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Abstract—In this work it is shown how the methods used in chemical engineering for the analysis
and simulation of chemical processes may be applied to the actual phosphoric acid plant. Attention
has been focused on the dihydrate process for which the necessary experimental data and plant
operation data are available. It has been shown that the knowledge of some fundamental parameters
is sufficient in order to obtain a reasonable description of the process. Effects of the recycle acid
from washing filter cake and the slurry recycle ratio were examined. The operation range of the
amount of recycle acid, which controls the solid/liquid ratio in the reaction slurry, could be determined
based on the solubility product of calcium and sulfate ions.

INTRODUCTION

Phosphoric acid can be produced via two methods:
the wet process, using sulfuric acid attacks, and the
electric furnace process, using electrical energy 1o
produce elemental phosphorus. Because of current
energy prices, the electric furnace process has been
largely abandoned except in cases where elemental
phosphorus is needed. The wet process accounts for
more than 90% of the current phosphoric acid produc-
tion. Most of the wet process phosphoric acid pro-
duced in the world is made by the dihydrate process.
In the dihydrate process the digestion step is carried
out at relatively low temperature(165-190C) and low
P.O. concentration(28-32% P.O; in liquid phase) to
promote the formation of the calcium sulfate in the
dihydrate form.

The purpose of this work is to simulate the dihv-
drate process for the production of phosphoric acid
from phosphate rock. The present work is the first
step toward the construction of the overall plant opti-
mization system. A literature survey has shown that
simulation study has not been done for this particular
process. Only a few researchers [1-3] have tackled
the problem of studying the influence of some varia-
bles on the performance of both conventicnal and un-
conventional wet processes, but they have generally
utilized experimental data from pilot plants. There-
fore, their resuits are difficult to extrapolate to differ-

23

ent situations.

In the present study attention has been focused on
the simulation of overall process behaviors occurring
in the digestion reactors. The analysis presented in
this work is based on the general results and methods
of transport phenomena and chemical kinetics. Be-
cause of the complexity of the process, of the limited
basic experimental data reported in literature, and the
{imitations of mathematics, the model will be some-
what idealized and will give a reliable representation
of the influence of only a few of the variables that
affect the performance of the process. However, even
with the above limitations, it will be demonstrated that
a reasonable description of its performance is possible.

DESCRIPTION OF THE PROCESS

The dihydrate process consists of an attack on phos-
phate rock by sulfuric acid producing a solution main-
ly composed of calcium sulfate and phosphoric acid.
The principal objectives of the dihydrate process
should be

1) to extract the maximum amount of P.O; from
the phosphate rock;

2) to precipitate a rapidly filtering and easily wash-
able gypsum;

3) to produce a phosphoric acid having as high a
P.O; content as possible.

The dihydrate phosphoric acid plant is made up of
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Fig. 1. Dihydrate phosphoric acid plant.

phosphate rock grinding section, phosphoric acid reac-
tron section and filtration section. In the phosphoric
acid reaction section gypsum is formed and the 27-
32% P,0O; product acid is separated from the gypsum
crystal in the filtration section.

Fig. 1 shows a structure of a typical dihydrate phos-
phoric acid plant. The digesters at Namhae plant con-
sist of 9 reactors.

In the dihydrate phosphoric acid plant, the ground
rock and sulfuric acid are fed to the digesters where
reactions are carried out. The digesters are held at
approximately 80C by flash cooling, to produce a reac-
tion slurry containing gypsum and 30% P,Os acid. Fil-
tration produces the first filtrate containing 32% P,Cs.
Washing the separated gypsum solids with pond water
and one or two counter-current acid washes produces
the second filtrate for recycle to the attack tank and
washed gypsum solids for discharge as waste. The
P;0O; recovery in the phosphate rock measures about
92 to 95% across the filter. The 32% P.,Os acid is con-
centrated to 50% acid in vacuum evaporators and clar-
ified for use and sale.

