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ABSTRACT

The simulation of distillation columns is an essential step in design, optimization, and rating. In this
paper, a new procedure has been proposed for the initial estimation of column profiles based on
modified Kremser’s group method for simple and/or complex columns. The effect of this
initialization algorithm on simulation procedure has been studied through two examples. The
results show significant improvement in convergence and considerable saving in execution time up
to 30%. The proposed method can be used in problems which require numerous simulation runs to
find the optimum conditions such as distillation column sequencing and the optimum design of
distillation columns. The proposed method could also be used as an approximating simulation
method for simple and complex distillation columns considering constant relative volatility and
constant molar overflow assumptions.
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these methods, the columns modeling equations
called MESH can be solved with different
procedures.

INTRODUCTION

Simulation is a key step in distillation column

Based on the selected solving

optimization problems. Accuracy, speed, and

procedure, different equilibrium-based simulation

convergence properties are three important

methods have previously been proposed [1].
factors in the selection of a proper simulation

method. Accuracy depends mainly on the distilla-
tion column modeling assumptions followed by the
termination criteria in simulation steps. Regarding
the modeling assumptions, the simulation methods
are divided into three main methods, namely
approximated, equilibrium based, and rate-based
methods. The equilibrium based methods are the
most commonly used simulation methods and are
based on the equilibrium assumption between
leaving vapor and liquid flows for each stage. In
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Although a large number of methods have been
proposed for distillation column simulation, the
lack of convergence and considerable simulation
CPU time are still the common difficulties in all
the methods. These difficulties would be more
significant in optimization problems when a
large number of simulation runs are required to
find the optimum conditions; distillation column
sequencing is a well known example of these
problems. In this type of problems, usually
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shortcut design methods are implemented [2].
Shortcut methods are developed based on two
main assumptions, namely constant molar over-
flow and constant volatility. These assumptions
are also made in the approximated simulation
methods such as Kremser's group method used
in this work. Because of lower computation
time, shortcut methods are still used widely in
optimization problems [3]. However, equilibrium
based models like inside-out algorithm can be
used for more accurate results if simulation time
is acceptable [4,5]. Therefore, shorter simulation
time is important in these problems.

The first critical step in distillation column
simulation is the initial assumption of column
profiles. More accurate assumptions can result
in better convergence and shorter execution
time. More importantly, poorer assumptions
may result in the lack of convergence. This fact
is more effective in complex columns with side-
streams products and/or multiple feed streams.
In this work, an initialization method has been
proposed based on the approximated simulation
method [5]. The proposed initialization algo-
rithm has been implemented in the inside-out
simulation method. This algorithm has been
compared through two examples with the
simple initialization algorithm frequently used in
other works. Moreover, this algorithm has been
combined with two different damping methods
to make it possible to further analyze the

proposed algorithm.

INITIALIZATION
DAMPING METHOD

ALGORITHM AND

Initialization Algorithm

To solve the MESH equations, the column
profiles must initially be assumed. It is clear that
the assumptions which are closer to the true
values result in less computational effort in the
solving procedure. One of the well-known
initializetion algorithms (called simple method

herein, because of its simplicity) is as follows:
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1-Estimate the overall molar flow rates; the
overall molar flow rates in the column can be
easily computed by the constant molar overflow
assumption [4].

2-Estimate the temperature profile; by com-
bining the feed streams, the top and bottom
temperatures can be assumed as the dew and
bubble points of the combined feed respect-
tively. The intermediate stage temperatures can
be found by linear interpolation between these
two points [4].

3-Composition and K-value profiles; by flashing
the combined feed isothermally at the temp-
erature of each stage, the composition and K-
value profiles can be assumed through the
columns.

The distillation column can be divided in a
number of sections by the feed streams and
side-stream products. Each section includes a
number of stages and the entering and leaving
vapor and liquid streams. Therefore, each sec-
tion would have no feed or side-stream at its
stages and can consequently be modeled by the
Kremser’s group method. In these conditions,
feed streams and side-stream products can only
be allowed at the intermediate stages between
two successive sections. Ivakpour and Kasiri
proposed an approximated simulation method
for these conditions [5]. This approximated
simulation method can be modified to estimate
the temperature and

composition profiles

through the column.

