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SIGNIFICANT ENERGY SAVINGS IN THE ODDA PROCESS TA/84/19
by M.H.G. Jennekens, Stamicarbon BY & G.H.M. Calis, DSM, Metherlands

CHAPTER I

SUMMARY

Where the Odda process is used for the producticn of highly water-soiuble
nitrophosphate fertilizer, it is possible to reduce energy consumpticn in a
number of areas,

This paper discusses the energy savings which can be achieved in the
caleium nitrate tetrahydrate crystallisation saction,

Stamicarbon is now developing a new variant of the Odda process, based on
discontinuous crystallisation, by which disadvantages of other processes

1)

A salient feature of the modified process is that the crystallizers are

are reduced or eliminated,

operated without excessive supersaturation at a maximum temperature
difference between process liquor and cooling medium, Encrustations on the
cooling surface are avoided completely and the crystals are very uniform,
coarsa and pure, so that crystal separation is almost perfect.

This enables the production of highly water soluble fertilizers at a higher
final crystalliisation temperature than usual.

The coglant temperature is continuously adjustad for each crystailizer with
a microprocessor-based control system.

This is achieved in that each crystallizer consecutively uses coolant from
a nuwber of cooiing systems, each of which operates within a different
temperature range, rather than using one common cooling circuit.

In this way energy savings can be achieved, mainiy by:

(1) operating at a final crystallisation temperature higher than that
usuzlly necessary to abtain fertilizer containing P205 with a rel.
water solubility of 80-85 %;

(2) using closad-Toop refrigeration units operating at as high a
temperature as possible, resulting in a congiderable jncrease 1in
efficiency of these units;

(2) heat exchange between cold mother liguid and coolant;

(4) using cooling water for part of the cooiing system, if the water
temperature is low encugh.

it is conciuded that, though the new crystallisation process has more

assets, it is the reduced eneray consumption which makes this process
attractive.
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CHAPTER 11

INTRODUCTION

As is well known, the main source for fertilizer PEUS is rock pﬁosphate.
Most rock phosphate ore is of the so called apatite structure, the P.0
which is not readily available to the crop. In phosphatic fertilizer
production, the structure of the apatite is broken down and the PZOS is
subsequently processed to a more or less water soluble salt, which

improves the assimilation to the desired level,

The apatite structure is represented by the formula '(Ca3 (P04)2)3. Ca Xz',
X very often being fluorine, the fluorapatite. Owing to the presence of
impurities, the CaO/P205 molar ratio is abt, 4.0 so that the phosphate ore
can be represented as (Ca3(P04)2)3. CaFE. 2 Caxz. Depending on the
composition of the ore X may be, for example, 0.5 CUB’ F or C1, The rock is
decomposed by dissolution in a strong, inorganic acid. Processes based on
the use of sulphuric acid as well as nitric acid have been developed.

After completion of the acidulation, the dissolution 1iquer, containing
P205 mainly as phosphoric acid, is processed to phosphatic fertilizer.

To prevent the formation of citrate-insoluble phosphates, this can only be
done if the CaD/P205 molar ratio (originally being about 4,0) is decreased
to a value below abt. 2.0, The final value is dependent on the desired
water solubility (e.g. for 80 % rel. water solubility of the Py0g, the
CaO/PEDS molar ratic is to be abt. 0.75 to 0.80). Thus, the removal or
inertisation of a substantial part of the Ca0 initially present in the rock
1s required in order to guarantee sufficient water s0lubility of the end
product.. '

of

275

In processes based on acidulation of the rock with sulphuric acid, CaQ is
precipitated during decomposition of the rock, e.qg, according to equation
(1) of Annex I.

After separation of the gypsum precipitate, the resulting tiquor may be
neutralised with ammonia to ammonium phosphates,

It is quite obvicus that processes based on the sulphuric acid route are
dependent on the availability of sulphur since relatively large amounts of
sulphuric acid are required, which are usually disposed of as the fatal
byproduct gypsum.



19 - 3

On the other hand, processes using acidulation with nitric acid are
virtually independent of sulphur when based on the ariginal Odda process,
In this process, developed by E. Johnson in 1928, the acidulate is obtained
by reaction of rock phosphate and nitric acid, e.q, according to equation
{(2) of Annex I.

After compietion of the dissolution reactions, the liquor is cooled to a
temperature below 25 °C, as a result of which the maximum solubility of
Ca(N03)2 - 4H,0 is exceeded.

In older applications of the process, about 55 % of the Ca(N03)2 was
removed by crystallisation, resulting in a water solubility of the PEOS
in the end product of abt, 40 %, as can be represented by equation (3) of

Annex I.

In modern variants of the Odda process a relative water solubility of 80 to
85 % can be achieved, e.g. according to equation (4) of Annex 1.

As can be seen from these equations, from every 12 moles of Ca(N03)2 (see
equation 2), only 2.40 moles remain in the liquor after Ca0- removal, if a
relative water solubility of 80 % is required, as can be represented by
equation (4) of Annex [.

Hence, at least 80 % of the initial Ca0 has to be removed in the

calcium nitrate separation section,

An example of a relationship between calcium nitrate solubility (expressed
in moles Cal/moles PEOS) and temperature is presented in Figure 1.

The final water solubility of the end product at various values for the
crystal slippage is also presented, It can be seen that a rather low final
crystallisation temperature is required for producing fertilizer the P205
of which has & relative water solubility of 80 % or more. In this figure,
the quite important role of efficient c¢rystal removal in the separation
section is obvious. When the crystal slippage is 10 % w/w, a final
crystallisation temperature of -5 % s required in the example given.

