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ABSTRACT

A recycle system consisting of a reactor and distillation column is considered. Two
order reaction A+B → C takes place in liquid phase continuous stirred tank reactor
(CSTR). Distillate is used as recycle, but final product C is taken from a bottom of the
column.

Analyses of possible operating modes of system Reactor- Distillation Column are
examined. It has been shown that an existence of continuum of steady states is
possible in the reactor for the operating mode with a full use of feed reactants A and
B. An algorithm of a transfer of the system for the operating mode with full utilization
of feed and intermediate reactants is given.

INTRODUCTION

A construction of the technological schemes with a recycle of non-reacting feed and
intermediate reactants of a reaction is an effective way of solving a problem of their
complete utilization. A block scheme of the system is presented on a figure 1.
However a feedback causes multiple appearance of the steady states in a reactor
and instability of the system.

Therefore, it is beneficial to consider dynamic behavior of the system Reactor -
Distillation Column. The dynamic behavior of such systems and their control has
been examined in the articles [1-5]. In article [2] authors proposed a new approach
for the analyses of the recycle system Reactor – Distillation Column. It is supposed
that a separating capacity of distillation column is infinite. Then a mathematical model
of the recycle system is formed as a system of differential equations with a variable
structure. The right-hand sides of differential equations have a different expression
as a dependence on a value of a distillate of the column.

The qualitative properties of this system also exist when the distillation column is
characterized by a finite (but high enough) separating capacity.



MATHEMATICAL MODEL OF THE SYSTEM: REACTOR – DISTILLATION
COLUMN

Second order reaction A + B → C takes place in liquid continuous stirred tank
reactor. Separation of final product C of the reaction, from the feed reactants A and B
takes place in distillation column.

Fig.1. A Block scheme of system Reactor – Distillation Column,
1 – Reactor, 2 – Distillation Column

Suppose that a separating capacity of a distillation column is infinite.
Let the relative fugacities of the components to be in the following relation:

      αA   >   αB   >   αC .                                     (1)

Distillate of the column is used as a recycle, but final product C, having the least
fugacity, is taken from the bottom of the column.

To simplify analysis, suppose, that inert components are absent in the reactor and
reaction rate is defined by an expression

      r = kx1x2.                                     (2)

Then the mathematical model of the recycle system Continuous Stirred Tank Reactor
- Distillation Column (CSTR-DC) may by written as follows:
CSTR:
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Taking into account, that a dimension of the concentration is mole fractions, the
concentration of final product C is found as follows:
                  x3 =1 - x1 - x2.                                 (9)
Since the separating capacity of Distillation Column is infinite then there are only
three operating modes of Distillation Column and only one component may be
distributed. The operating modes of Distillation Column are presented on the figure 2.

A,B,C                                         A,B                                              C

  D1 :                         C                 D2 :               B,C                           D3 :         A,B,C

Fig.2. Three operating modes of distillation column

The phase space of the system is divided into three regions D1,D2,D3, which
correspond to three operating modes of Distillation Column. Portrait of these regions
is presented on the figure 3.
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Fig.3. Division of phase space into three regions: D1, D2, D3

The right-hand sides of a system differential equations (3), (4) have different
structure in each region Di, i=1,2,3.

In the region D1 a component C is distributed: all components are in overhead
distillate of the column and only heaviest component C is in the bottom of the
column.

In the region D2 a component B is distributed: the components A and B are in the
overhead distillate of the column and the components B and C are in the bottom of
the column.



In the region D3 a component A is distributed: only the lightest component A is in the
overhead distillate of column and all components are in the bottom of the column.

SYSTEM MATHEMATICAL MODEL INVESTIGATION

Operating mode with a full use of feed reactants A and B exists in a region D1.
Mathematical model of the Reactor in recycle system in steady state in accordance
with formulas (3-6) is written as follows:

      Gx1f – Vkx1x2 = 0, (10)
                 Gx2f – Vkx1x2 = 0, (11)
                 cpρ ( GTf – FT + RT* ) + V(- ∆H)kx1x2 + U(Tc – T) = 0. (12)

In this operating mode the concentrations of the reactants A and B in the feed must
be in stochiometric ratio: x1f = x2f  [6].
Then equations (10), (11) are written as:

      Gx1f – Vkx1x2 = 0, (13)
                 Gx1f – Vkx1x2 = 0. (14)

The equations (13) and (14) are identical, then there is only one equation (13) to find
the concentrations x1 and x2. So, there is continuum (an infinite set) of the solutions
of equation system (12) - (14).

