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AGCGLOMERATE GRANULATION A5 AN EQUILIBRIUM PROCESS

£
J.1, ven der Leek, Fertiliger plants UKF/Stamicaxben (Nothorlands)

1. INTRODUCTION

Agplomerate granulation 12 a process in which a mass of loose zolid
perticles is tranaformed into a granulay aystem of apgplemerates by mixing
it with a limitod guantity of 8 liquid phase. The binding forces causing
the particles to 3tick togethel ayre provided primarily by the capillary
suction forces whieh are generated when the small voids between the
particles are wholly or partly filled with liquid. The higher the degree
of filling of the total void volume, the granules formod will consist of
moxry primary particles and, in consequeance, have i larger diametor.

From pany cxperiments described in the literemture it can be derived that
i the liguid phase content of such a granulate (y%wt) approaches the
maximum degree of filling (y'), the (averagw} grabule size will tend to
infinity. Obviocusly, 1f the degree of filling equals zero the average
g¥ahule sizo will be equal to the average size of the primary zolid
phase in its original form (EPJ.

A gualitative representation of the foregoing iz shown in fig. 1.
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!UKF was formed by a fusion of the formex firm of Mekog—Albatros and the
fertitizer department of DM (Dutch State Minea) in 1972, Its production
fagilities are located in Holland, UK, France, Ireland and Belgium,

Stamicarbon iz & subsidiary of UKF/DSM, speclalised in ligencing and
desighing plants using to the progeages practised by UKP and DSM, inoluding
procesa know-how for ovex some 200 different fertllizer types and formulas.
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It i not our intenticn at this moment to deal in close detsll with the
correet mathematical ralatiupship between ag and its meost principal
detormining factors dp, y and y', hut exclugively procesd from tho
viewpoint that the average diamater of a granulate wlll increasc yith
increasing liguid content of the granules.

In ita simplest form this can be sapresgaed As Eg = t(y).

In the ahove outline of the granulation process attention iz direated
primarily at the increass of the average diameter resulting from the
inerease in liguid eontent of the granulate,. However, onc should be well

aware of the faet that an increase in ligquid contont will not only ralse

the average grahule sime but, in fact, shift tho total sieve ocurve of
the granulete to a highser 1evel {fig. 2).
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Aas will be shown later, this is a factor ol practical importance, becauss
it provides a tool for controlling the proportion of "good product”
fraotion that can bo obtained from the total amount of granulatse., For the
gbjective of granulation i3 not to produce a granulate ol meximum averagsa
diameter, but a granulate containing a maximum proportlan of "good

produat” (i.e. product coming within the specificd diameter limitse}.

Briefly summarized, we may say, therefors, that:

. = tha relstlion Eg = I{y)} denotes the degrese to which the sieve curve of a

granulate 18 shifted upon a change in 1iquid content,

— the total sieve curve indicatos how stropgly tha "good product” fraction

(between a and b mm) is influep¢ed by changs in ag.
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It should be noted that whereas the faotor ag in the first relation is the
resultant of the process in the granulator {granulate formation), in the
aubsequont stage this factor constitutss the cause of what is happenibg
on the zieve (separation of the granulate into good produgct and off-zize
product, or reoycle fractign),

We thus hawve;

ER‘ = IT(y) {1} whore y = per cent of liquid phase in the granulate‘
z = f(dg} {2y whare £ = per cent of good product in the granylate.

2, GRANULATION UNIT

We xhall now elaberate on tﬁc abovementioned relations with
roference to a baslc diagram {(fig. 3). Only the granulatox and sleve=
crusher sectlons are shown; cooling and drying equipment has beep
omitted hecause this devs not Pluy en assentinl role in the estabiishment

of equilibrium botween:

liguid contont —me= sverago diameter ——ee— Eood product fractioh
g AR 1L

)
b — = = —rolation 1-- -’ L-——relation 2-=-

Under practical conditions the sieve curve may alightly change
whilgt the granulatc is passing through the coolers and driers:
#lthough of minor significance, tho influenco of the responsihle vifecta
(after granulation, dust and ruptura formation, et¢.) can be asxxessed
by detérmining the =sieve curve in the cooled and dried product,

From figura 3 it can be concluded already thet for the sltuation
in @ granulation unit to be in equilibrium, the total feed to the
circuit (w) must be in balance withltha totanl discharge (L)} . We shall
have t¢ oxamine thurefore undor what conditions this requirement will be
satlafled. For this purpose the essential steps in the grenulator and

aievas will boe consildersd separately.
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weight of net [eed (wholly or pirtly liquid)

= woight of granulate (average diameter 40

= waight of end product (betwsen a8 and b fm dimmeter)

= werlght of regycle product (dust plus arushed granules) - average
lameter dp

= S B
| .