Although a substantial part of the cooling energy required in the modern
Odda process is obtained by evaporation of ammonia which is necessary in
the process, a considerable input of electrical cooling energy is still
needed.

In a continuous crystaliisation process, almost 50 % of the electricity
consumption is required in the crystallisation and crystal separation
sections. A substantial reduction of the electricity demand, in combination
with its sulphur-independency, would make this process a very attractive
alternative for producing NP(K) fertilizers.
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CHAPTER I1I

THE STAMICARBON CONTINUQUS CRYSTALLISATION PROCESS

About thirty-five years ago, Stamicarbon adapted the original Odda process
to a continuous crystallisation process. As was common practice at that
time the crystallisation section was part of a fertilizer plant producing
complex fertilizer with a relative water solubility of the P205 of up to

80 %, This process is performed in a single series of large tank
crystaliizers, equipped with vertical cooling surfaces. After reaching the
final crystallisation temperature, the crystal slurry is transferred to the
crystal separation section, Here, in a solid bowl decanter centrifuge, the
mother liquor and crystals are separated. The crystals are washed with cold
nitric acid and subsequently separated from the washing liquor,

Although the slippage of crystals in the mother liquor separation section
1s quite high, up to abt, 15 %, the final erystallisation temperature is
only moderate (abt. 12 °C), as can be seen from Fiqure 1.

In this process encrustations formed on the heat-exchanging surface are
removed by means of a thawing system. To this end, the cooling medium is
oriefly replaced by a heating medium, by which the scaling is dissolved.
The variation of the final crystallisation temperature as a function of
crystal slippage at a relative water solubility of abt. 50 % is rather
smail (see Figure 1), Thus, control of water solubility by varying the
final crystallisation temperature is very well possible,

The process has gradually been adapted to the demand for fertilizer
containing PEO5 with a high relative water solubility (80 to 85 % ), as is
required in many countries. To achieve this, 80 % or more of the calcium
nitrate has to be removed effectively,

With increasing water solubility, adaptation of the precess becomes more
and more difficult. Frem the solubility curve (Figure 1) it can be seen
that below abaut 5 °C the decrease of calcium nitrate solubility with
temperature is rather small.

For this reason, compensation of crystal slippage by lowering the
temperature of the magma is impossible beyond a certairn amount of
slippage.
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Furthermore, the flexibility of the process, necessary to digest various
types of feedstock, is rather small.

Problems that may be encountered in the production of fertilizers with a

high relative water solubility of the P205 are:

A. With excessive nucleation, rather small, non-uniform crystals are
produced, causing crystal slippage in the separation section, This
requires the use of sophisticated equipmentin this section, In Figure 2,
typical size distribution curves are presented.

B. The use of a sophisticated crystal separation installation often
requires the separation of inerts from the process liquor, In case the
phosphate ore has a too high content of inert particles, these have to
be remaved before the 1iquor enters the crystallisation section.

L. The formation of encrustations on the heat-exchanging surface makes it
necessary to install a so-called thawing system, The energy losses
because of this de-frosting circuit will increase with the required
relative water solubility of the P,0z in the product (high temperature
difference between process liquor and cooling medium). At abt. 80 %
water solubility of the PZOS’ the energy losses are abt. 80 kWh/tonne
PEOS'

An example of a flow scheme of a nitrophosphate plant based on the

continyous crystallisation route is presented in Figure 3.

Such a plant, having a capacity of 1000 tpd NP 1:1 (80 % relative water

soluxility of the PEDS) fertilizer (1.e. 230 tpd PEOS) incorporates:

an iprerts separation section based on solid bowi peel type

centrifuges(see No 8);

- a crystallisation section with at least 4 series of crystallizers, each

containing 8 to 10 crystallizers (see No 12);
- a ISt crystal separation section containing at least 4 two-stage

pusher-type centrifuges{see No 14);

a 2nd crystal separation section to minimize the overall crystal
stippage. In this section hydrocyclones might be used (not indicated).

- a ¢losed loop refrigeration unit, the requirad capacity being 3.2 MW

- an open evaporator for process ammonia.
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The problems, mentioned for the production of NP(K) fertilizer with at
Teast 80, preferably 85 % rel. water solubility of the PZDS’ can be
mastered if the following requirements are fulfilled:

1. The crystallisation process must be adjustable, resulting in coarse and
very uniform crystals,

2, The crystallisation process must not only be controllable, it should
also be possible to predict it on the basis of small-scale experiments,
which implies that both the crystallisation process and the
{hydro-)dynamics of the crystallizer are well defined. The use of al]
kinds of rock phosphate must be possible.

3. The crystals obtained in the process can be separated from the mother
liquer by a one stage filtration section. Slippage of crystals should be
less than 5 % by weight. The P,0cconcentration of the crystals after
washing should not exceed 0.25 % wW/w,

4. Optimum energy management is to be achieved, leading to minimal energy
requirements.

CHAPTER 1V
COMPARISON OF POSSIBLE CRYSTALLISATION METHODS

In the previous part we have given our requirements to be fulfilled in an
fdeal crystaliisation process. In the existing continuous and batch
crystallisation processes, not all of these are fulfilled. In this part,
the principles of existing and alternative crystallisation processes are
discussed and compared in order to clarify our selection of the most
appropriate method.

