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Separation System Synthesis for Fractional Crystallization from
Solution Using a Network Flow Model
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A method is presented to synthesize process flowsheets for separations of mixtures by fractional
crystallization. Using equilibrium data for a candidate set of potential operating poini,
temperatures, a network flow model is constructed to represent the set of potential separation
flowsheet structures that can result. By employing specified approaches to multiple saturation
point conditions, lincar network constraints are obtained. Solution of the network flow model
shows the optimal mass flow pattern between the candidate equilibrium states, and from this
the corresponding process flowsheet is readily deduced. The method as presented is generally
applicable lo problems with two salts and one or more solvents, including systems forming ono
or more mulliple salls or hydrates. Situations having multiple feeds and multicomponent
products are also included. Several salt separation examples are given which demonstrate the
method's application and show some of the types of coupled cycles that are obtained as solutiona,

Introduction

The subject of separation system synthesis has re-
ceived considerable attention in the literature due to

the significant capital and operation costs associated

with these processes. Much of the research has con-
cerned the synthesis of distillation-based sepa-
ration systems. To date, much less attention has been
directed toward fractional crystallization from sclution.
Flowsheet synthesis procedures for these processes are
not yet fully developed and form the subject of this
paper. : : '

The full subject of crystallization system design
involves a broad range of issues pertaining to the
operations employed, such as crystallization and dis-
solution kinetics, habit and size distribution, filtration
and washing behavior, and solids handling. The focus
of this paper, however, is on the overall process design
and the determination of the optimal flowsheet struc-
ture. It is assumed that the practicality and economic
costs of the operations to be employed either are known
or will be determined as needed.

Fractional crystallization operations are deceptively
simple methods of separating mixtures of salts that
differ in solubility. The complete separation by crystal-
lization of a ternary mixture (two salts and one solvent)
is naturally limited by the presence of one or more
points of multiple saturation (eutectics); two or more
points of multiple saturation occur when one or more
double salts are formed. Since two salts will erystallize
out simultanecusly when the multiple saturation point
composition is reached, the maximum recovery of a
single salt is limited by approach to that composition,

* To whom correspondence should be addressed. Tele-
phone: (G08) 262-3641. Fax: (608) 262.5434. E-mail:
swaney@cngr.wisc.edu.

The usual method to overcome this limitation is frac-
tional erystallization. Fractional erystallization employs
a combination of heating, cooling, evaporation, dilution,
and solid—liquid separation:steps in a flow pattern
which may include recycles. K

The earliest published work on the flowsheet design
of fractional crystallization processes is that of Fitch
(1970), who developed systematized procedures by
which ideal equilibrium processes can be designed from
solubility data. That work identifies basic feasible
cycles and suggesta their use as building blocks in
assembling systems to separate several components.
However, the synthesis problem of identification and
selection of alternatives is not addressed.

Ng (1991) presents a synthesis method for separation
of solids based on selective crystallization and dissolu-
tion. The method can be applied to mixtures of solids
that do not form double salts and have solubilities that
are monotonically increasing or decreasing functions of
temperature. Such systems cover only a subset of
fractional crystallization problems. Also, the method is
not applicable to the geparation of salts from brine. Dy«
and Ng (1995b) investigate fractional crystallization of
two- and three-solute mixtures that do not form hy-
drates or compounds. Specific one- and two-loop struc
tures are examined. Berry and Ng f1996) address
quaternary conjugate salt systems, propusing particulus
structures for three classes of solubility hehavior. Berry
et al. (1997) consider drowning-out (solventing-out,
methods for two-solute systems, proposing seven struc-
tures suiting different equilibrium behavior and feed
properties. Though addressing the more restricted

" problem of extractive crystallization, the works of Ru

jagopal et al. (1991) and Dye and Ng (1995a) present
relatedideas. Also, Berry and Ng (1997a,b) consider

reactive crystallization and crystallization - distillatior.
hybrids.
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Thomsen et al 119951 investigate a particular two-
crystallizer structure for one- and two-product processes
and also present o method {or generating phase dia-

grams.
Cisternas and Rudd (1993) present a systematic

procedure for the identification of alternative process

designs for ternary and multicomponent systems that
form anhydrous and hydrated single salts, and anhy-
drous and hydrated double salts. However, their methed
daes not include niultiple feeds, multicomponent product
streams, or stream-splitting possibilities. Also, their
method does not apply if there is more than one double
salt in the system.