The principal constituent of phosphate rock minerat
is assumed to be fluorapatite. The principal reaction
in the dihydrate phosphoric acid plant is

Ca;;(PO 1)3 + 3HJSO1 + 6H30—>3CaSO4 . 2H30 + 2H{P()|

(D
CaFg + H_)SO.; + ZHJO—’CHSO/; . ZHgO + 2HF (2)
Fe,Q;+2H;PO,—2Fe** +2P0y" + 3H,0. 3)

The main reactive impurity is CaCQO,, which reacts
as follows:
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CaCO;+ H,S0, + 2H,0—CaS0,- 2H,0 + H,0+ CO..
4)

Reactive silica combines with the HF:

H.SiFs—SiF,+ 2HF.

These reactions except the last one are exothermic.
Reactions occur in the presence of an excessively
large amount of HyPO,. The first reaction is an oversim-
plification of what actually tdkes place. The real occur-
rences within the reaction medium can be described
by dividing the first reaction into three parallel and
simultaneous reactions:

1) The sulfuric acid is dispersed in the reaction
medium:

H.SO,—2H" + S04,

2) H* ions attack the phosphate rock particles
which are introduced and dispersed in the slurry:

nH" + Cay(POy),—2H;PO, + (n-6)H ~ + 3Ca*".

The H* ions participating in this reaction belong
to the sulfuric acid as well as to the excessive phos-
phoric acid in the slurry.

3) Calcium ions encounter SO,?" with consequent
crystallization:

Caz T+ 8042 T+ 2H30_’CBSO4 ’2[‘[30

The above reactions occur by proton transfer mech-
anism and therefore can be assumed to be instanta-
neous with respect to diffusion. The overall dissolu-
tion process is thus controlled by the diffusion of reac-
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tants toward a reaction plane.
DISSOLUTION OF PHOSPHATE ROCK

In the production of phosphoric acid by the dihy-
drate process, one of the most important step is the
separation of calcium sulfate from the product acid
by crystallization. The operating conditions under
which crystallization takes place and the type of crystal
produced generally determine the speed and efficien-
cy of the filtration step. The crystal growth rate should
be at a maximum consistent with good crystal forma-
tion, the nucleation rate should be at a minimum, the
crystal form should not be such that phosphate ions
are incorporated in the lattice, and the crystal form
and habit should be such that filtration and cake wash-
ing rate are maximized.

In order to analyze the reaction between acids and
rock particles, we need to find the input particle size
distribution function {(R). The relative kinetic rates
of growth and nucleation determine the particle size
distribution. The respective maximum growth rate and
minimum nucleation rate sought would be those giving
the largest particles in the minimum holding time. The
function {.(R) can be approximated by the Dawson in-
tegral:

£(R) = exp(~ R f '; exp(r®) dr. ©)

We assume that the flow pattern in the reactors
can be characterized by perfect macromixing and seg-
regation for rock particles. Then the exit age distribu-
tion function is given by

BO= - exp(— 1/t ©)

The overall dissolution process is conirolled by the
diffusion of reactants toward a reactior plane. Thus
the dissolution rate can be represented by the amount
of sulfuric acid consumed per unit of time and unit
of surface of phosphate rock particle, i.e.:

Vi=k.Co. )

Then the time required for dissolution of a particle
from its initial radius R to radius r is given by:

—Siap, [+ dr

= Cu R kL

(8)
where a is given by a=1.75f+ 2.073f,-+5.162f. The
time t required for the complete dissolution of a single
rock particle can be obtained by (8) with r=0. The
feed to reactor i consists of a mixture of rock particles

with different size. The size distribution of the feed
can be represented by (5) with f{R) for i-th reactor.
Then f(R)dR represents the fraction of particles in
the size range of R to R+dR. Thus the conversion
in the reactor i is given by:

o Fomax W1 5
X =1— . f, «(R) X ‘il‘ E.(t)dtdR. 9

In order to compute conversion by (9), we need to
know the mass transfer coefficient k, in the reaction
slurry. Due to the absence of experimental works on
the phosphate particle system, we use the correlation
of Brian and Hales [4] for mass transfer to spheres
suspended in an agitated liquid. Their correlation relat-
es the mass transfer coefficient to the agitator power
input expressed as power per unit mass of slurry. For
the reaction system under consideration the correla-
tion can be written as:

k,d P, #d*3p

L o L
In DN 0.36In! w (10)

