\J

International
Fertilizer Industry
Association

ISMA" Technical Conference

Stockholm, Sweden
14-18 September 1959

*In 1982, the name of the International Superphosphate Manufacturers’ Associations (ISMA)
was changed to International Fertilizer Industry Association (IFA).

International Fertilizer Industry Association - Secretariat: 28 rue Marbeuf - 75008 Paris - France
Tel. +33 153 93 05 00 - Fax +33 1 53 93 05 45/47 - ifa@fertilizer.org - www fertilizer.org



THE INTIRNMNATIONAL

SUPERPHOSPHATEL

AMANUFACTERERSY ASSOCIATION

TECHNICAL COMMITTEL « COMITE DES TECHNICIHENS

T0 ALL MEMBERS LE/59/65
recalved 10th August
© 1959,

| TECHNIQAL MUETINGS - STOCKHOLM

CONFIDENTIAL

Thie paper will be predented at the Technloal Meatings
in 8%ookholm from SBeptember 14tﬁ to 18th 1959, It wust not be
published prior to that date, and in any case, 1t muet not be
published wlthout the permipaion of the author.

wu Ft EhﬂldriCk

Fisons Limited.
Iavington Research 3teatlon,

0.0 FUMMARY

The factors that influence the oourse of solld~ligquid
reactions have besn reviewsd, Conditions necemsary to obtaln
chemiosl and dynamio similarity for solid-1iquid reacticns in
agitated vemaels have been considered and soaling-up rules have
been given for different critorin of mixing,

The offsct of the dlstribution of repldanos times on
20118-141quid reactions in both chemionl and diffusion regimes hae
been considered for simple apd complex reactiona, and ths difference
in performance batween batoh and continuous stirred tenk reactor

- systems has been smphanisand, Mathods for tranalating batoh renction
Ante to contimicus cperation have been given. ‘

Theso considerations are of the greatest importance in
relation to the production of phosphoric acid by the "wet' process
snd the acldulation smtage of the productlon of complex ferillisers.
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CONELD NE OF ' TEHIGN -

1,0 INTRODUCTION

Tn coneidering plant design for solid-liquid reactions the
problem has two aspeots,

a) Daesign of new plant starting with leboratory data.
o) Aspcasment of cxleting plent or modifioation to exlating
plant.

_ For both of these cases, 1f acourate predicdtions are to
be mede of the performance of large-scale plante, it 1e neceesary
that the investlgmtions should be carried ocut in e model of the
full-sonle plant, '

Thers arc two main considermntions in desigming plant in
which chemical and physical changes take place, based on the
performance of models.

1) Renotion-rato-determining processes; i.e, the variation
of Tenction rate with reactant concentration, temperature and
conditione of mixing.

2) Compstibility of "residence time distribution” in large
and auall plants with the chemicel and physloal changes ccourring,

This paper is sssentially concerned with medel theory,
and the chemioal and physical aspects of plant deeign based on the
conmiderantions outlined sbove, As the chemioal factors in solid-
liquld renctions mey ecmetimes be more important then the physaload
factors, the genernl case of solid-liquid reactions in a ochamionl
regime has basen inoluded,

2,0 EBEACTION - RATE - DETERMINING FROGESHRS

The general caso of n renctlon between a solld and a
liquid or a gas may involve r munber of primary stagea,

() Transport of the solute molecules to the lnterface,
(hj Admorption ot the surfaoce,

(c) Remotion at the murfnos,

(a) Demorption of the products,

(o) Reosasion of the producta from the interfaoce,

Stages(b), (o) and(d) involve the interaction between 14 18 and
s0lids, and way be termed the "chemloal utageﬁ"wharaaa?:) nrd (e )
mey be termed " traneport siages".

Hetorogensous reactions are often claaslf'led nocording
to the rete-~determining astege, as followa:-
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1) Reaotlona in which the rate of remctlor nt the interface is
faster than the rete of trensport of reactants to or from the surface,
These reactione are referred to as tranaport or diffusicn-controlled,

2) Reactions in which the chemionl reaction at the lnterface 1is
alower than the rate of tranaport contml. These resations are known
a8 chemianlly-onntrolled,

3) Renotlone in which both chemlecal and diffusion control are
eignifionnt,

The two maln process variables, which affeot the reaction control
are temperature and egltation, and 1t ime neceasury to carry out experi-
ments In the model at vuarious levels of these varianbles in order to
find the rate-determining factors.