Four c¢rystallisation mechanisms are schematically represented in Figura 4,
In all four schemes, a solid line indicates the eguilibrium sclubility
curve and a dashed line the nucleation curve. The area between these curves
i the metastable reaion, where supersaturation is mainly reduced by
crystal growth, At the nucleation curve, the increase in supersaturation is
just balanced by nucleation.
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Two other solid lines give the actual calc¢ium nitrate concentration
{expressed in terms of the CaO/PED5 molar ratio) as a function of the
temperature of the process liquid (Tp) and the temperature of the cooling
medium corresponding with this concentration {Tc). These latter lines must
be situated inside the metastable regien in order to avoid excessive
nucleation. Only in this case are coarse and uniform crystals obtained,
which is necessary to fulfill all our requirements.

The four methods are:

1. Conventional continuous crystallisation {Figure 4A}.

2. Cuntinuous crystallisation without excessive nucleation (Figure 4B),
3. Conventional batch crystallisation (Figure 4C). '
4. Batch crystallisation without excessive nucleation (Figura 4D).

1. Conventional continuous crystallisation

In a process as represented in Figure 4A, a slurry of process liquid with
calcium nitrate crystals is passed through a number of crystallizers,
connected in series, each operating at a constant average temperature of
the process liquid, e.g. Tp, for the first crystallizer, Tpy for the second
one, and so on,

The temperature differences between subsequent crystallizers are such that
the slurry entering a crystallizer is immediately cooled down beyond the
nucleation curve, resuylting in excessive nucl2ation. Moreaover, in all
crystallizers Tc is at the same Tow level (about -12 0C), which causes
permanent nucleation at the cooling surface. The result of a process based
on this crystallisation method is a wide crystal size distribution and
large quantities of fines (sae Figure 2), as has been indicated befare.

2. Continuous crystallisation without excessive nucleation

In & continuous process, excassive nucleation can only be avoided by
operating subsequent crystallizers at temperatures which differ less than
the width of the metastable regfon and by using in each crystaliizer
cooling medium of a temperature inside the metastable region. This is
represented in Figure 48. The vertical arrow (#) indicates the seeding
point, where a well-defined number of seeds is intrcoduced.

Due to the continuous character of this process, the temperature of the
cooling medium in each crystallizer must be constant and determined by the
camposition ar the incoming liguid phase. As & consequenca, the
temperatures of the process liquid (Tpl, sz, Tp3,...) and the cooling
medium (Tcl, Tcz, Tc3...} differ only slightly in each crystailizer, so
that the cooling rate and the capacity of the crystaliisaticn system are
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reduced to unacceptable levels, For this reason, this crystaliisation

method can never lzad to a commercial process, although our requirements
can be fulfilled in principla,

3. Conventional batch crystalliisation

In a batch process the temperature of the cealing medium T¢ is not
necessarily constant, if excessive nucleation is to be avoided, A typical
batch process 1s represented in Figure 4C. The pracess starts by fi1ling a
crystallizer with hot disso]ution'liquid, which is subsequently cooled,
Crystaliisation can be initiated by seeding. In the method described by
Figure 4C, the seeding point is usually below the nucleation temperature,
causing excessive nucleation. On cooling the dissolution Tiquid is quite
edsily supersaturated, even beyond the nucleation curve, Furthermore, T¢ is
not within the metastable region, causing continuous nucleation at the

cooling surfaca, Crystal growth takes place on both the saeding crystals
and the secondary nuclei.

Usually, a commercial set up is based on a number of crystallizers,
operating in cycles, phase shifted with respact to each other. In this way
the cold cooling liquid can be used to cool the coldest crystallizer, from
which it is passed on to the next coldest one, and so on, countercurrantly
through the process.

Un the basis of our experiments and of application of theory, we conclude
that, although this cooling system results in moderate temperature
difference between process Viquor (Tp) and cooling medium (Tc), the
temperatyre of the cooling medium s not within the metastable region. This
crystaliisation method can yield Targe crystals, with a rather wide sizas
distribution, however, which is unfavourable in the separation step,
Moreover, due to scaling and secondary nucleation the crystallisation
behaviour in technical systems can neither be controlled nor predictad,

4. Batch crystallisation withaut excessive nucleation

In order to avoid excessiye nucleation and scaling under all circumstances,
TC myst be kept within the metastabla region during the batch time, as is
schematically indicated in Figure 4D, This crystallisation method,
developed at the R and D department of 33SM, wiil be applied in the new
Stamicarbon betch crystallisation processl}.
TC is continuously adjusted and kept just adova the nucleation temperatura
Lo assure maximum cocling capacity. Crystallisation is initiated by seading
slightly Selow the Lemperature of the saturated dissolution liquid, with a

defined number of uniform crystats. Trnese crystals grow simultaneously
N o
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throughout the process, yielding very uniform crystals. The final size is
determined by the number of seeding crystals. The resulting narrow size
distribution is caused only by growth dispersion, since nucleation is
negligible in the metastable region {Larson 2) for example stated that
axial mixing does not affect the size distribution).

When using this method, the crystaliisation behaviour is predictable and
controllable and uniform, coarse crystals can be obtained. The requirements
for a crystallisation process, as mentioned in the previous chapter, can be
fulfilled,

The crystallisation method described in Figure 4D has been tested in
numerous laboratory experiments. An i]]ust}ative example is given in
Figures 3 and 6. Figure 5 shows the solubility and nucleation curves of
calcium nitrate in dissolution liquid of Jordan rock phosphate, These
curves have been determined by a laser transmission method. The nucieation
curve varies with the cooling rate. Also two curves (1 and 2) are given
that represent the calcium nitrate concentration as a function of procass
temperature in two comparable experiments. Both curves demonstrate only a
slight decrease in the original concentration (CaD/P205 m.r.z 2.75) in the
first part of the process, due to the small crystal surface available for
growth directly after seeding. The differsnce betwean the fwo curves is
caused by a difference in cooling conditions, These conditions are such,
that in the experiment described by curve 1 excessive nucleation occurs
since the nucleation curve in exceedad, This is not the case in the
experiment described by curve 2, carried out under milder cooling
conditions (given in the comments on Figure 5, Annex III). |