In this paper, we present a method based on a
network flow model for synthesis of fractional crystal-
lization separation systems. The method can be applied
to systems with two salts and one or more solvents,
including multiple feeds, multicomponent products, and
systems that form one or more multiple salts. With
limitations it also has some applicability to systems with
more than two sclute products.

The spectrum of crystallization applications spans a
broad range, from small-scale, high-purity requirement
situations to large-scale bulk separations. The method
presented here is most appropriate for large-scale
processes. In these situations capital, maintenance, and
often energy costs typically are significant and make
the process economics sensitive to the magnitudes of the
throughput rates of the operations and responsive to
improvements in the flowsheet design.

- The method presented here is based on an abstraction
of the equipment operations into the phase equilibrium
space. At this level, all of the crystallization, dissclu-
tion, evaporation, and dilution steps can be represented
in terms of material flows between particular thermo-
dynamic equilibrium states. Knowing the phases, com-
positions, and temperatures pertaining to each state, a
network model can be constructed embodying all of the
flow possibilities between the states. Solution of this
representation as a network flow optimization problem
yields the desired flowsheet.

Below, the network model is developed. Its use is
then illustrated in a series of examples involving salt
separations.

Model Development

Problem Statement. The fractional crystallization
process design problem considered here can be stated
as follows: Given a set of feeds containing a set of
speciea (solutes and solvents) and a set of allowed
candidate operating temperatures, synthesize a process
flowsheets that will separate the feed streams into
product streams of specified compositions at minimum
total cost. The separations are to be performed by
exploiting differences in solubilities. Operations may
include dissolution, crystallization, solids separation,
solvent removal, and mixing, conducted at any of the
candidate operating temperatures.

Selection of Operating Temperatures. While the
feed and product streams are defined by the saparation
task itself, the candidate operating temperatures will
be selected based on two other factors. The first of these
is the set of temperatures at which heating and cooling
are available. The second is the temperature sensitivity
of the phase diagram.

Heating and cooling availability will define which
operating temperatures are possible, typically giving a

maximum and a nummum. Within this range, inspec-
tien of the phase equilibrium behavior will indieate
whether or not operating points lying cither at an
extreme or within any particular intermediate range
will provide or enable a potentially uselul process
feature. Simply changing the temperature often pro-
vides a compositional difference that can serve as the
basis for a separation cycle. With more complicated
equilibria, different temperatures can give rise to dif-
ferent precipitated species. The selection of operating
temperature candidates is thus problem dependent, but
sensible choices should be apparenl. The method
*developed here has the capacity to handle a number of
temperatures, so if the potential merit of a candidate
temperature is not clear, it may be included anyway to
cover the possibility.

Basic Assumptions. In constructing the medel, two
principal assumptions will be employed:

{1} A crystallizer or leaching is operated essentially
at a peint of multiple saturation. Operating at these
points allows the maximum recovery of any solute.
Since more than one solute may crystallize at a multiple
saturation point, operation exactly at these points is not
possible. Most often, however, practical operation is
achieved very near to the actual multiple saturation
point. For instance, in Perry et al. (1984), a 95—-98%
approach is reported as normally possible with inorganic
salts.

(2) The combined investment and operating costs of
industrial crystallizer systems are increasing functions
of the evaporation, dilution, solids separation, and
recycle flow rates. Principally, we assume that the
process economics can be computed as a function of the
individual flows within the process, given the operating
conditions of each operation. At the simplest level,
minimizing the total of the flow rates can be used as a
surrogate for actual cost minimization. More elaborate
cost functions with specific capital and operating cost
terms may also be employed.

Model Formulation, Under the assumptions above,
the mass flows comprising the process can be repre-.
sented in terms of a network, with nodes corresponding
to multiple saturation points, solute intermediate ape-
cies, process feeds, and end products. Because more
than one solute can be precipitated around a multiple
saturation point, each of these points gives rise to
multiple nodes in the network, one node for each
possible solid that may be precipitated at that multiple
saturation point, Solute intermediate nodes arise when
the phase equilibrium gives solid phases that are not
end products (e.g., double salts). Feed and product
nodes in this formulation serve two roles. They provide
for the input and output flows of the process feed and
product streams. Beyond this, they also are used to
provide for addition and removal of solvents to and from
intermediate nodes, The flow rates for solvent feed and
product nodes typically are left as variables, with
implicit recycle of solvent.