2.1 fa of T arntu

A rlas in temperature will generally incresse both chemieal
end treneport rates, and the reletionships on which these retes depend
approximate to an exponsntisl form. ]

Where k 18 the chemical reaction veloclty constant
D is diffumsion coefficlent
E 1a chemieal activetion energy

Ed is diffueion activation energy

C is a constant

The temperaturc cosfficient of n resotion rete 1is componly
oxprassed cs the rulat%ve inereasooin rate, which is ceused by a
temporature riee of 10°C. For 10%C rase n chemically-controlled
reactlon will give an increase in coofflolent of 2 to 4 timems. For
moss tranﬂfgr, D increesce by 1,25 to 1.5 timcs., 4 fow elmple experi-~
ments at 107C intervuls may thus indioaste the controlling factor.

2.2 Effect gf sujtation

Inorense in agltntion will not nffect the raggtion rate in a
ohemicnl regime, providing that the dispsrsed phasc was adequately
suspended originally, In a transport regime, the offwot of agitation
18 to incrcase the degrec of turbulence und reduce the thiolkmaes of
Btreamline boundary filme, The reaistsnce to processes of hent and
mass transfer by conveotlon is therchy diminiehed and the oversll
rongtlon rote incresses, If recotion rate varics as conditlons of
turbulence chonge, it ie nacceenry to characterise the dynamios of
the syatem.
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The aimplified general rate equatlon for tranaport
control may be exprussed as follows:

- g}_d' = Skd ((.':H -~ C!:] = 8D (GB - O)
dt
Whers ¥ = weight of solld reactant

o = purface area of lnterfoce
kd = mass transfer ocoefficlent.

concentration of aglute in estureted solutlon

0
o
I

- concentratlon of aclute in Bolvent
= diffusion ocoeffloient
thlckneas of ategnant layer

o, 0 o
-

Tor a diffusion-contrelled reaction the effect on the
reaction rate conatant kd may be oxpressed at:

X ¥
S5 d A\ D
N .
If the remction 1s vlscosity-oontrolled, so that hent

transfer may have a slgnifiocent effeot on the reection rate, the
following relationship will be important.

a b
B e O (\xﬂm) (cnﬁ)
R U K
Where = dimension characterizing system *

<
deneity of homogerious phhse
™~

VY -

o viscoslty of homogcnﬂoua.phaaﬁ
= thermnl conductivity

Bpealfic heat

- f1lm hest transfer coefficlent

< = o <
(]

= velooclty of fluld or atirrer

The values of O3 and G , %, ¥y, & and b, munt be
determined by experiment for ghn particulur system baing inveatigated,
Experimonts and a method of caloulating these velues are desoribed 1n
Rﬁfi l¢

» When geometrical similarlty betwesn molid particle

end the veaseel camnot be obeerved in ecoling~up the group (Lay/Lv) mny
be introduced into the aorreletion, where Ls is dimension of particle
and Lv is dimension of vanq;l or agltator,
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2.5 Effeqt of speed of mixing

The speed of mixing or blending may be important in solid-
1lguld reactions,which are eccompanied by precipltation and crystalli-
eation reasctions, Por example, it 18 well known that +the rate and
method of blending eulphuric anold into a "wet" phosphorie aoid prooess
ie an important fector in determining the quality of gypeum produced
in the procesa, Poor mixing with high local concentration of sulphsate
lona ceumes uncontrolled ruoleation and aryatallization.

In praotice 1t is neceseary to determine these effectas under
different conditiona of mixing in the model., Methode for measuring
the rete of mixing in stirred vescels sre glven in references 2 end 5.

