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3anpononosano mooudpixosanuii 0-
Memo0 3abe3neuenns 36incnocmi ime-
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PO3PAXYHKU CMAMUMHUX XAPAKMEPUC-
mux 00Cai0HCYBaAHUX NPOUECI8
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J06aANNs, DazamoKoMnoneHmna pexmu-
Qixauis, imepauiini memoou, 0-memoo
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IIpeonoxcen moouduyupoeannviii 0-
Memo0 obecneuenus cxooumocmu ume-
PAUUOHHBLX PACUEMOB8 NPOUECCO8 MHO20-
KOMNOHEeHMHOU pexmuduxauuu coanac-
HO nomapenounomy memoody pacuema
Kxononnvt. Benuwuna roapuuuenma 0
Yymounsemcs Ha Kaxncoou umepauuu ny-
mem 6036edeHust 6 cmenewv, KOmopas
onpedensiemcs 66e0deHHbIM HACMPOEHU-
HbIM napamempom aneopumma. Imo nos-
80Jis1eM 3HAUUMETILHO COKPAMUMb YUCJLO
umepauull U CHU3UMb 3aMpamvt epeme-
HU, HeoOX00uMble HA pacuemvl cmamu-
YeCKUX XAPAKMEPUCMUK UCCTLe0YeMbLX
npoueccos

Kniouesvte caoea: mamemamuneckoe
MoOenuposanue, MHO20KOMNOHEHMHAS
pexmudurauus, umepayuonnvle Memo-
Ovt, 0-memod cxodumocmu, noodsuicroe
ynpasaenue

1. Introduction

Calculations of the processes of separation of multicom-
ponent mixtures in the rectifying columns are characterized
by high dimensionality and variety of the variants of setting
the problem.

At present, thermodynamically precise methods are the
main ones, based on mathematical description of the process
of heat- and mass exchange, which takes place in the sepa-
rate plate of rectification apparatus [1]. This model of con-
tact device includes equations of total and component ma-
terial balances, equations of thermal balance, the algorithms
of vapor-liquid equilibrium and kinetic equations that quan-
titatively describe accepted mechanism for the distribution
of material and energy fluxes between the contacting phases.
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The studies carried out in papers [2, 3] are aimed at
the development of a new class of control systems for the
processes of rectification — the systems of mobile control
[4], their mathematical, algorithmic and software provi-
sion. In order to solve the problems of static optimization
of the operating regimes of rectifying columns using mo-
bile controlling influences, the most suitable is the Lewis
and Matheson method for the plate to plate calculations
[5]. It allows, simultaneously with the basic design-test-
ing calculations, the determination of the number of the
optimum feeding plate. In accordance with the selected
calculation method, a mathematical model of contact de-
vice was constructed, which makes it possible to consider
mobility of the source of substance and energy by the
height of apparatus, and the corresponding algorithms for




solving the obtained system of nonlinear equations are
developed.

Since all the plates of mass-exchanged apparatuses are
connected together, the equations of mathematical descrip-
tion for particular contact devices must be aligned with
each other and meet joint conditions — material and thermal
balances for the column as a whole. Thus, here is a relevant
task of the provision of convergence of an iterative process
that makes it possible for the plate to plate calculation of
the installation to be brought into line with overall balance
dependences.

2. Literature review and problem statement

A calculation of the operating modes of rectifying col-
umn comes down to the solution of the system of nonlinear
algebraic equations of high dimensionality that are called
the MESH-equations [6]. Their solution according to the
Lewis and Matheson method was performed in [7]. In these
papers, the major advantages of this approach were noted,
and the algorithm for the calculation of static characteristics
of the installations is presented.

According to the plate to plate method, in the beginning
of each iteration, the compositions of separation products are
assigned [8]. At these assigned compositions, all equations
that describe the process are solved for each step of separa-
tion individually. The compositions of separation products
are corrected after the completion of calculations for all
contact devices, and a new iterative cycle begins.

