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SCOPE 

Flowsheet simulation and design programs require large 
amounts of computer time for convergence of process loop 
calculations. The inability of such sequential unit calculations 
to readily utilize overall material balances or simultaneous 
material balances contributes to the need for many iterative 
loop calculations to determine accurate recycle flows. This 
study uses linear material balance calculations based on split 
fractions to estimate flows for the following iterative calcu- 
lations and thus speed up convergence. The split fractions 

used a re  estimated from the previous calculations, whether 
linear or  nonlinear, and thus allow linear methods to estimate 
any desired flow for succeeding calculations. These calcula- 
tions are based on the methods of Rosen (1962), Reklaitis e t  
al. (1979), and Henley and Williams (1973) and permit user- 
derived programs or  other simplified methods to accelerate 
convergence. The objectives of this paper are to compare and 
evaluate such methods with other general convergence meth- 
ods. 

CONCLUSIONS AND SIGNIFICANCE 

Linear methods based on unit split fractions have been used 
to estimate component flows in process flowsheets. These 
methods have been shown to be useful in accelerating con- 
vergence in flowsheet-based simulation and design programs. 
One method, termed linear process simulation or LPS, in- 
volves user-derived linear process equations to calculate all 
recycle mixer outputs, and then flowsheet-sequenced unit cal- 
culations follow the mixer outputs. The unit calculations a r e  
used to obtain split fractions for each unit for use in the user- 
derived equations in the following iterative calculations. This 
method compares favorably with other general methods of 
convergence acceleration. Other methods, which arc based 
on the recycle fraction of the total feed or  on the ratio of 
recycle to fresh feed, and which do not require user-derived 
equations are  also compared. If user-derived equations are  
not used, the method utilizing the recycle fraction of the total 

feed with application to newly determined fresh feed rates 
appears to be the most desirable method for the processes 
studied. This recycle fraction method appears to be better 
than the general Wegstein method. The LPS method or an 
equivalent method using user-derived linear equations with 
split fractions appears to be the most suitable convergence 
method for flowsheet-sequenced process simulation or  design 
programs involving recycle loops. 

The recycle fraction method as well as other methods com- 
pared should be easily programmable into conventional flow- 
sheet-based programs as one method of convergence accel- 
eration. The LPS or an equivalent method can be programmed 
into flowsheet-sequenced programs to provide better conver- 
gence results than the recycle fraction method, but for each 
system studied the appropriate linear simulation equations 
must be derived prior to use. 

INTRODUCTION 

The solution of material balance, prol~leins is a very important 
part of plant design and simulation calculations and is required 

either prior to or concurrently with equipment. energ?; r c -  
qi~irement, and other calculations. Sequential rinit calculations 
are the basis of iiiost flowsheet-based gencral purpose programs 
and siich methods ;ire relatively easy to progrim and initialize 
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for a wide variety of processes. Normally a flowsheet sequence 
does not use overall inaterial balances or siniultaneous niultiple 
unit balances, as might be desired to calculate or estimate 
recycle streams. For this reason, rccycle streams must be cal- 
culated by repetitive iterations around tlie recycle loops until 
the differences between initial and calculated recycle conipo- 
nent flows converge significantly close to zero. The computer 
time required for convergence of such calculations may become 
very large and the estimation of recycle streams based on the 
process structure could be of significant value in reducing the 
number of iterative trials to reach convergence. 

If multiunit processes involve only linear equations, these 
equations can be solved by a variety of methods to calculate 
any desired stream in the process. Matrix niethods and other 
methods by Nagiev (1957), Rosen (1962), Hutchison (1874), 
and Reklaitis e t  al. (1979) can he programnied for computer 
solution based on the structure of the process flow diagram and 
the use of estimated or calculatecl conipoiient split fractions, 
i. e., the fraction of a component in the feed to a unit that leaves 
the unit in a given output stream. Recycle fi-actions, which can 

where 

FA8 = A,IA,, FA, = AJA, and FA, = AJA, 

A, = Az + A, (2) 

These split fractions, F,,,, should be less than 1. The total nuin- 
her of equations for each component is equal to the nuinher 
of mixers. These can be solved simultaneously for all the mixer 
outputs. 