4. GRANULATOR ACTION

In the granulateor, the net feed (wheolly or partly liquid) 1s mixed
with the dry rocyele stream. The liquid ceontont af the resplting gremulate
will inoreass as the propertion of the nat food in the granulate
inureases. We polnt out, howsver, that tho wltimate liynid content neod
not be agusal to the welghted average holween the pmounts of liquid in
the feed and rocyele flows, because the liquid phase in the fesd may,
after wixing with the colder recycle stream, give rise to crystallizing
or dissolving effects, The actual liguid content will be primarily
determinecd by the following throo factors:

- H20 gentent of the feed,
- solubility of the salt mixture,

- tewperaturc in the grapulator.
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Although = and this applies particulariy to fast-soting prenglators — it
iz %till an open gquostion to what oxtont phyrlaal cquilibrium will
eatablish between the liquid and solid phases, we may postulate that the
liquid contenl of the pranulpte is clearly roleted to:

the feed-to=grunuylato ratio (V/G),

the: combination ol the aforementioncd three fauctors (further to be

called the “feed conditions’) in the wotual situstian,

In the lignt ol whet has been =snid above, tho original relation
Eﬂ = I{y) (EE iz a function al tho liquid conilent),
Bay be replaced by:
Eg = f(V/G)C (Eg ig 4 lfunction of the proportion of food in the

grunulete (V/G) and of the feed conditions (o) ).

The graphical repreasnistion of this rolatleon for various feed conditliona

is shown in fig. 4, to which we wiah lo add the lollowing notes,

- A large number of experiments in the UKF-Stamicarbon pilot plants
(output: appr. 100 kgs of wranulate/h) and in commerainl plants {output
per unit: appr, 100-150 t/h) bave shown that (ho ralation Z'ig = #HV/6)

is very well reproducible under vonstant cperating conditions, and that
the resuliys of pilot plant runs arc in very good sgreemsnt with thosse of

experiments in commercial instasllationa,

It gun ho seen that the asymptotic trend of tho original rolation

q = £(¥) can still be alearly recognimscd in the ahapa of the rolation

o
n

LV/G) ., The roletive position of the three V/G lines {a, b ahd <)

1z elearly bound up with the Cact that feed conditions providing a lawor
liquid contont (& "dricr feed" as ropresentsd by line ¢}, demand a higher
V/G ratio to enable the intor-particls voids to b completely filled
with liguid than whet 1z negussary under wet feed conditdona

e Lary” feeq)

Fig. 4.

al, wetl" feed)
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- It will ho obvious that if V/G = O, ag may in all pases be gonsjdere)
equal to the average dismeter of the recyle broduct (ap).

In moat plants ap is approximately cunstant!, begause it is defined by
the mesh sizme of the fine steve and the sctting of the crushers, It oan,

however, be varicd to a limited extent by changing the crusher setting,

In summatry, the relatian bélwien GH ang V/G ¢ah be basically itifluenced

in two waya:

- by varying the "wetness" of the feed, which causes the V/G-line to hinge
about its origin (fig. Sa),

= by varying the diameter of the rocycle product, which causoes the V-1line

to shill towards the left or the right (fig. 5h and Seb.

a & ¢
ap __ag
Fig. 5 (a,b,c}

4. BTEVE ACTION

The function of the sieves in a granulation line consists in
recovering the “good product” fractien {granules within the apecificd
digmutoer range a-b) as end product from the granulato.