The basic methods of providing for the convergence of
calculations of the process of multicomponent rectification
are still the Newton-Raphson method [9, 10] and the 0-meth-
od [11], as well as their various modifications. However, the
Newton method is the most suitable for simple binary recti-
fication [12], while for the multicomponent mixtures, there
is high probability of different anomalies in the calculations,
connected to the emergence of negative concentrations of
components. Strict requirements to the quality of initial ap-
proximations of the required magnitudes predetermine low
effectiveness of this approach.

Depending on the qualitative and quantitative compo-
sition of the separated mixture, as well as on the calculated
operating mode of rectification installation, it is frequently
necessary to conduct a considerable number of iterations.
Each iterative refinement of the compositions of end prod-
ucts includes the plate to plate calculation of the entire
rectifying column [13]. If one assumes that the calculation
of operating mode of installation contains tens of iterations,
then the algorithm for the calculation of contact device is
carried out hundreds of times. In this case, the thousand-fold
implementations of the base algorithms are necessary for the
calculation of equilibrium concentrations of steam and liquid
phases, for determining boiling points, condensation, for the
calculation of enthalpies.

3. Aim and objectives of the research

The purpose of the work is the modification of the
0-method of convergence of iterative calculations of the mul-
ticomponent rectification process, which makes it possible to
reduce the number of iterations and reduce the time, spent
on the search for the solution. It is obvious that the method

under development must be characterized by simplicity so
that the time and resources, saved by the reduction in the
number of iterations, would not be used for the realization of
the method itself.

To achieve the aim, the following tasks are to be solved:

—to formulate a problem of the calculation of static
characteristics of the multicomponent rectification process
according to the Lewis and Matheson plate to plate method;

— to describe an algorithm for the provision of conver-
gence of calculations of installation by the 8-method and to
indicate those proposed changes in the technique that make
it possible to accelerate attaining the solution;

—to conduct calculations of static characteristics of
column for the separation of products of synthesis of methyl
tert-butyl ether (MTBE) at various modes of its operation
and to prove an improvement in quality of iterative calcula-
tions using the technique proposed.

4. The 0-method for the provision of convergence of
calculations of the multicomponent rectification process
and its proposed modification

4. 1. Formulation of the problem of calculation of stat-
ic characteristics of the rectification process

A calculation of the established operating regime of
rectifying column implies the determination of concentra-
tion and temperature profiles of the installation. In this
case, we also determine the rates of material flows per each
contact device of the apparatus and the thermal load of the
dephlegmator:

LV,% ¥ Q E=F(W,x,,Q PF XNt Bt ty M) (1)

When controlling a rectification column by redistribut-
ing the feeding between two plates, calculations must be car-
ried out with regard to the dual-stream of the raw material:

tyvi;iy;i,gdvf:
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As can be seen from (1) and (2), the following indices are
necessary as the initial data for the plate to plate calcula-
tions of the installation: total number of plates of the column
and numbers of the feeding plates, rates, compositions and
temperatures of the feeding flows, pressure profile in the col-
umn, pressure in the lines of feeding supply, temperature of
distillate and phlegm. As the target product is MTBE, sepa-
rated from the cube, then the consumption of cubic product
is selected as the first generalized variable. The second is the
basic index of power consumption for conducting the process
of rectification — heat consumption, supplied to the bottom
of the column, which is also a controlling magnitude. The
effectivenesses of mass transfer on the contact devices are
the tuning parameters; if we accept them equal to 1, then the
calculation of theoretical plates will be performed.

The required magnitudes are the functions of variables,
which were selected as the initial data, and, in addition,
concentrations of bottoms x,. These concentrations are
the starting points of concentration profiles of components
of the separated mixture x; and y;. The concentration and
temperature profiles of the column calculated by the plate to
plate method will have forms, predetermined by the values of
these set starting points.



The plate to plate design-testing calculation of a rectify-
ing column is possible to conduct unidirectionally (from one
end of the column to another) and in two directions (from
the ends of the column to the control plate or vice versa).
When simulating the multicomponent rectification, the use
of unidirectional calculations leads to essential difficulties
and it is of little effect. This is connected to the absence of ac-
curate methods for determining the initial approximations of
concentrations of components in the product that starts the
calculation. These may be microimpurities, and then error in
setting the values of such concentrations can reach several
orders. In this case, a total calculation of the column is not
carried out, and the absence of results of the calculations and
the values of output magnitudes does not make it possible to
conduct the refinement of the desired magnitudes. A way out
from this situation is the calculations, directed toward one of
the plates of the column.