In a baffled tank reactor each impeller type has its
own power number. The agitator used in Namhae
plant is 2-impeller system of which the value of N,
is 7. The power P, consumed at agitator shaft is given

by
P,= N,,pn"‘D;'

and the power per unit mass of reaction slurry can
be obtained by

o - Nipn'D;
A

The above two relations give

u V.D, [oX
Based on the analysis of Sluis [3], the mass transfer
coefficient k, can be represented by the relation:

_kd PN,
In BNy 012 S, ~052inr
+0.36InNg. — 0.36. (11)

To use the above relation we need to know the
viscosity and the density of the liquid phase as a func-
tion of temperature and concentrations of major reac-
tion components. The viscosity is a function of the
concentration of phosphoric acid, slurry temperature
and density of the slurry. The density of liquid phase
is a function of the composition of the liquid phase
and slurry temperature. The viscosity and the density

Korean J. Ch. E.(Vol. 8, No. 1)
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for the phosphoric acid solution are reported by Sluis
(3] and can be used in the dihydrate process after
some modification:

p= 3'6[100.479 0.01077 + 10”'{77] (12)

p==1295.2—-0.56T+(11.4—0.02T)(0.01C,/p~ 30)
+(9.4—-0.02T)98C./p+71C./p—2) (13)
W(T)= —1.183+0.00266T + (3.24 — 0.013T)C,/P.

The volume of gypsum may be estimated by the
density of generation, the density of nuclear formation
and the extinction factor. According to the McCabe's
AL law, the size of a rock particle is given by L=
gt+ L, and the volume of the particle can be calculated
by Vio=kL* From the definition of extinction factor
and the density of nuclear formation, Becker [1] gives
the total volume of crystals for a given amount of slur-

ry:
V,=10 “k.g'n, f :E:’t':‘dta (14)

The relation between n, and W, can be correlated
by using the plant operation data. The correlation iz
given by

V,=6.67%10 (W, —35% 10" | E't"dt’. (15)
0

As can be seen from the correlation, equation (15)
is effective when W, 235 ton/hr.

MATERIAL AND HEAT BALANCES

1. Material balance

The reaction occurs in the slurry in which solid
particles are suspended with excess amount of phos-
phoric acid. Thus the reactors can be assumed to be
CSTRs. As stated before, the Namhae phosphoric acid
plant consists of 9 reactors. At each reactor gypsum
crystals are formulated by the reaction between phos-
phate rock particles and sulfuric and phosphoric acids.
The 9 reactors can be reorganized into 5 reaction sec-
tions without loss of generality.

Fig. 2 shows 5 reaction sections and related vari-
ables. In the Fig. 2, FC represents flash cooler which
is used as a heat removal unit. The flash cooler is
a gas-liquid separator subjected to a vacuum. The vac-
uum level is maintained as the number of mmHg
gauge pressure corresponding to the slurry discharge
temperature required. Most of the dissolution reaction
occurs in the section Al and A2 and the resulting
crystals grow in the section A4 and A5. Mass bal-
ances at each section can be easily obtained by the in-
corporation of conversion X, at each section.
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The required parameters in the analysis are the
mole ratio of Ca0 and P,Os in phosphate rock, the
amount of anhydrous sulfuric acid and the relative
amount of gypsum formed at each reaction section.
These are given by the following relations respective-
lv:

f. M,

=T M

a,:l’,,ﬁ—ll\\/[;: (i=a,e)
D,=gypsum formed/slurry (j=1, 2,---, 5).