The steady value of a temperature is defined by the following formula:
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Let x1f = x2f = 0.5mol/mol. Then equation (13) is rewritten as follows:
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The steady value of temperature is defined by formula (15).
In the equation (16) the concentration x2 may be any value, from the interval
x2min<x2<x2max. The limits of this interval are defined from equation (16) and the
condition (4):
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The same interval of the steady values exists for the concentration x1:x1min<x1<x1max,
where x1max=x2max, x1min=x2min.

The operating mode with a full use of feed and intermediate reactants exists, if the
value of the recycle is greater than minimum value Rmin. The value of Rmin is defined
if x1 is equal to x2 from (4):
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The length of the interval of the steady values of the concentrations x1 and x2 - ∆ xi =
xi max - xi min , i=1,2 is defined as follows:
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It decreases, if the value of the recycle is reduced, and it is zero, if R becomes equal
to Rmin. The steady state is singular in this case.

The concentration of the final product C-x3 also may be any value from the interval
[x3min, x3max]. The concentration x3 is maximum, if x1 is equal to x2:

        D21x max3 −= (22)

and the concentration x3 is minimum, if x1=x1min, x2=x2max and x1=x1max, x2=x2min:

        
F
R1x min3 −= (23)

Since equations (13) and (14) are identical for the operating mode with a full use of
feed reactants A and B then the polynomial characteristic for stability analysis will
have one root, which is equal to zero. Consequently, the steady states can be at best
on the boundary of the region of stability at the state of neutral balance.

In a region D2 a system exists for operating mode with a full use of a reactant A.

A material balance of the CSTR in this regime in steady state is written as follows:
                   Gx1f – Vkx1x2= 0, (24)
                   Gx2f - Vkx1x2 – Fx2 + R – Fx1 = 0. (25)

From equations (24), (25) one can obtain following relation:

        G(x1f – x2f) = R – F(x1 + x2).            (26)

It is obvious that the steady state does not exist in the region D2, if the feed reactants
A and B are introduced into the system in the stoichiometric ratio. In accordance with



condition of the regime existence (7) and equality (26) this regime is only possible to
reach, if x2f > x1f.

The value of temperature at this regime is defined by formula (15).

In the region D3 system exists for the operating mode, when only lightest component
A is presented in a recycle.

Material balance of the reactor in steady state for the operating mode is written as
follows:
                   Gx1f – Vkx1 x2– Fx1 + R = 0,            (27)
                   Gx2f - Vkx1x2 - Fx2 =0. (28)

The steady state exists  under following condition x1f > x2f.
Let’s examine dynamic behavior of the system.
The phase trajectories of the system are presented on the figures 4,5.

1. Let an initial point of a calculation to be in the region D1, (x0∈D1). If the feed
reactants A and B are introduced into the system in the stoichiometric ratio (x1f = x2f)
and value of recycle is greater than a minimum value of recycle (R>Rmin), then a
representative point of a system goes to one of continuum of steady states. The
portrait of phase trajectories is presented on a figure 4a.

                                          a

   

                                                                                                                       b

Fig.4a. Portrait of phase trajectories of the system if x∈D1, x1f=x2f, R>Rmin
(curve ab is continuum of the steady state)

2. The phase trajectories of the system go to singular asymptotic stability steady state in
a region D3 (d), if a value of a recycle R is less than Rmin. Portrait of the phase
trajectories of the system is presented on a figure 4b.
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Fig.4b. A portrait of the phase trajectories of the system
if x∈D1 x1f=x2f, R<Rmin

3. It is necessary to carry out following algorithm in order to transfer the system from a
region D3 to a region D1 for the operating mode with full use of feed and intermediate
reactants A and B:

a) to fix a value of the recycle R greater than minimum value of the recycle Rmin and to
fix the concentrations of the components A and B in the feed: in the ratio x2f>x1f. Then
the phase trajectories go to the region D2 through the region D1;

b) when the concentrations x2 and x1 will be equal, then it is necessary to restore the
introduction of the feed reactants A and B in the system in the stoichiometric ratio: x1f =
x2f (see a point c on a fig.5). Then the representative point goes to one of continuum of
steady states to point e.



