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ABSTRACT 

The importance of transient analyses of engineering process 

systems has warranted the development of sophisticated dynamic simula

tion routines. In the chemical process area, such an analysis tool is 

useful to check process design, stability and efficiency. With the 

availability of more powerful computers, the problems of solving the 

differential models through numerical techniques is reduced substan

tially. 

Eleven unit process model subroutines were developed and 

merged with an existing dynamic simulation routine, DYNSYL. Other modi

fications included updating data handling and adding a property estima

tion data bank. The unit processes modeled are: mixers, reactors, 

distillation columns, heat exchangers and controllers. The program 

proved useful in studying transient behavior of process units and 

elementary digital control techniques. 
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CHAPTER 1 

INTRODUCTION 

When solving practical design problems, an engineer must first 

find a realizable solution for the specified situation and then consider 

whether the plan is optimal. Typically, there is no one solution that 

best satisfies all of the design requirements; therefore, some trade

off between an acceptable solution and spending vast amounts of time and 

research money must be made. An engineer can further investigate a 

preliminary design assessment by several methods, including pilot plants 

and computer simulation routines. 

The onslaught of digital simulation routines, as stated by 

Franks (1972), began during the mid-sixties. Even though sophisticated 

numerical techniques were well established to solve the complex mathe

matical system of differential equations, the availability of computers 

was limited. With the current development of high-speed computers, the 

transient analysis of process systems has become a basic segment in an 

engineer's analysis. 

The time dependent simulations can be used to study several 

design aspects not addressed in a steady state analysis. A few of 

these points are: 

1. Exploring the interdependency of unit processes with respect 

to various equipment sizes and arrangement. 

1  
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2. Modeling how a process system would react during a plant 

start-up or shutdown or, more importantly, during an emergency 

situation, such as an equipment failure. 

3. Measuring process operation efficiency when perturbed from 

normal operation conditions. 

4. Tuning operating specifications in systems where it is diffi

cult to set design parameters, as in multicomponent or reaction 

systems. 

5. Evaluating control systems to find the optimal strategy to 

produce the maximum process operation efficiency. This includes 

finding the best tuning constants; whereas, with a pilot or 

large-scale plant, an engineer would primarily have to send his 

process through trial and error settings. Being a non-trivial 

problem, especially for multivariable control situations, a 

simulation routine would be very efficient in reducing design 

costs and safety hazards. With the current strict environmental 

ordinances, designing an efficient and optimal control system 

is a primary design condition for the engineer. 

6. Aiding in scaling a process from pilot to full scale. 

Based on the requirements above of what a design engineer 

should be aware of and capable of handling, the design of a dynamic 

simulation routine for instructional use was considered useful and 

necessary. The objective of the present research was to develop 

mathematical representations for several process units in the form of 

subroutines. These subroutines were then networked with an existing 



dynamic simulation routine, DYNSYL, and a property estimation routine 

to form an independent, workable chemical process dynamic simulation 

routine. The following chapter discusses the routine as a whole, where

as, the chapters thereafter discuss the individual unit model deriva

tions. 



CHAPTER 2 

DYNSYL 

DYNSYL is a modified version of a routine originally written 

by S. Bobrow at McMaster University, 1969. Since then, the code has 

been revised several times. Barney, Ahluwaria and Johnson (1975), and 

several others from the University of Western Ontario worked steadily 

on the dynamic simulation routine, then called DYNSYS, during the 

seventies. Most recently, a team at Lawrence Livermore Laboratory 

upgraded the program. Changes primarily dealt with the integration 

routine used to solve the differential equations, as mentioned by 

Hindmarsh (1974), especially the Gear integration routine [Gear (1971)]. 

The new version was then named DYNSYL. 

2.1 Modularity 

Dynamic chemical process simulation programs are typically 

classified into two categories — equation oriented and module oriented 

routines. Equation oriented programs contain all the process describ

ing mathematical relationships in one data block which must be set 

by the user. This allows for complete coupling in solving the simul

taneous differential equations. 

A module oriented routine has an individual subroutine for each 

type of equipment. From an input data file, the parameters are set 

indicating which units are involved in the simulation. The integration 

routine uses this information to call the appropriate subroutines to 

4  
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estimate the state variables and their derivatives. This method can 

be set up to solve the differential equations in a coupled or un

coupled fashion. However, at the end of each time step, the uncoupled 

equations are linked to the other units being integrated. Both con

cepts have their advantages and disadvantages. The complete coupling 

of the differential equations leads to large requirements in computer 

storage and computational time. The uncoupled version offers a solu

tion requiring less computational effort; however, the accuracy of 

the solution is severely reduced. In the current version of DYNSYL, 

the uncoupled mode is inoperative. However, work is in progress to 

get this approach working. The loss of accuracy is primarily a func

tion of the characteristics of the mathematical system. 

Another advantage of the modular approach is that the user need 

not supply the mathematical representations, only the input data file 

setting the parameters of the system. However, if the unit modules 

written within the dynamic simulation routine do not meet the specifica

tions or characteristics of the user's model, then he must create a 

new unit module containing a mathematical system equivalent to that 

required. If the required units are supplied, the ease of formulation 

of the simulation process is greatly increased. 