Figure &6 shows the corresponding crystal size distributions, obtained at
the end of these batch experiments. This figure clearly demenstrates the
importance of appropriate cooling conditions. The conditions resulting in
curve 2 yield very uniform crystals with a narrow size distribution,
whereas the more sevare conditions of curve 1 yield crystals with a very
wide size distribution due to excessive nucleation,

The éppropriate cooling conditions can be derived from laboratory
experiments. The initial temperatursa of the cooling medium and the cooling
rates depend on the width of the metastable region. Directly after seeding,
the cooling rate is limited by the crystal growth rate, G. In our
experiments, G has been estimated from microscope photographs of crystals,
separated from sturry samples (size distribution), and the concentration cf
the corresponding liquid phase.

Chen and Larson 3 also describe measurements of G for Ca(NDa)z.dHED under
simijar circumstances. Depending on the supersaturation, values between
0.05 and 0.15 micron/s have been found, regardiess of crystal siza.
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If the nucleation curves as a function of cooling rate and the growth rate
as a function of supersaturation are known, the optimum cooling programme
(shortest batch time without excessive nucleation) can be derived. The
minimum batch time to obtain 1 mm crystals appears to be about 2 hrs, if
the process is not limited by heat transfer.

- CHAPTER ¥

ENERGY SAVINGS ASPECTS OF THE IDFAL BATCH CRYSTALLISATION PROCESS

As mentioned in the previous chapter, a crystallisation process fulfills
d11 our reguirements if the metastable reqion s not exceeded and the right
amount of seeding crystals is supplied at the right time.

Only in a batch process is it possible to adjust the temperature of the
tooling medium continuously in such a way that on the one hand the
metastable region is not exceeded, not even in the boundary layar on the
heat transfer surface, while on the other hard the temperature difference
between process liquor and cooling medfum is, at any moment, as high as
possible. '

To this end, a single crystallizer preferably obtains its c00ling medium
from a specific cooling circuit only serving that specific crystallizer
(see Figure 7). The temperature of the cooling medium flowing to the
crystallizer is only governad by the temperature of the process liquor
inside the crystallizer,

A typical example of a useful temperature profile is given in Figure 8,
where the temperature of the cooling medium, initially being 26 0C,
gradually decreases to -9 °cC.

Integrating a crystallizer with 1ts own specific cooling system means that
the capacity of that cooling system has to be large engugh to cover the
period of maximum heat flux, This maximum heat flux occurs only during a
relativaly short period (see Figure 8). The cooling system is therefore
undericaded during a substantial part of the cycle. Consequently, the use
of evaporation systems of Tiquid process ammenia for cooling purposes would
nardly be feasible,

It 1s therefore obvious that a set of crystallizers should be combined in
cne integrated cocling system in such a way that especially the avaporators
for 1iquid process ammenia are operated at a constant load.
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Heat-exchange between ammonia and the cooling medium in use in the
crystallisation system takes place in the evaporator,

The refrigeration unit in principle is a heat pump. The overall efficiency

{N 1) of this pump is determined not oniy by the compressor

overal
efficiency (including efficiency of the drive), (Ncompr)' but also by the
- i - : 5 ) N
so-called ‘Carnot-efficiency’, (NCarnDt)'
= *
Nnvera11 Ncompr NCarnot
Tc.w.
NCarnot N
AT
Tc 4. - average cooling water temperature, in K

AT = cooling water temperature - <EVapdrator temperature- - - -~
The overall efficiency and electricity requirements at T. = 33 °C and
Ncompr = 0,54, are given in Table 1:
TABLE 1 PERFORMANCE OF A CLOSED-LOQOP REFRIGERATION UNIT AT YARIOUS
TEMPERATURES:

Cooling medium temp. | N Carnot N overall P spec.
- 20 % 5.28 2.85 0.54
-12 % 6,12 3.31 0.43
+12 % 11.77 6,34 0.19
+ 22 % 19.13 10.33 0.11
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PSPEC is the amount of electricity {in kWh), required to transfer 1 kWh of
energy from the cooling medium (low temperatyre} to the cooling water (high
temperature).

N overall is defined as the ratic between units of the total heat
transferred by the system and the amount of supplied energy (e.qg.
electricity)

From Table 1 it follows that the efficiency of the refrigeration units is
strongly influenced by the temperature of the cooling medium {at the same
cooling water temperature).

When the unit is operated at a cooling medium temperature of + 22 ¢
instead of ~ 12 OC, the electricity consumption per unit of heat
transferred from low to high temperature drops to only 26 %. Operation at a
conling medium temperature of + 12 9¢ requires 44 % of the original input
at -12 %,

Thus, integration of a set of crystallizers in various coaling circuits
rather than using only one circuit may lead to interesting energy savings,
since some of these cooling circuits are operated at elevated temperatures,

Such an integrated system is presented in Figure 9,

It should be noted that the crystallizers in Figure 9 reprasent a specific
status. This means that, for example, the status of crystallizer A in this
figure is such that it is taking all its cooling energy from closed-1oop
refrigeration unit T, After a certain period, the status of crystallizer A
will be such that it takes all its cooling energy from closed-loop unit I1.
At that time, another crystallizer may take cooling energy from closed-loop
unit 1. Depending on its status (i.e. the temperature ), a specific
crystallizer takes its energy from one of the cooling systems.