Another method useful for inultiloop processes is I~ased on 
the loop reduction techniques commonly used for feedback 
loops. For the example in Figure 2 ,  the following equation can 
be derived for the loop of streams 2-3-4-6: 

(3)  
Since A, = F,4h [A7 + FA3 (A, + AJ], 

In general for a single loop, in terms of feeds from outside the 
loop, to solve for A,, within or beyond the loop, 

(Product of Split Fractions of A from Feed K to Stream n)A, for Feed Streams K = 1 to n ,  
(4) 

1 - Product of Split Fractions of A around loop A,, = 

be  calculated from split fractions, were proposed by Rosen as 
an approach to steady state material balances. Ravicz and Nor- 
man (1964) used sequential calculations for nonrecycle parts of 
a process along with simultaneous solutions for those parts of 
a process containing recycle streams. 

'This paper is concerned with possible methods of using split 
fractions in linear inaterial balance calculations in conjunction 
with sequential unit calculations, either linear or nonliiiear. 
The split fractions can be calculated froin each unit calculation 
and can then he used to estiinate component flows for the next 
iteration on the proccLss loop. 

LINEAR PROCESS SIMULATION (LPS) 

This is a secpential process simulation method developed 
by h4ilani (19x3) utilizing linearization by split fractions (Ka- 
giev, 1957; Rosen, 1962), the linear method of solution of mixer 
output streains uscd 1)y Reklaitis r t  al. (1979), and linear feed- 
hack techniques for niultiple loop systems (Hcnlev and Wil- 
liams, 1973). Conventional unit progranis, linear or nonlinear, 
are used to calculate flows and also split fractions as the program 
proceeds from a mixer output through tlic units in a loop. Using 
the split fractions for cach unit, user-derived equations are 
included in the program to calculate the component flows for 
cach niiscr output involving a recycle stream, assuming split 
fractions reiriain constant. This provides the initial estimated 
data for tlie next series of process calculations, where units and 
split fractions are recalculated. This procedure continues until 
the desired measnre of cm-or i.q sufficiently small. 

The user-derived equations are linear equations, one for each 
mixer ontput as a function of split fractions and process feed 
streams. They may be derived by basic algebraic derivation for 
simple systems. For more complex systems, the method of 
Reklaitis may be used. This involves deriving a product of unit 
split fractions in the reverse of the flow direction along each 
mixer i u p t  until a fresh feed or a mixer output is rcachcd. 
For example, for component A in Figure 1, tlie following equa- 
tions are derived: 

A, = A, + F,,,F,,,F,,,A, (11 

If no recycles enter between streams k and n ,  then A,, = 
(Product of all split fractions of A between k and n )  A,, or the 
summation of such terms if more than one such streams are 
mixed. Since the split fractions for mixers are 1, in Eq. 3 l;.,6 
is the only fraction between stream 7 and 6, and F,A, and F.,, 
are the only fractions between 1 and 6, and also the only frac- 
tions around the loop. Note that A; is ;I feed strcaiii for the 
loop considered, 2-3-4-6. 

For mixer outputs in Figure 2 ,  E(4. 4 provides the fdlowing 
two equations: 

I 7  

I 

Figure 1. Example process. 

Figure 2. Example process: Process I I  if units 2, 
4, and 5 are flash units; N7/N8 = R, NgIN, = 1/(1 

+ R), Ng = NB = 0.5 N,. 
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These equations ran be solved simultaneously to give 

(7) 
F.4,3Al 

1 - F.&7 - Fz,,3F,,,j 
A ,  = 

and 

Thus both mixer outputs are easily calculatcd from thc, fresh 
feed, stream 1, antl the split fractions. 

For complex multiloop processes, techniques presented by 
IIenley and Williams (1973) can be used to arrive at linear 
equations for any desired stream. Based on these methods, a 
general algorithm for deriving mixer output component flows 
has heen prcsented by Milani (1983) for use with LPS on com- 
plex systems in a straightforward inanner. 

A computer diagram for LPS is sliown in Figure 3. For the 
first process calculation, the recycle streanis can be estimated 
or set equal to 0. In the remaining iterative process calculations, 
the inixer outputs are calculated using the split fractions ob- 
tained in the previous calculations, thcs user-derived equations 
based on process structure, and fresh feeds. Tlie convergcnce 
teclinique is not a general convergence technique, but is Insed 
on the specific process structure. As split fractions approach 
constant values the method should approach convergence with 
verification on thc second or third process iteration. For a 
design problem with a cboicc of independent variables, the 
choice of split fractions as independent (or design) varial)lcs 
would provide additional reduction in computer time for con- 
vergence. 