For example, to simulate two perfectly stirred tank reactors 

in series as shown in Figure 2.1, the module oriented technique only 

requires specifying the process units involved, and linking and num

bering the material stream. As shown in Figure 2.2, the dynamic infor

mational flow diagram derived from the instrumented flow diagram 
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Figure 2.1. Instrumented Flow Diagram of Two Tanks. 
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Figure 2.2. Dynamic Information Flow Diagram. 
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(Figure 2.1), many of the units are similar differing only in dimen

sion, operating conditions and configuration. Therefore, in the 

equation oriented program, several mathematical representations would 

require repetitive equation formulations and proper stream identifica

tion between tanks; whereas, in the modular routine, the same sub

routines would be called as required. Therefore, the simplicity of the 

modular method is a great advantage. DYNSYL is a dynamic simulation 

routine whose structure is based on modular programming. 

2.2 System Organization 

A brief description of DYNSYL explaining its general structure 

follows. For a more detailed analysis, refer to Barney, Ahluwalia 

and Johnson (1975) and Patterson and Rozsa (1978). 

The program is made up of several subdivisions: the executive 

section, core integration section, unit module block and the material 

property estimation package. The executive section consists of a main 

program and several subroutines which read the initial data file, 

write the simulation output to files, plot the solutions and perform 

various other functions. The main routine is the executor of the 

simulation. It controls the flow of data and organizes its transfer 

between routines. All transfer of process information including state 

variable, state variable derivative, material properties, process 

parameters and simulation parameters are commuted through common state

ments. 

DYNSYL has the option of utilizing one of two specific variable 

order integration routines to handle the timewise continuous solution. 
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The first, typically for non-stiff systems, is an Adams-Bashforth, 

Adams-Moulton predictor-corrector algorithm. The other is a modified 

Gear method routine which handles stiff mathematical systems very well. 

A detailed explanation of the modified Gear routine is presented by 

Hindmarsh (1974). 

The property estimation routine evaluates the system's mate

rial's properties at their current conditions. These routines are adapted 

versions of CHEMPROP, a chemical property routine written by Soesilo 

(1984) as part of his master's thesis^ Material properties are updated 

at each major integration time increment unless otherwise specified. 

The unit module block is the crux of the presented research. 

Each module represents an individual unit process such as a heat ex

changer element or stirred tank. Its mathematical representation con

sists of equations that describe the time variant behavior of the 

process. All mathematical relationships which involve differential 

equations are written as a function of the state variables: T, P, mole 

fraction or flow variable where the flow variable is defined as either 

a level in a tank or a volumetric flowrate, each unit module requires 

specific input parameters which deal with the equipment's operating 

conditions or dimensions. The process equipment which is represented 

by unit modules is listed in Table 2.1. 

As illustrated in the flowchart shown in Figure 2.3, the 

following is a typical path DYNSYL takes during normal execution. 

1. Read input data file to set equipment parameters, initial 

stream specifications and simulation command parameters. 



Table 2.1. Process Equipment Unit Modules. 

1 0  

Equipment DYNSYL Name 

Continuous stirred tank TANK1 

Heat exchanger element HEATEX 

Junction/Splitter JUNC 

Binary Distillation Unit BINARY 

Controller CONT 

Multicomponent Distillation Unit COLUMN 

Reactors -- REACH 

REACT2 

REACT3 

REACT4 

REACT5 



1 1  

COMPOUND 
PROPERTY 
ESTIMATION 

UNIT MODULES 

CORE INTEGRATION 
ROUTINE 

READ 
"DATA.DAT" 

TO GET INPUT 
PARAMETERS 
AND INITIAL 
CONDITIONS 

INPUT BLOCK 
OUTPUT BLOCK 

PRINT AND 
PLOT RESULTS 

TRANSFER 
RESULTS TO 
"DATA.OUT" INFORMATION 

HANDLER 

EXECUTIVE 
ROUTINE 

Figure 2.3. Generalized Flowchart of DYNSYL 
Showing Coupled-Modular Approach. 
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2. Core integration routine is called from executive program to 

find solution of coupled mathematical system. 

3. Unit modules are called as needed by integration routine to 

update derivative evaluations. 

4. After a successful time step, the integrator releases con

trol to the executive routine which calls each of the non-

integrated or algebraic modules to update their state variables. 

5. Final time integration parameter is incremented and stream 

properties are re-evaluated at their new conditions. 

6. State variables are saved at specific times into output files 

for printing and plotting purposes. 

7. When final time is reached, program output commands are 

executed and program is terminated. 

The updating of the stream properties could have been called 

at various time locations throughout the simulation. The two most 

logical places were from the integrator or before each major time 

increment. Assuming that the stream conditions would not change 

drastically between major time increments, the call to the property 

base was made before entering the integrator each time. If the data 

base was updated continously through the integrator, large amounts of 

computational time would have been spent for slight changes in property 

values. Of course, this would offer a more accurate solution but the 

trade-off between the required computational time and accuracy does 

not favor this alternative. 
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2.3 Program Implementation 

Originally, DYNSYL and DYNSYS were written to run on the CDC 

Cyber system. The current version of DYNSYL has been modified to run 

on the DEC VAX 11/780 computer. The conversion was done primarily to 

facilitate the use of the program for instructional purposes. 