If this [raction {L t/h) 1s withdrawn from & granulate flow of G t/h,
the good product contont of the gros3 granulate can be denotod as L/G.
Wo thus have two (actors which relate to the composition of the granulate,

ngme: ].y:

!Th& reuycle stream 18 made up of & portion of scroen fimes and a portion
of crushed grahules. Even 1f the average diameteri in these two portiona
are constant (but unequal), the sverage dismeter of the total recycle
product (d ) will depend on the fines~to-coarse ratic. Hemca, a shift

in thiz we?ght ratio will cause a shift in an.
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V/G = net feod cantoent of the granuleta, and
L/G . good product content of the granulate.
We have already seen that the equilibrium in the granulation unit is
reaached and malntalned only if and as long as vV .- L, or, referfad to the
granulate, if and as Jdohg as V/GC = L/C.

We almo know that thers exists a relation between V/G and EK
(V/G lines).
What we have to do now is to relate L/G to EE in order to detormine at
what valuc af dg the fyotors L/G wnd V/G will be eyusl.
Trom mathematleal statlstics we know that;
- a plot ralating the volums of a given diamster fraction to the average
diameter of thoe Lote)l mass passes through & maximum,
- if the sicve curve (approximatoly) conforms to the "mormal
distrihutiﬁn"*, the abovementioned fraction (1./G) will DLe wuxXimuam 1f
drO Lag) aquals the average of the upper and lewer Limits ol that fraction,
5o, if the limits arc sot at 2 and 4 mm, L/G will bs maximum at
ax = appr, 3 mm,
= the velus ol L/G at any given dg iz depandent on the standard
deviation (d;).

the relation betwsen L/G and ag tor u given el of sivve moshes and two
different standard deviations,ﬂi, and 05 in the granulate iz qualitetivoly
1llustrated in fig. 6.

The main factors governing ﬂ; will be digcussoed latoer.

aly {linal prod. 2 -4 mm}

1 2 3 ]

ol
[
4.

—— Ogmm ¢
Filg. &

*A distribution conforming to the Oeuss curvo. This confeormity will oxist
3f 2 plot of the integral aleve curve versua the probpbility distribution
vlelds a straight line.
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3. V/G AND L/G LINES COMBINED

We havi already made it clear that
— the VG 1ine for w given feed and s given Ep indicates how aH will
inoreasse with an inecrsase of the foed ratie V/G,
- the L/C lipe shows how the "geod product™ content of the granulatoe

(L/GY will increasse with an increase of &g.

A plot of the two lines in one system of coordinatos shows that the
equilibrium Vv/G :: L/G in the granulation unit will he established at

the point whore the lines ibtersect (fig, 7)., The ag valuc pertaining to
that point i% the equillibrium dg’ while the corresponding L/G (= V/G)
donotes the granulation efficiency under the conditions given.

This equilibrium eatablishes automatically, whatoever the {absplute)
quantity of feed supplied to the granulation unit, because the total
quantity of granulate will gdapt itself to the squilibrium point and the
foed rate.,

Q4
e | o ____.__>=>
o2

o1

Fig. 7

Examplo:

If V = 35 t/h and V/G (= T/G) at equilibrium equals 0.28, ¢ will establish
at 35/0.28 = 125 t/h.

It is clear from this that undor one given et of conditiona {i,e,
conditions govorning the course of the V/G and L/G linea}, there will be

only one |:n::.’|.r|1:.!I where the grenulatiop System i5 in aguilibrium,

!Under certain conditions, & Znd and oveon drd eduilibrium DHoint may
exist., This will be discussed later.
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An increass, or decrease, in feed rate will raise, or lowaer, ag for a
ahort while only. After a fow recycles this offect hes complotely levelled
out, and thé granulation .system is operating again at the eguilibrium Eg
and the corresponding V/G (= L/G) velue,

In the end the chunge in feec will be reflected exclusively in a change in
lwading ol tie unlt, T it is ¢desired to chahge the location of the
intersection permanently, this can be done solely by ahifting the via,

or L/G, line inta the direction desired (fhis will be discussad inoporse
deleil later),

Turning to the equilibrium dipgram (Uig. 7)) we shall now deal wilth several
agpects in somewhat more detail such aa;

- the stahility of the cquilibrium peoint,

= the possibility of shilting the equilibrium point,

- suggaestions for further granulation ressarch.