An equivalent method, one that niight bc a inore convenient 
technique to add to an existing flow diagram sequenced pro- 
gram, woiild be to calculate recycle flows with user-derived 
equations dcveloped in a manner similar to LPS. 

In LPS or other tecliniques using user-derived equations in 
terms of split fractions, it is necessary to give special consid- 

USE I I 4 I T I A L  E S T I M A T E S  OF RECYCLE FLOWS 0 

I 
CALCULATE MIXER OUTPUT FLOW RATES USING 

I 
F R A C T I O N S  AND PROCESS INPUT FLOW R A T E S  

WRITE FLOW RATES, 
LOOPS AND RROR 

SMALL? 

,,-----A rjo I ---LliZzJ USE THESE F R A C T I O N S  

Figure 3. Linear p r o c e s s  simulation program 
structure. 

eration to reactors I)ecause the products and nonliiniting reac- 
tants are not directly related to the entcring amount of the 
same coinponeiit. Tlie split fi-action for a limiting rcactant is 
expressable as 1 minus the fraction converted, but the products 
formed arc! a function of the limiting reactant and con\,ersion, 
and act a s  if they were a inixer feed of product coniponents 
independent of the product components entering thc reactor. 
Similarly, the reduction of nonliiniting reactants is dependent 
on the conversion of limiting reactant and ran lie considered 
as a negative feed at the reactor. If the limiting reactant is 
calculated first, stoichioinetric equations can pro\& the re- 
duction of nonlimiting reactants antl the production of prod- 
ucts, which can then be used a s  if they were feeds (negative 
or positive) at the reactor. For exaniple, if unit 3 in Figure 1 
is a reactor with oA + b B  + cC, antl X is the fraction of A 
reacted, the split fraction of A ,  F..,5 = 1 - X ,  while the equiv- 
alent of a feed of X(c/a)A, mols of C and - X(Mn)A,  mols of B 
should bc added at unit 3 (or at unit 2 since the split fractions 
Iletween the mixer feed and unit :3 are 1). 

If  appropriate algebraic niethods are used with linearizing 
assumptions other than constant split fractions of components, 
then variorts alterriativr types of uscr-derived equations may 
be possiiblc. 

CONVERGENCE BASED ON RECYCLE FRACTIONS 

Ifall the split fractions in a process were constant, the recycle 
streani conipnent  flows would be a constant fraction of that 
component flow in the feed. For example for Figure 2, the 
following equations can be derivcd for recycle streams 7 and 
ti. 

The fraction ofA, that reaches stream 6, for the whole process 
including tile second loop, from Eqs. Y and 8 is: 

which could be considered the recycle fraction of A in loop I 
of the total feed ofA in loop I (recycle + fresh feed) considering 
the whole process, Kp,,,. Tlius 

and 
KP.,,(R.,I + Fmt) = R,, 

wliere 

F,l,,l = A , .  
Similarly for loop I1 the fraction of A in the total feed tliat 

is recycled isA,/A, = F.,,F,,; = K,,, ,  and A, = R,,,, = K,,,,F,,,,,/ 
(1 - K,,.411) where in this case F,,,,, is A,. 

After a conventional flowsheet sequential calculation itera- 
tion for Figure 2, the component flows for the recyclr stream 
and the inixer output, A, and A,, wonld he available for cal- 
culating the recyclc fi-action K,, = &/A2. Similar data would 
be available for each component. This might not be qiiite as 
accurate an estimate of the recycle flow as could be ohtained 
from user-derived split fraction equations because the valuq of 
A ,  might result from unconverged interior or connecting loops, 
whereas user-derived equations would be the equivalent of all 
loops being converged with the existing split fractions. IIow- 
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ever, as all loops tend to converge, the recycle fractions are 
almost as accurate as could be obtained from split fractions and 
user-derived equations. The recycle fraction would be easier 
to obtain than all unit split fractions, and no user-derived equa- 
tions would be required for this method. 

On completion of a complete process iteration, recycle frac- 
tions could be calculated for each loop. On the next iteration, 
whenever a loop was entered at a mixer the recycle stream 
component flows could be calculated as FD,,i Kp,\j(l - K , , , )  = 
H;,j for component A in loop j .  