At section Al, based on above parameters and nota-
tions in Fig. 2, the phosphoric acid balance is given
by:

- M
Q\'Z(rp,xZ+YQ3Cp,:i+2qul Wp (w/yr+ YRJ):QICM (16)
and the sulfuric acid balance is given by:

W X, +QuCoot YQ:{CM =QiC.+ a.tXIGVpI' +7v Ry).

an
The CaO balance can be written as:
oWy + R+ QG T 7QiCs
=Q,C.;+ (5D —vyS:Dy) 1\1\2 (18)

3

The balance of unreacted phosphate rock is given by:
W, +yR)(1—yx)=R,. (19)
Similarly we can obtain balances at other reaction

sections. At section A3, the phosphoric acid balance:

M
chp:.' + T]Q-tC;-A st Zf.-X,‘: 2 Ry~ T]RA) =1+ Y)Q:xcp 3
M,

(20)
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Table 1. The standard heat of formation of major compo-

nents - 7k‘
Compoﬁém - AWH’;‘L;(KCHI/ m(;liej'
Ca(PO), T 9874
CaCOy 289.5
CaF. 290.2
Si0- 2034
Fe,O, 196.5
AlLO;, 3991

the sulfuric acid balance:
Q:C+ MQC =1+ VQC, + Ry + R (21)
the CaO balance:
ARy + R+ QC, o+ MQCa =1+ v)QCos
~[+PSD,~ (S, +S.D) A 22)

o

the unreacted phosphate rock balance:
Re+nrd)(1—x)=(1+yR. (23)

2. Heat balance

Most of the heat generated during the reaction orig-
inates from the dilution of sulfuric acid in the reac-
tion slurry. The heat of reaction itself is closely related
with the amount of sulfuric acid consumed during the
reaction. The energy level of CaSO, crystal is lower
than the Ca compound in the rock and the reaction
is exothermic. Therefore continuous agitation is imper-
ative to keep temperature below the stable operating
region (£100C). The energy supplied tc the reactant
slurry by the agitator is converted to frictional heat.
The filter cake wash water is usually heated to 45-
63C to achieve better cake washing efficiencies. The
wash water is recycled as part of process water and
so it is an important source of heat. Most of the heat
generated during the reaction is removed by the flash
cooler and the remainder is conveyed to the filter
as latent heat of the slurry.

To compute heat balance at each section we need
to know the standard heat of formation and specific
heat of each components of reactants. The standard
heat of formation of major components are given in
Table 1. The standard heat of formation of each com-
ponents of reactant fluid can be correlated by the func-
tion of the concentration of sulfuric acid and phosphor-
ic acid in the slurry. For sulfuric acid and phosphoric
acid, the correlation is given by respectively:

AH,,(W,)=194.0432+ 0.5119W, - 0.0051W,”
AH;,(W,)=308.7798 + 0.0116W, — 0.0006W,*.

Table 2. Heat of major reactions

Reaction ] - AH(cal/g—rﬁE;eactanty
M 7636
(2) 11.46
3) 137.09
@ 7 317

Also, the specific heat of reaction slurry, liquid
phase of reactants and 93% sulfuric acid was found
to be represented by the following equations respec-
tively:

Cp o =712.835+ 15.431W, — 0.429W,°

Chi:=10.9243 - 0.0049W, - 0.00014W,°

Cona = 0.36475+ 0.00038T.

We also need to know the dilution heat of sulfuric
acid in the reactant slurry. But, because of the absence
of experimental data, we have to rely on the actual
operation data and extract required relations. The re-
lation between the concentration of PO and the dilu-
tion heat of sulfuric acid was found to be easily repre-
sented by:

Dy(W,) = 165727.200 — 2642.874W, + 85.436W.,°

—1.228W,°.

Heat is evolved during the extraction of the phos-
phate rock both from chemical reactions and from di-
lution of excess sulfuric acid. Heat of reactions (1)-(4)
was evaluated based on data on standard heat of for-
mation and plant operation, as shown in Table 2. The
data shown in Table 2 combine the heat of reaction
and the dilution heat. As stated before, the energy
supplied to agitators is converted to frictional heat.
The power supplied to agitators is shown in Table 3.