Parameters of all contact devices are determined during
calculations from bottom to top, starting from the cube
of the column and up to the control plate. Consumptions
and compositions of steam and liquid phases in the control
section of the installation are the end results. Parameters of
all contact devices are determined during calculations from
top to bottom, starting from the dephlegmator and to the
control plate inclusively. In this case, parameters of the dis-
tillate are determined based on the balance equations of the
entire rectification installation. All the same consumptions
and compositions of steam and liquid phases in the control
section of the installation are the end results.

The task of calculating static characteristics of the rec-
tification process is the iterative determination of such con-
centrations of components in the bottoms, based on which
the calculations of the upper and lower parts of the columns,
directed toward the control section, make it possible to ob-
tain identical results.

The process that we examine in the paper is the sepa-
ration of a ten-component mixture, which consists of prod-
ucts of the MTBE synthesis. The rectifying column, which
is used for obtaining pure MTBE, contains 51 plates. In the
feeding we examined 10 basic components whose concen-
trations exceed 0,1 %: propane (0,010053 mol. share), n-bu-
tane (0,079121), isobutane (0,54908), butylene (0,088858),
cis-butene (0,04048), trans-butene (0,070099), isobutylene
(0,004375), pentane (0,006143), methanol (0,041645) and
methyl tert-butyl ether (MTBE). The starting data that
determine normal operating regime of the installation:
F=144,95 kmol/h; W=14,14 kmol/h; Q=3 GJ; t=tpoil,
tE=thoil, td=thoil; Pw=5,2 kgs/cm?, Py=3,7 kgs/cm?, P;=
=9,3 kgs/cm?, Ny=34,1=0,1232. The following initial approx-
imations of concentrations in the bottom product were used
for all calculations: propane (1-10~> mol. share), n-butane
(110> mol. share), isobutane (110~ mol. share), butylene
(110~ mol. share), cis-butene (1-10-> mol. share), trans-bu-
tene (1-10~° mol. share), isobutylene (110> mol. share), pen-
tane (11073 mol. share), methanol (1-10~° mol. share).

4. 2. Theoretical base of the modified 0-method of
convergence

According to the set problem of the calculation of static
characteristics of the rectification process, the concentra-
tions of components of bottoms x,; are necessary to refine
until numerical values of basic indices of vapor phase VL p
and Vi, ; in the control section of the column, determined
based on the plate to plate calculation of the installation,

coincide with the required accuracy. A pointer indicates
direction of the calculations of rectifying column when de-
termining these magnitudes.

In accordance with the classic 0-method of convergence
of calculations of the rectification processes, the refining of
concentrations of the components in the bottoms is neces-
sary to perform based on the following dependence:

Xy = 1 . 3)

Coefficient 6 in (3) ensures the equality to unity of the
sum of new approximations of concentrations. Based on this,
each iterative refinement of concentrations of the components
of bottom includes iterative calculations of magnitude 0:
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The calculation is conveniently conducted using the
Newton method as it is possible to analytically determine
the function of first-order derivative £'(0):
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Fig. 1 displays graphic interpretation of the iterative
calculation of normal operating mode of the column
with the help of the classical 6-method of convergence:
a change in the value of coefficient 0 is shown, as well as
the decrease in summary discrepancy of components con-
sumption in the liquid phase in the control section as we
approach solution:
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Fig. 1. Iterative calculation of static characteristics of normal
operating mode of the rectifying column with the use of the
classic 6-method

As can be seen from Fig. 1, approaching the solution is
characterized by monotony and low speed. Values of coeffi-
cient 0, identical for all components, calculated based only
on the requirement about the equality to 1 of the sum of
concentrations, are far from optimal.