2,40 Sgale-gg of Egtnwggﬁgggénigg—grggnau
2.41 Chﬂmjgal ahg;lﬁritx

If the experimentel work has shown that the resotion is
chemlsally-controlled, the conversion will depend on the reaction
veloclty, the equilibrium stote end the reagtion tima:

- OF
LiS

The equilibrium oconetent K o o

e

The reaction velocity constent k ok e

Where & F 18 tho free energy chunge and E 18 the actlvation
ANErgY «

K and k are thus dependant on the absoluts temporature of the
system,and if the reaction time, or distribution of resgtlon times,
are the sams for large ond smull-scale plante, conversion is the same,

2,42 Agitption gloilerity

The three main orlteria in Boaling=up from model to fulle
acale plant ared :

(a) The ®solid particles showld be completely suspended

1n the liguid,
(b) The rate of maess and heet transfer should be the same,
() The times for blending should be theo same,

2.421 Sggnanuigﬂ of 3¢lhdas

The effeot of agiltation on both chemloal end diffusion
controlled reactions is to inoreose the rete, up to the point at
which the particles are suspended, Bo that the surfroe aren of
the a0lid 18 fresly exposed to the 1iquid, end fresh reactants are
presented,to the solid surfroc. Onoce these conditiona hage hesn
realised in the model, the large-sasle plant conditions can be
found by the method recormended in Ref. 3, Asauming that the
madel and the full-scale plant are geometrioally eaimllar, and
equal Tiquld'and solid properticas, for sgusl purticle ofze, the
Btirrer epecd cun he oaleulatsd fmm the lollowing formula:



0,45
NL 42 ia conatant

N is the atirrer spesd end L 1is the stirrer diameter.

2.422 Mpes and Heat trgnafer

When the fluld and solid properties are the same on both
aonles,the squatlone flor mass and heet transfer given in esotien
2.2 aru ne follows:

K, L = Gy (gy;l)" a O, ,om,z)"
B ~ =
e - ¢, (mﬂ,)“ = 04 (.,oNLZ)"
k I ey

Where m and n are the Reynolde indices for heat and mass
transfer,

In the turbulent reglon,m and n vary from 0.6 to 0.8
depending on the geometry of the eystem. The value of m glven
in Ref, 1 is 0,62 for large Reynolds numbera and 1.4 for low

"Reynolds numbera. (2n - 1) (Zn - 1)
== Sao
For aquality of k, and h, NL and N ara
conatant,
075
When m snd n = 0.8 NL ie conatant
0,33

When m and n = 0,6 NL ie constent

2.423 Speeds of mixine

Scnle-up rulea for epseds of mixing are given in Ref. 5

For Re. ) 103

- 10k for Equal time of mixlng,
0.2 '
NL 18 conetunt.
For Re. € 250, for equal time of mixlng, -
o
NL ia consetant,

2.43 Powep requirements for egitatieop

The power coneumptlon in agltation can be expressed in the
following form:

i Cy (éﬁhﬁ}r (ﬂilL)q
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Where P is power consumption
g is gravitationnl eoceleration

The value of r varies from 1.0 in the atreamline reglon to zero for
fully developed turbulencs in baffled mixers. The value of q ia
zero in baffled mixers; in unbaffled mixers it is equal to

ay - 103(,0%2}

b,

Where the constanta &, and b1 depend upon thcgmﬁmct:y of the eystem.

For soaling-up buffled mixers opernting under fully turbulent con-
ditions,

Pg
JONT 1

is oonatant

For equal powsr per urmit velume N3124s conatant,

20l Compatabllity of soalewup methods for egitation

The methods for fully turbulent conditiona in baffled mixers
are summeylzed below:

(n) Suspension of eolids NL 0.85 1s constant
D;?E
(B}  Mnss and ‘heat trunafer '(i) NL - ip conetant
o ]
(31) NL is constant

' (dcpanding on the valuw of the
Reynolds number 1ndex)

0
(e) Equal time of mxing NL < is constant

()  Eouel power per unit volume Nr? 1a constant

The method most comuornly used for sceling-up agitﬁtiun la equal
power per unlt vaolume so it is of interest to compare this with
the other criterin (a), (b), (), and (a).