                                                        c

Fig.5 A transfer of the system in the region D1: from point d to point c,
if R>Rmin, x2f>x1f and from point c to point e if x1f=x2f

CONCLUSION

The qualitative properties of the system Reactor – Distillation Column also exist if
the distillation column is characterized by a finite (but high enough) separating capacity.
Continuum steady states are shown as a dependence of the calculated values of the
concentrations A and B of initial approximation of the iterative procedure of the
calculation of the system Reactor – Distillation Column. If there are the fluctuations of
the concentrations of feed reactants A and B in the input of the system, then the
concentrations of these reactants in the reactor can change continuously for the
operating mode with full utilization of feed reactants A and B into the limits of the
possible interval (17), (18). When the concentrations overstep the limits of the interval
then the operating mode with a full utilization of feed reactants is failed and non-reacting
feed reactants A and B will be present in the bottom of the column.

Therefore it is necessary to carry out an automatic control of the system in order
to keep the operating mode with a full utilization of feed reactants A and B. If the
operating mode with a full utilization of feed reactants A and B is failed then in order to
restore this operating mode it is necessary to carry out a special given algorithm.

NOMENCLATURE

       A0 – pre-exponential factor;
       Cp-specific heat capacity, cal/(g K);
       Di – the i-th region of phase space of the system;
       E – energy of activation, cal/mol;
       F - flow rate of a mixture feed into the reactor, h/m3 ;
       G - flow rate of a mixture feed into the system, h/m3 ;
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       ∆H -heat effect of the reaction, cal/mol;
       k - rate constant of the reaction;
       R-flow rate of the recycled mixture, ;h/m3

       Rg – gas constant;
       r - rate of a reaction ;
       T- mixture temperature, K;
       Tc-coolant temperature, K;
       U - heat transfer coefficient, );Km(W 2

       V - reactor volume, ;m3

       x - concentration vector;
      xi - concentration of the i-th component, mol fraction;
       α – relative fugacity of component;
       p - density of a mixture.

       Subscripts and superscripts.
       i -reactant number;
       min - minimum value;
       * - recycle.

REFERENCES

1. U.E. Verykios, W.L. Luyben (1978),USA Trans.,17, pp. 34-41.

2. A.I. Boyarinov, S.I. Duev (1985) Theoretical Foundations of Chemical Engineering.
19, pp.113-117.

3. S.I. Duev, A.I. Boyarinov (1996) Proc.Int. Conf. Math. methods in chem. technol.
Tula, Russia, pp.50-54.

4. J. Morud, S. Skogestad (1996) Journal of Process Control. 6, pp.145-156.

5. C.S. Bildea, A.C. Dimian, P.D. Iedema (2000), Comp. and Chem. Eng.,24,pp
209-215.

6. A.I. Boyarinov, S.I. Duev (1980). Theoretical Foundations of Chemical
Engineering, 14, pp.903-907.

    Keywords:
     - distillation column;
     - recycle system;
     - dynamic behavior;
     - multiplicity of steady states;


	Navigation and Printing
	Table of Content
	Index
	Index of Authors
	Organizing Committee, International Scientific Committee
	International Board of Referees
	Impressum
	back to last view
	print

	Preface
	Plenary Lectures
	PL1 WHAT CAUSED TOWER MALFUNCTIONS IN THE LAST 50 YEARS?
	PL2 MODELLING SIEVE TRAY HYDRAULICS USING COMPUTATIONAL FLUID DYNAMICS
	PL3 CHALLENGES IN THERMODYNAMICS
	PL4 EXPERIENCE IN REACTIVE DISTILLATION