In connection with the indicated shortcoming of the
classical 0-method, it is recommended to modify it, which



makes it possible to reduce the number of iterations and to
reduce the time, spent on the search for the solution. The
main change is the exponentiation of values of coefficient
0, calculated at each iteration, which is determined by the
introduced tuning parameter of algorithm b:

0=0". (7

It is obvious that at the value b=1, the modified 6-method
is analogous to the classical one.

An effectiveness of the proposed change is possible to
theoretically substantiate in the following way. If using
dependence (3) does not allow us to ensure high approach
speed to the solution, then, at each iteration, it is neces-
sary to more significantly change the concentrations of
components in the bottom. This is achievable by an in-
crease in the exponent b of coefficient 6. In this case, the
corrected value 0 is located at the larger distance from 1,
than that calculated based on (4), which increases effi-
ciency of the 6-method.

But if convergence is of divergent or periodic character
and using the classical 8-method does not provide for the
solution, then the application of correction (7) and values
b<1 enables us to use in calculations values 6, close to 1, and
to accomplish a smoother change in the concentrations of
the bottom.

An algorithm for the calculation of static characteristics
of the multicomponent rectification process with the use of
the modified 8-method includes the following actions.

1) Vector of initial approximations of concentrations of
the bottoms xy is assigned. The plate for plate calculations
of column (1) or (2) are conducted, and the ratios of the
component-by-component consumptions of components in
the vapor phase through control section are determined —
VL ; and VN i

As the control one, it is proposed to select the plate with
number N,=N; — 1, which is connected with the occurrence
of negative concentrations during the calculations of the
feeding plate from bottom to top. Then the control section is
the section of column, located between feeding plate N¢ and
the lower-placed control plate N;.

2) We enter internal iterative cycle of algorithm and per-
form calculations of coefficient 6.

As can be seen from Fig. 2, there are several roots of
equation (4). In connection with this, initial approximation
0 must be assigned equal to 0, since other approximations
may as a result lead to obtaining negative or other result,
out of touch with reality. The represented dependence was
calculated for initial approximations of concentrations of
the bottom and the initial data that are in line with normal
operating mode of the column. The desired 0 in this case is
equal to 0,25431.

Equation for the iterative search for 6 using the Newton
method and dependences (4) and (5) takes the form:
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Fig. 2. Graphic determination of magnitude 0

In the first iteration, the value of function f(0), its first-
order derivative and the next approximation 0 are equal to:

f(O) = Fi“xti
i=1

~W=F-W=D, )

(10)

0= . (11)

3) The value of 0 obtained with the help of the Newton
method is corrected and is used for calculating new approxi-
mations of the desired concentrations of the bottom product.

However, results, obtained using correction (7) and clas-
sical equation (3), do not satisfy basic condition:

ixm =1 12)
=1

When using the modified 6-method, iterative refine-
ments of concentrations of the bottom product must be con-
ducted based on the following expression:
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Dependence (13) makes it possible to reduce to 1 the sum
of refined concentrations using any value of parameter b.

If necessary, an increase in the stability of work of the
algorithm is proposed to achieve by using different values b
in cases when 6>1 and when 6<1.

Actions 1)—3) are repeated; the condition of terminating
iterative calculations is equality 0 (with the required accu-
racy e=1072) of magnitude S.

3. Results of calculations of the multicomponent
rectification process using the modified 0-method

A proof of effectiveness of the proposed approach is the
extreme dependence of the number of necessary iterations on
the degree b of coefficient 6 (Fig. 3) for the examined operat-
ing regime of the column.
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Fig. 3. Reduction in the number of iterations by changing
the exponent of coefficient 0

With an increase in the value of b, iterative search ac-
quires convergent oscillatory character (Fig. 4, b). However,
high exponent not only leads to an increase in the number of
the plate for plate calculations, but, for the majority of the
operating regimes of the column, does not allow finding the
solution at all. For the examined column, the key iteration is
the 2nd iteration: if, after the first refinement of composition
of the bottom product, further calculations are performed,
then the solution will be found (Fig. 4, a).
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Fig. 4. Convergence of iterative calculations when using
the classic (b=1) and modified 6-methods: a — dependences
of summary discrepancies of concentrations in the control
section of the installation on the number of iteration;
b — calculated values of coefficient 0

As can be seen from Fig. 3, 4, the optimum value of
degree b in the course of simulation of the column perfor-
mance for the separation of products of the MTBE syn-
thesis is equal to 2. Further increase in the value of this
tuning index does not lead to perceptible improvement
in the quality of convergence, but in this case the risk
of errors at the plate for plate calculations of the column
grows as a result of a sharp change in the composition of
the bottom product.