Fower per unit volume Py of N',,L2
and 1f equations (a) (b) (o) und {(d) are substituted inte this

(a) P, o 1 O
) B, ok 1 0¥
1.4

(1) r, ol 1 _
G) P, of L M

necessary, 80 that in this sense the comrelation can be looked on am
& Bafe one for sunponmions of solids in 1iquida and for mass and hoat
transfer when the Reynolde number index is more than 0.75,



When the index is less than 0.75,1%t is necessary to increase the
power peruunlt volume as the soale 1a Ilnoreaeed to obtaln the pame
measy and heat transfer cosfficlents. Similarly, it ia neceasary
to inerease thc powsr per unit veolume for egual epeeds of blending,

although power requlrements mey be redused by additicon of reactants
at o munbar of polnts in the vesssl.

Reeomm for Bl

The recommended method for eceling=up le equal power per
unlt volums. In the case of maps and heat transfer,where is is
neceasary to incresse the power per unlt volume on Bcaling-up,if
may be prefereable to uss egqual power per unlt volume and ellow for
the ¢hoanges 1n heat and mass transfer coefficlients rather than use
very high etirrer speeds and excessive power consumption. For
equal power per unit volume end geometrically simllar ayetems,the
rutlo of ooefflelente in medel and plent:

(LEJ (133 n = 1)
L
- P

mWEw
m

Where n is the Reynolds index and dependa on the syatem.

Powsr requlrements for agltoted vessels mey be obtained from the
correlation desoribed in Ref. 6 and shown in Fig, 1, The detn

ara not entirely aatisfactory in thie form as both ordinate and

nbecigms contain N, It is more convenlent to remove N from the

abuwiiswe a8 1n Fig, 2. '

Correatione rust be made for the partioular shape of agitetor,
as Figa, 1 and 2 refer to simple paddle agltimtora,

Fofﬂappquimﬂt& power aonaumptionu the following teble may alsa
be usad.

Dégree of ngitation

Vory mlTd 0.10
wila _ _ 0.25
" Moderate . o 0.60‘
Vigorous | | 1.50

Intenes 4,0 or more
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3.0 DISTRIBUTION QF RESILENCE TIMES
3.1 Rnagjgg flow Byatems

The effect of flow syetem on overall reamotion rate and yleld,
particularly for the case of complex reactions, may be very eignifi-
cant,and it 1e necesmary thet the flow eystem of the modsl and the
full-soale plant should be adequately demcribed.

If o Btream of material ism flowing steadily through e reactor
aystem, the flow pattern will approxdmete to one of the following:-

(1) Elements of fluid whioch enter the veassel at the same moment
move through it with conatant snd equal veloolty,and leave 1t at the
same moment. This type of behaviour is uaunlly referred to us
"platon" or "plug" flow. In o perfect pleton-flow eystem all
elomente apend the same time in the resotor apd condltions in the
system are identicel with those in a batoh syatem, for the same
nominel helding time. - In prastios perfect "piaton flow" never occours,
and there is always some longliudinal mixing dus to viacous effeots
end molecular or =ddy diffusion.

(ii) The fluid in the vessa. ia corpletely mixed mo thot 1ta
properties are uniform nnd 1écntical with thoae of the outgoing
Btroam, - ¢

For e aingle vessel A S - °

Where y = fraction of materinl remaining 1n vessel for
time longer than t

® = nominal 30lding time in veassl
! t = time,
Yn = fraction of materiel remaining in n vessels

for time longer than t _
When n vessela of equel sige are operated in serles

] ? 3 - n -1

TR 5 48 T ey

A complete molution of thesc equationa ia gziven in Ref, 7.
by plotting ¥/né v. yn for a varying mumbsr of vesaols in Beries,

(111) - Tha flow pattern is nen-ideal and lies between (1) and (11).
For non-ideal flow syetems relations mint be obtained experimentally,

A method has been proposed by Danckwerts (Ref. 8,) for repre-
Benting the resldence time dlatribution function by 'C" or 'F' dip-
grame, The behaviour of fiuid flowlng ocontinuously through a
vessel 1s racorded graphieally by injecting a quantity of some tracer
materinl § into the entering atream almost inatantaneenaly and
measuring the voncentration of the injected materdial in the cutlet
8tream after time t, A plot of VO/Q pgainst 4/@ im mede,where V ia
the aystem volume and O 18 the concentration of tracer waterinl in the
outlet stream, This method of cnalyais is known ns a " Jump-signal",
Examplen of '0* diegrame nre shown in Flg., 3. Another méthod of analysi
is by "astep-signml”, The concentration of the trnoer in the in-going
etream is raised suddenly from cero to soma value Co and 1ta volue 0
at the outlet 18 memsursd at verlous times t+ The 'P!' diagram 18 the plo
of (/Co sgainst (4/6), and exemples for various flow syEteme are shown
in Fig, 3,