Inputs to the intermediate and product nodes are
mixed. Output streams from the feed and intermediate
nodes have fixed compositions. For nodes engendered
by multiple saturation points, these are given by the
equlhbnu'm compositions of the corresponding phases,
or a, specified approach thereto. Intermediate solute
species nodes and feeds have defined compositions.



For the mathematieal formulation we define the
folowing sets and constants:

M = {multiple saluration point nodes} (n
S = {intermediate solute nodes} (2}
Iy = {feed nodes) (3)

I = {{eed nodes 1 € I with feed rates specified} (4}

I=I1.UMUSU.Jy (5)
Js = {solute productl nodes} (6)
Jy = {solvent product nodes} ()

Jp=dgUdy (8)

p = {U, &) = product nodes j € J, with flow
rates of species k ¢ K specified} (9)

J=J,UMUS (10)

K = {species in the system (solutes and solvents)}
(11)
v = composition of phase ! from nede i,
species k € K (12)

{(i /) = phase of flow from node i to node j =

L(liquor} ieM,jeM

S (solute) ieM,je{SUJg)ies

V() (solvent) i e M,jedy (13)
V(i) iedy

F (feed) ielp

Y, = {species present in flow from
node i to node j} = {k]yﬁf'ﬂ =0} (14)

Y; = {species not present at node j} =
(ks =0,/ e M; 55 =0,j €Sy =0,j e dy;
Py =0,(, k) e Jp} (15)

X = {all possible internode species flows not
disallowed by the Y} =

(U, jaklk e Y, Y, 0¥, =C;iel jed, kcK} (16)

The determination of the set M and the compositions

Yy of its member nodes is detailed in the Appendix.
“The network flow optimization problem may be
formulated in terms of either stream total flow rates or
individual species flow rates. We will use the latter,
with optimization variables x;s representing the flow

rate of species & from node i Lo node j:

min 3 %, (17)
Lijk (i gkieX
SUo D, Y= Y, Tww MmMeMUSLReK

ek X ﬂ‘"'JJIFX

(148
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X E 22

The network model constraints are comprised of
species balances around the intermediate nodes (18),
specifications of feed (19), and product rates (20) and
the relations fixing the compaositions of each source node
(21). These all are linear, and together with flow
nonnegativity they define a convex feasible region. We
note that inequalities may be used in (19) and (20) when
appropriate. In the case of a simple linear objeclive
function as shown, a linear program results. The model
may be solved using standard optimization packages,
for example, GAMS (Brooke et al, 1997) or AMPL
{Fourer et al., 1993).

Solution of this model indicates the optimal flowsheet.
The nonzero flows indicate the operating points em-
ployed in addition to the mass balance for the design.
Equipment requirements to accomplish the implied
crystallization, dilution, solids separation, evaporation,
heating, cooling, and transport can be determined
directly. Detailed design modelling and final optimiza-
tion of the flows, operating conditions, and equipment
parameters can then be completed using the flowsheet
structure provided by the model.

Limitations of the Present Formulation. In the
model as presented above in (17)—(22), the node com-
positions yii”' are taken as constants, resulting in
linear network constraints. When only one solid species
is to remain or precipilate at any one intermediate node,
appropriate compositions for the streams leaving the
node can be determined a priori from a properly chosen
approach distance to the multiple saturation condition.
However, if two or more solid species are to remain or
coprecipitate at a node, the relative proportions of the
solids are not determincd by the saturation conditions.
Also, with more than two independent solutes present,

the multiple saturation conditions can be approached
over a range of solution compositions.