In an integrated system as described above, application of several
interesting features is very well possible:

1, The temperature of the mother Viguor after calcium nitrate separation is
abt, 5 °C. Since use is also made of cooling system having a
temperature of 22 °C, neat exchange between this mother liguor and the
cooling medium is very weil possibie. This direct regeneration of heat
in the crystailisation process leads to anargy savings,
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2. In many countries, cooling water having a temperature below abt. 20 %
is available, The cocling enerqy required in the ceoiing system
aoperating at abt, 22 9 can therafore quantitatively be obtained from
cooling water rather than via an electrical cooling unit.

Since the heat axchange between the cooling water and the
crystailisation unit occurs via intermediate cooling medium cirgcuits, no
interference of ¢ooling water and cooling medium takes placa. Again,
interesting energy savings may be achieved.

CHAPTER VI

THE STAMICARBON BATCH CRYSTALLISATION PROCESS

The cembination of a set of crystallizers, each ¢perating with a well
defined and limited temperature differance between cooling medium and
process liquor, in an integrated cooling system {as in Figure 9) raises
some important problems which need to be solved. First of all there is the
aspect of heat transfer,

Secandly, the maximum tip speed of the pump is limited in order to avoid
damage to the crystals, which sets limits to the pressure drop in the heat
exchanger., “

These problems have been solved by designing a crystallizer with sufficient
heat-exchanging surfaca and a special type of agitator,

Far this crystailizer design, the heat flux can be calculated, The
aquations describing the heat balances of the crystallizer and the cooling
medium as well as the overall heat balance are presanted in Annex [I. The
enthalpy of the process liquor (Hp) can be calculated as a function of Tp,
the temperature of the process liquor, From this relationship the derivate
SHp/8Tp is obtained.

The other parameters in the equations of Annex Il are design parametars
which can be inserted.

Starting from an initial value for Tp (e.g. 35 °C), and using the optimum
cooling programme, the derivation of which is indicated in chapter IV, Tp
is subsequently evaluated as a functicn of time. From this curve, both the
total batch time and the heat flux are derived (e.g. Figure 8),.

An additional problem is caused by the discontinuous character of the
process, Since the temperature difference between Tp and Tc varies
considerably throughout the process {e.g. from 1 to 16 °C), the neat flux
also varies enormously. As has been mentioned before, a set of
crystallizers should be integrated in ordar to aperate the cooling system

{i.2. the ammonia evaporators) at a constant load, For this reason it is
necessary to establish the optimum combination of the sat ¢f crystallizers
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and the various parts of the cooling circuits (such as buffer volumes,
pumping capacities and temperature levels).
In order to optimize the crystallisation saction, a dynamic simulation of

an industrial batch process, in which both the heat balances of Annex [I
and the regulation characteristics of the control system are combined, is
set up.

With the aid of the dynamic process similation, the following parameters
can be optimized:

A. The required number of crystallizers and their capacity.

B. Temperature control of the crystallizers, influenced by:

- the regulation characteristics of the temperature control unit;
the capacity of the cooling medium pumps:

- the volume of sacondary coolant buffer tanks.

L)

. Capacity of the ciosed-loop refrigeration units, influenced by:

the volume of primary buffer tanks;

the regulation characteristics of the closed-loop refrigeration units
with respect to capacity control.

D. The flow of coolant between primary and secondary cooling circuits.

An example of such a system, used in the dynamic simulation, can be seen in
Figure 10. Each specific crystallizer unit consists of a crystallizer, a
cocling medium buffer tank (the secondary buffer) and a conling medium
pump. The cooling medium supply from the primary cooling circuits to the
crystallisation units is controlled by means of a control valve and a
selector which selects the required cooling circuit. The temperature
control of a crystallisation unit is in effect a flow control by which a
controlled amount of cooling medium from a large storage (primary circuit)
is supplied to the secondary buffer tank of the corresponding unit. In this
way the temperature of the secondary buffer (Tc) is adapted, in dependence
on the temperature of the crystallizer ( (Tp), according to the optimum
cooling programme. The buffer volume of cooling medium in a crystallisation
unit is rather small in order to ensure a quick responsa in temperature
control. The volume of c¢ooling medium in the primary circuits, on the other
hand, needs to be large in order %o obtain a steady process. To prevent
coincidence of large flows from one primary circuit to the crystailisation
units, the varicus crystallizers are in phase shifted operation, while a
time contral unit is mastering %he total crystaiiisation sectian,
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From the results of this simulation, we arrive at an integrated batch

crystallisation system, consisting of a number of crystallizers and primary
cooling circuits.

Solely for reasons of illustration, a typical example of a crystaliisation
batch, based on the operating parameters for ideal batch crystallisation,
is presented, The various operating parameters given in this example depend
on, amongst others, feedstock composition, product requirements and local
conditions. Adaptation is necessary for every specific case,

Figure 10 represents a simplified process fiow sheet of this example,

Before entering the crystallisation section, the process liquor (Tp is abt.
60 0C) is cooled with cooling water to a temperature of abt. 35 °c.
Subsequently, one of the crystallizers is filled and taken into operation
while being controlled by the time control unit.

In the first part of the cooling process (e.g. down to a temperature of

25 OC), coolant from the primary cooling circuit, operated at a temperature
of 22 OC, is used to control the temperature of the correponding sacondary
buffer.

