classify wheat starch dnaib
classification, because fine powders like starehdifficult to disperse well in air and to keepglispersed during the
classification process. As most processing of whath, including washing, is done in water andisgersion of
starch particles is much easier in water, clagsifin can be done wet, in a system like in Fig&nd8 patented a wet
hydrocyclone process for this specific applicatom this has been used widely since, in preferenag
classification. The purpose of the arrangementgrbRin wheat starch processing can be identifesilg when it is
used with only 2 or 3 stages and without an adaitieeparator on its overflow (as depicted), @léarly a classifier.
In washing, it would not be very efficient and ibmid be losing significant amounts of the fine alt@into the gluten
stream. During the lifetime of Bond'’s patent, theesre been attempts to use the arrangement in féig 5
classification, under the guise of counter-curreashing. Yet, for outside pretences, a compleediyndant air
classification step was run just to avoid pateigdtion.

By far the greatest use of the underflevies with recycles in Fig 5 is in counter-curresshing. In washing of
wheat starch, this is the removal of a soft, sestidsand light material (the soluble and insolupteteins i.e. gluten)
from granular solids (starch particles). Hydrocyas are ideal separators for this application teafithe high shear
forces in the flow which separate the semi-solidkg gluten from the granules of the starch péeticGluten as a
product is concentrated into the system overflovctviis then further dewatered in subsequent praugsehilst the
washed starch particles are concentrated intoysters underflow, again possibly further dewaterad¢t

As was pointed out previously when distusshe selection of the operating cut size in wagland/or
thickening of wheat starch, the cut size of hydobayes on their own cannot be depressed low entghevent the
very fine fractions of starch escaping into therioa. So in a series connection on underflow whidarsens the cut



size anyway, an additional separator (or hydrogyeloverflow series) has to be bolted onto the wastrain. Fig 6
gives a typical wheat starch washing system (9essagan example) which normally has to employ surcadditional
separator (or a series) on the system overflowuitstion is to return the finest starch fractiovisich the first washing
stage is not capable of separating efficientlyedisenting centrifuge (Merco by Dorr-Oliver, forample) is
sometimes used in this role in US but a three-sbageflow series of small diameter hydrocyclonegiteto be used in
UK and elsewhere in Europe. Fig 4 gives the thtagesinstallation alternatives and their meritsesountered in
consulting practice.
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Fig 6 A line diagram of a typical starch washing plant. S is the additional separator or overflow series
usually employed to reduce starch losses to overflow.
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A well-designed arrangement with the réeyaisually plumbed-in (i.e. no intermediate sutmpisa pump before
each hydrocyclone stage) is capable of excelleshing efficiency coupled with minimum solids losse®verflow
and good thickening to 23 to 24 Baume' (this ikierg density measurement using hydrometers; 24iau
corresponds to about 40% by volume for starch).skagc pressures around the system allow a fultyosed,
‘plumbed-in’ arrangement but one problem is thatgias cannot be easily accessed (as would besihiediate
sumps were used) and the resulting lack of knovdexfghe solids concentrations around the systeynleaal to
incorrect and wasteful remedial work. One consgltiisit to a wheat processing plant in Ireland vehiiie washing
train set up by the manufacturer failed to prodiheethickening performance expected and only 17igawas
achieved no matter how much the wash liquid supgly reduced. As a desperate remedy, the useréustal
additional three-stage hydrocyclone thickeningeseon the system underflow that then produced ¢saat]
underflow density of 24 Baumé.

This extra thickening arrangement showtlhave been required if the washing train wasipgiroperly. The
problem was that the minimum liquid flow to carhetsolids down the train occurred somewhere witténtrain and
not at the end of it. Attempts to starve the systémash liquid failed because this simply redutiedid flows
everywhere in proportion and it did not move thétlbaeck but merely increased starch losses tofloverAnalysis of
the system function with a mass balance simulatfiware revealed a simple remedy: more liquid addettie solids
at the front of the train moved the point of thiskanderflow to the end of the train. A correspogdieduction in
wash liquid addition then brought the system urderto the desired concentration level, therebyiativg the need
for the additional thickening series.

Washing train design recommendations

The counter-current washing trains insthih industry often represent the most completspzfrthe overall
processes and are often designed and operatedditigns far from optimum. Experimenting with anpitionising
such systems is difficult, particularly where thare no inter-stage sumps used and samples aftdrenediate streams
cannot easily be taken. It is, therefore, advamag¢o use a computer moti find out how such systems work and
how they respond to operational or design changes.