The routine was set up to run as a batch job due to the nature 

of the large input data set. The input parameters must be stored in a 

file named "DATA.DAT" in the format specified in the appendix. The 

DYNSYL executable code is stored under the name "DYNSYL.EXE." The 

simulation results are transferred to the file "DATA.OUT" to execute 

the simulation routine type "R DYNSYL." 



CHAPTER 3 

MODELING 

The following section will describe those formulations and 

assumptions which are the mathematical foundation for the unit modules. 

Several of the modules have some describing differential equations which 

are common. Therefore, to eliminate repetitive derivations and com

monly used assumptions, these articles will be presented here. Other 

relationships required for a specific module not addressed in this 

section will be discussed in that module's individual derivation. 

3.1 Basic Modeling 

To mathematically describe the behavior of a specific process, 

basic conservation principles of mass and energy were used along with 

fundamental chemical laws such as equilibrium relationships. The 

transient situation was investigated by considering the derivative 

formulation of these balances, thereby including the accumulation within 

the system. The assumptions employed were kept on the level of what the 

particular simulation was trying to accomplish. For example, since the 

major objective of the simulation routine was not to monitor how a 

fluid's property changed with time, the material's properties were 

assumed constant during the numerical integrator's differential time 

element. This assumption is very reasonable, especially when the change 

is small compared to that of the state variable. Fluid physical 

14 
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properties were re-evaluated on each major time step change by the inte

gration technique using the current state variable estimations (unless 

overridden by the user to save computational time). 

When the mathematical models were written, two specific re

quirements were prescribed. First, that the model be physically 

realizable, and second, that the mathematical system be convenient 

to solve. The first requirement attests to the accuracy of the model. 

The mathematical equations must describe the actual process in a "valid" 

and "complete" sense. In formulating a system of equations, the depth 

of development or robustness of the mathematical representation can 

vary from a very rigorous development to a simplistic system. Both 

extents of development have their specific purposes. 

As mentioned above, the time variant equations were based on 

the conservation of a specific state variable. In general, the follow

ing relationship exists where X is defined as a state variable. 

Accumulation of X 

Within the system 

Flow of X 

into system 

Flow of X 

out of system 

"Amount of X 

generated 

'Amount of X 

consumed (3.1-1) 

A total mass balance around a typical flow system is quite simply 

d(p.-V) 

dt I P,F, - I  P-JF. 
i=inlet j=outlet J J 

(3.1-2) 



16 

leading to a dynamic relationship for the level in a cylindrical tank. 

Therefore, for a single input -single output system, assuming a con

stant output fluid density over a differential time element, the 

describing equation becomes 

If = s;i»tFi-'.Fo) <3J-3' 

where 

S = tank cross-sectional area 

F = volumetric flowrate 

SL = fluid level in tank 

t = time 

p = fluid density 

subscripts 

i = inlet 

o = outlet 

Individual component balances were written in terms of mole 

fractions to ease the formulation of the mathematical equations for 

the reaction and distillation systems. A typical balance for com

ponent A for a single input-single output system is 

dx. -I 

"dt11 = (piFixAi " POFOXA0 " S"*RC + A*RF " XA0 ^piFi ' ̂o^ * 

(3.1-4) 

where 
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S = tank cross-sectional area 

F = volumetric flowrate 

SL = fluid level in tank 

= consumption reaction rate of component A based on vessel 

volume 

Rp = formation reaction rate of component A based on vessel 

volume 

t = time 

= mole fraction of Component A 

p = fluid density 

subscripts 

i = inlet 

o = outlet 

Note, since not all of the component balances are independent, n-1 

balances where described (where there are n components in the system) 

since the total mass balance was already used to describe the fluid 

level in the tank. The energy balance as described by the first law 

of thermodynamics for a single input-single output open system is: 

JE , d(U + KE + PE) =p.F.H.-PoFoHo±QtW (3.1.5) 

where the total energy, E, includes internal energy (U), kinetic energy 

(KE) and potential energy (PE) terms. The kinetic and potential energy 

changes were considered negligible. As Luyben (1973) described, the 

heat added to a system can be from sources such as conduction, convection 
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and/or reaction. Typically, the conduction term is negligible com

pared to the other two source terms. Shaft work was also considered 

negligible. For a typical flow system, the representative energy 

equation then becomes 

dT°" ^c»iS.1FiTi-''ocP„FoTo+<%+,,c-cp0To(piFrp»Fo,-Hy ot p0_Po 

where 

(3.1-6) 

S = tank cross-sectional area 

Cp = fluid heat capacity 

F = volumetric flowrate 

= heat transfer term due to reaction (energy/time) 

£ = fluid level in tank 

t = time 

T = temperature 

Qj, = heat transfer term due to coils (energy/time) 

= heat transfer term due to surroundings (energy/time) 

p = fluid density 

subscripts 

i = i nlet 

o = outlet 

Two terms were included to describe the heat transfer between the fluid 

and the external heat source, Q^, and the vessel and the surroundings, 

Qg. These transfer terms are of the form 



Q'c = ¥VV 
QS = US^TAMB'To^ 
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(3.1-7) 

(3.1-8) 

where 

TAMB = amble,:,t temperature 

Tg = fluid temperature in external source 

Tq = fluid temperature within system 

Up = modified heat transfer coefficient between system fluid 

and coils [energy/(degree change • time)] 

Uc = modified heat transfer coefficient between vessel and 

surroundings [energy/(degree change • time)] 

Note, the modified heat transfer coeffiecient, U, includes the standard 

heat transfer coefficient and the heat transfer area. For an adiabatic 

system, let U<j equal 0. 

