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In this work the attainable region (AR) concept for process networks with outlet flow rate specifications is introduced
for the first time. For process unit models to which the infinite dimensional State-space conceptual framework is appli-
cable, it is shown that identification of AR boundary membership is equivalent to feasibility assessment of an infinite lin-
ear program (ILP). A number of important AR properties are then theoretically established, including AR convexity,
and representation of the AR in a concentration state space of reduced dimension. Finite dimensional approximations of
the aforementioned ILP are then employed in creating increasingly accurate approximations of the AR. A case study for
the vapor-liquid equilibrium-based separation of a ternary azeotropic mixture is used to illustrate the proposed method.
The quantified two- and four-Dimensional ARs indicate that acetone mole fractions above 0.79 (acetone/methanol azeo-
trope) are attainable for the considered outlet flow rate ratios. © 2013 American Institute of Chemical Engineers

AIChE J, 60: 193-212, 2014

Keywords: process synthesis, mathematical modeling, distillation

Introduction

The attainable region (AR) for reactor networks has been
the topic of substantial research effort, due to its effective-
ness in rigorously assessing, at the early conceptual design
stage, the limitations imposed on reactor network perform-
ance by the kinetic rates of the underlying reactions, the
reactor network feed composition, and the properties of the
underlying reactor units. The AR concept was first defined
for reactor networks by Horn' as the complete set of points
in concentration space that can be considered as product
composition vectors of some steady-state reactor networks,
using only processes of reaction and mixing/splitting from a
given feed point. Glasser et al.> and Hildebrandt et al.’
developed geometric methods for quantifying candidate
AR’s using plug-flow reactor (PFR) trajectories and continu-
ous stirred tank reactor (CSTR) loci. Since then, several
mathematical frameworks for reactor network ARs were
developed; recent works include determining AR for isother-
mal CSTR/PFR networks,4 nonideal reactor networks,5 reac-
tor networks employing variable-density fluids,® and batch
reactor networks.” Computational strategies for quantifying
the reactor AR abound in the literature, including “outside-
in” methods such as bounding hyperplanes8 and the Shrink-
Wrap method,“’9 as well as the Infinite DimEnsionAl State-
space (IDEAS) framework.%!%12 Due to their vast number,
we refer the reader to references within the aforementioned
works for more information on AR quantification strategies.

As the reactor AR concept matured, research into coupling
the reactor models with separation was carried out to identify
opportunities to expand the AR for maximizing the yield of
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desired products. In a series of papers, Mahajani and
coworkers'*'® quantified the AR for reactive distillation net-
works using a generalization of the aforementioned geometric
AR quantification methods. Their approach employed single-
feed-single-product units termed nonazeotropic single-reactant
reactive condensers/reboilers,13 azeotropic reactive rectifica-
tion and reactive stripping units,"*'® and capitalized on the
residue curve map concept formulated by Doherty et. al.!”

Rigorous mathematical development of the AR concept for
separator networks is comparatively sparse in the literature.
Jobson et al.'® examined the feasible product regions for
three configurations of two vapor-liquid equilibrium (VLE)
flash systems: in parallel, in series, and in series with reflux.
They found cases where either configuration could outper-
form the others in terms of attainable product purities. Nisoli
et al.'"” were the first to identify the AR for general hybrid
separator/reactor/reactive-separator networks. They employed
a reaction-separation vector for a two-product CSTR (multi-
product CSTR series/PFR) model of a reactor/separator, to
construct the AR for hybrid separator/reactor/reactive-separa-
tor networks, without inlet/outlet stream flow rate specifica-
tions, by generalizing geometric methods of reactor network
AR construction. In a methyl tert-butyl ether (MTBE) case
study, their method was able to identify that pure MTBE
cannot be attained using a reactor network or a reactive-
separator network. Rather, a reactor/separator or reactive-sep-
arator/separator network was shown to be required.

In this work, we introduce the AR concept for process net-
works with inlet/outlet stream flow rate specifications. This
is applicable to networks with a finite number of inlets and
outlets, and a possibly infinite number of process units, each
of which has a finite number of inlets and outlets. The pro-
posed process network AR concept quantifies for the first
time the set of all outlet stream composition vectors that can
be attained by a process network with known inlet and outlet
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flow rate ratios. To this end, we introduce the following defi-
nition of the process network AR:

DEFINITION. Consider a process network with S inlets and Q
outlets whose total inlet molar flow rate sum and outlet molar
flow rate sum are designated as Ziszl F IU and Zlel F lY ,
respectively. Let the mole fraction vector x¥ and the molar

s
{F,U/ ZleFzU}i=l of the ith inlet
stream, i=1,S, be known. Let also the molar flow rate ratio
0
{oc,?'}l.Q_l = {F,Y/ Z,Q=1 F,Y} of the ith outlet stream, i=1,Q,
= i=1

be known. Then the process network AR, denoted
{ N (2 U)}s , is defined to be the subset of the concen-
i=1’

. UlS -~
flow rate ratio {ocl- }izli

tration space RO™ consisting of all n-Q dimensional vectors
consisting of the n dimensional outlet mole fraction vectors of
the Q products of a realizable process network.

This definition can be equivalently expressed in terms of
either mass or molar quantities; however, molar quantities
are chosen to facilitate the presentation of the illustrative
case study, as the associated data are given in terms of molar
fractions and molar flow rates.

The rest of the article is structured as follows: first,
the conceptual framework for AR (12 (20 will be

i=1’ i=1

presented in two parts. Part one will formulate the
AR ()2 {2 xU)}S quantification problem using the IDEAS
iJi=1 i=1

framework for process networks employing process units with
multiple inlets and outlets. The properties of inlet/outlet flow
rate independence, and convexity of the process network AR
will then be established via rigorous mathematical proofs. Part
two will show how the general formulation in part one trans-
lates to a separator network employing one inlet/two outlet
VLE separators. We then test our method on two case studies
involving separation of an azeotropic ternary mixture: one
involving a separator network with one inlet stream and three
outlet streams (4-D AR), and one involving a separator net-
work with one inlet stream and two outlet streams (2-D AR).
Plots demonstrating convergence of the approximated 2-D
ARs and visualization of both 4-D and 2-D ARs will be pro-
vided and discussed. Lastly, conclusions will be drawn.

Conceptual Framework

IDEAS formulation for networks of process units with
multiple inlets/outlets

We consider an infinite network of process units possessing
a finite number of network inlets (S) and network outlets (Q),
with 7 total species among the network streams. For simplic-
ity of notation, we consider all process units in the network to
possess the same finite number of inlets (s) and outlets (g),
and consider all network streams to be at the same pressure
P and to be allowed to mix. Figure 1 illustrates the IDEAS
representation of the process network. This IDEAS representa-
tion breaks the process network into two components: the dis-
tribution network (DN), where all stream mixing, splitting,
recycling and bypassing takes place, and the operator network
(OP), consisting of all the network’s process units.

The DN possesses four types of junctions: (1) those corre-
sponding to the overall network inlet streams, and denoted
with superscript U and indexed by subscript j=1,S; (2) those
corresponding to the overall network outlet streams, and
denoted with superscript Y and indexed by subscript j=1, Q;
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(3) those corresponding to the OP inlet streams, and denoted
with superscript X and indexed by subscripts (i,))
i=1,00 j=1,s; and (4) those corresponding to the OP outlet
streams, and denoted with superscript W and indexed by sub-
scripts (i,j) i=1,00 j=1,¢q. It should be noted that Figure 1
lists all mole fraction quantities as vectors in ®". Conserva-
tion laws are enforced at all junctions, whereas the OP
includes the models describing the process units. The IDEAS
formulation characterizing AR (2 {2 U)}le for the dia-

gram is described by constraints (1)—(11).
Input and output flow rate ratio relations

S

FU:aUth Vi=1, Zoc,U: Q9]
i=1
[

F'=o'FY vi=1,0, Z 2 =1 )
=1

Total mixing balances at DN junctions

q S
=Y D FNAY FY vi=1,0 3)

1

00 q
:ZZF/M ZFj‘,U,

i=1

0
=1 k=1 i=1

Vi=1l,00 VI=1,s (4)

Total splitting balances at DN junctions

FV= ZZFf(kU/’L ZF

i=1 k=

vj=1, )

S

o0
Fli=>" Ff‘ZZﬁZF,J, Vi=l,00 VI=l,q  (6)

i=1 k=1
Component mixing/process unit balances

X Fl = ZlekMJerUFYU vi=1,0 (1)

i=1 k=

=1,0Vk=1,s (8)

i=1 I=1
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Figure 1. IDEAS diagram of a process network.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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IDEAS linear input species flow rate, input total flow rate,
output total flow rate, and design variable relations for the
Jjth process unit

0= {R({X%rw”v [me’ [xf(lr {xﬂT [OC"']T)T'

FY'>0 vj=1,0;
FX >0 Vi=l,00
FIU >0 Vi=1,0
sz() Vi=1,0
F >0 Vj=l,00 Vi=l,s

f/’i >0 Vj=l,00 Vk=1,s

For a given j from 1 to oo, Eqs. 9 and 10 capture the
behavior of the jth process unit. As j varies from 1 to oo,

T T T
a subvector of the vector HXJWI} R [xju;} , {xi(l} N

T 17
] ]
The structure of Eq. 10 is such that, for any given j,
knowledge of the aforementioned subvector guarantees

T T T
knowledge of the whole vector wa} e [x%} , [xxl} ,

ARG :

T T T
9 is such that knowledge of wa} EEE [X%} ,[xm ,

assumes all its possible realizable values.