Results, represented in Fig. 3, are related to the normal
operating mode of the column. For the purpose of confirm-
ing the effectiveness of the proposed method, we carried out

research into operating regimes of the installation at the
change in the input magnitudes in wide ranges (Fig. 5).
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Fig. 5. Required number of iterations for calculating the
rectifying column using the classic and modified 6-methods:
a — with different numbers of the feeding plate; b — with
different thermal load of the boiler of the column bottom;
¢ — with different feeding consumptions to the column

According to the method of mobile control of the recti-
fication processes, controlling influences are manifested by
the change in the heat consumption to the column bottom
and in the number of the feeding plate. Fig. 5 displays depen-
dences of the number of necessary iterations on the values of
data of controlling influences and the basic disturbing mag-
nitude — a change in the consumption of raw material. In this
case, we examined the classic 8-method and the modified
one, with tuning coefficient b, equal to 2.

6. Discussion of results of calculations of
the multicomponent rectification process using
the modified 8-method

Results of calculations represented in Fig. 3 prove that
the proposed modification allows us, when calculating nor-
mal operating mode of the installation, to reduce the number
of iterations from 26 to 13. In this case, reduction in the cost
of time is 50 %.

In all of those examined operating regimes of the column,
the modified 6-method makes it possible to substantially
reduce the number of necessary calculations (Fig. 5). The
exception is the calculations of rectifying column at high
numbers of the feeding plate. A change in the number of the
feeding plate is combined with a change in the position of
control section, to which the plate to plate calculations are



conducted. This explains a considerable increase in the num-
ber of iterations, when both classic and the modified (at b=2)
0-methods of convergence are characterized by identical
quality indicators. In this case, the reduction of magnitude b
to the values lower than 1 proves to be effective.

For each calculated operating regime of the column,
there is an optimum value of tuning coefficient b.

The proposed method of the provision of convergence,
as well as the classic one, makes it possible to calculate a
rectifying column at a change in the input magnitudes in
wide ranges, it is characterized by high stability, even taking
into account the fact that the initial approximations of the
desired magnitudes were intentionally selected with errors
of several orders.

The use of the modified 8-method and the algorithmic
provision designed on its basis allows us to determine con-
centration profiles of the rectifying column, temperature
profile, rates of steam and liquid phases by the height of
the column. Changes in the number of the feeding plate or
coefficient of redistribution q in the process of imitation
studies make it possible to track and prove an expediency of
using mobile controlling influences for the multicomponent
rectification processes control.

7. Conclusions

1. We substantiated the selection of independent vari-
ables and initial data for the calculation of a rectifying col-
umn according to the Lewis and Matheson method taking

into account mobile controlling influences. The formulation
of the problem for the calculation of the multicomponent rec-
tification process is completed: it is necessary to iteratively
determine such concentrations of components in the bot-
toms so that the calculations of the upper and lower parts of
the column, based on them, and directed toward the control
section, provide identical results.

2. We proposed changes to the technique of solving the
set problem with the use of the 8-method, which consist in
the exponentiation of coefficient 0 that is determined by the
introduced tuning parameter of the algorithm. An algorithm
for the calculation of static characteristics of the rectifying
column is developed: concentrations of components in the
bottoms are determined based on the modified 6-method
of convergence, and the Newton method is applied for the
calculations of coefficient 0 in each iteration.