Model Description 

The continuous stirred tank unit module is identified in 

DYNSYL by the keyword TANK1. The subroutine is named TYPE! in the 

Fortran code. This unit is a simple nonstiff differential model of 

a perfectly mixed vessel with an optional heating/cooling source. The 

unit is based on a single input and a single output stream. The ex

ternal source is identified as a separate stream so that the controller 

can use the source flowrate as a manipulated variable in a control 

scheme. The module is also equipped with an informational line to 

monitor the liquid level in the tank. Since the tank is assumed 

3.2 Continuous Stirred Tank 
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perfectly stirred, conditions of the effluent stream represent those 

within the vessel. The outlet flowrate of the vessel in this unit is 

not considered a function of the liquid level. The effluent flowrate 

is held constant unless manipulated by the controller and module. 

Since the model is based on a single input-single output set

up, if the process to be simulated calls for multiple inputs or out

puts, the junction/splitter module ("JUNC", TYPE3) must be incorporated 

into the dynamic information flow schematic. 

The energy balance equation for the system includes two ex

ternal heat transfer terms, one for transfer between the system fluid 

and the coils and the other between the tank and its surroundings. 

Therefore, if adiabatic behavior is required, the heat transfer 

coefficient in the equipment parameter specifications should be set 

to zero. The process model is shown in Figure 3.1. 

The following identifies the required input parameters for 

file "DATA.DAT" by the user. 

EP(IM,1) = tank diameter 

EP(IM,2) = heat transfer coefficient between system fluid 

and coils 

EP(IM,3) = ambient temperature 

EP(IM,4) = heat transfer coefficient between vessel and 

surroundings 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 
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r MP(IM,5) 

MP(IM,3) 

MP(IM,6) 

z  
ob 

MP(IM,4) 

Note: 

Stream labels show required stream assignments. 

Figure 3.1. Continuous Stirred Tank. 
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MP(IM,3) = input stream 

MP(IM,4) = output stream 

MP(IM,5) = level information control line 

MP(IM,6) = external source stream 

Mathematical Model 

The fluid level in the tank can be described as a function of 

time from an unsteady state total mass balance around the vessel. 

= _L ( F< . p F ) (3.2-1) at SpQ VhV i V o' v ' 

Component balances are not required since there are no reac

tions taking place and any inlet stream mixing/merging is handled 

prior to entering the tank. Temperature perturbations within the tank 

can be monitored by an overall thermal energy balance. The describing 

differential equation is 

S Vp0 - 'lVlT1 " PoCP„FoV Ui<TS - V + US(TAHB- V - SVoCP„3f 

(3.2-2) 

where 

S = tank cross-sectional area 

Cp = mean fluid heat capacity 

F = volumetric flowrate 

a = fluid level in tank 

t = time 
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'AMB = am':)1'en^ temperature 

Tg = external heating/cooling'fluid temperature 

T = fluid temperature 

= modified heat transfer coefficient between vessel and 

surroundings [energy/(degree change • time)] 

UQ = modified heat transfer coefficient between vessel fluid 

and coils [energy/(degree change • time)] 

subscripts 

i = inlet 

o = outlet 

Two terms have been included in the balance incorporating heat 

transfer between an external heating/cooling source and the system 

fluid, and heat transfer between the tank and its surroundings. In 

specifying the two pseudo heat transfer coefficients, U|, and Uj,, the 

heat transfer surface area should be worked into the coefficients, i.e. 

U' is the product of the standard heat transfer coefficient and the 

heat transfer area. 

Utilization of the unit module is demonstrated in Appendix A 

where a typical tank level control problem is presented. The simulation 

combines TANK1 and CONT to create a situation where the effluent flow-

rate is manipulated to adjust for a change in feed flowrate. 

3.3 Heat Exchanger Element 

Model Description 

The heat exchanger element unit module is identified in 

DYNSYL by the keyword HEATEX. The subroutine is named TYPE2 in the 
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Fortran code. The module represents a single element in a discretized 

mathematical formulation of a heat exchanger. The element consists 

of an inner tube passing through an outer shell. Several elements 

can be placed together to form heat exchangers of various configurations 

by proper numbering and linking of input/output streams. 

Typically, a rigorous mathematical analysis of a heat exchanger 

would involve a partial differential equation where the dependent 

variable, temperature, is both spacially and time dependent--a distri

buted parameter system. However, by discretizing with respect to the 

exchanger length, the partial differential equation is reduced to 

several coupled ordinary differential equations. Therefore, the same 

solution algorithm can be used as for the other modules. 