6, STABILLITY OF THE EQUILIBHIUM POINT

ETABLE PUINTS

In the situestion of fig. 7 the two lines intersect in oné 3ihgle
point, This point of ipterscetion mey, doepending on the courae of the
lines, be located either on the left, on, or an the right of the optimum
{fig & m, B, o).

[ ] V/
Y b &
Vi
T c
Ye
dp E—y

Fig. &

In wach of those cases the point of intersectioh iz stable, in that sence
that if any effect should cause the actual ag to deviate from the

equilibrium EB' the equilibrium will be avtomatically restored either to
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the original point (if neither the V/G line nor the 1/G line has been
changed) ar ta a new point (il ohe of the two lines hus been changed) .

An example of the firast alternative 1s illustrated in fig., 5.

Here, V/G incrvases from A to B, whercupon Eig gous up from a to b; et

dg = b we have L/G = € and, hence,V/G = L/G; the discharge from the unit
heoomes smagller than the (eed to it, with the result that the recycle
stream lncreases, As a congenuence, V/G decreases again, so that EH falls

off too, thereby sending L/G up agaln until V/G = L/G.

Fig. B

In the aituation of fig. 10 the wetness of the feed increases

( lipe (1) —= lina (2)Y ). At constant V/G = A, c_iﬂ goes up Irom a to b,
and 1,/G decresses [rom A to B, We then also have V/G > 1/G, the recycle
stream increases untill V/G sgain comoes to cqual LAG.

It shouwld be printed out, however, that in this case the oguilibrium has

permanently shilted (rom {8,A) to {(g,C).
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Eszentially similar shifts will oceur when the intersection livs oh the
laft of tho optimum (Llg, 11); in this case, howsver, shifting of the
V/G line drom 1 to 2 will cause the new squilibkrium to establish at a
higher inatead of at a lower efficiency.

Bagquence of the shifts:

1) VA5 line from 1 to 2

2) EK from g to b; V/G 2 L/G - recycla flow docressas,

3 uﬂ from b to o: V/0 = L/G.

al-- - — - -

In general we may say that an intersection on whose r.h. side the v/ line

lies above the L/G line roprosonts a stable cquilibrium point.

UNSTAHLE FOINT

vepending on the course of the two lines (V/G and L/8) theroe may bo
MoI than‘ one point of j_nte‘ersc-‘e(;t;i.o‘n. c:spe%cinlly if ?lp Ls rpther small
(yery [ine recycle product),

We than have o sltustion ss itllustrated in fig, 12,

Vs

Ys

Aal--- = = _

[

Fig. 12



6 - 12 105

I and ITI in this plot are stsble peints. Point 1I, howover, A8 unatable.
When g duevistlon occcurs, oguilibrium will not réturﬁuta this point, but
tie deviation will increase Ln magnitude until the progess regains a now
equilibrium, either an point T or I1I.

Point 1 is ol 1little practicsl significence {(very low efficicnouy;
negligible increase in granulo diameter).

roint [I}, on the other hend, 18 a very roal peint; however, upon such

& change in V/G @ will Lower Eg to below b, the equilibrium will shift
Lo point T,

Jlearly, a granulation unit operating in conformity with this diagram

is very dillloult to control, sespucially il the causes of the above

phenomena are not underatood.

This type of ogquilibrium, which is charscterizod by a pariial
overlapping of the V/G and T/G lines, is to bho rogarded ps an

jntermediate batwean stablo and unsiab:le equilibria. (fig., 13 line 2)

Fig, 13

In the range where the V/G and 7/G lines overlap, the process doos not
react to changes in the V/G ratio. Howover, slight ¢henges in the courae
wf the V/0 line {[luctustions in the "wetness" of the feed) very socon
create 8 situation in which the gtable equllibrium peoint may fluctuate

pyer a very wide range, Under these conditions the granulation behaviour

therefore fluctuates strongly and is difficult to cobirel,
Y g
SEMIZUNSTADLE_TQUILIERILM LA

A rather erratic granulation behavliour is also encountored in ¢ases

where the atable equllibrium point establishes in the fairly flat seetion
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of the V/G line,

Vary minor rdevistions in the feed or rveyele rate (resulting in a change
in V/3) already produce fairly stropg shifts in Eg (see fig. 14). This is
egpecially apt to ocour il the equilibrium point livs in the higher

diametor range.