The values for Kpij for each component i in each loop j can 
be calculated at the end of each process iteration. It is then 
possible to estimate new values for each recycle stream based 
on the previous feed to each loop. For constant fresh feed flows 
this is adequate, but feeds to internal loops will change from 
one iteration to the next and it is more desirable to apply the 
recycle fractions for each loop after the feed stream to the loop 
has been recalculated. This occurs when the feed-recycle mixer 
is calculated, and these mixer subroutines (in some cases it 
might be other units with more than one input) can be flagged 
to be preceded by estimation of recycle streams. Since the 
main flowsheet programs are complex and vary appreciably, 
the programming method would vary, but the recycle fraction 
method should be programmable relatively easily into flow- 
sheet-based programs. As in LPS, it is more Jesirable and more 
accurate to calculate the reaction products as if they were feed 
streams with nonliiniting reactants treated as negative feed 
streams. An approximate computer diagram is shown in Figure 
4. 

This method is useful primarily as a convergencc method 
with conventional flowsheet-based design and simulation pro- 
grams, and in this paper is compared with other convergence 
methods. Probably the two most common methods of conver- 
gence are successive substitution and Wegstein’s method (Perry 
and Chilton 1973). The successive substitution method should 
work very well if only small changes occur in the recycle when 
the total feed changes, or Kp,, -+ 0, or when the recycle is small 
in comparison to the fresh feed. It should be relatively good 
under such conditions even when feed rates to internal loops 

IN ~ T I A L ~ Z E  CALCULATION 
ND EXTERNAL FEED 
SSUME RECYCLES b R LET RECYCLES = 0 

Figure 4. Program for recycle fraction conver- 
gence and similar methods. - Conventional pro- 
grams, ----- Additional convergence procedures. 
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are changing. The Wegstein method is based on thc assumption 
of a linear relationship for each component lwtween the initially 
assumed recycle and the recycle calculated from the resulting 
process iteration. With two iterations this linear relationship 
can be dctcrmincd for each coniponcnt ant1 solvcd for the 
estimated recycle of each component that will equal the cal- 
culated recyle for that component. The resulting recycle is used 
as an estimate for the next process iteration. In the case of a 
linear relationship between assumed and calculatcd rccycle, 
the Wegstein method will provide iiniuediate coiivergeiice dter 
the first two iterations. The proposed method bascd on rccycle 
fraction is based on a more specific linear relationship-i.e., 
Calculated recycle = Kpij x (Estimated recycle of i + Feed 
of i)-and if this relationship is exact, both the slope constant 
of the Wegstein method and the recycle fraction are the same, 
and both methods will converge very rapidly. In cases of in- 
ternal loops or reactors with changing feed this might not bc 
the case. With constant feeds the recycle fraction method would 
be similar but not necessarily the same in rate of convergence 
as the Wegstein method. However, the recycle fraction method 
requires only one process iteration to establish K , ,  valucs, 
whereas the Wegstein method requires two iterations to es- 
tablish the linear relationship. With a changing feed to an 
internal loop or reactor, the recycle fraction method provitlrs 
an allowance immediately if applied to thc ncw feed to a loop, 
while the Wegstein method would adjust to such clianges more 

The sucressive substitution method and the Wegstein method 
as usually described have no response to feed changes to in- 
ternal loops or to changes in reaction protluc:ts or nonlimiting 
reactants. However, such methods can easily bc adjristcd to 
compensate for such changes by using the ratio of recycle com- 
ponent to feed component as the varialde for cither successive 
substitution or Wegstein acceleration. 

The procedure is essentially the same except that the ratio 
is estimated and multiplied by the feed component to estimate 
recycle, and the calculated recycle component is divided by 
the fresh feed component following a process iteration. This 
calculated ratio is either successively substituted or used in the 
Wegstein procedure. It should he better to estimate recycle 
for an internal loop after the new value for internal feed (or 
hypothetical reactor feed) is calculatcd. Basing the successive 
substitution method on the ratio of recycle to feed is equivalent 
to estimating Kpi j / l  - KYr (for component i and loop j )  at the 
end of a process calculation and applying this qumtity to the 
next iteration. The use of these procedures is indicated in 
Figure 4. Note that if the recycle fraction, Kp,i, is constant, the 
recycle to fresh feed ratio should also be constant, hut changes 
are not proportional. With reactors treated as previously in- 
dicated and only one feed per loop, Kpii should always be less 
than one. 

It should be noted that except for reactors, all of the methods 
discussed in this paper make no direct allowance for the effect 
of components other than the component being estimated. 
These effects can cause the convergence calculations to be so 
much in error that divergence may occur. The estimation of 
recycle based on such effects would be more complex, but 
might be worth further study for serious convcrgcnce prob- 
lems. General methods of considering the effects of compo- 
nents other than the estimated component are the Newton 
methods used by Cavett (1963). 

slowly. 