In using this module to simulate various heat exchanger con

figurations and types, the user must first consider the system he is 

trying to portray. For example, in representing a shell-and-tube heat 

exchanger, an equivalent tube diameter and heat transfer coefficient 

must be used to upgrade the single tube module. Care must be taken in 

assigning a heat transfer coefficient where different flow patterns 

exist between modules. Consider the system in Figure 3.2. The heat 

exchanger is a typical, baffled, two pass unit which can be modularly 

represented by five unit modules. The modules are similar in the sense 

that the form of the describing equations are similar. However, due 

to the fact that flow behaviors are dissimilar between modules, each 

module should have a representative heat transfer coefficient based on a 

geometry factor. For example, Section I has a true crossflow situation, 
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Figure 3.2. Heat Exchange Flow Configuration Example. 
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Section II has flows which are co-current, whereas, the flow configur

ation in Section III is countercurrent. Therefore, in this example, 

the heat transfer coefficient may be set as Section I's as the 

largest value, while Section II's as the lowest due to the smaller 

driving force characteristic of co-current flow. The selection of the 

coefficients is arbitrary and user dependent. 

Each element is assumed perfectly mixed. Therefore, the 

effluent stream conditions represent those within the element. In 

modeling a heat exchange unit as mentioned above, the position 

dependence on temperature is lost by finite differencing the partial 

differential equation down into a set of ordinary differential equa

tions. The discretized length is arbitrary and user dependent. It 

should be set to acquire the best solution. The discretized lengths 

need not be equal throughout the length of the exchanger. For example, 

consider a co-current, single pass shell-and-tube heat exchanger where 

the driving force between fluids is greatest near the entrance of the 

unit. The fluid temperatures will vary with position more strongly 

near the entrance than at the exit. Therefore, an expanding discretized 

grid can be used from entrance to exit, yielding a more accurate 

result than a constant large discretized length and a more feasible 

solution than a constant small length. As the discretized length is 

set smaller, the number of unit modules increases and the solution 

approaches that of the partial differential equation representation. 

However, the number of ordinary differential equations and required 

computational time is also severely increased. 
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The following identifies the required input parameters for 

file "DATA.DAT" by the user. 

EP.(IM,1) = discretized length 

EP(IM,2) = inner tube diameter 

EP(IM,3) = volume in shell element 

EP(IM,4) = heat transfer coefficient 

EP(IM,5) = volume in tube element 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = tube side inlet stream 

MP(IM,4) = tube side outlet stream 

MP(IM,5) = shell side inlet stream 

MP(IM,6) = Shell side outlet stream 

Mathematical Model 

As shown in Figure 3.3, the heat exchanger element is basically 

a simple unit to model. All that is involved is heat exchange between 

the two streams through the tube walls. Pressure drop of the fluids 

flowing through the tubes and around the baffles has been neglected. 

Two defining differential equations are required to describe the 

fluid temperature changes within the system, one for the shell side 

fluid and the other for the tube side fluid. 
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Figure 3.3. Heat Exchange Model Element. 
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Therefore, an enthalpy balance based on the tube side leads to 

dTT f 

TT " Tife-'S/VV-t0> -cf^f(TT"-TSo' 
'o To ' 1 

(3.3-1) 

Similarly for the shell side 

Tt1 - rt—<cP ts -tScP (TTn-Ts„» dt VS PC S i  i o S0 Pc S S 0 0 
«>o •'o 

(3.3-2) 

where 

Cp = fluid heat capacity 

D = equivalent inner tube diameter 

F = volumetric flowrate 

AS, = discretized length 

t = time 

T = fluid temperature 

U = standard heat transfer coefficient [energy/(area • degree 

change • time)] 

V = fluid volume per element 

p = fluid density 

subscripts 

i = inlet 

o = outlet 

S = shell side 

T = tube side 
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Two methods are typically used in describing the energy equa

tion around an element with respect to inlet and outlet temperature. 

Franks (1972) prefers to use an averaging technique for the inlet and 

outlet temperatures using the adjacent elements. The other technique, 

as presented above, uses the inlet and effluent temperature directly. 

Utilization of the unit module is demonstrated in Appendix A 

where the transient solution of a particular heat exchanger system 

similar to that shown in Figure 3.2 is presented. 

3.4 Junction/Splitter 

Model Description 

The junction/splitter unit module is identified in DYNSYL 

by the keyword JUNC. The subroutine is named TYPE3 in the Fortran 

code. This model is used to mix or split several streams. Calcula

tions are based on an instantaneous or steady state mixing behavior 

between streams; therefore, no differential equations are included 

and the mathematical system is purely algebraic. Both heat and mass 

balances are performed to calculate new outlet conditions. A re

cursive technique was required to iterate to the outlet temperature — 

a Newton-Raphson root solving algorithm was used. 

Any number of input and output streams may be blended or spit, 

not exceding a total number of nine. Both liquid and gaseous phases 

may be used but no mixed. 