For two-solute separations, steps yielding more than
one solid normally would not be needed, and the model
is readily applied. Wilh more than two solutes, the
model can be applied Lo find processes that do not
employ steps yielding multiple solids. This may be
approached by gridding the ranges of solution composi-
tions over the double suluration boundaries, introducing
several nodes to sample over the ranges of interest.
However, consideration of all important process options
requires that nodes yielding multiple solids be included
as well. The gridding approach could be extended to
cover a range of mixed solids compositions, with nodes
sampling over the additivnal composition combinations.
The model has the capuacity to accommodate a large
number of such nodes, cven though practical limitations
will eventually be reached with a large number of

solutes. This approach for multiple solutes remains Lo
be more fully examined.
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Figure 1. Example 1.1: KCI from sylvinite. (a) Network struc-
ture, (b} Solution Nows. (¢) Corresponding flowsheet. (d) Patha on
the phase diagram.

Examples

In the examples below, zero approaches to multiple
saturation compositions were employed for simplicity,

Table 2 Example L Flow Raides for the Optinad

Network in Figare 1h

!.I ) .".N‘ RN ,f"' 'h.ll
iK€ TO1Z2 0 THN Ai T d4UT
Na(l 8670 A62h R IR B SRRt BN N 1T

wiler KERAIOH] RMBETEN

(b}
Watar Feeid 1 Faed2
Y 1
Evaporate Mix at 100°C
ata

Y *

KCl =— Solid Sep. Solld Sep. |-+ NaCl

()

Figure 2, Example 1.2: KCl lrom sylvinite with two feeds. (a)
Network structure. (b} Solution flows. (¢} Corregponding flowsheet.

and a simple minimum-flow objective function was used
(all ¢yx = 1) .

Example 1: Production of KCI from Sylvinite.
Consider the production of potassium chloride from 100
units of sylvinite (47.7% KCl, 62.3% NaCl). The separa-
tion of sylvinite using dilution and crystallization has
been studied by Rajagopal et al. (1988) and by Cisternas
and Rudd (1993). Both papers find that there are two
alternative structures for the separation and that the
optimal structure is that of leaching — NaCl filtration
- crystallization — KCl filtration.

Here, three cases are gtudied. In example 1.1, we
seek the optimal structure using water as solvent.
Example 1.2 considers the case where there are two
feeds with different compositions. In example 1.3, the
possibility of using water and ammonia as solvents is
studied. .

Data on phase equilibrium for the system KCl-
NaCl-H20 from Linke and Seidell (1965) are given in




Talle 3. Exaumgple 1.2: Flow Rates for Ll Optimal
Network in Figure 2h

flow rate, £, Live

far _k hf'?i -fv_m

:"H fis Fe fa

KOV 1784 46,9168 25000 55364 72_?(3.(.! V7279
NaCll ELB24 40476 70.000 95.822 RALW7 122,300
waller n0M 322.008 NI 32T 1M

Table 4. Exnmple 1.3: Flow Rates for the Optimal
Network in Figure 3b

Now rate, £, = Tara

fir fin fan fiv i i fus fran
Kol An B4 11,859 38.938

2498 47,700
Nu(ll 39.297 13.003 27.459 Kh2.3H 40.441
water 106 894 106.898
ammonin 99,905 99.905 99905

Table 5. Points of Multiple Saturation for the System
N&zCOa-NH:SOr‘“zO

temp, saturated solulion, wt %

key °C Na,COy Na,50, solid phases

C 20 1495 112 NayCO1011,0, NagSOq 10H,0
W1 50 114 222 NaCOy2NasS0. NasS0,

H2 50 297 55  NaCOx11,0, Na,CO42Na,80,

Table 1. Two temperatures are considered as multiple
saturation points, 30 and 100 °C. Also included in Table
1 are data for the KC1-NaCl—-H;0—-NHj; system at 25
°C given by Gaska et al. (1965).

Example 1.1. Figure 1 shows the structure of the
full network, the solution to the network flow problem,
and the flowsheet structure corresponding to the solu-
tion. The network structure in Figure 1a employs nine
nodes. Node 1 is the sylvinite feed node. Nodes 3 and
4 correspond to the multiple saturation point at the cold
temperature (30 °C). Node 3 allows the separation of
KCl, whereas node 4 allows the separation‘of NaCl. In
the same way, nodes 5 and 6 correspond to the multiple
saturation point at the hot temperature (100 °C),
allowing the separation of KCl and NaCl, respectively.
Nodes 7—9 are product nodes, with nodes 7 and 9 being
the solute products (pure salts). All allowed flows
between the nodes are shown in the figure, Flow is
allowed from the feed node 1 to nodes 3-6. Water can
be added from node 2 (dilution}, or removed to node 8
(evaporation), to or from the multiple saturation nodes
3-6.