PROCEDURES 

The LPS method was testcd by Milani using a FOHlKAN 
Namelist program run on an AMDAHL V8/470 computer. The 
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test runs were based on various systems previously studied and 
presented in the literature. The program used dnd the results 
of these studies have been presented in his dissertatioii (hlilani, 
1983). 

To study the recycle fraction method, a simple program for 
two components was prepared in BASIC with subroutines for 
a mixer, a flash separation for two components, and a two- 
component reactor. This permitted study of a variety of proc- 
esses, conditions and procedures without excessive use of com- 
puter time. A Commodore Super Pet and an IBM PC were 
used for these studies. These could be computed in anv desired 
order. The equivalent of ten different convergence routines 
were included as follows: 

A. Based on flows from the previous iteration 
1. Successive substitution 
2. Recycle fraction method 
3. Wegstein method 
4. Wegstein method applied to recycle fraction 
5. Recycle fraction estimated by assuming a linear rela- 
tionship between recycle fraction calculated and initial 
recycle conip~iiient flow 

B. Based on feed flows calculated in the new iteration 
6. Successive substitution of recycle/feed ratios 
7. Recycle fraction method 
8. Wegstein method applied to recycle/fced ratios 
9. Same as 4 applied to new feed 
10. Same as 5 applied to new fecd 

Five different processes were studied and four are shown in 
Figures 5 to 8. Process I1 was the saine diagram as Figure 2, 
with units 2, 4, and 5 being flash separators, and is equivalent 
to three-stage distillatioil with feed to the rcboiler. The reaction 
w e d  was 24 + B with the conversion of A as a speciliecl 
variable, except for process V, where A + 2B. The flash cal- 
culations were based on relative volatility and, in two options, 
either the liquid to vapcir ratio or the vapor composition could 
be specified. In processes I, 11, 111, and IV, a relative volatility 
of 3 w a s  used for K,IK,, and in V, K., /K,  eqiialcd 0.3333. \Vhen 
two or three flash calculations wcre co~nl~inetl as a distillation 
system, the liquid and vap(ir flows were based on a gi\:en reflux 
ratio at the upper flash, partial condensation. equal molar heats 
of vaporization, and liquid feed at the bubble point. The fecd 
to processes I, 111, I V ,  and V was 0.9 niol fraction of A and 0.1 
for B .  For process I1 the fecd compositioii is given in Table 1, 
as Z,, with ZSl = 1 - Z.,I. 

In most cases calculations were carried out on all units once 
per iteration and followed by the convergrnce procedure. In 
a few cases the calculations were made through all units and 
then repeated 011 the final loop for each iteration prior to the 
convergence pr~icedurc. 

The iterative calculatioris continued until a11 recycle com- 
ponent flows (two timrs the niimher of recycle streams) were 
calculated to be within 0.1% ofthe initially assumed coinponent 
flows, or until the numlier of itrrations reached 21, or 31 for 
some cases with process V. The numlicr of iterations required 
are presented in Tdde 1 for comparison. 

5 L  

Figure 5. Process I :  reactor + flash; reaction 2A 
+ 8 ;  (Y = KA/KB = 3, z A 1  = 0.9, ZB, = 0.1. 

Figure 6. Process 111: reactor + two-stage distil- 
lation (as two flash units) reaction 2A --* 8 :  N7/ 
N6 = R, N8/N, = 1/(1 + R),  N8 = N, = 0.5 N3, ZAl 

= 0.9, ZB, = 0.1. 

I I  

10 

Figure 7. Process IV: reactor + three-stage dis- 
tillation, reaction 2A + B; KAIKB = 3, Nl,/Nll = 
R, N8/N9 = 1/(1 + R), N7/N, = (2 + R)/(1 + R),  

N8 = N11 = 0.5 N3, ZA1 = 0.9, ZB1 = 0.1. 

Figure 8. Process V: reactor + three-stage distil- 
lation, reaction A + 28;  KA/KB = 0.3333, Nl,INl, 
= R, N,IN, = 1/(1 + R),  N71N, = (2 + R)/(1 + 

R) ,  N8 = Nil = 0.5 NB, ZAj = 0.9, ZB1 = 0.1. 