3.2 The effegt of {low syetum op chemlesl regctions
3.21 Simple Reactions

Chenges in the residence-tims distribution 4n o contipuous reaotor
moy often bring about & eighificant change in the courme of the
reaction,
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Sometimes it is poseible to predict the chenges thet will occcur
from o knowledge of the resction klnetics and the resldence-time
distributlon,

Vary often in the casc of hetercgensoue reactlion, where the
apparent order of réactlon mey change as the resction proceeds, it
is not poesible to make these predictions. For chemleally-controllcd
reactlons,which are firast order, or for trunsport-controlled resctions,
which are pseude - {irat ordor with rempect to one of thé reacting
phemes, the cffect of flow aystem on the rewction cun be eanily shown,

Conslder the firet order recaction A __E____; B

then - dgﬂ) L% k(ﬁ)
dt

Where (A)is the oconcentrztion of A at time t, k ie the firat order
renction voloolty constont.

Then log (A)D . Kt

on

- kt
and  x s 4 - a

Vhere (A)o ie the initis) concontrstion of ~, and x is the fractional
degree of conversion that would be obtnined in a batch aystem after
tlme t or in an 1deal platon flow mystem wlth o reeidence time t,

agaumy now thet the eame reaction is carrled out in a con~
tinuocum flow reactor in whiah the distributlon of reeidence times
ie y = f£/0, 8o that y. d(4/9) ie equal to thc fraction of material
spending times between £/9 and /6 + d(t/@) in the ranctor, The
function y ie the same as VC/Q in Danckwerts "C" degrams.

o
S
Then 1l -x = J @ r(%) d(_g._)

For n perfectly mixed vessel

-t
- L]
¥y = E = &
e
2 -kt - %
and 1 - x = jﬁ o ﬂ_(’%)
Q
X -t (k6 + 1)
1 - x = -j- [ O d(i)
* ]
1 -3 = ]
- Ry rea)
for n equal vessels in meries,it can be shown (Ref.7) thet
1 - x !
1+16) "

The quantitative effwect of {low pattern can be showm by
evaluating theee squations for differing degrees of converslon,
and expressing the comversion times as o multiple of the time
required to achieve the asnme degrec of conversion in a batch or
Pplaton flow system,
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Table 2,

[ of r tion o A
gentinuovs stirred tank reactor eystem

Conversion Bateh time Continuous stirred tank reactor system
(n. &)
1 vemaal |2 vesmela 3 wvenesls 5 vesasls
10 1 1.054 1.019 1.016 1.010
50 1 1443 1.196 1.125 1.073
50 1 3.906 1.880 1.504 1.270
95 b 6.370 2.320 1,718 1.370
93 1 21.740 3.906 2,370 1.642

These resulte show that the volumetrie olficlengy of the batch or
"platon" flow aystem ie very much higher than the continuous stirred tonk
resctor oystem, end great care mst be taken in tranelating resulte from
a batch model to e full-seals contimuous remstor,

3.22 Complex Jprotiona

When a elmple reaoction ia carded out in dif*erent flow ayatema the
volumetric effioiencles of the systems moy be dfferent, but for the same
degree of conversiun of reaatants the producta of renoticn are the same,
“hen a oomplex resction, euch as o sucoceeaive recction is eerrisd out 1n
different flow aystems 1t 18 likely that the products of reaction may be
different for the same degreco of conversion of initinl resotenta,

Oonsider the First order succesalve reaction carried out batohwlse.

K1 kz
A——3 B — 3¢

Then - ng!

=k, (&)

T A L ) -k,

dt

Qﬁ%l = ky(B)

Solving these equstions alven,

k, ¢ kot
B) = (g (e Tme T ---o oo ()

ko - 1
(k27
1
Where (4,) is the initial concentration of A.