T
. In addition, the structure of R(-) in

i1

T Top w1t w17 T
. [xjxx} , [ocj] |" makes R [xjﬁl} e {X,‘ﬁq} , [xjxl} e
[
It is easy to show using constraints 1, 2, along with the total
concentration balance on the process network, that an equiva-

T T .
} (o] ) a linear operator.

2
lent AR can be defined as a subset of """, with correspond-
ing flow rate ratios and concentration vectors and flow rates
-1 s-1 - . . .

{af’}i . ,{(ocf’,xf/)}; .- This dimensional reduction signifi-
cantly reduces the computational burden on quantification of
the separation AR. Furthermore, as Theorem 1 demonstrates,
the separation AR is convex for fixed network inlet mole frac-
tions and fixed network inlet/outlet flow rate ratios. Therefore,
techniques to quantify the AR can be employed focusing on
quantification of the region’s vertices, allowing for compact
representation of the shape of the AR, , o s .

p P {“r};:l’{(“lu"“y)}izl

Theorem 1. Let the units employed in a process network
satisfy the IDEAS properties 9, 10 listed above. Then for the
above process network, (a) the AR 0 , s does not

{11},},':1’{(“[1 Xl/)}i:]

depend on either th=Zf:1F,U or Fl’;t=ziQ:1F,¥, and (b)
the AR{O(Y}Q {( ,U)}s is a convex set.
% Si=W\% ) iy
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F;’ZO Vi=1,S;
Vi=1,s; FIVJV-ZO Vi=1l,00 Vj=1,gq;

vj=1,8; FXU

iy =0 Vi=l,oo Vk=l,s

Vi=1l,00 Vk=1,q
Vi=1l,00 Vk=1,q

IDEAS composition, design parameter relations for the jth
process unit

W] s ] ] ) =0 v
(10)

The variables in the above equations must also satisfy the
following positivity constraints

vj=1,
(11)

Proof.

T
T
a. Let [[X{]T[Xg} ] EAR{%,}% L)Y Then

there exists a physically realizable process network with
input and output flow rate ratios oc,U Vi=1, S, oclY Vi=1,0,
design parameters o; Vj=1,00, mole fractions X! Vi=1,Q;
M Vi=1,00 Vk=1,¢; xV Vi=1,S, molar flow rates Fo, Fr;
F/ Vj=1,; F! Vj=1,0; F,\y Vj=1, QVi=1,00 Vk=1,q,
F ¥j=1,0Vi=1,8, F,, ¥j=1,00 YI=1,5, F,, Vj=1,00
Wi=1,5 Vi=1,00 Yk=1,q, F,,, Vj=1,00 VI=1, sVi=1,S,
F% Vj=1,00 VI=1,q, component molar flow rates fjxk
Vj=1,00 Vk=1,s, and design variables A; Vj=1,00 satisfy-
ing (1)-(11) Now consider a new process network with
input and output flow rate ratios ocIU Vi=1,8, oclY Vi=1,0,
design parameters o; Vj=1,00, mole fractions )_(IY Vi=1,0;
X Vi=1,00 Vk=1,q; x¥ Vi=1,8, molar flow rates )Fgl,
=¥ =U . - =W . .

o AF] V=180 AF; Vj=1,00 AF V=1 Q Vil
0o Vk=1,q, 2F); Vj=1,0 Vi=1,S, /F,, Vj=1, oo VI=1,s,
JFS) Wi=1,00 WI=1,5 Vi=1,00 Yk=1,q, iFy, ¥j=1,00
vi=1,s Vi=1,S§, AFZ Vj=1,00 YI=1,q, component molar
flow rates /lffk Vj=1,00 Vk=1,s, and design variables
JA; Yj=1, 00, where 1 > 0. Given the linearity of the opera-
tor R in 9, and the fact that 10 remains unchanged,
it then holds that this new process network is also
physically realizable, as (1)—(11) are satisfied. Thus,

T
T .
[ [}?{]T e [)—cé} } € AR{xiy}iw{(%ny?)}f:l continues to be

true, even though Ft[(])t and Fﬁn have been changed to /“ffét
and M?f;t. O.E.A.
Published on behalf of the AIChE DOI 10.1002/aic 195



Table 1. Wilson Coefficients (Molar Energy Differences) for Case Studies

Wilson coefficients (%) All A12 A|3 A21 A22 A23 A32 A3l A33
W/M/A 0 469.55 1448.01 107.33 0 583.11 —161.88 291.27 0
icti . —=XU SXUN .
b. . We proceed by contradlf:tlon. Assume that there Vi=1,00 Vk=1,q, AFj(” ((1_’1)1:;‘(11') Vi=1,00 Vi=1,s
exist two physically realizable process networks - "

whose composite 7n-Q dimensional exit mole fraction

vectors [[)‘cﬂT[XET]TT,[[X{]T{%}T]T are such
that [[)—({}T...[)—Cgr} EAR (10 (o [[x{f

~ T T
[] ] AR AN

T
T

3 e (0,1):{[3%(1—1))2] o [asgr(1-2)) } 2

AR{OC[Y},.Q:]-{(”,UW,U)},S:‘. We will show that this leads to

impossibility.

The physical realizability of the two aforementioned net-
works (denoted as bar and hat), combined with the lack of
dependence of AR {“Y} L )}s on the total inlet and

Also assume that

outlet network flow rate, implies that there exist input and

output flow rate ratios «f (af) Vi=1,S, of («f) Vi=1,0,

design %;() Vj=1,00, mole fractions

® (&) Vi=1,0; %, (ka) Vi=1,00 Vk=1,¢; 2V (xV) Vi=1,8,
U

=FY (Fu —Ffz,t) F

); FV:FV<I§I.J=FU) Vj=1,8; F| =F" (F. =F.Y) Vi=1,0;

parameters

= Y
molar flow rates Ft o =F (sz:

Y
Ft()[

F%(”k)vj 1,0 Vi=1,00 Vk=1,4, F,Y,”( )vj 1,0

Vi=1,S, FX(FX)VJ 1,00 VI=1,s, FX,V[,/,((FX,W,/,\)VJ 1,00
FXU<FXU) Vj=1, oo VI=1,s
Vi=1,8, F ( ) Vj=1,00 VI=1,q, component molar flow
rates ]7)](,( (fi(k) Vj=1,00 Vk=1,s, and design variables

Z_ i (A,) Vj=1, 00 that satisfy the appropriate bar (hat) forms of
(1)—(11). As shown in part (a) above, this implies that the fol-
lowing networks are also physically realizable VA € [0, 1]:
input and output flow rate ratios oclU (oclU) vi=1,S,
’X}/(OCY) Vi=1,0Q, design parameters ocj(ocj) Vj=1,00, mole

fractions X; ( )Vz—l 0; Y‘Z(xlk) Vi=1,00 Vk=1,q; XY

Vi=1, s Vi=1,00 Vk=1, q,

molar flow rates

(" ) Vl:l S }Fmr( mt)
AFY (1=2)FL); iFV ((1—,1)F;f) vj=1,S; AF}/((I—/L)F}/)
Vj=1,0; Fp ((1 a ,YW,() Vji=1,0 Vi=1,00 Vk=1,q,
L (0=0F) =1, 0vi=1s, 2F((1-0F,)
Vj=1,00 VI=1,5, AFypy ((1 A)Ff‘,”fk) Vji=1,00 VI=1,s

Table 2. Wilson Coefficients (Pure Species Molar Volumes)
for Case Studies

Wilson coefficients (%) Vi Va V3

Water/methanol/acetone 17.88 40.76 74.47

vi=1,8, }F;‘; ((lfﬂy)ﬁ;ﬁ) Vj=1, oo VI=1,q, component
molar flow rates /’fjfk ((l—/l)fif,\,) Vj=1,00 Vk=1,s, and
design variables 2A;((1—1)A;) Vj=1, cc. But then, the follow-
ing network is also physically realizable:

Input and output flow rate ratios ociU vVi=1,S, oclY Vi=1,0,
design parameters o; Vj=1,00, mole fractions XX}'-#—
(1=2) & Vi=1,0; x¥ Vi=1,00 Vk=1,q; x{ Vi=1,S, molar
FU. F!FY vj=1,8F) Y ;—1 Q}Fj,k+(1 2)
Fi Vj=1,0 Vi=l,00 Vk=1,q,  iF); +(1=A)F}; Vj=1,
Qvi=1.S, IFSHO-DF imloovi=ls, AP+

—AF 5 Vi=1,00VI=1,s Vi=1,00Vk=1,q, iFy,+(1—1)
Fy,  Vj=l,coVi=1,sVi=1,S, F)+(1=A)F), Yj=1,
oo Vi=1,q, component molar flow rates
)f;fk-i-(l—i)f?k Vj=1,00 Vk=1,s, and design variables 1A+
(1-=2)A; ¥j=1,00. In tumn, this implies VA € [0,1]: [[/¥x] +

T
T . ar]T
(l—i)xﬂ [A.XE‘F(I—/L)XE] } {iy} L))
i=1’ i i
This is a contradiction. Thus AR{M,} ()} is a convex
i Ji=1 i=1

set. O.E.A.

flow rates

IDEAS formulation for networks of VLE separators

The advantage of IDEAS is that it overcomes the inher-
ently nonlinear nature of process network synthesis and opti-
mization problems, not via some kind of Taylor series
approximate linearization, but rather by exploiting the
decomposition and linearity properties that the process varia-
bles naturally obey. To better demonstrate the IDEAS pro-
cess network AR quantification problem, and in preparation
for the case study presented later, we demonstrate how con-
straints (1)—(11) can be used to capture the behavior of a
separator network separating a n species mixture, and
employing VLE separators, each with one input (s = 1) and
two outputs (¢ =2). The considered VLE separator model
will employ the Gamma-Phi VLE formulation.”® Equations 1
and 2 remain unaltered, Eqs. 3-8 and 11 are simply special-
ized to s=1, ¢ =2 and Egs. 9 and 10 become Egs. 12 and
13 below.