In pr(icesscs IV and V, equatioiis were derived from unit 
split fractions to estimate all recycle flows for the next iteration. 
This method is equivalent to the 1,PS method of hlilani. The 
number of itcrations for this procedure is also shown in Table 
1. 

LPS RESULTS 

Four sample probleins were solvecl by the I,PS method of 
hlilani. These involved relatively simple recycle problenis in- 
cluding mixers, flash and distillation separations, reactors, and 
splitters. The number of con~ponents involved was from three 
to 16, and the flash arid distillation separation calculations were 
highly nonlinear requiring multiple trial calculations within 
each loop calculation. The vapor-liquid equilibrium constants 
were assumed to be functions oftemperature and pressure only 
in order to eliminate physical property subroutine rcquire- 
mrnts. 
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TABLE 1. COMPARISON OF COYVER(:ENCE PROCEDURES 

Collvergc~ncc hlethocl 

1 2 3 4 5 
Sucwssive Recycle Wegstc ill o n  u ilblS :. Recycle. 

A. Based on Previous lterittion Feed Strc-cnis 

Process Substitution Fraction Wrgstcin Hecycle Fraction Fr:ict. = f (rt*cyr.lv) 
Number of' iterations to error = 0.001 fraction lor all componeots. all rtu.yc1c.i - 1 (A) s = 0.5, &., = 0.8 7 7 3 I 4 

(H)s = 0.5, Z,,, = 0.7 4 9 3 9 12 
(C) s = 0.4, Z,, = 0.8 2 7 2 1 (i 

11 (A) Z,, = 0.5. R = 3 >21 >el >2l >2 1 >PI 
(B) Z,,, = 0.3, R = 3 >21 >21 16 >21 >21 
(C) z,,l = 0.3, R = 2 19 >21 11 >e l  >.)I 

111 (A) .v = 0.6, R = 2 >21 13 19 1 3  >21 
(B) s = 0.5. R = 2 20 14 17 I4 >21 
(C)s = 0.6, R = 3 >21 19 I9 19 >21 
(D) s = 0.5, R = 3 >21 20 13 >21 >21 

I\' .v = 0.5. R = 2 >21 >21 5 >el >?I  
v s = 0.5, R = e >31 >31 >:31 >21 >21 

6 7 8 9 10 
S U C ! .  Sul,st. Recycle M'egstrin Wcgstein Hiuis Itc*c*yc.li* 

- 

R. Based on New Itcration Feed Strranis 

Process Rrcycle/FI) Fraction Hrryr.le/FD Rccyclr Frnct. I'ract. = f (Ik*r.yc.l~*) - I (4 7 7 5 4 

(C) 7 12 13 12 8 
( B) 9 >21 9 >:,I 14 

- 
I I :3 
I 11 
I 1 J 

I 1.1 
1 11 

- - 7 1 1  
16 

(C) 14 7 9 

111 (A) 14 7 9 
14 6 

(C) 18 7 I1 4 1s 
(W 

(IN 16 7 11 11 12 

v 18 9 >:,I 9 >2 I 

" 

11 (A) 18 
(B) 17 

- 
" - - 

I\' 15 6 >PI 6 1 6 

C. Final Loop Repeated Prior to Convergence Procedure 
Method (see aliove) 

Process 1 2 3 6 7 8 
11 (A) 20 >21 13 17 1 1  (i 
(W 18 >21 15 15 11 10 
(C) 11 >2l 12 1 1  10 

III(B) 14 >2l 12 9 13 6 

V >31 >31 >31 16 1 3 20 

- 
I 

I>. Equivalent to LPS Method 
Process Once-Through Final Lvop Repeated 

1 v 2 4 
\r 7 7 

The first example problem was a flash separation of six com- 
ponents with 50% of the bottoms recycled. This problem has 
been solved using FLOWTRAN with bounded Wegstein ac- 
celeration in each of five iterations (Rosen and Pauls, 1977). 
Using LPS with constant physical properties, five iterations 
were required with no other convergence techniques. The LPS 
results might have required more iterations if K ,  values had 
varied appreciably with coniposition. 

The second example was the Cavett problem shown in Figure 
9. This system has 16 components, four flash separations, and 
three recycle streams. It has been studied thoroughly by Cavett 
(1963) using various convergence techniques with K, values 
independent of concentration. The results using LPS are com- 
pared with the various general methods used by Cavett in 
Figure 10. 