The following identifies the required input parameters for 

file "DATA.DAT" by the user. 
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EP(IM,1) = Total number of input plus output streams (not to 

exceed 9) 

EP(IM,2) = Volumetric fraction of total input flow going into 

first output stream 

EP(IM,3) = Same as EP(IM,2) but with respect to second out

put stream 

EP(IM,4) - EP(IM,10) etc. 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) - MP(IM,13) = 

List all input and output stream numbers. Order 

of streams is only important for output stream 

numbers which correspond directly to volumetric 

fractions specified in the input parameter block 

Mathematical Model 

The mathematics for the unit are trivial. Since streams are 

just being combined and split, new stream conditions are essentially 

based on summing the inputs and splitting according to the specified 

fraction. For example, the realtionship describing the effluent 

volumetric flowrates is 

F =— V F.  -p •  (3 .4-1)  
°k '.j wi 

\ 
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where 

F = volumetric flowrate 

y = fraction of volumetric flowrate for specified stream 

p = mean fluid density 

subscripts 

i = inlet 

j = summation index 

k = outlet stream specifier 

o = outlet 

The temperature of the outgoing stream/s was calculated using 

an iterative technique since fluid properties were assumed functions 

of temperature. The total incoming energy was 

Q = J  F^hj  (3.4-2)  

where 

h = stream specific entalpy 

Q = total energy rate (energy/time) 

Using the high and low incoming temperatures as the range, a Newton-

Raphson iterative technique was used to find the effluent temperature. 

3.5 Binary Distillation Unit 

Model Description 

The binary distillation unit module is identified in DYNSYL 

by the keyword BINARY. The subroutine is named TYPE4 in the Fortran 
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code. This module predicts the transient behavior of an ideally 

conditioned binary distillation system. As illustrated in Figure 3.4, 

the distillation unit consists of a column, a total condenser and a 

total reboiler. The column contains N trays with each having a mass 

holdup of M., j being the tray specifier. Vapor off the top of the 
J 

column is sent through a total condenser where the temperature of the 

mixture is reduced to its bubble point. The distillate is then 

split into two streams. One is returned into the column while the other 

is taken as product. The bottoms liquid is drawn from the column's 

holdup and either removed as product or sent to the reboiler where the 

mixture is vaporized and sent back into the system. Heating and cool

ing requirements are assumed to be supplied by steam and cooling water 

of a necessary quantity and quality. Neglecting dynamics associated 

with the condenser and reboiler are really insignificant with respect 

to those of the rest of the column. The feed stream enters the column 

on the specified feed plate as a saturated liquid, therefore, at the 

mixture's bubble point. 

There are many parameters that must be monitored for proper 

control and maintenance of a distillation column. For the purpose 

of control strategies, several informational control times are available. 

The most common system control setup studied on distillation columns 

is where the distillate and bottoms compositions are controlled by 

manipulating the reflux rate and/or steam pressure, which directly 

control the column's vapor rate. As written, the subroutine assumes 

the distillate reflux rate and column vapor rate constant throughout 
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Figure 3.4. Distillation Unit. 
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the simulation unless two controllers are used to manipulate these 

variables. 

The relative volatility of the binary system is assumed con

stant throughout the column. Vapor and liquid on each tray are assumed 

to be in perfect equilibrium, indicating a Murphrey efficiency of 

unity or a 100% efficient tray. These assumptions allowed a simple 

vapor-liquid equilibrium relationship to be used. Tray hydraulic 

dynamics were ignored except for the basic mass balances around each 

tray. Other assumptions included neglection of dead time in distillation 

system, equimolal overflow and negligible heat losses throughout the 

column. 

The mathematical representation of this model was kept elemen

tary like those presented by Luyben (1973) and Edgar (1975) so that a 

module was available to show basic distillation trends. The basic 

model also has its advantages in a large scale simulation in easing the 

numerical load of an already complex system. A more rigorous approach 

is presented in the multicomponent module and by Holland and Liapis 

(1973). The mathematical system was set up so that stream numbering 

was based on only the assigned feed stream number. See Figure 3.4 

for details of sequencing. 

Mathematical Model 

Throughout the column the components are considered to have a 

constant relative volatility and, as mentioned above, the trays are 

assumed 100% efficient. Therefore, the following equilibrium relation

ship was used between the vapor and liquid 
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yn = (a-l)Xn + l 
(3.5-1) 

where 

x = liquid mole fraction of the more volatile component on 
n 

nth tray 

yn = vapor mole fraction of the more volatile component on 

the nth tray 

a = relative volatility 

Considering all assumptions mentioned above, the following equa

tions use the mathematical descriptions of the various parts of the 

distillation unit. Note that only one component balance is necessary 

for the binary system since the total mass balance is used to describe 

the flow on the plate. 

Tray Equations (nth tray). The total mass balance is 

(3.5-2) 

The component mass balance is 

[VlWxn+r xn)+*vV(Vl "V] (3.5-3) 

Top Tray (n = N). The total mass balance is 

(3.5-4) 



37 

The component mass balance is 

dxN i 

~dt" = BLjJ" ^RR^xD ' XN^ + V*yN-l ' yN^ (3.5-5) 

Bottom Tray (n = 1). The total mass balance is 

dLl l 
•ar-ici-hJ 

The component mass balance is 

dx 
f = eq- [+2l2(x2 - x1) + +vv(yB-y-,)] (3.5-7) 

Feed Plate (n = f). The total mass balance is 

"dF = I ̂Lf+1 " Lf + f^ (3.5-8) 

The component mass balance is 

dxf •, 
~dF = ^f+lLf+l^xf+l "xf^ + *vV^yf-l ~yf^ + +FF^xF"xf^ 

(3.5-9) 

Reboiler Unit. The total mass balance is 

dL B _ 1 
w - i [L, - V - B] (3.5-10) 