Table 3. Antoine Coefficients for Case Studies

Water/methanol/acetone

Antoine coefficients

T (K), P (bar) i=1 i=2 i=3
A; 65.93 59.84 71.30
B; —7228 —6283 5952
C; 0 0 0

D, -7.177 —6.379 —8.531
E; 4.031e-6 4.617e-6 7.824¢-6
F; 2 2 2
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Table 4. Separator AR Facet-Defining Vertices for (1/16, 1/ [ocj]T= [P Tj]Vj=1,00 (14)
16) Discretization in (x} ;,x,), (x],%]5, %%, %7,

" ] ] 7 N with subvector [P T; x%vl Jln 2} Vj=1, co.
Ll 12 2.1 2.2 A variety of thermodynamic models can be employed
1 0.0625 0.1875 0.125 0.6875 . [P . n
2 0.0625 0.1875 0.25 0.6875 in  quantifying the functions ¢k({ ,21} Tj>P)7Vk
3 0.0625 0.1875 0.625 0.1875 w " t ) .
4 0.0625 0.1875 0.75 0.125 ({xj‘l‘,,}l:l,Tj),P‘}f () Vj=1l,00 Vk=1,n. In this dem-
2 88252 8;232 8235 8;?;2 qnstration, ideal gas behavior is a.ssume(.i; the Wilson equa-
7 0.0625 0.625 0.75 0.1875 tions are used to model the nonideal liquid-phase activity
8 0.0625 0.6875 0.125 0.1875 : " - — .
: 0.0625 0.6875 0.625 0.1875 coefficients yk({ ,11}1 1,T,») Vi=1,00 Vk=1,n; and the
10 0.0625 0.6875 0.75 0.125 extended Antoine equation is used to model the species
B 832 8é§;§ ggg;g g?g;g vapor pressures Pi(T) Yk=1,n. The relevant equations are
13 0.25 0.6875 0.0625 0.1875 n
14 0.25 0.6875 0.4375 0.1875 ({ } T P):] Vi=1.00 Vk=1.n 15
15 03125 0.625 05 0.1875 Pl Vi g, T = ’ (13)
16 0.4375 0.1875 0.25 0.6875
17 0.5 0.1875 03125 0.625 w " "
18 0.625 0.1875 0.0625 0.1875 In (Vk ({xj,l,l}l_l, Ti)) =1-In | Y o Awi(T))
19 0.625 0.1875 0.0625 0.6875 B =1
20 0.625 0.3125 0.0625 0.5625 16
21 0.75 0.125 0.0625 0.1875 n WA (T) (16)
2 0.75 0.125 0.0625 0.6875 - NPT s oo Vk=1,n
23 0.75 0.1875 0.0625 0.1875 = A
24 0.75 0.1875 0.0625 0.625 Z it (T)
vy Ay
Awi(T))= Vexp( )Vj 1,00 Vk=1,n; Yi=1,n (17)
. T T T Ny RT;
o[ (T " ) ;
G M2 o (] o [ sat _ k
In (P} (T;)) =Ac+ T+Cy +Dy - In (T)) +E;
LR F ER )T STf* Vi=1,00 Vk=1,n (18)
1 0--- 0 O —x/’WH —xj%‘,'
Case Studies
0: 1. 0: 0 : : (12) We consider the isobaric separation of a water(1)/metha-
) nol(2)/acetone(3) mixture at P =1 bar employing VLE sep-
=lo 0--- 1 0o - X;Vm — xj“"z‘n arator units with one inlet (s =1) and two outlets (g = 2).
) : At these conditions, the binary mixture methanol/acetone
1 1--- 1 -1 0 0 exhibits a minimum boiling azeotrope at 0.2093/0.7907
mole fractions of methanol/acetone respectively. The ther-
0 0.-- 0 1 -1 -1 modynamic behavior of both mixtures is captured by the
B - Gamma-Phi VLE model described by Eqs. 15-18. The
[ /{fl e j{fl.n F’_fl FV_V] FYE]T Vj=1, 00 vapor phase is considered to be an ideal gas, whereas the
o T liquid-phase activity coefficients are quantified by the Wil-
N wal]T: [x%]T7 [ﬁ‘l]T, [“]T} son Egs. 16 and 17, and the vapor pressure of the various
& 4 - / species is quantified by the Antoine Eq. 18. Species Wilson
w1 T w1T T . and Antoine coefficients for the mixture are listed in Tables
- N([xj,l] ) [xj.z] ) [X,XJ ) [“./’} ) 1-3. As an illustration of the versatility of the process net-
} ., ) 3 work AR framework, we will pursue two examples: one
¢ <{Xf'~Wz~’}z—1 T P)P o ({xﬁ"l_,}l_l,TOP{“’(Tj) involving a separator network with one inlet stream (S =1)

and three outlet streams (Q = 3) (4-D AR), and one involv-
ing a separator network with one inlet stream (S=1) and
two outlet streams (Q =2) (2-D AR).

ExampLE 1. We seek to identify the process network AR

n for a separation network with one inlet stream (S=1) and

ijv‘vl’kfl three outlet streams (Q =3) in which the network inlet-

k=1 stream has a molar flow rate of 3 molls and mole fractions

; of 0.3, 0.35, and 0.35 for species 1, 2, and 3, respectively;
> a1 that is, FY=3mol V=[xV ¥, x¥;]"=[0.30.35035]".

- k= - We desire to separate this mixture into three outlet

Vj=1,00 streams, each with molar flow rate of 1 molls, (F V= FY—

(13) Fi=1ml = Y=ol =a=1), and mole fractions [xl_l

Y T '

where X12 x1,3]

vy ¥ vy 1T ry v v T ;
[0 g, 3s ], [45 X5, 35| to be determined.
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Using the fact that all mole fractions must be in [0, 1], the quantifying AR (10 {(
summation property of mole fractions and the total balances i
on species 1 and 2, we can ease the computational burden of

ol XV
i i

W by reducing its dimension-
i=1

ality from nine to four, and creating a set of conditions for
identifying the initial superset containing it

0<x,<1,0<x],<1,0<x;< 1
0<x, <1,0<x,<1,0<a, <1
0<x, <1,0<x,<1,0<x0, <1
0<x,<1,0<x,<1,0<x ;<1
' 0<d, <0<, <1,0<x,<1
0<x, <1,0<4d,<1,0<x5<1 . ,
X3 1—x; 17 %12

—_

Y Y Y —
Xpp X, TX 5=
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Table 5. Separator AR Facet-Defining Vertices for 1/32 Discretization in (x,.,"‘;17 x,.,“i2> , <x}’_1, X] 5, X3 1, %) 2)
# x{.l "{2 x;l x;z # x{,l x{z x;l "{2
1 0.0313 0.125 0.0313 0.8125 42 0.0938 0.0938 0.75 0.21875
2 0.0313 0.125 0.0313 0.875 43 0.0938 0.84375 0.75 0.0938
3 0.0313 0.125 0.0625 0.78125 44 0.0938 0.875 0.0313 0.125
4 0.0313 0.125 0.0938 0.875 45 0.0938 0.875 0.0625 0.0938
5 0.0313 0.125 0.78125 0.0625 46 0.0938 0.875 0.125 0.0625
6 0.0313 0.125 0.8125 0.0625 47 0.0938 0.875 0.375 0.125
7 0.0313 0.125 0.8125 0.15625 48 0.0938 0.875 0.71875 0.0938
8 0.0313 0.46875 0.4375 0.53125 49 0.0938 0.875 0.75 0.0625
9 0.0313 0.78125 0.0625 0.125 50 0.125 0.0625 0.0313 0.78125
10 0.0313 0.78125 0.125 0.0625 51 0.125 0.0625 0.0313 0.90625
11 0.0313 0.78125 0.78125 0.1875 52 0.125 0.0625 0.0625 0.75
12 0.0313 0.78125 0.8125 0.15625 53 0.125 0.0625 0.0625 0.90625
13 0.0313 0.8125 0.0313 0.125 54 0.125 0.0625 0.0938 0.875
14 0.0313 0.8125 0.0625 0.0938 55 0.125 0.0625 0.6875 0.125
15 0.0313 0.84375 0.8125 0.0938 56 0.125 0.0625 0.71875 0.0938
16 0.0313 0.875 0.0313 0.125 57 0.125 0.0625 0.71875 0.25
17 0.0313 0.875 0.78125 0.0938 58 0.375 0.125 0.0938 0.875
18 0.0313 0.875 0.8125 0.0625 59 0.40625 0.0938 0.0625 0.90625
19 0.0313 0.90625 0.0625 0.0938 60 0.4375 0.0938 0.0313 0.90625
20 0.0313 0.90625 0.125 0.0625 61 0.4375 0.53125 0.0313 0.46875
21 0.0313 0.90625 0.4375 0.0938 62 0.6875 0.125 0.125 0.0625
22 0.0313 0.90625 0.78125 0.0625 63 0.71875 0.0938 0.0938 0.875
23 0.0625 0.0938 0.0313 0.8125 64 0.71875 0.0938 0.125 0.0625
24 0.0625 0.0938 0.0313 0.90625 65 0.71875 0.25 0.125 0.0625
25 0.0625 0.0938 0.0625 0.78125 66 0.75 0.0625 0.0625 0.125
26 0.0625 0.0938 0.0625 0.90625 67 0.75 0.0625 0.0625 0.90625
27 0.0625 0.0938 0.0938 0.875 68 0.75 0.0625 0.0938 0.0938
28 0.0625 0.0938 0.78125 0.0625 69 0.75 0.0625 0.0938 0.875
29 0.0625 0.0938 0.78125 0.1875 70 0.75 0.0938 0.0938 0.84375
30 0.0625 0.125 0.0313 0.78125 71 0.75 0.21875 0.0938 0.0938
31 0.0625 0.125 0.0625 0.75 72 0.78125 0.0625 0.0313 0.125
32 0.0625 0.125 0.75 0.0625 73 0.78125 0.0625 0.0313 0.90625
33 0.0625 0.75 0.0625 0.125 74 0.78125 0.0625 0.0625 0.0938
34 0.0625 0.75 0.125 0.0625 75 0.78125 0.0938 0.0313 0.875
35 0.0625 0.78125 0.0313 0.125 76 0.78125 0.1875 0.0313 0.78125
36 0.0625 0.78125 0.0625 0.0938 77 0.78125 0.1875 0.0625 0.0938
37 0.0625 0.90625 0.0625 0.0938 78 0.8125 0.0625 0.0313 0.125
38 0.0625 0.90625 0.125 0.0625 79 0.8125 0.0625 0.0313 0.875
39 0.0625 0.90625 0.40625 0.0938 80 0.8125 0.0938 0.0313 0.84375
40 0.0625 0.90625 0.75 0.0625 81 0.8125 0.15625 0.0313 0.125
41 0.0938 0.0938 0.75 0.0625 82 0.8125 0.15625 0.0313 0.78125
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Figure 2. Ternary diagrams for network product streams 1 and 2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Substitution of x¥3,x§ 3,x§1,x§.2,x§3 yields the following
equivalent inequalities