Fig.is4

7. POSSIBILITY OF SHIFTING THE EQUILIBRIUM PCINT

Normally, it will be endeasvoured to locate the intersection butwoeen
v/G and L/G in the top of the 1./G curve, because the granulatiohn
elficiency is highest thers. Uranulato dismetors above or boelow this
range give rise Lo loss ol elljiglency, Tf in a given situation the
equilibrium should move too far away from the optimum, it can b
displaced towards the right or the lefl by changing the courae of one of
the twao lihes,

SHIFTING OF THE V/G LINE

Wo have already seeh that the V/G line can be shifted by varying the

"wetness' of the fead (fig. 13} or the valuw of Ep
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Fig. 15

iae degroe to whileh this will influenco ag and the ellicisncy depends
not selely on the magnitude of the shift, but also on the course of the

(unchanged) L/7G line,

SMITTING OF THE LG LINE

A% stuted in par. 4 the L/G line is defined by two factors: the lower and
uppar limits specifind for the end product (a and b mm) amd the particle
size disbtribution (ﬂ;) in the granulate, The effects of thess two

factors can Lhe described as follows:

= the EH value at which L/G pesscs through o maximum lies approximatoly
half way betwoon the uppoer and lower limits where the scparation is nade
(a2 and b mm). Wo say "approximately” because many oxpoeriments have shown
that plotting of the inlegral sieve curve yislds a straighl line only 1f
the plot is made on o log, dismetsr scale. When such a sieve culve is
ghifted towards the larger diameter range, the maximum L/G value will not
poinoide with the arithmetic average of a amd b, but with the lbgurithmic
average, llowever, since a and b lie clouse logether, the difference 1s
rather insignificant.

Example;

& =2, b =4 mm arithmetic aversge = 3.0 om; logarithmic average = 2.4 nm.
As 8 ruly, thier limits® of separation (a and b) are commercially prescribed,
whigh means that they allow only little oppeortunity ol shifting the

optimum d_.
P E

- Brside the fixed a snd b valuss, there is only cne othor factor by

which the heipght of L/i is detormined, namely the particle aize
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dislribution (Ué)' A low ﬂ; (ateep sieve curwve) tends to increase the
L/0 maximum. We polnt out, however, that whersas the L/G maximum
increases with falling 0;, the L/G line falla off more sharply at Eg
values con the right and the left of the optimum.

This explains why wory steep siove curves (often in combination with a
high watness of the food) may go with gramulation cfliciencies that are
egual or lower then those found in the cage of flatter aleve curves. An

expmpls of thia i shown in £ig, 16,

Fig 18

It will be evident therefore that it is not possible to predict what will
happen i e change is mede in one of the twe lines, or that such a
prediction will be misleading 1f no information is available at the same
fime on the eourse of the gbthee lipe,

We can now draw several conclusions from fig, 16, such as:

- raduction of Jé {ateeper sisve curve) 1n the case of a wetter fead
(line 2} will have a nogative effewct.on L/C in the equilibrium point,

whoreas this offeet on V/C (line 1) will be just the revoerse,

- reduclng the wetness of the feed (V/G lihe from 2 to 1) iJ the
granulate has a standard deviation Ui producesa. a minor effect on I/G,

but & large sffect on Eg, whereas at g

o this will be just the other

way about.

In genergl, 1t will be endeavourad, however, to raisv the L/0 maximum

agd high as posalble (Jé a5 amall as posgsible), Theraefaore, it 18 important
to find out thalfacturs on which thia Uﬁ depands,

Unfortunately, wo are not in a position as yet to make any definite

atutewents on this polnt, However, one agpect has coms forward Yery
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clearly in practically «1l experiments, namely the very high degres to
which the O~ value ol the granulate is defined (or co-defined) by the

¢ valuo of the regycle flow. A staopur regycle silsve curve always gave
a stoeper granulate sieve curve and, hence, a higher L/G maximum, Since
the ateve curve of the rucyclﬁ flpw i3 in many cascs determined by the
performence of the coagse revyeslu erusher, the crusher type wnd crusher
capacity should b chosen with very groat care.

The soquence: recycle sievo curve —ee granulate sieve curve with
increasing Eg — w= 1/G line for two <dlfferent sieve curves is shown 1n

appendix 1.