Figure 1b shows the solution to the network flow
optimization problem. The correspending flow rates are
given in Table 2, and the corresponding flowsheet is
shown in Figure 1c¢. Figure 1d shows the process paths
on the phase diagram. The solution found is not the
same as that found by Rajagopal et al. (1988) and
Cisternas and Rudd (1993), where all the sylvinite was
fed to the hot point of multiple saturation and where
both dilulion and evaporation were needed to achieve
the separation. The optimal solution divides the feed
into two parts, with 16.6% fed to the cold point of
mulliple saturation and 83.4% {ed to the hol point of
multiple saturalion. Neither evaporation nor dilution
is needed.

Example 1.2. Sometimes two diflferent types of
sylvinite are available. This example analyzes Lhe
Aowsheel struclure for such a situntion. Potassium
chloride producet is Lo be produced from the combination
of H{) unils of fued 1, a sylvinite of composition 47.7%

Ind EFnp. Chem Bes Vol 37 No 719498 27465

b 13
®) Feed

Sol L

vent-oul :
at 259C Mix at 100°C
Y Y

KCl - NaCl
-=— Solid Sep. Solid Sep.

{©

Figure 3. Example 1.3: Sylvinite system with ammonia. (a)
Network structure. {b) Solution flows. (c) Corresponding flowsheet.

KCl and 52.3% NaCl by weight, and 100 units of feed
2, a sylvinite with composttion 25% KCl, 70% NaCl, and
5% Hy0.

Figure 2a shows the network structure for this case.

Node 2 has been added to the network of the previous
example to represent feed 2, giving a total of 10 nodes
in the network.
“*Figure 2b shows the nonzero lows appearing in the
solution to the network flow optimization. The corre-
sponding flow rates are given in Table 3, and the
corresponding flowsheet is shown in Figure 2c. The
optimal solution divides feed 1 into two parts, so that
22.61% is fed to the cold multiple saturation point and
77.39% is fed to the hot multiple saturation point. Feed
2 is fed in its entirety to the hol multiple saturation
point. Evaporalion is required al the cold multiple
saturation poini, but dilution of the feed is not neces-.
sary. .

Example 1.3. Several studies have considered the
use of ammonia to solvent-out potassium chloride
{Gaska et al., 1965). This example analyzes the flow-
sheet structure when ammaonia is also allowed in the
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Fe*ed l———_-— Weitef *1

Dilute Evaporate Dilite
| at 209C |_at 50°C 20°C
Y J
Solid Sep. Solid Sep. Solid Sep,
NayS0, 10 H,0 (2] NazC03 110 H0

c)

Figure 4. Example 2: Na;CO3~NayS04—H;0 separation. Ex-
ample 2.1: {a) Network structure. (b) Solution flows. (¢) Corre-
sponding flowsheet.

system. The equilibrium data for the KC1-NaCl-H,0—
NHj system at 25 °C is included in Table 1.

The network structure shown in Figure 3a employs
13 nodes, obtained by treating ammonia as an ad-
ditional *6olvent” and adding nodes 3, 8, 9, and 13 to
the original network of Figure la. Nodes 8 and 9
represent the multiple saturation point with ammonia,
with node 8 for the separation of KCl and node 9 for
the separation of NaCl. Nodes 3 and 13 represent
dilution with or removal of ammonia. In the figure, the
open arrows represént the numerous interconnecting
paths that have been omitted for clarity. The modet
includes the full set of paths indicated by the set X in
(186). .

Figure 3b shows the nonzero network flows in the
solution. The flow rates in the network are given in
Table 4, and the corresponding flowsheet is shown in
Figure 3¢. The optimal solution divides the feed into
two parts, so that 75.14% is fed to the hot multiple
saturation point and 24.86% is fed to the multiple

Ma.,C: 10 H,0
o

NGZCOJ Ml Ilz()- (Na co )
?

3
10

Feed
Water * | Walar
Dilute Mix Dilute
at 20°C a150°¢ |_at20°C

¥ ¥

Solid Sap. Solid Sep. Solid Sep.