The maximum value of B that can be obtained will be in time tp and thia
can be found in the usual way by differentinting equation (a) snd equating
to Zera.
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t = 1 Im. k
I — 2
],;_l kz - 1) T e (B)
—— 1
kq

When equation (b) 1e substituted into squation (a)

rad I 1 -r

(B)m = (-":L)g (ﬂxp. M)- :.mp.(gLnl }:)>

(ﬁlg mcp.( r Ln. r) (exp.In.r -1)
r-1

1-r
= (A)D exp. { __JI Iny »}____ (g)
1-r
Thera 1 = Eg
k

1

When the same remction is carried out in a single stirred vessel
with continuous overflow

e -
: -k, t k.t =)
(B) u AQ (ﬂ ! -a 2 ) e d(_w‘&
(kz _ 1) o
o ‘]E;‘

()

Ir

ok N ey )
k-, (k10 +1) (kea +1)

When (B) 18 & maximum

ky ) X
(0 +1)° EFOL
o))
and @ = (gk,) 0 e (e}

Where Qm 1s the nominnl heolding time in the stirred vessel to glve the
mexdmum yield of B, (B)m. Subatituting oquaticn (e) in equation (d)

glven,

(B)m - io}_‘l_ 1 - 4

keplt, (k1;~k2.!+15 (k;%_r.k1- +1))

When » = k

3

(B)m = Ag _r_._1 - 1

-1 (r* + 1)  A{r ;+ 1)
(B)m = A {1 + 2rts ::*)-JI ------------- (£)
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When equationa (o) and (f) are compered it oan be meen that
the mexdmm valusa of the intermedlate product are different for the
two dlfferent flow syetems, The difference will depend on the volues
of k, and k, and the greatest difference will cccur when k, = ko
When thie hgpp&nﬂ (B)  for the batch syatom 1a L% grocnter than (B)m

for the contimicua Bj%tam.

Although thls example may sppear to be of ncedemlc intersst only
1t oan be, in momeways, compercd to the renctions oceurring durlng
ammeniation of superphosphate or nitrophosphates,

In these raactlone the ammonlation process 1n the presence of
calclum sulphate mey be consideresd to be n successive recctlon in
which

Ga(HzFDA)E y CaHPO, , UB‘}(PQA.)E

The reaction is in faot much more complicated, dus to the
intermedinte formation of ammonium phosphates and it is doubtful
whether the renoticn ean be expressed in olasslcal kinetic laws,
Howoever, coneiderntion of the example for the ideal firat order
aucocaslve reaction, muggests that great oere must be faken in
transluting datn for this reaction from onc seale to another, par-
ticularly in coses where flow mystems are not ddentloal. Both ‘
dicaleium pheephate end precipitated tricaleoium phosphate are cltrate
acluble and the standnrd cltrate-soluble test doca not distingulish
botweon them. The agronomlo properties of dicsloium phosphste and
preciitated tricnloium phoephate nre known to be different, Bo the
reproducibility of cltrate-scluble fertilizer of the sume agronomio
properties dopends on the identical Aietribution of phosphate com—
pounds 1in the compound.

Gencrally, a batch process or a continmuous stirred tank resotor
syatem contalning a large number of vessels will give a grester yield
of an intermediate compound than a mingle or amanll number of stirred
veasele 1n serles,

3.25 Diffusjop ocntroliled yreactione

In the casc of aoms dlffusion~controlled reactions, where the
mess tronsfer coefflolent is constant throughout the resction, the
treatment of the preblem is plumiler to that of o Cirst order chemically.
controlled reasction, for comparable comditions of mixing,

In other cases, however, the mise tronsfer ooefficlent doua
not remsaln constant during the rcaction and in these conditicns 1t
is almost impomsible to prodict the courze of the resation with
different flow mystems. The acldulation of phosphate rook with
mxed noids is such n casc, and the only useful method of etudying
this renction 1s under the samo Btosndy-state conditions that arc likely -
to be used in the full-scals plant.