After a process temperature (Tp) of 25 O¢ has been reached and control of
the time control unit has been released, continuation of the cooling
programme is effected by means of the secend primary cooling circuit, which
is operated at a temperature of 12 Cc. Finally, at a process tamperature of
18.5 °C, the third primary cooling circuit, maintained at a temperature of
- 12 DC, supplies the cooling medium,

The temperature-time profile for a specific crystallizer, obtained from the
simulation, is presented in Figure 11. In the indicated period of 1000
minutes (16,7 hrs), more than three cycles have been compieted.

One of the most interesting results of such a dynamic simulation is the
total ‘peak to peak' load of each closed-loop refrigeration unit. These
loads, presented in Figure 12, appear to be within the range from abt 50 to
100 % of the maximum load required.

Thus, dynamic process simuiation shows, it is well possible to dasign an
integrated crystallisation and cooling system on industrial scaie that
fulfills our basic requirements (yielding coarse and uniform crystals by
avoiding excessive supersaturation).
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According to this example the optimized design for a 1000 tpd NP 1:1 plant

wouid comprise the following:

Seven crystallijzers.

Seven secondary cooling medium buffer tanks.

Seven secondary cooling medium pumps ,

A closed-loop refrigeration unit, the required capacity being 1.25 MW,

operating at an average temperature of 22 °C. The average load of this

unit is abt, 0.9 MW.

- A closed-Toop refr1gerat1on unit, the required capacity being 0.80 MW,

operated at abt. 12 °C, The average load of this unit is abt. 0.6 MW.

- An epen NHE-evaporator to evaporate the liquid ammonia which is required
in the neutralisation and conversion sections of the plant,

- Three primary cooling medium buffer tanks.

- Three primary coolant pumps.

= One shell and tube heat-exchanger for heat exchange between cold mother
Tiquor and cooling medium. Capacity of this unit being abt., 0.22 MW.

- An intermediate buffer tank for crystal slurry.

- A small unit to generate seed crystals.

- Temperature control of the crystallizers needs to be very accurate and
overall monitoring of the cooling circuits, especially with regard to the
selection of the various cooling units, is required. Furthermore
adaptation of the coeling programme to the actual cemposition of the
process liquor s necessary, To this end, control of the whole
crystallisation section is performed fully automatically by means of a
microcomputer and automatically operated analytical equipment,

- The crystal separation section is provided with a filter.

The design is based on small-scale experiments and computer-aided
simulation of the industrial process. The experiments have shown that our
batch crystallisation process can be fully controlled by choosing the
appropriate cooling programme, which can also be done on industrial scale,
for which the composition nf the process liquor is monitored. The computer
simulation shows that a commercial crystallisation section based on our
batch process can e realized by integrating a set of crystallizers with
cooling units.
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The performance of the new Stamicarbon crystallisation procass can be

compared with existing processes by means of Table 2;:

TABLE 2 PERFORMANCE OF VARIOUS CRYSTALLISATION PROCESSES

Continuous Conventignal* New Stamicarbon

process batch process batch process
P205 with min. 80 % well gasily
water solubility achievable achievable achievable
flexibility with limited improved high
regards to rock
phosphate
characteristics
Adjustable crystal- no no yes
lisation process
Lrystals separation centrifuges filters filters
by means of:
Crystal slippage abt. 12 % 5to 10 % abt., 1 %
Scale up from impossible difficult wall possible
lab. experiments
Scaling heavily yes none at all
Thawing system required not required not required
Estimated heat abt. 120 abt. 300 300-400
transfer - average initially
coefficient, W/mé.K abt. 50

finally**

* based on tests and application of theory.

** decreasing becayse of the formation of encrustations on the

heat-exchanger surface,
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Typical operating parameters and electricity consumption figures of the new
Stamicarbon process are compared with those of existing pracesses by means
of Table 3:

TABLE 3 COMPARISON OF YARIQUS PROCESSES:

Continuous Conventional™* New Stamicarbon
pProcess batch process batch process
final crystallisa- -5 ] abt. 0 4
tion temp, °C
No. of cooling 1 1 3
circuits
aperating temp. of -12 =12 22
closad-loop 12
units, °c
afficiency of closed- 3.3 3.3 10.3
foop units 6.3
electricity ** 0.7 0.6 a.7
cansumption, excl.
closed-loop units, MW
electr, consump~ ** 1.4 0.8 0.2
tion of closad-loop
units, MW
total electricity *« 2.1 1.4 0.9
consumption, My
rel. electr, con- ** 222 143 94
sumption, kwh/t.P205

* based on tests and appiication of theory

** for 1000 tpd, NP = 1:1, with 80 % water solubje PoQs in the fertilizer,
for the crystaliization section only,
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Stamicarbon is now constructing a nitrophosphate demonstration unit, to be
completed before the end of 1984, This installation, also micrbcomputer—
controtled, will be realized in the nitrophoéphata unit of UKF in Geleen.
It will be possible to operate the unit independently of plant operating
parameters, in order to investigate the suitability of variocus phosphate
ores, Furthermore, it will be possible to study long-term effects by using
process liquor from the nitrophosphate plant,

CHAPTER VII
CONCLUSIONS

1. The Qdda process can be adapted properly to the demands imposed by
changing feedstock and process conditiens provided that it is applied as
a batch crystaliisation process without excessive nucleation.

2. The fundamental know-how necessary to design an ideal batch
crystallisation process, characterized by the controlled production of
coarse and uniform crystals, has been developed,

3, With the aid of a dynamic process simulation, an optimum design for
industrial application of the ideal batch process can be made for any
type of phosphate ore.

4. By integrating a number of batch crystallizers and various cooling
circuits, consiaerable energy savings can be realized.

5. Comparison of the characteristics of the various crystallisation
processes clearly demonstrates the advantages of the new Stamicarbon

batch crystallisation process.