Similar results wcre obtained by using approximate non- 
iterative flash calculations in the first thrcc or four process 
iterations of LPS (Milani, 1983). This resulted in an approxi- 
mately 25% computer time saving with approximately the same 
error after 19 iterations. However, it was also noted that a high 
degree of accuracy in flash convergence requirements in later 
process iterations considerably reduced the nuniber of'procc*ss 
iterations required for the complete convergence. 

This problem has also been solved with CHESS, version 3 
(Motard and Lee, 1971), using mode 4 of the DIST subroutine 
for isothermal phase separation. The same constant K values 
were used as in the LPS calculations and the Cavett solution. 
and the converged solution was essentially identical to the LPS 
solution after 89 iterations by successive substitution. 

The third example problem was a modified Cavett problcni 
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Figure 9. Cavett problem process. 

using constant K values arid only six components. With LPS 
13 iterations were required to obtain the sainc convergence 
(0.01 mol/h for each rwinponcnt) as obtained by CHESS with 
suwessive substitution of recycle flows in 24 iterations. 

A fourth example has the flow diagram of Figure 1, where 
unit 3 is a reactor, unit 4 is distillation. and unit 5 i s  a splitter. 
The following reaction occurs: C,H, + C1, --* C,H4ClP 

Napthali (1964) solved this problem in approximately 50 it- 
erations using a nonlinear set of equations and the Newton- 
Raphson method with a Fihnacci search routine (a Conver- 
gence acceleration method). Using LPS. 40 iterations were 
requircd to achieve thc same rrsults. 

The four example probleins using LPS indicate that the use 
of split fractions from previous nonlinear unit calculations is 
usefiil in linear c-dculations to cstimate mixer outputs based 
on the complete process with all recycles cvnsidered. Exact 
numhers for iterations in moderately complex prol)lems vary 

t \ 
10 

JATION S 

Figure 10. Cavett problem convergence. 
A. Newton's method based on one partial derivative for each 

B. Linear process simulatlon (Milani, 1983) 
C. Successive substitution (Cavett, 1963) 
D Newton's Method based on partial derivatives of each com- 

ponent with respect to ell nondilute components; two loops 
(Cavett, 1963) 

E. Same as D, three loops (Cavett, 1963) 
F. Relaxation method (Cavett, 1963) 
Error = p (R,, estimated - R,, calculated)q'R; / = component, 
j = loops, teed = 27,340 mols. 

component (Cavett, 1963) 

widely and are not necessarily g o d  indicators for convergence 
in other problems. However. both logic and the above results 
indicate that in general the LPS approach converges more 
rapidly than successive substitution and about the same as the 
other convergence methods compared above. 

The reason that this method converges more rapidly than 
successive substitution seems to be logically based on the prob- 
ability that tlie split fractions of a component in most units are 
more likely to be constant than are the component flows, when 
the mixed feed changes. It seems likely that in some specid 
cases where recycle flows are essentially constant. due to puiiips 
or controls, the LPS method might be less effective than iiieth- 
ods using successive substitution convergence. Under such 
conditions it might Be fcasible to derive a different set ofuser- 
derived cquations for LPS. 

In comparison with other canvergencc acceleration methods, 
the LPS method is based upon thc process structure and tlie 
assiimption of constant split fractions. In processes where this 
assumption is reasonable. the LPS method should be superior 
to gcncral cvnvergrnce ~iietlinds based on constant piirtinl dc- 
rivatives of overall effects. IIowever, each casc is different and 
there is always the possibility of oscillation and divergence. 
and it is probably desirihle to have available several conver- 
gence techniqws. 

RECYCLE FRACTION RESULTS 

Using a simple two-component flow sequence program in- 
volving mixers, reactors, and flash systems, various cvnver- 
gence mcthods were compared by determining thc number of 
iterations required to converge all recycle component flows to 
an error fraction of 0.001. These rcsults are given in Table 1. 

One factor which appears significant is that for all systems 
exccpt I, it is preferable to base the convergence on feed rates 
and liypothctical feed rates calculated in the new process it- 
eration rather than the previous iteration (i.e., methods G through 
10). This did not seem to bc true for prtress I, a simple one- 
loop reactor-flash systcin for any of the cwnvergencc methods. 
It had been suspected that there would be an advantage in 
applying ratios to new values of the hypothetical feed of com- 
ponent B in the reactor. At lower conversions and lower values 
of recycle concentration, the recycle fraction method in par- 
ticular oscillated appreciahly around the correct value when 
applied to new fced rates. Successive substitution and the Weg- 
stein method solutions did not tend to oscillate. 