Then rock 1a attacked by mixed sulphuric and phosphoric noidm
in a batch system, an inecluble layer of cslcium mulphate 1m formed
on the surface of the rock. The thioknesa of thc layer depends on
the 1nitlsl sulphurioc acld ooncentration in the mixed aold. Tho
partiel 1nhibition of the leter stages of the bateh rescotion depends
on the history of the inltial atnges of the reactlon, when a "protective
layer” is built up on the surface of the rock dus tc the high inttisl
sulphuric noid content, This history 1s lacking in the continuous resotion
and thus inhibltion dzes not ocour to the asme extent, e the menn sule
rhuric acld ooncentretion in the system ims lower. Compariscn of the types
of curves that are ~btolned by ecomparing batch and continucus systems
are shown in Tg, L.
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3.3 Effect of flow system on physlg:l changes

Very often ths rcaoticna boetween ligulds end solida are
wocompanied by phyelcal changes such op the dissoluticn of eclids
or the crystallisetion of solids from the sclution phese. In such
cases 1t is virtuslly imposelble to predict the performance of a full-
soale plant from model work unless the distribution of residence times
in the ayetem is the same and condlticns of mixing are truly compareble.
It 1s surprieing, thirsfore, tc Boe that betch experiments sre atill
oommonly ueed to wsacsa the resctivity of phoephate rock and the filtrotion
characteristics of gypsum produced frowm the rock, The unrelisbllity of
batch exporiments for asscssing the recctivity of Tock hae been dls-
oussed above, and the unrelisbllity of f1ltration data from batch
oxpsriments for nesessing tho performanos of full-scalse continuous
plonts can also be shewn. In the "wet" phosphoric acld procesaes in
which pypsum is belng produced, = large recycle of alurry is used to
maintnin a relatively low degree of superseturaticen cf calelum sulphate
in the 1iguid pheeo in the main reactor. Under these conditlone
nucleation is restrained, and large gypsum cryetala which fllter and
wash easily are formed, When the same resction 13 curried out batch-
wise the ropid inltial attack on the rock resulte in o high degree of
supsrsaturation of caledur pulphate and in uncontrolled nuclention.
Gypsum is preciplteted as prall needle-likc oryetals whioh have
normally poor filtration end washing charaoterlotica,  The results
in Fig, 5 illustrate the differunces in the chursoteristies of gypeum
produced batchwiec and under steady-state conditlcone in n single veseel,
all other physbal and chemionl operating conditions being the same.

r rom bat =} T Gypsun from
ant oun Byetom

Jpecific bsurface
ares by alr permes=
bility. 2500
80.cm.,/ go. C1LOOD uq.cmw/gm.

Ancther exemple of the lumportence of flow eyetem on the phyeiconl
changes that ~ocur in the mamufecture of phosphorie acld 1s the trange
formatlion of heml-hydrate to gypsum. Vhen o lelum sulphate is preolpl-
teted from the system Cal0, - H,PO, - H0 the initial procipltaticn is
as hunl-hydrete which thanhtrangfwgmn tg gyveum. Transformation ratus
for pure rcootants are glven in Ref. 9., Similar resulte .oon be chtaineld
by renoting phosphate rock with mixcd eulphuric and phosphoric ncids.
Under the conditicna at whichrphouphuric acid is made in the "wdt"
gypeun prooess, 1,e. pbout 75°C and 30% P O_, the troneforuntlon rate
Por sbout 95% of the hemi-hydrate to gypﬂﬁmBiB several hours, If,
nowever, the syetem ie seeded with gypeum crystals the transformation
yates arc reduced considerably, as shown in Pig, 7. TFuctore such as
degree of slurry recycle may thua influcnoe the trenaformition rate
of hemi~hydrate to gypsum and the final crystnl form, emphasising
aguln the importance of truly simulating the flow ayetem in the
model .

3.5 Methods of tyanslgting putoh podel datg o fujl-g2cele

cogginuoga Elen&

Although the paper so far hag emphesised the need to uBé simdlar
flow syatems in model and full-seale plant, prrticularly to nBsSces the
physicel changes taking place, 1t is possible In certaln cupes to
prediot the chemlesl changes that will cocur in a full-scale plant
from &= knowledge of small-scale butch data. ' ’




—15~

341 Algebralo Method for resctions of _Jnown opder

If o reaction follows a first order law xX=1«08

-kt

t is time

k 1g first order velooity constant
x is fraoctional conversion

The continuous plant be zsmepsed from the squation
S

l1-x ZJQ hkt\f(_&) d(ﬂ&)

where {(3) 1s reeidence time distribution funotion
©
6 ia nomlnal holding times in eystem,

In the cnae of a number of equal mized rewotors in Beriem

g +kG:I)n

Where 01iu nominal holiing time in each veassl

n is mmmber of veassels,.