By assuming the K-values at the intermediate
trays and also at the top and bottom of the
column (e.g. constant K-value through the
column in combined feed conditions), the
approximated simulation method can be solved
to determine the intermediate streams and
products compositions. Having determined
these values, it is possible to modify the K-values
at the dew point of leaving vapor stream for

each intermediate stage. The modified values
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can be used for resolving the approximated
method for more accurate results. Based on the
approximated simulation algorithm, the initial-
ization algorithm can be proposed as follows:

1-Estimate the overall flow rates; the overall
molar flow in the column can be estimated by
the constant molar overflow assumption as in
the simple method.

2-Composition and K-value profiles solve the
approximated simulation algorithm with the
double modification of K-values. Having deter-
mined the entering and leaving vapor and liquid
component flow rates of each section, the
component flow rates of each stage can be
estimated by linear interpolation. After that, the
K-value profile can be estimated by dividing the
values of vapor composition to the correspond-
ing liquid composition for each component.

3-Estimate the temperature profile: having
determined the composition profile from the
previous section, the temperature can be esti-
mated at the dew point of the leaving vapor
streams of each stage.

Damping Method

The damping factor in variables updating steps
has a significant effect on the distillation column
simulation results. In this work, the bounding
method has been used for the determination of
damping factor [6]. This procedure can consider-
ably improve the convergence and speed of
simulation procedures. Furthermore, the well
known Broyden’s damping method has been
implemented in the separate model for better
analyzing the effects of proposed initialization
algorithm on the simulation results [7].

RESULTS AND DISCUSSION

The effect of the proposed initialization method
has been examined in this section through two
examples. The specifications of the studied
examples are shown in Tables 1 and 2. The
Peng-Robinson equation of state has been used
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for predicting the equilibrium and enthalpy
calculations, in the investigated examples. In
these examples, columns have been simulated
by four different models. The investigated
models are similar in all the computational
procedures except the damping and initialize-
tion algorithms. In each specified model, one of
the studied damping methods (i.e. Bounding or
Broyden) and one of the described initialization
algorithms (simple or proposed initialization
algorithm) are used for the simulation. Table 3
tabulates the results of the simulations and the
specification of each model. In this table, the
execution times, the number of inner and outer
loop calculations, the number of Jacobean ma-
trix computation, and the number of MESH
function evaluations are reported.

Table 1: Specifications of the investigated Example 1;
Distillate rate=90.0 (kmol/s), Reflux ratio=1.2, and
Number of trays=24

Composition
Feed Tray |Flow rate 3 3 3 3
specs | number | (kmol/s) f:: £ Z; :;
5 8 S &
Feed 1 7 200.0 0.40/0.30 | 0.20 | 0.10
Feed 2 16 200.0 |0.05/0.25 |0.30 | 0.40
Side product specs Tray |Flow rate Phase
number | (kmol/s)

Side product 1 11 90 Liquid
Side product 2 18 110 Vapor
The column pressures are constant at 1 atm; all the
feeds are considered to be at bubble point temper-

ature at 1 atm.

The simulation results of Table 3 for Example 1
show that the proposed initialization algorithm
can reduce the computational effort and simula-
tion time significantly. The comparison of the
simulation results of models 1 and 3 with
models 2 and 4 reveal that the proposed
initialization algorithm can improve the simula-
tion procedure regardless of the selected damp-
ing method. However, it is obvious that the
Bounding method provides better damping
procedure in distillation column simulation with
shorter simulation time.
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Table 2: Specifications of the investigated Example 2;
Distillate rate=120.0 (kmol/s), Reflux ratio=4.0, and
Number of trays=40

Composition
Flow

Feed
specs |number|

Tra
v rate

(kmol/s)

O'H"D-!
0Tyty-u
HD-!
TaysSy-u
YIH9Y-u

0.70{0.20|0.07|0.03|0.00
0.03{0.07|0.40|0.35|0.15

Feed1| 10 200.0

200.0

Feed 2 30

Flow rate
(kmol/s)
160.0

Tra
Side product specs y Phase

number

Side product 1 20 Vapor

The column pressures are constant at 1 atm; all the
feeds are considered to be at bubble point temper-

ature at 1 atm.