6. A batch crystallisation demonstration unit will be available by the end
aof 1984,
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Annex [

sulphuric acid dissolution

aq
(Caa(P04)2)3. CaF,.2 Cax2 + 12H2504 —
12 CaSO4 + 6 H3PO4 + 2 HF + 4 HYX

nitric acid dissglution

ag
(Ca3(P04)2)3. CaF2.2 CaX2 + 24 HND3 .
12 Ca(N03)2 + 6H3P04 + 2HF + 4 HX

the neutralisation resulting in P205 having a water solubility of 40%
5.35 Ca(NO3), + 6 HaPO, + 2 HF + HX + 12,6 NH, 29

3.6 CaHPD4 + 1.9 NH4H2PO4 + CaF2 + 10,7 NH4N03 + 0.25 Ca(HzPoq)2 +
0.5 Caxz

the neutralisation resulting in P205 having a water solubility of 850%

aq
2.40 Ca(N03)2 + 6 H3PU4 + 1.6 HF + 0.8 HX+ 9.6 NH3 o N

1.2 CaHPD4 + 4,8 NH H2P04 + (0.8 Can + 0.4 Cax2 + 4.8 NH4N0

4 3
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Annex T1]

A. The heat balance of the crystallizer:

& Hp
do/dt = (G, * dTp * — + Py + Pp)
&Tp
Where:
Q = amount of heat, in kJ
Gp = amount of process liquor, in kg
Tp = process temperature, in K
t = time, in 5.
Hp = enthalpy of the process liquor, in kJ
PA = power input of the agitator, in kW
PP = power input of the pump, in kW

B. The heat absorption of the cooling medium;

dQ/dt = F, * Cp, * (T - Te,)

Where: ‘

Fc = flow of coeling medium, in kg/s

Cpc = specific heat of the cooling medium, in kd/kg K

TCl = temperature of the cooling medium at crystallizer inlgt, in K
TEE = temperature of the cooling medium at crystallizer outlet, in K

L. Qveral] heat balance:.

dQ/dt = U > AX (T - T)

p
Where:
U = overall heat-exchange coefficient, in kN/mEK
A = Heat-exchanger area, in m2
T. = mean cooling medium temperature, in K.

[
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Annex III

Lomments to the enclosed figures

Figure 1:

Calcium nitrate solubility curve for dissolution Tiquid from Jordan rock
phosphate and 60 % nitric acid (solid line),

Also indicated is the calcium nitrate concentration of the mother liquid
after separation of crystals at some values for the relative crystal
slippage (dashed 1ines). The calcium nitrate concentration is expressed as
the CaO/PZG5 molar ratio and is related directly to the relative water
s0lubility of P205 in the end product.

Figure 2:

Typical size distributions of calcium nitrate crystals gbtained in the
continuous crystallisation process. Nine crystallizers are connected in
series. Their operating temperatures vary from about 22 9C in the 2nd
crystallizer to -5 °C in the final crystallizer.

Figure 3:

The Stamicarbon continuous crystaltlisation process.

Figure 4:

Four crystallisation methods are schematicaily represented:

A: Conventional continuous crystallisation

B: Continuous crystaliisation without excessive nucleation

C: Conventional batch crystallisation

D: Batch crystallisation without excessive nucleation

In all four curves a solid line indicztes the solubility curve, a dashed
line the nucleation curve. Also indicated are the average process liquid
temperature, Tp, and the average cooling medjum temperature, TC.

{(¥) indicates the seeding point.
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Figure 5:

Calcium nitrate concentration during two batch crystallisation experiments,

starting from dissolution liquid from Jordan rock and 60 % nitric acid and

an initial Ca0/P,0; molar ratio of 2.76. A solid iine indicates the

solubility curve, the two dashed lines are nucleation curves, determined at

cooling rates of 0.10 and 0.25 0C/min., respectively. The measurements have

been made under different cooling conditions:

curve 1: Initial cooling medium temperature 22 %, 1nitial cooling rate
0.25 %c/min.

curve 2: Initial cooling medium temperature 25 DC, initial cooling rate
0,10 %c/min,

Figure 6:

Crystal size distributions of crystals separated from the mother ligquid at
5 DC, obtained in the batch experiments represented in Figure 5,

Figure 7:

A crystallisation system for the jdeal batch process.
The temperature measurement, the valves and the control units have been
indicated (TRC = capacity control).

Figure 8:

Temperature profile for an ideal batch crystaliisation process.

Both the temperature of the process liquid and the temperature of the
cooling medium are given as a function of time, Also indicated is the
required cooling energy.

Figure 9:

An integrated system of crystallizers and three cooling circuits, The
figure merely represents one status of the system: in this figure,
crystallizer A is served by cooling c¢ircuit I, B by II and C by III.
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Figure 10:

Simplified flow scheme for an integrated crystallisation system,

Figure 11:

Temperature-profile of one specific crystallizer., The temperaturses of
process 1iquid and cooling medium inside the crystallizer have been
calculated via dynamic simulation of an industrial-scale process.