	Topic 1 Basic Data
	1-1 COMPUTER AIDED MOLECULAR DESIGN OF SOLVENTS FOR DISTILLATION PROCESSES
	1-2 LARGE-SCALE DATA REGRESSION FOR PROCESS CALCULATIONS
	1-3 IONIC LIQUIDS AND HYPERBRANCHED POLYMERS – PROMISING NEW CLASSES OF SELECTIVE ENTRAINERS FOR EXTRACTIVE DISTILLATION
	1-4 PREDICTION OF DIFFUSIVITIES IN LIQUID ASSOCIATING SYSTEMS ON THE BASIS OF A MULTICOMPONENT APPROACH
	1-5 KINETICS OF CARBON DIOXIDE ABSORPTION INTO N-METHYLDIETHANOLOAMINE SOLUTIONS
	6-1 THERMODYNAMIC PROPERTIES OF DIMETHYL SULFOXIDE + BENZENE OR + ISOPROPYLBENZENE MIXTURES
	6-2 DETERMINATION AND PREDICTION OF THE ISOBARIC VAPOR-LIQUID-LIQUID EQUILIBRIUM DATA
	6-3 MASS TRANSFER COEFFICIENTS IN BATCH AND CONTINUOUS REGIME IN A BUBBLE COLUMN
	6-4 A COMPARATIVE STUDY OF INTERFACIAL AREA OBTAINED BY PHYSICAL AND CHEMICAL METHODS IN A BUBBLE COLUMN
	6-5 DETERMINATION OF BINARY VAPOR LIQUID EQUILIBRIA (VLE) OF REACTIVE SYSTEMS

	Topic 2.1 Equipment / Internals
	2.1-1 DISTILLATION COLUMNS WITH STRUCTURED PACKINGS IN THE NEXT DECADE
	2.1-2 CHARACTERISATION OF HIGH PERFORMANCE STRUCTURED PACKING
	2.1-3 MODIFICATIONS TO STRUCTURED PACKINGS TO INCREASE THEIR CAPACITY
	2.1-4 CRYSTALLIZATION FOULING IN PACKED COLUMNS
	2.1-5 FUNCTIONALITY OF A NOVEL DOUBLE-EFFECTIVE PACKING ELEMENT
	2.1-6 RASCHIG SUPER-RING A NEW FOURTH GENERATION PACKING OFFERS NEW ADVANTAGES
	2.1-7 PLATE DAMAGE AS A RESULT OF DELAYED BOILING
	6-6 NEW HIGHSPEED MASS-TRANSFER TRAYS
	6-7 DIFFUSIONAL AND HYDRAULIC CHARACTERISTICS OF  KATAPAK-S
	6-8 THE MVG TRAY WITH TRUNCATED DOWNCOMERS: RECENT PROGRESS
	6-9  MASS TRANSFER AND HYDRAULIC DETAILS ON INTALOX® PhD™ PACKING

	Topic 2.2 Equipment / Flow
	2.2-1 EFFECT OF BED LENGTH AND VAPOR MALDISTRIBUTION ON STRUCTURED PACKING PERFORMANCE 
	2.2-2 THE EFFECT OF MALDISTRIBUTION ON SEPARATION IN PACKED DISTILLATION COLUMNS
	2.2-3 INFLUENCE OF VAPOR FEED DESIGN ON THE FLOW DISTRIBUTION
	2.2-4 ENTRAINMENT AND MAXIMUM VAPOUR FLOW RATE OF TRAYS
	2.2-5 EXPERIMENTAL CHARACTERISATION AND CFD SIMULATION OF GAS DISTRIBUTION PERFORMANCE OF LIQUID (RE)DISTRIBUTORS AND COLLECTORS IN PACKED COLUMNS
	2.2-6 PROGRESS IN UNDERSTANDING THE PHYSICAL PROCESSES INSIDE SPINNING CONE COLUMNS 
	2.2-7 SYSTEM LIMIT: THE ULTIMATE CAPACITY OF FRACTIONATORS
	6-10 COMPUTATIONAL FLUID DYNAMICS FOR SIMULATION OF A GAS-LIQUID FLOW ON A SIEVE PLATE: MODEL COMPARISONS
	6-11 NUMERICAL CALCULATION OF THE FLOW FIELD IN A BUBBLE COLUMN CONSIDERING THE ABSORPTION OF THE GAS PHASE
	6-12 MASS TRANSFER IN STRUCTURED PACKING
	6-13 EXPERIMENTAL STUDY OF RIVULET LIQUID FLOW ON AN INCLINED PLATE
	6-14 EFFECT OF THE INITIAL GAS MALDISTRIBUTION ON THE PRESSURE DROP OF STRUCTURED PACKINGS
	6-15 A NEW PRESSURE DROP MODEL FOR STRUCTURED PACKING