The following recommendations may be drénem the mass balance calculations performed fferdnt
possible scenarios encountered in industry. Cangutixperience with several working systems in stduconfirms
the conclusions.

Thewashing efficiency of a counter-current washing train is primarilyetetined by the values and order of the
flow ratios I% used in the train, and by the number of stagedamg. It is not affected by the supply rate of was

liquid, irrespective of whether the liquid comesniith the solids or through the wash liquid feedhat end of the train.
The wash liquid supply only determines the coneiun of the solids in the underflows in the diéfet stages and
overall.

Thewash liquid requirement of a washing train designed for a given washingieficy and maximum



underflow solids concentration anywhere in thentigialso determined by the values and order ofitheratios @
and by the number of stages employed. Fewer stagege lower I?ratios and greater wash liquid supplies if they ar

to achieve the same washing efficiency and to ¢petathe same maximum underflow solids conceomati

Setting of the flow ratiosin the different stagds another important design consideration. Gengnathshing
efficiency is maximised by minimising the flow rasiin all stages. The solubles/wash system cahpwtever, be
considered in isolation. The transport of the soltbng the washing train and the solids separaffficiency in the
individual stages and overall, also have to bertakt account. The problem is that the effectheffiow ratio in each
stage on the washing efficiency and on the seperati the solids is contradictory and the demandké different
stages are not equal. In the first stage of thénimgdrain, for example, good separation efficiefaythe solids is
paramount because the stage has no protectioe of/érflow recycle like in the following stages. tBat higher I?

ratio is needed here, giving lower washing efficiein the stage. In the following stages the flatia can be
gradually reduced because they have increasingBtgr protection by the overflow recycles, with lde&t stage
designed for the best washing efficiency becausaritallow some solids to escape with so many fesyo return
those solids to the train. The problem is, thersfone of optimisation of a three-component sejmaraystem and
today’s computer technology allows us to do thifl.v@&irprisingly, there are still many washing tr&in operation
where all stages are set at the sarpmﬁbs and, therefore, not operating at optimunfigoeance. This is particularly

important in wheat starch applications where the fiarticles present make solids recovery a spelcédlenge.

In order to be able to optimise the systemhave to know how the flow ratio affects thpagation of the solids.
In the case of hydrocyclones, the effect of thmrattwo-fold: increasing Bleads to improvements to separation

efficiency by the contribution of the splitting thfe flow called "dead flux" and a further improverhes caused by the
reduction in the crowding of the underflow orifig&oth of the effects can be described analytidaltycertain
hydrocyclone geometries and the above-mentionddhigattion is therefore possible. The technical aspef this are
beyond the scope of this paper and the readefeised elaswhefe?*for details. Generally, the best design of a
counter-current washing trairsing hydrocyclones is such that the flow ratiosrease along the train, so that:

1. the overall solids recovery is high,

2. the solids concentration is always highest eetid of the train (i.e. in the system underflow),

3. the solute or light component concentrationystem overflow is high,

4. the wash liquid requirement is low.

A final note regarding the pros and cohgsing the intermediate sumps between the stdgeswashing
efficiency predictions we make when designing waghiains are simply based on the mixing and thitig ratios in
all stages. This assumes that there is perfechgieiking place and that the mass transfer of alubkes from the
solids into the suspending liquid is complete. Tihigue for wheat starch where the solids areorasly non-porous
and enough time and shear are assumed to be dwailahe pipework and in the hydrocyclone so thmextra
residence time needs to be provided in a feed diefgre the hydrocyclone. One still encounters sstarch washing
trains with feed sumps, however, which then progdeater flexibility, control and accessibility fsampling then the
fully enclosed ‘plumbed-in’ installations.

Conclusions

The technology for processing of wheatcstavith hydrocyclones dates back to or beforestmnd world war
and it has been gradually better understood arkdeudeveloped since. We now know enough to betaldptimize
the available systems so that we can achieve nmigtoived plant performance. The present paper giwesnmary of
the available and installed systems, the reasdmadb¢he choices made and further references foe trezhnical
detail. There are some software tools now availdrléhe design of hydrocyclones and their netwpakel for doing
the complex mass balance calculations involvedimter-current washifig
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