Na S0, 110 H0 DS Naz£04 -10 H0
(b)

Figure 5. Example 2.2: (a) Solution flows. {b) Corresponding
flowsheet. '

saturation point with ammonia. The cold multiple
saturation point is not used as an operating point.

Note that, in the network representation in Figure
3b, ammonia solvent leaves node 7 in a separate pure
stream. This implies a method of separating ammonia
from the other solvent as well as the solutes. In this
example the receiving node 7 is ammonia-free, implying
separation of the ammonia from the feed liquid coming
from node 8 before the liquid—solid—vapor equilibrium
of the node T multiple saturation point is achieved. An
ammonia recovery unit is needed as shown in Figure
3c.

Example 2: Separation of Sodium Carbonate
and Sodium Sulfate. Consider the separation of
Na;CO3 and NayS0, from mixtures of those salts.
Phase diagram data are available in Linke and Seidell
(1965). This system presents both a temperature regian
where no double salts are formed and a temperature
region where there is double salt formation. Table 5
shows the equilibrium compositions at two tempera-
tures, 20 and 50 °C.

Several examples will be studied. First, in example
2.1, the feed will be the double salt burkeite,
NayC03'2Naz80,. This example has been studied by
Cisternas and Rudd (1998). In example 2.2, the feed is
composed of 80% Nay;COj and 20% NaySO, by weight.
In example 2.3, the feed is an aqueous solution of 30%
NazCOs; and 20% NasSQy.

Figure 4a shows the network for these examples. For
the three cases, the network atructure remains the same
but the composition of the feed (node 1) differs. There
are 12 nodes total, with nodes 3—8 corresponding to
multiple saturation points. Node 9 allows the process-
ing of the double salt. Figures 4b, 5a, and 6a show the
the solutions for the three cases. The solution to
example 2.1 includes two dilution steps and one evapo-
ration step. The cold multiple saturation point is used
twice, once for precipitation of sodium sulfate and once
for precipitation of sodium carbonate. Only one of the
two hot multiple saturation points is used {node 8), at
which the double salt burkeite is precipitated. The
solution to example 2.2 is similar to the solution of
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Figure 6. Fxample 2.3: (a) Solution flows. (b} Correspanding
flowsheet.

Table 6. Points of Multiple Saturation for the Syatem
MgS0-NaiS0,~-H:0

temp, salurated solution, wt %

key °C MgS0, Nez850, solid phases

Cl 187 20.57 11.80 MgS0,-TH20, NasB80,-10H0

C2 25 21.16 13.0 MgSOp?H.O, MgSO‘-ngSO‘-
4H,0

C3 25 16.6 178 NayS0,-10H0, MgS80,NapS0,
4H,0 _

H1 50 31.32 4.74 MgS0,-6H:0, MgB0, NazS0,-
4H0

H2 50 11.98 23.26 MgS0,-Na;S0,-4Hz0, NasSO,

H3 97 32.20 b6.55 Mg‘SOrH,O, MgSO.CN&:SO;

H4 97 14.40 1916  MgS0,-NasS0O,, MgS0,-
INasS0,

H5 97 5.88 2680  Mg30.-3NazS0, NaySQ,

example 2.1, but now the feed is divided into two parts,
which allows elimination of the evaporation step. In
example 2.3 where the feed is an aqueous solution, the
feed is added to the hot multiple saturation point.

Example 3: Separation of Magnesium Sulfate
and Sodium Sulfate from Astrakanite. Consider
the separation of magnesium sulfate and sodium sulfate
from the double salt astrakanite, MgS0,Na»50,-4H20.
Data for the phase diagram is available in Linke and
Seidell {1965). This system presents both temperature
regions®here double salts will form and regions where
they will not form, as in the previous example. But here
there may be several double salts depending on the
temperature and composition. Table 6 shows the equi-
librium compositions at several temperatures. At 97 °C,
the system has two double salts, and therefore three
double saturation points.

Figure 7 shows the network for this problem. There
are 24 nodes, with nodes 3— 18 being multiple saturation
nodes. Nodes 19--21 allow processing ol the double
salls. Figure 8a shows the network flow optimal golu-
tion, and the flow rales are given in Table 7. This
example demonstrates the ability of the network flow
micthed Lo choose from among several alternate points
of multiple saturation and alternative intermediale
solutes,
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DS1= MgSO, + NagSO, + 44,0
D52 = WSO, - Ka,S0,
DS~ MgSQy - 3 Na SO,

Figure 7. Example 3: MgS0,—Na;50,—H;0 separation with
double salts. Network structure.