FRAGTIEAL_CORRECTION OF 1/G

W have seen that the L/G line shows the relation botwoen the Iraction
of good product sieved off {rom the granulate and the averags granulate
diamster. Howover, in introducing this line, we tacitly progeseded from
two assumptions:

~ the sisves scparate 100 % ol the good fraction from the granulate, and
- no goxd product nor unsicved granulate is recyclad.

The T./G line dealt with so far ix therefore to be regarded as a
theoretical L/G line, and should be corrected for these two eilwegls ab

practice,

It will be clear though that the good produnt Lraction will never be
scparated off completely, because the scroons are not oapable of making &
100 % sharp cut. The amount of good produci obtained fram the screens

iz usually smaller than the ampunt conforming to L/G, the differcnce
being very highly dependent on the degree to which screens are loaded

(or overloadoed)y, the fouling ol the acreens, the quality of the sereen
deecks, the length to width ratio of the mesh, the shape of the granules
eta, . ,

This explains why tho practical 1/G line usually lies below the
thoorctionl line (fig, 17), The consequencos this hos lor the equitibrium
of gourse depend again on the shape of the aotual v/G line (=ea lines 1,
2 and 3 in fig.17).
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AnThesr ';.Ié Line

B=fractical L/ Line

Flg. 17

¢ much is clear, however, ihat improper sicve cperation frequently hes a

negative effest uwn the granulation efficicney.

Recyeling of pood product or unsisved granulate 1z I'requontly resarted to
in those cases whoro the equilibrium ag lies at too high a lavel, sinco
this causes emeossive Touling of the oquipment., ‘the effeot on the L/G line
will be easentially the sameo ag tiat produced by poor screeh performanco,
1.,e, lowering of tho L/G Line.

If x % of tho total grahulste is recycled by bypassing the soraens,

thu practical L/CG line will come to lie at an x % Lower lavel than in the

event this adaditional quantity were left out of the recycle.

fﬂng-’_

b Line with:
- W ORExXtra recycic
-
L - 2.
Y- mow

Fig. ta
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8, this muthod of recycling cup be resorted to if the equilibrium point
has to be shifted to a lower ag. A remarkable Iegtq;q encountered in this
cage 18 that the noed ol additional reoyoele ipcreascs with an increasc of
the normal resyele flow (from the soreens). At enuilibria corrcsponding
to a high L/G ratio (smsll recycle flow), there is no nesd of enlarging

the recycle flow (V/G line 1, fig. 1B).
8. SUGGESTION FOR FURTHER GUANULATION RESRARCH

We have made it clear now that in a given situation the equilibrium
point in a grabuletion system iz defined by the combihwticn of tho V/G
and LAG linos.

Fxperience in the UKF/Stamicarbon pllot plants (eppr. 100 kgs gramulate/h)
has showpn that under difforing feed conditions these V/G lines can be very
wiell determined and agree surprisingly well with the V/G line in lLarge
production plants {100 t of granulat«/b) ,

Simulteheous determination ol the T./G line, however, is equally cusential
as dotermination of the V/G line, For, the V/G line alone doex nol give
any information sbout the equilibrium point that 18 to ba cxpocted,
neither about #ts location nor sbout 1ts character. Detormination of

this L/G line dpes not require any great effort bocause it can he
construct&d from the same basic itnformetion ax is needed for consbructing
the V/G line,

Turther, from the grapulate sleve curve pertaining to a chosen V/G ratio,
not only the valus of EE but also the amount of fraction intermediate
between two separation limits (L/G theor.) can be read aoff.

Howover, ub important requirement to be satisfied is that the sieve ocurve
ol the recyclo product must f£it in as closely as possible with thit in
the existing production plant or, if the plant i= ati1ll in the dosign
gtaga, with the sleve curve to he expected on the basis of the acresns
and crushers that have been chosen,

The assumption that the recyele flow will be identicel to that produced
in the pilot plant may be misleading, because lhe sorsens and crujhers

used there often differ sltogether from those employed in practices,

Appencdlx 2 shows an oxample 9f a practical produgtlon run in which the

v/G and L/G lines were dutermined for a N+P melt,
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