The component mass balance is 

dXn i 
~Ht~ = BLl C+ili (xi " xb^ + <|)vV^xB"yB^ (3.5-11) 

D 



Condenser Unit. The total mass balance is 
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dLrj -I 

-ar bCV-R-D] (3.5-12) 

The component mass balance is 

where 

B = bottoms volumetric flowrate 

D = distillate volumetric flowrate 

F = feed volumetric flowrate 

L = liquid volumetric flowrate on specified tray 

R = reflux volumetric flowrate 

t - time 

V = vapor flowrate 

X - liquid mole fraction 

y = vapor mole fraction 

6 = hydraulic constant (time) 

* = conversion factor for changing volumetric to molar flowrate 

subscripts 

B = bottoms 

D = distillate 

f = on feed plate 

F = entering with feed 



n = tray specifier 

v = vapor 

39 

3, the hydraulic constant, is the "time constant" of the tray, therefore-

fore, relating the molar holdup on each tray to a liquid flowrate. 

The following identifies the required input parameters for 

file "DATA.DAT" by the user. 

EP(IM,1) = number of theoretical trays 

EP(IM,2) = feed plate number 

EP(IM,3) = relative volatility 

EP(IM,4) = most volatile component 

= 1 first component or 

= 2 second component 

EP(IM,5) = hydraulic constant 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = feed stream 

An example of the usage of BINARY is presented in Appendix A. 

The process system simulated consists of an ideal distillation unit 

with two compositional-based feedback controllers. The controllers 

manipulate the vapor flowrate and reflux rate with respect to deviation 

from set point of the Bottoms and Reflux composition, respectively. 
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3.6 Controller 

Model Description 

The controller unit module is identified by DYNSYL in the 

keyword CONT. The subroutine is named TYPE5 in the Fortran code. 

The controller module is designed to operate in one of five modes: 

1. Proportional (P) 

2. Integral (I) 

3. Proportional-integral (PI) 

4. Proportional-derivative (PD) 

5. Proportional-Integral-Derivative (PID) 

The unit's behavior is described by an algebraic relationship, there

fore, allowing the control scheme to be only partially coupled. The 

mathematical model describing the controller dynamics is a function 

of the state variables directly, thereby eliminating intermediate 

valve dynamics. 

In the flow of information, the controller receives an input 

signal about the specified controlled state variable, calculates the 

deviation from set point and adjusts the manipulated variable accord

ingly with respect to the selected control algorithm. The controller 

can be set up to receive the controlled variable's set point by two 

methods. The first is where the controller is considered in automatic 

mode and corrects the manipulated variable based on a constant set point. 

The second method is where the controller is cascaded with another 

stream's state variable; therefore, the set point is not constant. 
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If the cascaded scheme is chosen, both the cascaded stream and state 

variable identification number must be specified in the input data file 

If the controller is chosen to work in an automatic fashion, only a 

set point value must be specified, besides the other control parameters 

Specifications of the time constants of the control algorithm 

are critical and very sensitive for program stability. Proper sign 

specifications on controller gains must be set to allow positive or 

negative controller action as required by the process application. Due 

to the nature of digital representation of the control law, a large 

number of iterations must be specified by the user in the simulation 

command parameter block via the input file. This is to insure that 

the uncoupled state variables re-evaluations are kept as close to the 

current time step of the coupled variables. 

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 

EP(IM,1) = mode selection flag 

= 1 P 

= 2 I 

= 3 PI 

= 4 PD 

= 5 PID 

EP(IM,2) = proportional gain 

EP(IM,3) = integral time constant 

EP(IM,4) = derivative time constant 
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EP(IM,5) = manipulated variable 

= 3 pressure 

= 4 temperature 

= 5 flow (height) 

=6 mole fraction of Comp. 1 

=7 mole fraction of Comp. 2 

= 8 etc. 

EP(IMS6) = set point of controlled variable (negative value 

corresponds to cascaded variable) 

EP(IM,7) = controlled variable [see EP(IM,5) specifications] 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = controlled stream 

MP(IM,4) = manipulated stream 

MP(IM,5) = cascaded stream 

Mathematical Model 

There are three basic control schemes, i.e., proportional, 

integral and derivative, which can be combined or used individually 

to adjust a manipulated variable to offset an existing error in a con

trolled variable. 

According to Stephanapoloulos (1974), the position form of the 

PID algorithm is 

(3.6-1) 
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where the error is defined as the deviation from set point 

e = set point - current state variable value (3.6-2) 

Estimating the integral and derivative terms with simple sums and dif

ferences, respectively, the digital position form is found 

p = p + k Kn Ks c 
[— + n 

[e""^ 1=c 

rei+e1-l 

Similarly for the previous step, 

>Vl = + k< i i + — i  n-i 
n-1 

+ At ^eri " en-l U 

(3.6-3) 

ei+ei-l + ̂ (en.!-en_2) 

(3.6-4) 

Subtracting (3.5-4) from (3.5-3) produces what Seborg, Edgar and 

Mellichamp (1985) refer to as the velocity form of the PID algorithm. 

p = p -i + k Hn Hn-1 c (e - e x n n-l' Tj 

e + e i n n-1 
+ a (en - 2en-l + 

(3.6-5) 

where 

en = current error 

en+.| = error from previous time step 

en_2 = error from time step previous to last 

k£ = proportional gain 

PN = manipulated state variable value 

Pn_1 = previous manipulated state variable value 

Ps = manipulated variable bias 

t = time increment 
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Tp = derivative time constant 

Tj = integral time constant 

Note that in the velocity form of the algorithm, the bias term of the 

manipulated variable, pg, has been eliminated. One advantage of the 

digital form over the continuous formula is that there is no integral 

windup; therefore, no integral resetting is required. The major 

disadvantage is that for a PD controller, no corrective action is 

taken for a constant error. 