0<x]; <1,0<x,<1,0<0), <1,0<x3, <1
Y Y
0< 1—)c171—x172 <1

0<1-x),—x5, <1

F oy Fl v [ F3y F{ 4
FY 1 1 §FYX11+ﬁx2,1 §ﬁx1,1 (19)
FUx 1 F{’xy _|_FY Y <F§] U
FY 1,2 —FY 1,2 FY 2 F{ 12

U Y U
Fl (x +2V )—1 < = Fl (x ¥ )+F (x +xr ) il (x +2¥ )
FY 1,17 X2 F3 1,17 X2 FY 2,17 %22 FY 1,17 X2
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

For our known values, constraint set 19 becomes
0<x,<1,0<x,<1,0<, <1,0<x, <1
0< l—xil—xiz <1

0<l-uxy,—x5, <1

—0.1 <x,+x5, <09

0.05 < x{,z-l-x{z <1.05

095 < x{71+x{32+x§‘1+x§12 <1.95
(20)

To approximate solution of the infinite linear program
(ILP) for AR (12 ()Y quantification, we consider
i Ji=1 (] i=1

only a finite number of values for the network outlet mole
fractions and the VLE separator subvector parameters. From
the Gibbs phase rule, by fixing the operating pressure of the
entire network, we only need to select two design parameters
to fully specify a VLE separator. For our case study, we
choose the ith VLE separator outlet 1, species 1 and species

2 mole fractions (xml,xmz) as the two design parameters.
Discretization levels of 1/16 and 1/32 for (x%vl,xm.z) and

for the network outlets (xly,l,xfﬁz,x{l,xgz) will  be

employed Calculation of the

AR (0

sued through solution of an LP feasibility problem formulation
of IDEAS using a Fortran (MINOS v. 5.5) implementation, for
all grid points in the above identified AR superset. The algo-

approximate
for each of these discretizations is pur-

Table 6. AR Vertices for 1/128 Discretization

# )‘{,1 X{.z

1 0.015625 0.15625
2 0.015625 0.96875
3 0.03125 0.09375
4 0.03125 0.95313
5 0.046875 0.0625

6 0.0625 0.03125
7 0.09375 0.89063
8 0.125 0.015625
9 0.875 0.015625
10 0.875 0.10938

200 DOI 10.1002/aic Published on behalf of the AIChE

rithm first generates a family of VLE separator units using the

discretized subvector parameters and the thermodynamic
model, then, for each combination of x{'_l,x’{z,xgl,xg 2

attempts to construct a feasible separator network using only
the generated VLE separator units and interconnecting streams.

The facet-defining vertices of the 4-D approximate ARs
for the 1/16 and 1/32 discretization levels are shown in
Tables 4 and 5. Close examination of the facet point list
reveals that for any combination (x’l’ X 2543 15 XY, 2), the

combination (xgl,xg 2 X 15X 2) also appears. This is a man-

ifestation of the equal network outlet flow rate ratios, which
allows for interchange of network outlet concentration com-
binations among the outlet streams with appropriate rear-
rangement of the network’s VLE separator units and
streams. A visual representation of the aforementioned facet-
defining vertices for the 1/32 discretization level is also pro-
vided in Figure 2. This graphical representation illustrates
each vertex point by depicting its corresponding composition
of stream 1 in one ternary diagram, and its corresponding
composition of stream 2 in another ternary diagram. As
many vertices share stream 1 or stream 2 compositions,
the list of vertices corresponding to a particular stream
composition must be shown on the diagram. For example,
from Table 5, the 50th vertex has coordinates

(1o 5o 1,5 ) =(0.125,0.0625,0.0313,0.78125). It i

illustrated in Figure 2 through its stream 1 composition

w/1

M/2

Figure 4. Graphical assessment of product feasibility.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

January 2014 Vol. 60, No. 1 AIChE Journal


wileyonlinelibrary.com
wileyonlinelibrary.com

Table 7. List of Streams in the DN

Stream # Type Dest. Source Flowrate Stream # Type Dest. Source Flowrate

1 FXU 41 Inlet 1 0.025601273 177 FXW1 115 63 0.477508051
2 FXU 74 Inlet 1 1.073101297 178 FXW1 115 97 0.632153845
3 FXU 82 Inlet 1 0.505750201 179 FXW1 115 104 1.828670108
4 FXU 99 Inlet 1 0.589710595 180 FXW1 115 114 3.570144406
5 FXU 113 Inlet 1 0.80583663 181 FXW1 116 108 3.312313154
6 FYw2 Outlet 1 2 0.290348384 182 FXW1 116 115 3.766865006
7 FYw2 Outlet 1 19 0.419084135 183 FXW1 117 86 1.453216878
8 FYw2 Outlet 1 20 0.29056748 184 FXW1 117 110 0.799170949
9 FYW1 Outlet 2 17 0.996392739 185 FXW1 117 116 2.325703317
10 FYW1 Outlet 2 34 0.001992062 186 FXW2 2 3 0.397021459
11 FYw2 Outlet 2 33 0.0016152 187 FXW2 2 20 0.38516223

12 FYW1 Outlet 3 110 0.371885657 188 FXW2 3 4 0.384044757
13 FYW1 Outlet 3 116 0.228113709 189 FXW2 3 21 0.116518064
14 FYW1 Outlet 3 117 0.400000634 190 FXW2 4 5 0.316227892
15 FXW1 3 2 0.491835285 191 FXW2 4 23 0.851300118
16 FXW1 7 54 0.188854384 192 FXW2 5 6 0.238451337
17 FXW1 8 7 0.882431694 193 FXW2 5 24 0.382759133
18 FXW1 9 8 1.203431356 194 FXW2 6 7 0.416086711
19 FXW1 10 9 2.010337308 195 FXW2 6 40 0.182505559
20 FXW1 11 10 1.482266564 196 FXW2 7 8 2.529760072
21 FXW1 13 11 0.395978404 197 FXW2 7 26 0.889407201
22 FXW1 14 12 0.662086058 198 FXW2 8 9 2.57829769

23 FXW1 14 13 0.023228666 199 FXW2 8 27 1.255730875
24 FXW1 15 13 0.810607318 200 FXW2 8 43 0.486323609
25 FXW1 16 14 0.68690578 201 FXW2 8 66 0.088275879
26 FXW1 16 15 0.028019254 202 FXW2 9 10 2.804739755
27 FXW1 18 17 0.426919956 203 FXW2 9 28 0.533142651
28 FXW1 20 19 0.610784287 204 FXW2 9 44 0.718685941
29 FXW1 21 3 0.595376663 205 FXW2 10 11 2.159597508
30 FXW1 21 20 1.019156895 206 FXW2 10 29 1.418995188
31 FXW1 22 21 0.852493006 207 FXW2 11 12 0.830953851
32 FXW1 23 4 0.78348326 208 FXW2 11 13 1.17098543

33 FXW1 24 5 0.304982584 209 FXW2 11 30 0.339333664
34 FXW1 24 23 0.015674673 210 FXW2 12 14 0.327253733
35 FXW1 26 7 1.422385327 211 FXW2 12 31 1.165786181
36 FXW1 27 8 1.557868352 212 FXW2 13 14 0.750018054
37 FXW1 27 26 0.408847636 213 FXW2 13 15 0.09538801

38 FXW1 28 9 0.671364681 214 FXW2 13 32 0.763436965
39 FXW1 28 27 0.242237841 215 FXW2 14 15 1.078862839
40 FXW1 29 10 1.301923728 216 FXW2 15 16 1.178602844
41 FXW1 29 28 0.066651258 217 FXW2 16 17 1.32197857