Figure 12:

The total Joad on the refrigeration unit and the mother 1iquor

heat exchanger as a function of time, calculated via the dynamic process
simulation,



Calcium nitrate crystallisation curve
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Crystal size distributions, for the continudus calcium
nitrate crystallisation process
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Stamicarbon continuous crystallisation process
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Typical temperature profiles for various crystallisation
processes

Continuous crystallisation process A
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Continuous crystallisation process without excessive
nucleation
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Figure 4b
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Conventional batch crystallisation process
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Batch crystallisation process without excessive nucleation
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Solubility and nucleation curves
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Crystal size distribution, for the batch calcium nitrate
crystallisation process
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Flowscheme tor an ideal batch crystalliser
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Typical temperature-profile for an ideal batch
crystallisation process
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Representation of an integrated batch crystallisation
process

crystallisation
units

——— -

e

primary cooling
circuits

. crystalliser
. secondary bulifer
. primary buffer

. refrigeration unit -
MY ETY Ml-ln-nunnnrainr.._i—ﬁg!ﬁe g

JT o G A =

gt - €1



Flowscheme for an integrated batch crystallisation

process
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Typical temperature-profile for an ideal batch
crystallisation process

40.0qTemp °C

20.0-

10.0-

0.00

o e rher o w— ey oy w— m— w— — o w—

cooling
medium

i~ T proces
\ﬁquor

J

—mm— e in min.

-10.0

100

200

300 .

400

500

600

700

800

900 1000

Figure 11

gt - 61



Heat load on various refrigeration units
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TA/84/19 Significant energy savings in the ODDA process by M.H.G,

Jennekens, Stamicarbon BV & G.H.M., Calis, DSM, Netherlands

DISCUSSION: Rapporteurs L.K. RASMUSSEN, Superfos AS, Denmark and B.

Q

PERSSON, Supra AR, Sweden:

Mr., B.K. JA.IN’ FAI, India

In the New Stamicarbon bateh erystallization procass the number
of eooling ecircuits required are motre than for continuous
process. While integratloun of the set of crystallizers in various
coaling circuits leads to emergy savings, the installed costs of
equipment may be higher. Some 1dea of the relatlive cost af
production per tonne P205 may be given for the continuous aund rhe
new hatch process.,

The Engineering Departmant of DSM made an ifuvestment estimate of
the three variants of the process. It Jndicates that no
gsignificant differences in investment figures, and thus in fixed
costs of the product, were noticed.

In my paper I have shown that considerable energy savings may be
realized, which of course directly affect the variable costs of
the end product. Comparison of the continuous  crystallization
process with the new hatceh crystallization process shows that the
total price of the end product Ls 7 US$ per ton of P205 lower.

Mr. G. KONGSHAUG, Norsk Hydro, Norway

Do you fiad it correct to compare the new crystallization process
with exiating conventional processes when this 13 only based an
your evn htests and your own understanding of the theory?

There are maﬁy differances in opinien as te nucHers and
agsunptions in tables 2 and 3.

Well, it is not our understanding of the theory but fundamental
crystallization theory which we are referring t£o. I think that,
by the two experiments described 1n the paper, the validity of
this theory 1s demonstrated c¢learly. Conceraing the differances
you nete, I would 1like to invite Norsk Hydro g discuss
comparabhle figures excensively on a later occasion.

Mr., L.K. RASMUSSEN, Superfos AS, Denmarvk

How did you determine the crystal size distribution?

The crystal size distribution has baeen determined In twe ways:
The firsec method is te wasin and dey the crystals, followed by
gieving. The second methed {$s used for a2 more accurats size
digtvibution. We applied a microscopny technique {n whiech a
photograph of a number of crystals i{s made. The photaegraph is
scanned with a lighc beam of very precise dimansions. This is
done with 16 differeat beam sizes and vasults in a very accurata
glze discribution analysis of the crystals.

Did you 1iastall sowme kind of automacic equipment for on-liae
analysis of crystal size distribuctica 1in your induvstrial plants?
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No, we never did and we don't intend to. However, we do ilaotend to
install on-~line analysis equipment to determine the CaO/P205
molar ratio of the process liquor before the crystallization
sectlion and, alse, ¢to 1install a microprocessor-based control
gystam in the crystallization unit. This system caleculates the
temperature profile for a given dissolution ligquor Based on this
Ca0/P205 molar ratio. With the process as just described to you,
we always have the same coarse and uniform crystals.

Mr. A. DURQCHER, BASF, Germany

A gquestion related top majintenance costs. Can you give some
indication of the 1ife of the sgieves 1In your two-stage
pusher-type centrifuges?

Well, the new process, which 1s based on bateh ecrystallizaticn,
results 1in very coarse and uniform c¢rystals, which can easily be
separated by means of a conventional filter. Thias is what we are
going to apply in our process, and certainly no pusher=type
centrifuges. 50 I think the question is not relavant.

Mr. E. AASUM, Norsk Hydro, Norwvay

On page 10 the theory of conventional batch cerystallization 1s
. deacribhed where the cooling medium passes ‘countercurrently
through the c¢rystallizer in the process. '

On the basis of your experiments and of application of theory you
conclude for several reasons that ecvystallization behaviour in
technical systems can neither be cantrolled nor predicted.

In the Norsk Hydro nitrophosphate process the batch
cryastallization 1Is operated with thls countercurrvent flow of
cooling medium and our exparience on cerystallizaticon bBehaviour in
technical system does not follow your predictions.

There are now 10 commercial units with a total P205-capacity of
3000 MT P205 per day operating on this principle, the first one
baing i{n operation for 10 years.

Well, the most recent paper of Norsk Hydro, which was preseated
at the Fertilizer Round Table in Baltimore, USA, c¢ontaing an
impartant typing error. If 85% of the crystals is to be removed,
the final erystallization temperature should be =5°C instead of
the printad +5°C, which proves that our predictions are right. We
have no Lutention at all of condemning the conventional batch
cryatallization process, wea only wanted to demonstrate that
considerable improvements of this proecaess concetrning energy
gavings ag well as production flexibility can be realized.