The algebreic solutions of segond order reastions in stirred
tank rasctors ers given in Ref, T

3.42 Graphiog] methods of asawssment
Homogengous reaction

Usually for s0l4d-11quid renctlone 1t is not poasible to expreas
the reaction in olmssloal regmotion kinetics. However, in certuin canes,
when the renotion hehnves as o homogcneous reaction in so far as the
reaction rate depends entirely on the oconcentration of reaotonts in
the homogeneous phase, o simple graphical teochrdque can be umed to
prodict the performanoce of the contimious etirred-resctor ayustem
using batch data. -

There are several assumpticns necessary before the method holdm,

%1; The compoeition in each veseel is uniform throughout.

2} The rate of change of resotent considered will be the
same in a vesael in a continuous systom as in & batoh-
wise ayatem when the value of the renctont is the aame
in both vesszels,

(3) The reaction rate curve does not pass through o meximumy

or mindmum during the oourse of the rescticn,

The varintion of conocentration or degree of convereion X, with
time t,in a batch syntem muat be known, 4 graph of % versum t 1im
drawn and from this dx/dt versus x. (Figs, 8 & 9),

Through the point x = x,,d%/dt = 0, a etraight line 1a drawn
aof slope Q1,whare 94,13 the nominal holding time in the firet vemeol,
The point of intersection of thie line with the plot dx/dt VErsus X
gives x,,the concentration or degres of comversion in the first
vessel,  Next, through the point x = x1,dx/dt s O, o stralght 1ine
of Blope @, is drawn, where QE is the nomlnel holding time in the
pecond vngsel, end m0 oh. ‘

The method 1s desaribed in detal]l in Refs. 10 and 11.
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3,43 Reactions in the diaspereed phase

The cnalyaie of a solid-liquid reaction,im which the resotlon
rote iep & funotion of the concentretion of reactant in esch phapc, 13
more difficult thon e homogeneous syetem,and until recently there have
been no published methods by which the conversiocn in a continuous
system can be cslculated or predictsd. A method has now been suggested
(Rer.12) which wlll hold for hetorogenecus eystems in which the reaction
pocure in the dispersed phase or in the boundery leyer round this phase.
It 18 eseumed that the concentration in all oontinucue phase 1la the same
throughout the vessel, but there 1s a spread in the degree of conver-
sion in the dlsperasd pheee correeponding with the spreed of resldence
times of that phose,

Briefly, the method i8 as followe: diffcrentlal rote data are
obtained for differing initiel concentrationa Co, 1in the continuous
phase, but for the smne inltlal concentratlon Do in the dlapersed
phase, (Fig., 10.). From the batch experiments dl/dt, the rate of
dienppeurance of the recotant in the disperaed phosc, 18 determined
ut a constent level of C,,which 18 the regquired outlet concentration
of the oontinuoue phase zFig.ll). The value of dt/dD ie plotted
ngainet D for the oonstant level of C, (Fig. 12) and the ourve is
integrated to give tac concentration D in the dlspereed phane as a
function of ite age, t. ' '

The average concentration or degree of conversion D, in the

recotor outlct is found by integrating D over the spread of purticle
age which ocours in the atirred vesael,

o)
N
: |

-
For a porfeoctly mixed vesael Jﬁ t °
T) =
« -t
o
and B, = JD a -d(%)
o

CONCLUSTONS

When considering the design of plante for s0lid-liquid
reactions, faotors such ap agitetion and flow systam must be
given full conslderstion if anecourate predictions of full-scale
plant ie to be mude from the experimsntal work ocarrled out on
models, Exemples given im the text show that the manufacture
of phosphoric ncld, end smmonicotlon reactione, can only ba
atudied ncourately 1f the conditions of mixing and flow syatem
are the msme in the model as in the full-ecale plant,
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