42 FXW1 30 11 0.186231173 218 FXW2 16 49 0.168211212
43 FXW1 31 11 1.081732395 219 FXW2 17 18 0.43041733

44 FXW1 31 29 0.175557522 220 FXW2 17 33 2.67460021

45 FXW1 32 30 0.087833143 221 FXW2 18 33 0.042097153
46 FXW1 33 15 0.786940053 222 FXW2 18 34 1.138255808
47 FXW1 33 16 1.026511968 223 FXW2 19 20 0.505852481
48 FXW1 34 17 0.218140596 224 FXW2 19 35 0.524015946
49 FXW1 34 18 1.176855585 225 FXW2 20 21 1.164422618
50 FXW1 36 20 0.000676911 226 FXW2 20 36 0.426209046
51 FXW1 37 21 0.418020675 227 FXW2 21 22 0.573994127
52 FXW1 38 23 1.063261653 228 FXW2 21 37 0.37073228

53 FXW1 39 24 0.459484545 229 FXW2 22 23 0.53190921

54 FXW1 41 54 0.016155129 230 FXW2 23 24 0.278711548
55 FXW1 43 42 0.141488721 231 FXW2 23 38 1.399950866
56 FXW1 44 27 0.468747254 232 FXW2 24 25 0.184208634
57 FXW1 45 28 0.31380861 233 FXW2 24 39 0.616089334
58 FXW1 45 29 0.084906636 234 FXW2 25 7 0.157618653
59 FXW1 46 29 0.442026221 235 FXW2 25 54 0.168504774
60 FXW1 47 29 0.126645492 236 FXW2 26 66 0.097971758
61 FXW1 47 30 0.197013146 237 FXW2 29 45 0.879556065
62 FXW1 48 31 0.826821833 238 FXW2 30 46 0.437948776
63 FXW1 48 32 1.042040513 239 FXW2 31 47 0.735318091
64 FXW1 49 32 0.1312026 240 FXW2 32 48 1.848846914
65 FXW1 50 33 2.180156604 241 FXW2 33 17 0.141585691
66 FXW1 50 34 0.254748314 242 FXW2 33 50 2.943431461
67 FXW1 51 35 0.342829151 243 FXW2 35 51 0.829741434
68 FXW1 52 36 0.248251537 244 FXW2 35 52 0.037103693
69 FXW1 53 21 0.007805616 245 FXW2 36 52 0.614354092
70 FXW1 54 73 0.132915213 246 FXW2 36 53 0.059429576
71 FXW1 55 64 1.002215997 247 FXW2 37 95 0.074938263
72 FXW1 57 44 0.209332649 248 FXW2 38 63 0.653537243
73 FXW1 58 45 0.496132292 249 FXW2 38 72 0.689689837
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TABLE 7. Continued

Stream # Type Dest Source Flowrate Stream # Type Dest. Source Flowrate
74 FXW1 59 46 0.823935433 250 FXW2 39 40 0.025283155
75 FXW1 59 47 0.008870187 251 FXW2 39 73 0.775188485
76 FXW1 60 47 0.035314391 252 FXW2 40 7 0.084311382
71 FXW1 60 48 0.018033187 253 FXW2 40 74 0.310661704
78 FXW1 61 48 0.188116707 254 FXW2 41 26 0.121727088
79 FXW1 61 49 0.056430827 255 FXW2 42 43 0.364281346
80 FXW1 61 50 0.890022633 256 FXW2 42 66 2.110303334
81 FXW1 62 116 0.000807198 257 FXW2 43 67 1.754106195
82 FXW1 63 103 0.088704947 258 FXW2 44 57 0.430342973
83 FXW1 64 6 0.360140921 259 FXW2 44 77 0.190872932
84 FXW1 64 25 0.141914789 260 FXW2 45 58 0.476245912
85 FXW1 64 73 1.813920674 261 FXW2 45 68 0.500727216
86 FXW1 65 41 0.07627014 262 FXW2 46 78 0.81985798
87 FXW1 65 74 0.064304317 263 FXW2 47 59 0.62113424
88 FXW1 66 42 0.908783791 264 FXW2 47 69 0.100897021
89 FXW1 67 43 1.044989977 265 FXW2 48 60 0.028430725
90 FXW1 68 44 0.161944564 266 FXW2 48 69 0.863622867
91 FXW1 69 59 0.516864361 267 FXW2 49 61 0.093439438
92 FXW1 69 70 0.639604747 268 FXW2 50 61 1.398549177
93 FXW1 70 47 0.266187231 269 FXW2 51 71 0.531883612
94 FXW1 70 48 0.705919111 270 FXW2 51 85 0.010686642
95 FXW1 70 60 0.024916853 271 FXW2 51 93 0.852147396
96 FXW1 70 61 0.751332768 272 FXW2 51 101 0.030580512
97 FXW1 71 51 0.938385902 273 FXW2 52 62 0.034930734
98 FXW1 71 117 0.027332904 274 FXW2 52 86 1.122435479
99 FXW1 72 38 1.006537857 275 FXW2 53 79 0.091588954
100 FXW1 72 97 0.25928816 276 FXW2 54 7 0.645187921
101 FXW1 73 39 0.643866853 271 FXW2 54 99 1.254120246
102 FXW1 73 89 0.690793749 278 FXW2 55 26 0.100375158
103 FXW1 74 40 0.187184382 279 FXW2 55 42 1.42431213
104 FXW1 74 54 0.709710703 280 FXW2 55 75 0.800573408
105 FXW1 75 55 1.482378152 281 FXW2 57 77 0.501847831
106 FXW1 76 66 2.493172893 282 FXW2 58 84 0.536195135
107 FXW1 78 58 0.556081519 283 FXW2 59 78 0.305192979
108 FXW1 78 69 1.079353838 284 FXW2 61 70 1.108751216
109 FXW1 79 53 0.039964995 285 FXW2 62 87 0.053443302
110 FXW1 80 97 1.395979289 286 FXW2 63 89 1.171566566
111 FXW1 81 89 0.320004513 287 FXW2 64 41 0.087213352
112 FXW1 82 64 1.281182285 288 FXW2 64 55 1.84509859
113 FXW1 83 65 0.121206754 289 FXW2 64 82 0.78451215
114 FXW1 84 57 0.280837512 290 FXW2 65 83 0.061034803
115 FXW1 84 68 0.341140608 291 FXW2 66 76 1.014358872
116 FXW1 84 78 1.132184812 292 FXW2 66 91 0.523239177
117 FXW1 85 117 0.00191989 293 FXW2 66 109 3.015335268
118 FXW1 86 106 0.750284576 294 FXW2 67 100 0.98904611
119 FXW1 87 62 0.019319768 295 FXW2 67 105 2.0645537
120 FXW1 87 107 0.621656651 296 FXW2 68 84 0.005632511
121 FXW1 88 115 0.201083347 297 FXW2 68 92 0.674290749
122 FXW1 89 63 0.129226265 298 FXW2 69 78 0.887404603
123 FXW1 89 72 0.576136175 299 FXW2 73 54 0.948998371
124 FXW1 89 104 1.331669357 300 FXW2 73 64 2.749402135
125 FXW1 90 73 2.510830887 301 FXW2 73 90 1.043576949
126 FXW1 90 98 0.042928282 302 FXW2 73 115 2.536186725
127 FXW1 91 66 0.040967426 303 FXW2 74 65 0.080402508
128 FXW1 92 67 2.344483549 304 FXW2 75 112 1.006281643
129 FXW1 92 71 0.412559319 305 FXW2 76 109 0.640477521
130 FXW1 92 84 1.175537129 306 FXW2 71 100 1.027374203
131 FXW1 93 71 0.433835189 307 FXW2 71 105 0.077905891
132 FXW1 93 117 0.186175315 308 FXW2 78 84 1.336025619
133 FXW1 94 110 0.279849525 309 FXW2 78 92 0.173179414
134 FXW1 95 107 1.341726952 310 FXW2 79 95 1.737067529
135 FXW1 96 102 2.06538789 311 FXW2 79 117 0.477209759
136 FXW1 97 96 2.432527961 312 FXW2 80 73 1.521852702
137 FXW1 97 115 0.00434133 313 FXW2 80 98 0.961953875
138 FXW1 98 80 2.102554537 314 FXW2 81 74 0.438145492
139 FXW1 99 81 0.368630887 315 FXW2 83 112 0.003145134
140 FXW1 100 66 0.631025835 316 FXW2 84 92 1.299227462
141 FXW1 100 76 2.119291549 317 FXW2 85 101 0.015117104
142 FXW1 100 92 1.898894212 318 FXW2 86 107 1.825367769
143 FXW1 101 117 0.02659968 319 FXW2 87 102 2.346343756
144 FXW1 102 37 0.122226652 320 FXW2 87 117 0.183933748
145 FXW1 102 79 0.808054397 321 FXW2 88 104 0.983034553
146 FXW1 102 87 1.121769395 322 FXW2 89 73 1.858116839
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TABLE 7. Continued