3. We carried out the calculations of static characteris-
tics of a rectifying column for the separation of products of
the MTBE synthesis at different modes of its operation and
different exponents of coefficient 0. The extreme dependence
of the number of iterations on the introduced tuning coeffi-
cient of the algorithm is proven. We noted essential (to 50 %)
reduction in time, necessary for the search for the solution,
including under condition of change in the input magnitudes
in wide ranges. It is proven that the iterative calculations of
the multicomponent rectification processes with the use of
the modified 8-method are characterized by high stability,
even taking into account the fact that initial approximations
of the desired magnitudes were intentionally selected with
errors of several orders
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Haegedeno 3azanvhuii npunuun enepz030epizatonozo
Kepyeanns naposuMu KOmMaaAmMu menaosux eexmpo-
cmanuii. Y Qyuxuionanvii 3anexncHocmi ma uxiowi
MoOesli KepyeanHs KOmesvbHOW YCMAHOBKOI0 GKJI0UE-
Hi napamempu aKkmueamopa 20PiHHs, w0 NOJINUWYIOMb
npouec cnanio8anns Huzvkocopmuux naaus. Illoxazano
Cnocid nideuweHHsT MOUHOCMI SUMIPY | peeyt08aHHS
nodaui meep0ozo naauéa 6 MONKY KOMJIA MENI0BUX
enexmpocmanyiii. Po3pooneno cucmemy asmomamuy-
H020 pezynioeants nooati aKkmueamopis 20piHHs, AKa
3ACHOBAHA HA BUHAYEHHI AKOCMI Ma KiAbKocmi noda-
eanozo nanusa. Iloxazano moxcaueuii mexnixo-exono-
MiuHUll epexm 3acmocy6anns aKmueamopis 20PiHms

Kmouoesi cnosa: napoesuii kome, menJioga esiexmpo-
cmanuis, enepzosdepescenns, eHepzemuumni empamu,
axkmueamop 20piHHs

T u |

Ipuseden obwuil npunyun smnepeocéepezarouiezo
Ynpasienus naposoIMU KOMIAMU MENT0BbLX IJEKMPO-
cmanyui. B Qpynxyuonanvuvie 3asucumocmu u ucxoo-
Hble MOOenu YNpasjieHuss KOMenAbHOU YCMAHOBKOU
BKJII0UEHbl NAPAMEMPbl AKMUCAMOPA 20PEHUSL, YAYU-
WarowWuUx nPouecc CHCUzAHUS HU3KOCOPMHBLIX MONIUG.
Hoxazan cnocod nosviuenus MoOUHOCMU UMEPEHUSL U
pezyauposanus nooauu meepoozo Monauéa 6 monxy
Komaa mennosvlx 3aexmpocmanuuii. Paspabomana
cucmema aemMoMamMu1ecKoz0 pezyaupoéanus nooa-
YU aAKMUeamopos 20peHus, 0CHOGAHHAS HA onpede-
JleHUU Kavecmea u KoJauuecmea nooasaemozo moniu-
ea. Iloxazan 603MOJHCHVLL MEXHUKO-IKOHOMUUECKUL
appexm npumenenus akmusamopos 2operus

Kmouesvie cnosa: napogoii xomen, mennosas sjnex-
mpocmanyus, 3HepzocOeperncenue, HepzemuvecKue

nomepu, akmueamop 20peHus
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1. Introduction

Basic thermal equipment of thermal power plant (TPP)
is a steam boiler (SB) [1, 2]. Technological parameters of
the SB operation significantly influence specific fuel con-
sumption and prime cost of the manufactured thermal and
electrical energy, thus determining performance efficiency
of plant as a whole.

An increase in the cost of organic fuel and physical wear
of boiler equipment lead to the need for the identification
of possible reserves for energy saving, their scientific sub-
stantiation and integration of energy-saving algorithms
for controlling boiler units into existing ACS of technical
process (TP). At the same time, an increase in the volume

of the burned solid fuel, the rising cost of its exploration,
with simultaneous worsening of quality of obtained fuel, are
some of the basic problems of contemporary thermal power
industry and coal mining industry. This renders relevant
the tasks of considerable increase in the effectiveness of its
use both due to the improvement of traditional combustion
methods and due to the development of new promising tech-
nologies [3—6].

One of such ways implies the creation of energy saving
systems of control, which ensure minimum energy losses
under all basic modes of operation of power equipment, in-
cluding the process of combustion of low quality fuels.

A promising trend of increasing the effectiveness of
operation of boilers in the process of combustion of low-bus-