After appropriate rearrangement based on the above

considerations we can obtain heat balance equations.
At section Al, the heat balance is given by:

10.2041AH,,(W)Q.C, ..+ YAH, 8D,
+ 1333YCo . (WIQUT, ~ T+ AH,, W),
+ Conp WolT, — o)+ 102041AH,, (W, .y Q.Cy
= CuW (T~ T) = 10.2041AH (W)W,
+ Qu 0.00TW, D, (W,) + 0.5h1,(W,, + R
FW [t
= 10.2041AH,,(W,)Q.C,, + AH, 8D,
~1333C,. (W)QT, ~ T) = AH, R,
- CpupRA(T, ~ T+ hAL(T, - T,0). 24)

Korean J. Ch. E.(Vol. 8, No. 1)
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Table 3. Power supplied to agitators

Table 4. Operating conditions used in simulations

Reaction section Power
Al 250 hp at 1800 rpm
A2 150 hp at 1800 rpm
A3 50 hp at 1800 rpm
A4 50 hp at 1150 rpm
A5 30 hp at 1750 rpm

Similarly, at section A3, the heat balance is given by:

10.2041AH,;,,(W,2)Q.C, + AH,S,D.
+1.333Cu (W, 2)Q(To— To) + AH, R,
+ CpipRAT, — Tp) + 10.2041AH,,(W, MmQ.C,.
+ AH;,nS:Ds + 1.3330Cpi (W, )Qu(T, — T0)
+ AHp R+ CppMRa(Ta = To) + Ques

+ th,’lwg_:g e e e

=(1+7v)[10.2041AH;,(W, 3)Q:C, s+ AH,.S. Dy
+ 1~333Cph.s(wn‘f})Q3(T3 - Tn) + AH/‘,,,R;;
+ Cph,er:i(TZi - Tu)] +hAx(T;— Tean)- (25)

No reaction occurs in the filtration section and the
mass balance in the filtration section is easily obtained
by simplifying the filtration process, although not de-
scribed in this work.

SIMULATION RESULTS

Table 4 shows the operating conditions used in the
simulation. In the simulation the recovery ratio of P.Os
in the phosphate rock is assumed first and is updated
later in the computation,

1. Formation of crystal

Filtration rates are affected by crystal sizes and crys-
tal size distribution, both of which depend on nucle-
ation density, crystal growth rate and retention time.
The amount of crystal formed during reaction can be
estimated by (15) and Fig. 3 shows crystal volume (m?
/m? slurry) as a function of crystal growth rate g. Crys-
tal growth rate increases with supersaturation result-
ing from higher feed rates. But higher feed rates re-
duce retention time and consequently growth time.
The two effects are compensating each other some-
what, but the larger crystal sizes result from the low-
est feed rates.

Crystal growth reaction occurs in the solution in
which SO, and Ca®* ions are in equilibrium. When
there is no reaction the gypsum crystals and the solu-
tion are in equilibrium:
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Rock compositions (wt fraction):

P,0s 0.3126
Ca0O 0.4556
SO, 0.0090
F 0.0370
CO. 0.0367
FEQO:; 0.0144
AlLO; 0.0126
Si0, 0.0955
Na,O 0.0022
K0 0.0015
MgO 0.0037
organic matter 0.0075
Recycle acid:
Qe 183 m'/hr
P 1150 kg/m?
Che 231.834 kg/m*
Coe 15.870 kg/m?
Cos2 3701 kg/m®
Sulfuric acid: 93 wt%
Slurry recycle ratio: R=27
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Fig. 3. Volume of crystals formed (Feed:ton/hr).

Ca?* + S04 +2H,0=CaS0,- 2H,0.

The solubility product of Ca?* and SO is expressed
by weight percentages of CaO and SO/ as

K.=[CaO][SOs 1.

When SO and Ca®?* ions are introduced into the
reactor, their concentration increases and the coordi-
nates of the solubility product also increase. Simulta-
neously, SO~ and Ca®" ions settle and build up the
crystals. The solution is in a state of supersaturation.
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The more ions appear, the higher the supersaturation
will be, up to a level where spontaneous nucleation
will take place. This limit is shown by the supersatu-
ration limit line K in Fig. 4. In the operation sponta-
neous nucleation should be avoided and we should
keep the operation range below the K. line.
2. Effect of recycle acid

Recycle acid is the liquid resulting from washing
filter cake with process water. Thus the recycle acid
contains the process water plus the amount of product
acid that was retained within the filter cake before
washing. Recycling product acid changes the liquid/
solid ratio in the slurry and the process water in the
recycle acid controls the P,Os concentration and the
SO~ concentration of the liquid phase in the reaction
slurry. Fig. 5 shows the change of the solubility pro-
duct of CaSO; at reaction section Al and A5. The val-
ue of the solubility product K, should be maintained
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3
w
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175.00 177.00 179.00 181.00 183.00 185.00
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Fig. 6. Effect of recycle acid on solid content of the reac-
tion slurry.
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Fig. 7. Effect of recycle acid on P.Os content.