Stream # Type Dest. Source Flowrate Stream # Type Dest. Source Flowrate

147 FXW1 102 107 1.266994637 323 FXW2 89 81 0.206427796
148 FXW1 103 102 0.522760182 324 FXW2 91 109 0.686308976
149 FXW1 104 88 0.592459676 325 FXW2 92 100 0.113011839
150 FXW1 104 103 0.435165606 326 FXW2 93 106 0.910335046
151 FXW1 105 75 1.688086386 327 FXW2 94 107 0.792236208
152 FXW1 105 83 0.063317083 328 FXW2 95 108 2.492081079
153 FXW1 105 91 0.204037219 329 FXW2 96 88 0.092916855
154 FXW1 105 100 2.519779444 330 FXW2 96 97 1.926679354
155 FXW1 106 85 0.006350353 331 FXW2 97 80 1.777231397
156 FXW1 106 93 0.678198154 332 FXW2 98 81 0.183091343
157 FXW1 106 117 0.137480759 333 FXW2 99 114 2.051247413
158 FXW1 107 94 0.488225049 334 FXW2 101 110 0.075813889
159 FXW1 107 116 1.826438323 335 FXW2 102 96 1.652456138
160 FXW1 108 22 0.810408087 336 FXW2 103 104 0.453357513
161 FXW1 108 87 0.290361418 337 FXW2 104 89 0.870990652
162 FXW1 108 95 2.021802148 338 FXW2 104 116 3.735997826
163 FXW1 108 111 1.730833988 339 FXW2 105 109 0.439735304
164 FXW1 109 105 2.772495876 340 FXW2 106 110 0.838590362
165 FXW1 110 52 0.754159926 341 FXW2 107 79 0.172487607
166 FXW1 110 101 0.056715953 342 FXW2 107 87 1.705679735
167 FXW1 110 117 0.970573819 343 FXW2 107 111 1.655151418
168 FXW1 112 74 1.237287353 344 FXW2 108 88 0.498741399
169 FXW1 112 82 1.002420324 345 FXW2 108 103 0.452247149
170 FXW1 112 99 1.755468668 346 FXW2 109 112 5.863701022
171 FXW1 112 109 3.854339829 347 FXW2 110 94 0.583860678
172 FXW1 113 90 1.510182236 348 FXW2 111 102 0.037009425
173 FXW1 113 112 3.320327604 349 FXW2 111 117 3.348975982
174 FXW1 114 89 1.048220886 350 FXW2 112 113 2.343939228
175 FXW1 114 98 1.280763691 351 FXW2 116 104 1.037882126
176 FXW1 114 113 3.292407242 352 FXW2 117 79 1.182111359

(1,4 5) =(0.125,0.0625), shown in the bottom right cor-

ner of the first ternary diagram and identified through the
number 50, and through its stream 2 composition

(xg X 2) (0.0313,0.78125), shown in the bottom left cor-

ner of the second ternary diagram and also identified through
the number 50.

Another visual representation of the 4-D approximate AR
corresponding to the 1/16 discretization level is shown in
Appendix A. There, 2-D projections of the aforementioned
AR are shown for every composition of stream 1 correspond-
ing to the composition grid generated by the 1/16 discretiza-
tion level. These projections were generated by taking the

convex hull of all points in AR {%y}’g: o (%Us-“iu)},il correspond-
ing to each stream 1 mole fraction combination in Table 5.

ExampLE 2. In this example, we seek to identify the pro-
cess network AR for a separation network with one inlet
stream (S = 1) and two outlet streams (Q = 2) in which the
network inlet stream has a molar flow rate of 3 molls
and mole fractions of 0.3, 0.35, and 0.35 for species 1,

2, and 3, vrespectively; that is, Fi/=3mT°l,xi/=
[x?l sz Xq 3] =[0.30.350. 35] . We desire to separate
this mixture into two outlet streams, one with molar flow
rate of 1 molls, and the other with molar flow rate of 2 mol/
s (FY=1mel pr=pmol o o= é b= %), and mole fractions
T .

[xf X x5, (X X5, xm} to be determined.

As in example 1, all mole fractions must be in [0, 1], the
summation property of mole fractions must hold, and the

total balances on species 1 and 2 must also hold. Then
we can ease the computational burden of quantifying

AIChE Journal January 2014 Vol. 60, No. 1

, by reducing its dimensionality from six
ARy ey, ™ £ Y

to two, and creating a set of conditions for identifying the
initial superset containing it. This is identified in a similar
manner as before:

ngfl <1
Y
0§x1’2§1

S G ¢
0<1—xy, x172§1

U U Y
Foo g o H
YA 2811 2 oy X T oy
Fi Fi F
U U Y
F_le W >F LU £
Friie =2 = prtin FY
F{ oy Fl v F} FY oy FL oy
FYxll Fyxlz Fy<"11+x12<Fyx11+Fyx12

@n

For our known values (FU 3, FY—l F2 =2, x11—03
bed 2—0 35), constraint set (21) becomes

(22)
—1.1<x7,<0.9
—0.95 < x{z <1.05
—0.05 <x11-i-x12 <1.95
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Table 8. List of VLE Separators Used in the Network

TABLE 8. Continued

VLE VLE
T sep- #  afl, o Xin 2o T sep. # ', A a1 XMoo
55.49072 2 0.03125 0.15625 0.018231  0.159447 61.43546 75 0.3125 0.4375 0.104595  0.405587
55.47973 3 0.03125  0.1875 0.017446  0.185926 62.6288 76 0.3125 0.5 0.105868  0.481616
55.5327 4 0.03125 0.25 0.016096  0.235561 64.22592 77 0.3125 0.5625 0.109317  0.5753
55.67462 5 0.03125 0.3125 0.014986  0.282039 66.39873 78 0.3125 0.625 0.115952  0.69816
55.8985 6 0.03125 0.375 0.014071  0.326696 59.44655 79 0.375 0.125 0.131528  0.118926
56.20333 7 0.03125  0.4375 0.013317  0.370757 60.30708 80 0.375 0.25 0.124231  0.232456
56.59512 8 0.03125 0.5 0.012703  0.415463 60.9927 81 0.375 0.3125 0.122571  0.292548
57.08185 9 0.03125  0.5625 0.012216  0.462096 61.91519 82 0.375 0.375 0.122513  0.358883
57.68052 10 0.03125  0.625 0.011847  0.512202 63.16051 83 0.375 0.4375 0.124512  0.436192
58.41611 11 0.03125  0.6875 0.011597 0.567714 67.22128 84 0.375 0.5625 0.138584  0.659551
58.84488 12 0.03125 0.71875 0.011519  0.598249 59.88131 85 0.4375 0.0625 0.14855 0.061927
59.32162 13 0.03125 0.75 0.011473  0.631159 60.03123 86 0.4375 0.09375  0.146032  0.091854
59.85332 14 0.03125 0.78125 0.011464  0.666939 60.21712 87 0.4375 0.125 0.143868  0.121441
60.446 15 0.03125  0.8125 0.011493  0.706136 60.70985 88 0.4375 0.1875 0.140637  0.180736
61.11063 16 0.03125 0.84375 0.011566  0.749514 61.39748 89 0.4375 0.25 0.13901 0.242411
61.85822 17 0.03125  0.875 0.011689  0.797977 62.34296 90 0.4375 0.3125 0.139323  0.309929
62.69976 18 0.03125 0.90625 0.011868  0.85259 65.45824 91 0.4375 0.4375 0.148734  0.486182
55.90849 19 0.0625 0.09375  0.037328  0.099006 68.03883 92 0.4375 0.5 0.161109  0.618389
55.86252 20 0.0625 0.125 0.035665  0.12807 60.57393 93 0.5 0.0625 0.159237  0.063535
55.84353 21 0.0625 0.15625  0.034163  0.155635 60.78981 94 0.5 0.09375  0.1573 0.094619
55.85052 22 0.0625 0.1875 0.032805 0.18194 61.05167 95 0.5 0.125 0.155795  0.125686
55.93448 23 0.0625 0.25 0.030455 0.231585 61.36549 96 0.5 0.15625  0.154754  0.157105
56.10538 24 0.0625 0.3125 0.028516  0.27849 61.73929 97 0.5 0.1875 0.154224  0.189303
56.35925 25 0.0625 0.375 0.026915  0.323965 62.70576 98 0.5 0.25 0.154949  0.258098
57.12982 26 0.0625 0.5 0.024548  0.415657 64.06801 99 0.5 0.3125 0.158809  0.33763
57.66753 27 0.0625 0.5625 0.023731 0.464613 68.84838 100 0.5 0.4375 0.183576  0.573957
58.33316 28 0.0625 0.625 0.023148  0.517899 61.32352 101 0.5625 0.0625 0.169734  0.066064
59.15671 29 0.0625 0.6875 0.022808  0.577779 62.00614 102 0.5625 0.125 0.168181 0.13225
59.64144 30 0.0625 0.71875 0.022738 0.611144 62.4549 103 0.5625 0.15625  0.16837 0.166597
60.18214 31 0.0625 0.75 0.02274 0.647403 62.9926 104 0.5625 0.1875 0.169335  0.202606
60.78881 32 0.0625 0.78125  0.022823  0.687217 69.64394 105 0.5625 0.375 0.206022  0.525232
63.10754 33 0.0625 0.875 0.023665  0.836459 62.18804 106 0.625 0.0625 0.1809 0.069859
64.09499 34 0.0625 0.90625  0.024201  0.900261 62.63979 107 0.625 0.09375  0.181205  0.105429
56.60311 35 0.125 0.0625 0.068274  0.064823 63.18949 108 0.625 0.125 0.182427  0.142324
56.56713 36 0.125 0.09375  0.065523  0.094599 70.42252 109 0.625 0.3125 0.228539  0.470884
56.57113 37 0.125 0.15625  0.060753  0.150072 63.27944 110 0.6875 0.0625 0.194186  0.075612
56.75303 38 0.125 0.25 0.055093  0.226133 63.96806 111 0.6875 0.09375  0.196905  0.115545
56.9839 39 0.125 0.3125 0.052122  0.274147 75.99445 112 0.78125  0.1875 0.331237 0.412111
57.30473 40 0.125 0.375 0.04969 0.321563 76.70606 113 0.8125 0.15625  0.350428  0.367799
57.7235 41 0.125 0.4375 0.047743  0.36975 77.47064 114 0.84375  0.125 0.371359  0.317084
58.2562 42 0.125 0.5 0.046257  0.420262 78.30318 115 0.875 0.09375  0.394544  0.258123
58.92583 43 0.125 0.5625 0.045231 0.474969 79.22268 116 0.90625  0.0625 0.420668  0.188343
59.76737 44 0.125 0.625 0.044697  0.536332 80.25911 117 0.9375 0.03125  0.450774  0.104096
60.82879 45 0.125 0.6875 0.044722  0.607735
61.46244 46 0.125 0.71875  0.04498 0.648663
62.18105 47 0.125 0.75 0.045436  0.694207
62.9966 48 0.125 0.78125 0.046116  0.745391
63.92709 49 0.125 0.8125 0.047064  0.80363 It should be pointed out that this 2-D superset is different
64.9925 50 0125 0.84375  0.048333  0.870719 from the 4-D superset identified earlier. In fact, the 4-D
3724976 51 01875 0.0625  0.090843  0.062657 superset is a subset of the 2-D superset (when the latter is
57.24576 52 0.1875 0.09375  0.087693  0.09179 idered in the 4-D )
5726675 53 0.875  0.125 0.084822  0.119744 considered 1n the Space).
5829418 54 01875 0375 0069604 0.323178 To approximate solution of the ILP for AR ()2 ()
58.82089 55 0.1875 04375  0.067581 0.37521 o . . VSN
61.45544 57 0.1875 0.625 0.065925  0.567042 quantification, we consider only a finite number of values for
62.88066 58 0.1875 0.6875 0.067317  0.656033 the network outlet mole fractions and the VLE separator sub-
63.75018 59 0.1875  0.71875  0.068546  0.709079 vector parameters. Again, for the ith VLE separator, outlet 1
64.74963 60 0.1875 0.75 0.070225  0.769821 . . . W W
65.905 61 01875 078125 0072457  0.840411 species 1 and species 2 mole fractions (x,-1171,xi1172) are chosen
57.98435 62 0.25 0‘1§5 0‘10247:;5 0~118é1 as the two design parameters. Discretization levels of 1/16,
58.4441 63 0.25 0.2 0.093449  0.223671
03346 61 025 035 0086 0311 132 1/64 and 1/128 for (3} .4} and for the network
60.03323 65 0.25 0.4375 0.086151  0.386521 v v
6091274 66 025 0.5 0.085624  0.450503 outlets (x1,1»X1,2> are employed.
62.05711 67 0.25 0.5625 0.086318  0.525096
63.56329 68 0.25 0.625 0.088617  0.616485 The 2-D approximate ARs for the above discretization
65.57418 69 0.25 0.6875  0.093177  0.734776 levels are all illustrated graphically in Figure 3. Additionally,
66.83349 70 0.25 0.71875  0.096648  0.8091 the AR superset is also depicted. Table 6 shows the vertex
58.55904 71 0.3125 0.0625 0.124084  0.060894 . . K
50.34061 7 03125 025 0109352 0226503 pf)mts 'for'the approximate AR corresponding to the 1/128
59.85332 73 03125 03125  0.106582  0.281723 discretization level.
60.53495 74 03125 0.375 0.104938  0.34041 The boundary of the true AR is guaranteed to be within
the region contained by the boundary of the aforementioned
204 DOI 10.1002/aic Published on behalf of the AIChE January 2014 Vol. 60, No. 1 AIChE Journal