	Topic 3.1 Process Synthesis
	3.1-1 SYNTHESIS OF DISTILLATION SEQUENCES FOR SEPARATING MULTICOMPONENT AZEOTROPIC MIXTURES
	3.1-2 DESIGN TECHNIQUES USED FOR THE DEVELOPMENT OF AN AZEOTROPIC DISTILLATION PROCESS WHICH USES A BINARY ENTRAINER FOR SEPARATION OF OLEFINS FROM ACIDS AND OTHER OXYGENATES
	3.1-3 DESIGN AND SYNTHESIS OF DISTILLATION SYSTEMS USING A DRIVING FORCE BASED APPROACH
	3.1-4 THE NEW APPROACH TO ISOPROPYLBENZENE DISTILLATION FLOWSHEET SYNTHESES IN PHENOL-ACETONE PRODUCTION
	3.1-5 A NOVEL FRAMEWORK FOR SIMULTANEOUS SEPARATION PROCESS AND PRODUCT DESIGN
	3.1-6 CASE-BASED REASONING FOR SEPARATION PROCESS SYNTHESIS
	6-16 THE FUNDAMENTAL EQUATION OF DISTILLATION
	6-17 HYDRODYNAMICS OF A GAS-LIQUID COLUMN EQUIPPED WITH MELLAPAKPLUS PACKING
	6-18 DYNAMIC BEHAVIOR OF RECYCLE SYSTEM: REACTOR – DISTILLATION COLUMN
	6-19 DISTILLATION REGIONS FOR NON-IDEAL TERNARY MIXTURES
	6-20 SELECTIVE AMINE TREATING USING TRAYS, STRUCTURED PACKING, AND RANDOM PACKING

	Topic 3.2 Process Simulation
	3.2-1 INFLUENCE OF UNEQUAL COMPONENT EFFICIENCIES ON TRAJECTORIES DURING DISTILLATION OF A QUATERNARY AZEOTROPIC MIXTURE
	3.2-2 SHORTCUT DESIGN OF EXTRACTIVE DISTILLATION COLUMNS
	3.2-3 SIMULATION OF HETEROGENEOUS AZEOTROPIC DISTILLATION PROCESS WITH A NON-EQUILIBRIUM STAGE MODEL 
	3.2-4 PLATE EFFICIENCIES OF INDUSTRIAL SCALE DEHEXANISER
	3.2-5 DESIGN OF AN EXPERIMENTAL PROCEDURE TO INVESTIGATE EFFICIENCY IN THE DISTILLATION OF AQUEOUS SYSTEMS
	6-21 EFFICIENT APPROXIMATE METHOD FOR PACKED COLUMN SEPARATION PERFORMANCE SIMULATION
	6-22 SIMULATION OF THE SIEVE PLATE ABSORPTION COLUMN FOR NITRIC OXIDE ABSORPTION PROCESS USING NEURAL NETWORKS
	6-23 DISTILLATION SIMULATION WITH COSMO-RS
	6-24 BATCH DISTILLATION: SIMULATION AND EXPERIMENTAL VALIDATION

	Topic 3.3 Heat Integration
	3.3-1 OPTIMISATION OF EXISTING HEAT-INTEGRATED REFINERY DISTILLATION SYSTEMS 
	3.3-2 INTEGRATION OF DESIGN AND CONTROL FOR ENERGY INTEGRATED DISTILLATION
	3.3-3 IMPLEMENTATION OF OPTIMAL OPERATION FOR HEAT INTEGRATED DISTILLATION COLUMNS
	3.3-4 THEORETICAL AND EXPERIMENTAL STUDIES ON STARTUP STRATEGIES FOR A HEAT-INTEGRATED DISTILLATION COLUMN SYSTEM
	3.3-5 INTERNALLY HEAT-INTEGRATED DISTILLATION COLUMNS: A REVIEW
	6-25 AN ENGINEERING ANALYSIS OF CAPACITY IMPROVEMENT IN   FLUE GAS DESULFURIZATION PLANT
	6-26 ANALYSIS OF SEPARATION OF WATER-METHANOL-FORMALDEHYDE MIXTURE
	6-27 MINIMUM ENERGY AND ENTROPY REQUIREMENTS IN MULTICOMPONENT DISTILLATION