In Figure 1, the estimated temperature and

relative volatility (n-Butane to n-Pentane)
profiles resulted from both the investigated
initialization algorithms are compared with the
final rigorous simulation results of inside-out
algorithm. As can be seen in this figure, the
proposed initialization method provides profiles
closer to the rigorous results. This closer
estimation will result in more accurately ap-
equations and

proximated thermodynamic

therefore a fewer number of outer loop
iterations. The estimated values are closer to
the true values at the intermediate trays,
because at these locations the variable values
are directly calculated by the approximated
simulation method. Thus dividing the column
into a larger number of sections can improve the
quality of the initial estimation of column
profiles. However, this obviously results in
further computations, which are not usually
required because the estimated profiles are not
necessary to be very accurate. However, when
the number of stages in one section is very high,
dividing it into a number of subsections can be
beneficial and cause significant improvement in

the estimation of column profiles.

Example 2 of Table 2 indicates a distillation
column with two feed and three products. As
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can be seen in Table 3, only three models can
simulate this column and the model with simple
initialization algorithm and Broyden damping
method cannot successfully converge.
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Figure 1: Comparison of estimated column profiles

from the simple and proposed initialization
methods with respect to the rigorous simulation

results for Example 1

Figure 2 indicates the temperature profile
estimations from two investigated initialization
them with the

rigorous simulation results. In this example, the

algorithms and compares
differences between the results of the simple
initialization method and final rigorous results
are more considerable. Therefore, very large
changes are required in inner loop variables.

Broyden’s damping method chooses a damping
factor to decrease the sum of MESH’s discrep-
ancy functions regardless of the evaluated
changes magnitude.
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Table 3: Simulation results of the four investigated models

Example 1 Example 2

o Damping 15| 5§ = SERE =

Model In:;l:izta:::n factor Ei 5 % § 3 Ei g % § i

method 818 £ G 88 S )

Model 1 Proposed Bounding 2 | 8|2 |62]|0098| 2 |21 105 {0.203

Model 2 Simple Bounding 3 20| 3 |101|0.144| 4 |58 | 4 |226|0.401

Model 3 Proposed Broyden 2 | 25| 4 |133|0.130| 2 |47 | 4 |215|0.281

Model 4 Simple Broyden 3 (47| 6 |[211|0.189|NC*| NC| NC | NC| NC
*NC: Not Converge

When these calculated changes are very high,
this damping procedure results in new inner
loop variables that may be impossible in

distillation columns. In these situations,
bounding method chooses a damping factor that
is restricted by the maximum allow-able changes
in the inner loop variables and therefore results
in new possible inner loop variables. This fact is
the main reason for the convergence of Model 2

in this example.
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Figure 2: Estimated temperature profiles from
simple initialization, proposed initialization, and
rigorous simulation for Example 2

When the initial estimates are closer to the true
variables, smaller changes are consequently
required. Therefore, the required changes to
minimize the sum of discrepancy functions
(computed by Broyden’s method) are in an
acceptable range and the simulation model can
eventually converge. The proposed initialization
lead to convergence by

algorithm can
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introducing these better estimating values.

Although the
proposed initialization algorithm is not very

resulted time saving by the

important for single simulation problems, when
a large number of simulation runs must be
performed to find the optimum condition, it is a
considerable value. Distillation column sequenc-
ing, and the
optimization of distillation column conditions

process synthesis problems,
are the well-known examples of these problems.

Furthermore, the proposed algorithm can
improve the convergence possibility, which is

essential in all the simulation models.

Furthermore, Figures 1 and 2 show that the
proposed method can be used as an approx-
imating simulation method for deter-mining the
product compositions of simple and complex
distillation columns based on the main two
assumptions, namely constant molar over-flow
and constant relative volatility.

CONCLUSIONS

Convergence and speed are two important
factors in distillation column simulations. The
proposed initialization algorithm can signify-
cantly improve both factors with estimating
more accurate column profiles. This accuracy
can be obtained with negligible computational
effort based on the approximated simulation
procedure. Therefore, it is convenient to replace
the simple traditional initialization method with
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the proposed method.

NOMENCLATURE

Abbreviations

CPU Central processing unit
MESH Material balance (M)-Phase
Equations Equilibrium (E)-mole fraction
Summation (S)-Energy
balance (H) equations
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