Table 9. Results of Parametric Studies of a Simple
Distillation Column in UniSim®

TABLE 9. Continued

# Trays # Trays Distillate
# Feed tray above below Reflux acetone
Trays  position feed feed ratio comp.
25 3 2 22 0  0.596756604
25 3 2 22 1 0.69290963
25 3 2 22 2 0.719580207
25 3 2 22 3 0.733660614
25 3 2 22 4 0.742608904
25 6 5 19 0  0.596588873
25 6 5 19 1 0.719300816
25 6 5 19 2 0.750379827
25 6 5 19 3 0.763731175
25 6 5 19 4 0.771347702
25 13 12 12 0  0.596575181
25 13 12 12 1 0.732117303
25 13 12 12 2 0.765637396
25 13 12 12 3 0.778979495
25 13 12 12 4 0.784957494
25 19 18 6 0  0.59665144
25 19 18 6 1 0.734567639
25 19 18 6 2 0.76830466
25 19 18 6 3 0.781019148
25 19 18 6 4 0.787605023
25 22 21 3 0  0.595805599
25 22 21 3 1 0.732134603
25 22 21 3 2 0.76472788
25 22 21 3 3 0.779578871
25 22 21 3 4 0.787220476
50 5 4 45 0  0.596587976
50 5 4 45 1 0.71357069
50 5 4 45 2 0.744024932
50 5 4 45 3 0.757675289
50 5 4 45 4 0.765238536
50 13 12 37 0  0.596578753
50 13 12 37 1 0.732224234
50 13 12 37 2 0.766144438
50 13 12 37 3 0.778791336
50 13 12 37 4 0.78524047
50 25 24 25 0 0.596572648
50 25 24 25 1 0.735949055
50 25 24 25 2 0.770035129
50 25 24 25 3 0.783567011
50 25 24 25 4 0.7899851
50 37 36 13 0  0.596511411
50 37 36 13 1 0.736942844
50 37 36 13 2 0.769646812
50 37 36 13 3 0.785146944
50 37 36 13 4 0.792047096
50 45 44 5 0 0.596520563
50 45 44 5 1 0.736292821
50 45 44 5 2 0.769239193
50 45 44 5 3 0.784236835
50 45 44 5 4 0.794275394
100 10 9 90 0 0.596587587
100 10 9 90 1 0.729024921
100 10 9 90 2 0.762710616
100 10 9 90 3 0.77545517
100 10 9 90 4 0.782004306
100 25 24 75 0 0.596587445
100 25 24 75 1 0.735834554
100 25 24 75 2 0.769608684
100 25 24 75 3 0.783744554
100 25 24 75 4 0.790271882
100 50 49 50 0 0.596586361
100 50 49 50 1 0.737130428
100 50 49 50 2 0.770222776
100 50 49 50 3 0.786431363
100 50 49 50 4 0.79203461
100 75 74 25 0  0.596608569
100 75 74 25 1 0.737466898
100 75 74 25 2 0.7707908
100 75 74 25 3 0.785904529
100 75 74 25 4 0.783141159
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# Trays  # Trays Distillate
# Feed tray above below Reflux acetone
Trays  position feed feed ratio comp.
100 90 89 10 0 0.59657444
100 90 89 10 1 0.737537181
100 90 89 10 2 0.772077564
100 90 89 10 3 0.787752129
100 90 89 10 4 0.794833514
200 20 19 180 0 -
200 20 19 180 1 0.735567183
200 20 19 180 2 0.770158511
200 20 19 180 3 0.78294468
200 20 19 180 4 0.787401031
200 50 49 150 0 -
200 50 49 150 1 0.737355276
200 50 49 150 2 0.771974554
200 50 49 150 3 0.786931513
200 50 49 150 4 0.793442207
200 100 99 100 0 -
200 100 99 100 1 0.737574308
200 100 99 100 2 0.772119198
200 100 99 100 3 0.78716742
200 100 99 100 4 0.795083657
200 150 149 50 0 -
200 150 149 50 1 0.737613256
200 150 149 50 2 0.772146847
200 150 149 50 3 0.787199193
200 150 149 50 4 0.795113556
200 180 179 20 0 -
200 180 179 20 1 0.737625071
200 180 179 20 2 0.772160846
200 180 179 20 3 0.787865945
200 180 179 20 4 0.795099506

material balance derived superset, and the largest AR
approximant provided by IDEAS.

Discussion/Conclusions

In the 4-D case study presented above, both numerical and
graphical representations are shown, of a one-inlet, three-out-
let VLE separator network AR. The numerical and graphical
AR representations in Table 5 and Figure 2 can be utilized
to rigorously address a variety of questions that a design
engineer may pose.

“Is a particular combination of product compositions
attainable by some one-inlet, three-outlet VLE separator
network with the given flow rate specifications?” For
example, consider the following product compositions:

[xF ) ), 5] =10.2969 03125 0.3906]", [, 2, 2%, ]"
=[0.156275 0.46875 0.374975]", [x}, 2%, 55 ]" = [0.446825

0.26875 O.284425]T. To answer whether a one-inlet, three-
outlet VLE separator network with outlet product flow rates
equal to 1 mol/s and these product compositions exists, one
can identify using linear programming whether the point
(0.2969,0.3125,0.156275,0.46875) under consideration can
be written as a convex combination of the vertices identified
in Table 5. For this example, this is indeed the case, as the
above point can be written as an equally weighted combina-
tion of vertices 1, 8, 61, and 62. Graphically, as illustrated in
Figure 4, the point under consideration is the midpoint of the
segment defined by the midpoints of the segments connect-
ing vertices 61 and 8, and vertices 62 and 1, respectively, in
each of the two ternary diagrams.
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Figure A1. 2-D projections of the 4-D approximate AR, set 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

“What is the highest mole fraction of acetone that is
attainable by some one-inlet, three-outlet VLE separator net-
work with the given flow rate specifications?” Consulting
Table 5 and Figure 2, suggests that product streams with
flow rates all equal to 1 mol/s and compositions

[y at5 ] =[0.0313 0.125 0.8437])",  [xd, 2%, 5]
=[0.0313  0.875 0.0937)", [x}, 2%, x}5]"=[0.8374 0.05

0.1126]T are attainable. In turn, this suggests that there
exists a network that can deliver a product stream with flow
rate 1 mol/s and an acetone mole fraction of 0.8437. This
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acetone mole fraction is higher than the acetone mole frac-
tion (0.791) of the acetone/methanol binary azeotrope. The
IDEAS methodology is in fact able to identify such a feasi-
ble separator network; it is presented in Tables 7 and 8, in
Appendix B. Table 7 shows all network streams, including
their inlet/outlet/VLE separator destinations and sources, and
each stream’s flow rate. Table 8 lists all VLE separators
employed in the network, with their operating temperatures
and exit compositions. The network generated incorporates
several columns of various sizes, and other complex
structures.
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Figure A2. 2-D projections of the 4-D approximate AR, set 2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In the 2-D case study presented above, Figure 3 shows
graphical representations of one-inlet, two-outlet VLE sepa-
rator network AR approximants for discretization levels of
1/16, 1/32, 1/64, and 1/128. In addition, the AR superset is
also depicted. This graphical representation can be utilized
to rigorously address a variety of questions that a design
engineer may pose.