The lowest averagc number of iterations for all the inetliods 
tried (not including the LPS equivalent) was the recycle fraction 
method applied to the newly calculated feed ratcs. It w a s  also 
the low number for seven out of the 12 runs calculated. The 
Wegstein method applied to the recycle fraction (methods 4 
and 9) was almost the same as the recycle fraction method 
itself, because in cases of very low differences the program 
switched to the recycle fraction method, and this occurred in 
most runs. In no run did there appear to bc any improveiiient 
by this method. In methods 5 and 10, there was only one case 
of an improvement over the recycle fraction method. In five 
cases out of 12, the Wegstein method gave a lower nmn\ier of 
iteratioiis than the recycle fraction method, cither applied to 
thc previous feed or to the new feed. 

It is of interest to note that method 6, tlie succcssive sub- 
stitution method applied to the ratio of recycle to f i d  was the 
only method that always wnverged in less than 21 iterations, 
probably due to very little or no tendency to oscillate. This 
perhaps should he il back-up method for other methods likely 
to oscillatc. 

The effect of repcating the final loop unit calculations prior 
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to coinpleting one itcration and prior to applying convergence 
techniques is also shown iii  Table 1. The repetition appeitrs to 
iniprovc successive substitution and the Wcgstein procedure, 
but tlie results from the recycle fr;iction niethod are worse when 
the final loop calculations are rrpeiited. 

For processes IV and V3 contnining three loops, which were 
generally the most difficult processses to converge, an equiv- 
alent of tlie LPS method was applied. This involved the use 
of split fractions for all units to d c r i w  linear equations specif- 
iralll- for these pr~icesses. Following a complete iteration, all 
co~nponcnt flows in all recycles were estimated using the de- 
rived equations and split fractions froin the previous iteration. 
These flows were utilixecl i i i  the next itrration. For thrsc two 
processes this LI'S equivalent m h o d  was superior to all other 
mtrtliocls in convergence. Repetition of the final loop calcula- 
tions appears to have no advantage in this case, but the results 
arc still superior to the otlirr methods tried for process V. 

The IAPS method or an equivalt-n t requiring user-deri\~ed 
equations appears t(i give the best convcrgrnce for m~iltiple 
loop proccsses. If it is not desired to derive such equations for 
spccific prcicesses, thcii the rec:ycle frartion niethod will prob- 
abl!, provide rlose to the niinirnuni ~ i u n i l ~ e r  of iterations, al- 
tlioiigh exceptions such as process I arc possible. Therr may 
he diffcrent relationships of the various niethods tested when 
npplied to more coniplex and multicoiiiponriit systems. 1)ut 
tliert! apprars to be no iiihereiit reason w h y  the advantugrs of 
the recycle fraction method sliould not apply in more ctiinplcx 
calc:ulatinns. In fact, thP inore interincdiate feed streams there 
arc to in  ttsrior loops. the more advantage should be exptvted 
for methods using uewly calculiltcd feeds tu estimate recycles. 
The successive su1)stitution and M:egstcin methods. applied to 
the recycle to feed ratio and using newly calculated feed stremiis, 
are also inipr~iveiiients over the application of these rnetliods 
to recycle strrains only. 
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NOTATION 

A,, 
F,,, 

= nias5 flow of coniponrnt A in strrain YI. mass/uuit time 
= split fraction of cw~iip~i~ient i entering stream r1, i.e., 

the amount of ctinip(incnt i in stream n divided by tlie 
amount (if criponcnt i in the total iiiflow to tlir unit 
producing streain II 

= frrsh feed flow ofromponent i into recycle loopj, inass/ 
unit tim t, 

= iqor- l iquid trqiiililxiLmi constant for roiriponent i 
= fraction ofcomponeiit i in the total fecd toloopj (frcish 

feed and recycle) that evcntuall!; flows Lack into thc 
recycle to loop j (including thc effects of o t h  h p s )  

F,,,, 

K, 
&,, 

tir. 
N, 
R 
R,, 

X 
Z,,, 
a 

= number of feed streams to LI single loop 
= total molar flow in stream i, mol/iinit time 
= reflux ratio in distillation 
= recycle mass flow of cri~nponeiit i in loop j. mass/unit 

= ronversion of liiniting reactant (A) prr pass 
= in01 fraction of component i in stream n 
= relative volatility, or K,, /K, ,  

time 
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