	Topic 3.4 Control / Dynamics
	3.4-1 MODEL PREDICTIVE CONTROL OF INTEGRATED UNIT OPERATIONS CONTROL OF A DIVIDED WALL COLUMN
	3.4-2 SIMULATION AND EXPERIMENTAL ANALYSIS OF OPERATIONAL FAILURES IN A METHANOL - WATER DISTILLATION COLUMN
	3.4-3 MODEL-BASED DESIGN, CONTROL AND OPTIMISATION OF CATALYTIC DISTILLATION PROCESSES
	6-28 OPTIMISATION, DYNAMICS AND CONTROL OF A COMPLETE AZEOTROPIC DISTILLATION: NEW STRATEGIES AND STABILITY CONSIDERATIONS

	Topic 4 Integrated Processes
	4-1 DEVELOPMENT  AND ECONOMIC EVALUATION OF A REACTIVE DISTILLATION PROCESS FOR SILANE PRODUCTION
	4-2 SEPARATION OF OLEFIN ISOMERS WITH REACTIVE EXTRACTIVE DISTILLATION
	4-3 TRANSESTERIFICATION PROCESSES BY COMBINATION OF REACTIVE DISTILLATION AND PERVAPORATION
	4-4 INVESTIGATION OF DIFFERENT COLUMN CONFIGURATIONS FOR THE ETHYL ACETATE SYNTHESIS VIA REACTIVE DISTILLATION
	4-5 SYNTHESIS OF N-HEXYL ACETATE BY REACTIVE DISTILLATION
	4-6 THERMODYNAMIC ANALYSIS OF THE DEEP HYDRODESULFURIZATION OF DIESEL THROUGH REACTIVE DISTILLATION
	4-7 DISTILLATION COLUMN WITH REACTIVE PUMP AROUNDS: AN ALTERNATIVE TO REACTIVE DISTILLATION
	4-8 HYBRID PERVAPORATION-ABSORPTION FOR THE DEHYDRATION OF ORGANICS
	4-9 NOVEL HYBRID PROCESSES FOR SOLVENT RECOVERY
	6-29 SCALE-UP OF REACTIVE DISTILLATION COLUMNS WITH CATALYTIC PACKINGS
	6-30 CONCEPTUAL DESIGN OF REACTIVE DISTILLATION COLUMNS USING STAGE COMPOSITION LINES

	Topic 5 Novel Processes
	5-1 DEVELOPMENT OF A MULTISTAGED FOAM FRACTIONATION COLUMN
	5-2 OPERATION OF A BATCH DISTILLATION COLUMN WITH A MIDDLE VESSEL: EXPERIMENTAL RESULTS FOR THE SEPARATION OF ZEOTROPIC AND AZEOTROPIC MIXTURES
	5-3 SIMULTANEOUS OPTIMAL DESIGN AND OPERATION OF MULTIPURPOSE BATCH DISTILLATION COLUMNS
	5-4 SEPARATION OF TERNARY HETEROAZEOTROPIC MIXTURES IN A CLOSED MULTIVESSEL BATCH DISTILLATION-DECANTER HYBRID
	5-5 ENTRAINER-ENHANCED REACTIVE DISTILLATION 
	5-6 NOVEL DISTILLATION CONCEPTS USING ONE-SHELL COLUMNS
	5-7 INDUSTRIAL APPLICATIONS OF SPINNING CONE COLUMN TECHNOLOGY: A REVIEW
	6-31 FEASIBILITY OF BATCH EXTRACTIVE DISTILLATION WITH MIDDLE-BOILING ENTRAINER IN RECTIFIER