“Is a particular combination of product compositions
attainable by some one-inlet, two-outlet VLE separator net-
work with the given flow rate specifications?” In this case,
the answer can be obtained through simple inspection as to
whether the composition under consideration belongs to the
AR identified in Figure 3.

“What is the highest mole fraction of acetone that is
attainable by some one-inlet, two-outlet VLE separator net-

AIChE Journal January 2014 Vol. 60, No. 1

Published on behalf of the AIChE

work with the given flow rate specifications?” Consulting
Table 6 and Figure 3, suggests that product streams with
flow rates equal to 1 mol/s and 2 mol/s and compositions
[x] ) ], o ]T=[0.0625 0.03125 0.90625]" and [x}, x1,
xy,]"=[0.41875 0.509375 0.071875]",  respectively, are
attainable. In turn, this suggests that there exists a network
that can deliver a product stream with flow rate equal to 1
mol/s and an acetone mole fraction of 0.90625. This acetone
mole fraction is higher than the acetone mole fraction
(0.791) of the acetone/methanol binary azeotrope, and is
higher than the highest acetone mole fraction 0.8437 of the
4-D AR. As a simple distillation column is a one-inlet two-
outlet VLE separation network, the 2-D AR should contain
all compositions attainable by a simple distillation column
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Figure A3. 2-D projections of the 4-D approximate AR, set 3.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with specified top and bottom flow rate production. Indeed,
an extensive parametric study was carried out in commercial
simulator UniSim® by Honeywell. The results of the study
are summarized in Table 9 in Appendix C, and suggest that
the highest acetone mole fraction that can be attained by a
conventional distillation column is 0.795. This confirms that
the 2-D AR encompasses all product compositions attainable
by a simple distillation column.

Appendix A illustrates how the 2-D projections of the 4-D
AR evolve as the stream 1 compositions change. For example,
the first nine templates of Appendix A illustrate these 2- D
projections for the second stream outlet compositions as x! 2
varies from 0.1875 to 0.6875 for x} =0.0625. As expected
from physical intuition, at the endpoints of the x1_2 interval,
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the region of possible stream 2 mole fractions is smaller than
those for the interval’s interior points In addition, as the value
of x12 increases, the range of x22 in the 2-D projection
decreases, where at x! 2—0 6875, x2 , is effectively fixed.

The proposed process network AR framework with inlet/
outlet flow rate ratio specifications is a novel concept that
allows the quantification of all attainable compositions by
general process networks that feature multiple inlets and out-
lets and possess known feed and product flow rate ratios.
The aforementioned AR is shown rigorously to be a convex
set in an appropriately defined composition space. In turn,
this convexity property is crucial in identifying increasingly
accurate approximants of the process network AR through
application of the IDEAS conceptual framework.
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Figure A4. 2-D projections of the 4-D approximate AR, set 4.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Having elaborated on the novel concept of process net-
work AR, it is important to also comment on the IDEAS
conceptual framework, which plays such a key role in the
quantification of the aforementioned AR. The IDEAS frame-
work is applicable to the general process network synthesis
problem. To date, we have not yet identified a single chemi-
cal process to which the framework is not applicable. The
computational complexity of IDEAS grows with the number
of variables needed to specify the performance of a process
unit. This number is typically equal to the number of species
and process unit design variables. Therefore, the approach
can be effectively employed for the design of complex sys-
tems, as long as the number of species present in these sys-
tems is not large.
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The IDEAS model can be written as an equation Ax =b
involving the linear transformation A from one infinite-
dimensional space to another. The domain of A is the non-
negative orthant of the space of absolutely summable
sequences whose elements are the network flows. It is also
true that the resulting feasible region defined by Ax=b,x > 0
in this infinite-dimensional space is a convex set. However,
the convexity of this aforementioned feasible region has
nothing to do with the convexity of the AR defined here,
which lives in the low-dimensional space whose dimension
is (Ny—1)X(N.—1), where (™) is the number of network
outlet streams, and N, is the number of components (spe-
cies). As various outlet concentrations are considered, the
entries of b are altered, and feasibility of Ax=b,x >0 is
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Figure A5. 2-D projections of the 4-D approximate AR, set 5.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

assessed. It is the union of all outlet concentrations that
lead to feasible Ax=b,x > 0 that forms the AR introduced
in this work, and is shown to be a convex subset of
V= XN=1)

In this work, the novel concept of process network AR
with inlet/outlet flow rate specifications was introduced.
This work is applicable to a wide variety of systems,
including those with alternate components, multiple azeo-
tropes, and reactive separation, and many other process
units. An IDEAS-based problem formulation of AR con-
struction for process networks with units possessing any
number of inlets and outlets was provided, and it was
shown how to adapt the formulation to AR construction for
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VLE separator based networks. We have proven analyti-
cally the convexity of the AR, allowing for compact repre-
sentation of its shape via vertex identification. A case
study was carried out, illustrating the calculation of the
VLE separator network AR for a ternary mixture by solv-
ing repeatedly IDEAS feasibility problems for all network
outlet mole fractions belonging to a predefined AR
superset.
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Notation
Symbols

ocf’= molar flow rate ratio of the ith process network inlet stream,
i=1,8
molar flow rate ratio of the ith process network inlet stream,

i=1,0

of =

;=

Letters

. T\ . .
X = species molar flow rate vector ([ﬂ“ - - molx) ) inlet to the jth
J s s

inlet stream of the ith process unit in OP, j=1,s i=1,00

F' /U = total molar flow rate of the jth network inlet stream, j=1,S,
mol/s

F fg = total molar flow rate of the jth outlet stream from the ith process
unit in OP, j=1,q i=1,00, mol/s

Ff(J = total molar flow rate of the jth inlet stream to the ith process

unit in OP, j=1,s i=1, 00, mol/s
F}/ = total molar flow rate of the jth network outlet stream, j=1,0Q,
mol/s

F}f Y = total molar flow rate to the jth network outlet stream from the
ith network inlet stream, j=1,0Q i=1,S, mol/s
= total molar flow rate to the jth network outlet stream from the
kth outlet stream of  the ith process unit,
j=1,0, i=l,00 k=1,q, mol/s
Ff(,fjj = total molar flow rate to the kth inlet stream of the ith process
unit from the jth network inlet stream, i=1,00 k=1,s j=1,8,
mol/s
ij;",/k = total molar flow rate to the /th inlet stream of the jth process
unit from the kth outlet stream of the ith process unit,
j=l,0 [=1l,s i=l,00 k=1,q, mol/s
P = pressure, bar
g = total number of outlets to each process unit in the process
network

YW
Fiik

Q = total number of outlet streams from the IDEAS process network
R = gas constant, (8.314LkP)
s = total number of inlets to each process unit in the process
network
S = total number of inlet streams to the IDEAS process network
T = temperature, (K)
x¥ = molar fraction vector of the jth network inlet stream, j=1,
xf"; = molar fraction vector of the jth liquid outlet stream from the ith
process unit in OP, j=1,q i=1,00
x! = molar fraction vector of the jth network outlet stream, j=1,Q
x;; = molar fraction vector of the jth inlet stream to the ith process
unit in OP, j=1,s i=1,00
Superscripts

U = network inlet

X = process unit inlet
Y = network outlet

W = process unit outlet
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Appendix A

Figures A1-A5 show 2-D projections of the 4-D approximate

AR quantified using 1/16 discretization for x’,"l,x’{l,x;’l,xgg ,

woow
XX ).

Appendix B

Tables 6 and 7 list an IDEAS-generated feasible VLE network
configuration for the point product streams with flow rates all
equal to 1 mol/s and compositions [x{l x{z xll/‘3}T=[0.0313
0.125 0.8437]T, [x;] x;z X} ]T: [0.0313 0.875 0.0937]T,
(34, %, x4 5]7=[0.8374 0.05 0.1126]". Table 6 shows all net-
work streams, including their inlet/outlet/VLE separator destina-
tions and sources, and each stream’s flow rate. Table 7 lists all
VLE separators employed in the network, with their operating
temperatures and exit compositions.

Appendix C

An extensive parametric study was carried out in commercial
simulator UniSim® by Honeywell to verify that the 2-D AR
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contains all compositions attainable by a simple distillation col-
umn with specified top and bottom flow rate production. The
parameters for this study were the number of trays (25, 50, 100,
200), feed tray position (10%, 25%, 50%, 75%, and 90% of the
number of trays), and reflux ratio (0, 1, 2, 3, 4). The results of
the study are summarized in Table 9, and suggest that the high-

est acetone mole fraction that can be attained by a conventional
distillation column is 0.795. This confirms that the 2-D AR
encompasses all product compositions attainable by a simple
distillation column.

Manuscript received Mar. 6, 2013, and revision received Sept. 3, 2013.

212 DOI 10.1002/aic

Published on behalf of the AIChE

January 2014 Vol. 60, No. 1 AIChE Journal



	l
	l
	l
	l
	l
	l
	l
	l