Conclusions

The network flow model presented here offers a
straightforward and useful method for determining the
desired process flowsheet for fractional crystallization
processes. For a prespecified set of candidate operating
temperatures and multiple saturation points, the model
contains within it the set of all feasible flow patterns
involving crystallization, dilution, and mixing operations
at Lthose conditions. The solution to the network flow

optimization problem indicates the underlying mass
flows of the desired Nowsheot.
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Table 7 Example 3 Flaw Rates for the Optimad Network in Figure 8a

-'r-l.ill

TR LSRR L f fsw
M, 36.00 70.074 11.759
NSO, 42 470 40,198 42470 7.228

witey 21.530 242316 2381390 51814

(a)

Feed l Water -+—————
Ditute Evaporate Evaporala
at18.7°C | _at50°C 259C
\ ¥
Solid Sep. Solid Sep. Solid Sep.
Na S0, +10 HyO D351 M50y THO

()

Figure 8. Example 3: (a) Solution flows. (b} Corresponding
flowsheet.

The primary advantage of the approach lies in its
ability to consider general process flow patterns. It is
not necessary to adopt the restricting viewpoint that the
flowsheet be comprised of a sequence of separation
steps, or a simple cycle. Indeed, as the examples
presented here show, the best flow pattern may often
employ multiple coupled cycles. General flow patterns
not only ean lead to lower total throughput costs but
sometimes can allow some evaporation or dilution steps
to be eliminated.

A further advantage lies in the ability of the method
to readily handle systems forming one or several double
salts. In such problems it is not immediately apparent
which solute species should be employed as intermedi-
ates in the separation; the network mode]l determines
this automatically. Problems with multiple feeds are
also readily treated.

Since the model constraints are linear and since only
a small number of nodes are required, the network
optimization problem can be easily solved with standard
algorithms. Useful results may be obtained from the
model using linear costs, as demonstrated by the
examples presented, With mixed-integer linear, con-
tinuous convex nonlinear, or mixed-integer convex
nonlinear costs, -available standard algorithms again
should be quite adequate. Given the small aizes in-
volved, it also may be practical to solve problems having
general nonconvex costs functions using recently devel-
oped global optimization algorithma,

The model as introduced here is basic and does not
include features such as wash solvent flows and heat
integration. However, the network flow model has a
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flexible structure and is amenable to such furither
developments.
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Appendix

The network model includes a set of nodes M which
are engendered by multiple saturation points. The
following describes how these nodes are determined,
given a specified set M of multiple saturation points.

Let the set of all solutes present be denoted as @ = §
UJs. At a given multiple saturation point m € M, the
solutes may be partitioned into those that are saturated
with respect to their solid phase, @:(m), and those that
are unsaturated, @,(m), with @, U @, = @. The identity
of the multiple saturation point is given by the member-
ship of set @«£m) and the saturation temperature T,

The ligquid composition 5»',;,, of a multiple saturation
point m is determined jointly by the saturation condi-
tions at T, for the solutes j € &,. Let the phase
equilibrium saturation boundary for each solute j be
denoted by the following implicit equation for the liquid
composition yf‘:

T, =0 (23)

Then the composition of the multiple saturation point

is given by the intersection of the solute saturation
boundaries

F55. T =0, jeQ, @4

A given multiple saturation point m € M with
composition 5',[;“ gives rise to more than one network
node. Consider the case where the dissolution and
crystallization steps do not yield mixed solute solids
Then there can be as many nodes per multiple satura:
tion point m as there are saturated solutes, i.e., #@Qs.
The composition of each of these nodes i is determined
by the saturation condition for the one solute gli)
coexisting a8 solid, combined with specified subsatura-
tion requirements on the remaining solutes:

fafoiaTp) =0 (25)

L_ . . .
Yo=Iri— € Je@m) - {g))) (26
Here ¢; > 0 is the allowable approach to the saturation
composition for solute species j. In this manner, each
node i is identified with a liquid composition y~ and &
solid species ¢(i). The union of all such nodes i gener-

ated for all of the multiple saturation points m € §f gives
the set M,
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