between 0.5 and 1.3 during operation. Therefore we
can see, from Fig. 5, that the amount of recycle acid
should be kept in the range of 178-184 m’/hr. Fig. 6
shows the change of the weight fraction of solid for-
med in the reaction slurry. It shows that the higher
the amount of recycle acid the lower the fraction of
solid in the slurry. The solid/liquid ratio is controlled
by the recycle acid. The lower the solids content main-
tained in the slurry, the more P.O; or more product
acid will have to be recycled from the filter.

The change in the P,O; concentration in the reaction
section Al and A5 is shown in Fig. 7. The P.O; concen-
tration of the recycle acid itself depends on that of
the liquid phase in digesters and so the effect of the
recycle acid on the P,Os concentration of reaction slur-
ry is negligible. But, as shown in Fig. 8, the SO,
concentration highly depends on the recycle acid.

Korean J. Ch. E.(Vol. 8, No. 1)
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3. Effect of recycle ratio

The reaction slurry is recirculated from the reaction
section A3 to Al. The recirculation ratio (recycle ratio)
is the ratio of the amount of the recirculated slurry
to the amount of the slurry fed to the filter. The high-
er the rate of recirculation, the lower the rate of in-
crease on SO,° , which is illustrated in Fig. 9. Fig. 10
shows the change of P.O; concentration at Al and
A5 according to the recycle ratio.
4. Heat effects

The heat of dilution of sulfuric acid and the reaction
heat from phosphate rock decomposition is such that
most of it has to be removed from the reactor in order
to keep the reacting slurry medium at its optimum
reaction temperature. The larger portion of the heat
orginates from the dilution effect and the reaction of
sulluric acid. For efficient heat removal vacuum flash

January, 1991

et al
28.00
27.80
27.60 1
T 97404
;:l 27.40 AS ~
T 27.204 -
2 27.00 ;
= 2 Al T
5 26801 -
) -
& 26604 I
26404 ’
26.201
26.00 T T T T T T T
0.00 10.00 20.00 30.00 40.00
Recycle ratio
Fig. 10. Effect of recycle ratio on P,Qs content.
11.00
o .
= 10.00 | _
5 /
—
&
g g0
3
=~
8.00 . . .
150.00 155.00 160.00 165.00 170.00
P. mmHg
Fig. 11. Temperature drop as a function of vacuum cooler
pressure.
90.00
85.00 $—u-
g 80.00 1
b
Z 7500
E
9
(=3
£ 70.00
&
65.00 T
60.00 . —
1.00 2.00 3.00 4.00 5.00
Section
Fig. 12. Reaction temperature at each section.



Simulation of the Dihydrate Process for the Production of Phosphoric Acid 31

30.00 P205
I S - i 4
25,00 4
20.00 4
£ 15.00
& ]
E 10.00 4
=4 o
5.00 50,
0.00 i
1.00 2.00 3.00 4.00 5.00
Section

Fig. 13. P,Os and SO, contents at each section.

cooling system is used in Namhae plant. The hot slur-
ry is pumped into an evaporation chamber under vac-
uum. Heat release is achieved by the beiling slurry
and the evacuated vapor. The vapor is condensed down-
stream with large amounts of water. The vacuum level
is maintained as the number of mmHg gauge pressure
corresponding to the slurry discharge temperature re-
quired. Fig. 11 shows the relation between tempera-
ture drop and vacuum cooler pressure and kig. 12 illus-
trates the temperature at each section when the vac-
uum cooler pressure in 160 mmHg. The difference
between the actual operation temperature zand the sim-
ulation results shown in Fig. 12 was less than 1.5C,
which demonstrates the effectiveness of the present
simulation system. Fig. 13 shows the weight percent
concentration of P,Os; and SO at the above operating
conditions.

CONCLUSIONS

The dihydrate phosphoric acid process has been
modeled and simulated based on the plant operation
data. It has been shown that the knowledge of some
fundamental parameters is sufficient in order to obtain
a reasonable mathematical description of the process.
Effects of the recycle acid from washing fiiter cake
and the slurry recycle ratio were examined. The oper
ation range of the amount of recycle acid, which con-
trols the solid/liquid ratio in the reaction slurry, could
be determined based on the solubility product of Ca?~
and SO4*~. The concentration of these ions were found
to be affected by the slurry recycle ratio. In brief,
the recycle ratio controls the supersaturation in reac-
tors and the growth rate of crystals.

NOMENCLATURE

A, : surface area of reaction section i [m?

C. : concentration of component i at liquid phase
[kg/m*]

C., : concentration of i at section j [kg/m"]

G @ specific heat of component i [kcal/kg/C]

d : diameter of a particle [m]

D . diffusion coefficient in liquid phase [m?/hr]

D, : diameter of impeller [m]

D, : gypsum content in the slurry at section i

D; ¢ dilution heat of sulfuric acid {kcal/kg]

E. : extinction factor

E(t) : exit age distribution function

f : fraction of slurry evaporated from cooler

f, : weight fraction of component i in phosphate
rock

g : growth rate of a crystal [um/hr]

h : heat transfer coefficient [kcal/hr/m?*/C]

h, : heat of reaction of phosphate rock {cal/g-mole]

k.,  : mass transfer coefficient [m/hr]

K. : solubility product of % weight calcium and sul-
fate ions

K. : solubility product of the supc:.iturated solu-
tion

k, : volume shape factor of a particle

L : particle size [pm]

L, : initial particle size [pm]

M, : molecular weight of component i

N, : power number of agitator

n : revolution number of agitator [1/hr]

n.  : nucleation density [number of crystals/min]

Ng. : Reynolds number

Ny : Schmidt number

P : operation pressure of vacuum cooler [mmHg]

P, : power of agitator [kg-m?/hr’)

P, : power for unit mass of slurry [m%hr’]

Q.. : agitation heat at section i [kcal/hr]

Q;  : liquid phase flow rate from section i [m*/hr]

R, : flow rate of unreacted rock from section i
[kg/hr]

R.v : radius of a rock particle [m]

Ry R @ the maximum and minimum radius of a
particle attainable [m]

S, : shape factor of a particle

S, : flow rate of reaction slurry from section i
[kg/hr]

T : temperature [C]

T.. : external temperature [C]

T,  : reaction temperature at section 1 or stream

ifc]
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T, : standard temperature (=25C) Chr]
T, : rock temperature [C] X, : conversion at section 1
t : time [hr]
t' : time [min] Subscripts
t,  : mean residence time [hr]
V, : volume of section i [m*] a : sulfuric acid
Vy  : dissolution rate of rock per unit of particle sur- c : Ca0

face [kg/hr/m*] e : CaSO,
V., : volume of crystal [um®] f : fluorine
W,, : phosphate rock feed rate [kg/hr g : gypsum
W.. : sulfuric acid feed rate [kg/hr] 0 : PO
X, : weight fraction of component i p : HyPO,

pr  : phosphate rock
Greek Letters 5 : slurry
v : vapor

Q, : amount of anhydrous sulfuric acid per rock

(i=ae) [ke/kg] REFERENCES
B : constant
8 : mole ratio CaO/P,Os of phosphate rock 1. Becker, P.: “"Phosphates and Phosphoric Acid™, Ma-
AH,, : heat of formation of component i [kcal/kg_ rcel Dekker, Inc., New York, NY (1983).
Y . fraction of slurry returned from A3 to Al 2. Clayton, W.R. and Tanke, T. A.: 188th ACS Meet-
n . fraction of slurry returned from A4 to A3 ing (1984).
u : viscosity [kg/m/hr] 3. Sluis, S. et al.: Ind. Eng. Chem. Res., 26, 2501 (1987).
p . density [kg/m*] 4. Brian, P. L. T. and Hales, H.B.: AIChE ], 15, 3,
T : time for complete dissolution of a rock particle 419 (1969).
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