Utilization of the unit module is demonstrated in Appendix A 

where a typical tank level control problem is presented. TANK! and CONT 

are used to simulate a situation where the affluent flowrate is 

manipulated to adjust for a change in input flowrate. 

3.7 Multicomponent Distillation Unit 

Model Description 

The multicomponent distillation unit module is identified in 

DYNSYL by the keyword COLUMN. The subroutine is named TYPE10 in the 

Fortran code. This unit module simulates a multicomponent distillation 

unit. The model is set up similarly to that of the Binary System except 

that heat transfer may be considered in this unit. Another difference 

between the models is that a distribution coefficient is estimated 

through the chemical properties package to relate the liquid and vapor 

mole fractions. Assumptions used in the derivation of the mathematical 

relationship follow: 
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1. Vapor holdup is negligible compared to liquid holdup. 

2. Vapor flowrate considered constant throughout column but varies 

with time since the feeds are a saturated liquid. 

3. Liquid on tray is perfectly mixed. 

4. Constant properties per integration time step. 

5. Vapor and liquid are in thermal but not phase equilibrium. 

Refer to the binary distillation unit model for a description 

of the physical apparatus, flow configurations and control considera

tions. 

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 

EP(IM,1) = number of theoretical trays 

EP(IM,2) = feed plate number for first feed stream 

EP(IM,3) = feed plate number for second feed stream 

EP(IM,4) = hydraulic tray constant 

EP(IM,5) = heat transfer coefficient between column and sur

roundings 

EP(IM,6) = ambient temperature, °R 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = first feed stream 

MP(IM,4) = second feed stream 
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Mathematical Model 

Vapor and liquid equilibrium information was calculated 

through a distribution coefficient, estimated with the property package, 

at the tray's current conditions. Therefore, for each component on each 

tray, the following relationship was used to calculate the vapor mole 

fraction 

y = K. x , (3.7-D 
•'n-j i nL 

where 

K- = distribution coefficient of ith component 

xn.. = liquid mole fraction of ith component 

yn.. = vapor mole fraction of ith component 

Considering all assumptions mentioned above, the following 

equations represent the mathematical relationships describing transient 

changes in liquid rate, mole fraction and temperature of various parts 

of the column. Note that one less component balances than number of 

components in the system (NCOMP) are required. 

Tray Equations (nth tray). The total mass balance is 

(3.7-2) 

The component mass balance (NCOMP-1 per tray) is 

n+lLn+l ̂ xn+l ,j " xn,j^+*vV^yn-l ,j~yn,j0-' 

(3.7-3) 
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The energy balance is 

~df = eel L [Ln+lhn+l +V(Hn-l "Hn} "Lnhn + U(TAMB"Tn) 
Pn n 

- CPnwl-Ln)] (3'7"4) 

Top Tray (n = N). The total mass balance is 

dLM i 
^ = 1(R-Lm) (3.7-5) 
dt e N; 

The component mass balance (NCOMP-1 equation) is 

n,j _ I jth comp. -gf = p-URR(xB + 
"N 

(3.7-6) 

The energy balance is 

~dT = ecJNLNptRhN+l + V(HN-1 " V "  LNhN + U^TAMB " TN) " CPnVR"LN)] 

(3.7-7) 

Bottom Tray (n=l). The total mass balance is 

Tr4[4-Li] (3.7-8) 

The component mass balance (NCOMP-1 equations) is 

dx-i -i 
jth comp. -^=3^- ̂2

L2(x2,j-xl,j) + ({,VV(yB>j--yi,j)] 

(3.7-9) 
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The energy balance is 

dTl 1 
~dt~ = 6Cp1L1P^L2h2 + V(HB"Hl^ "Llhl +U,<TAMB-Tl>-CPiTl<L2-Ll)3 

(3.7-10) 

Feed Plate (n=f). The total mass balance is 

dLo -I 
= o [L.,, -L. + F] (3.7-11) dt 3 L f+1 f 

The component mass balance (NCOMP-1 equations) are 

dxf . , 
Jth component, -gf1 = (*f+l,} " xf, J> 

+ V(i'f-l,j--S'f,j)+*FF(xF-xf'] 

(3.7-12) 

The energy balance is 

dT 
"dT = PcJ L- tLf+lhf+l +V(Hf-l "Hf* "Lfhf + U(TAMB~ V  

Pf f 

" CPTf(Lf+TLf+F) + Fh] (3.7-13) 

Reboiler Unit. The total mass balance is 

^=l [ L l-V-B] (3.7-14) 



49 

The component mass balance (NCOMP-1 equations) is 

dx • 
jth component, = gt [<hh<xi ,j " xB,j) + V^B.j "yB,j)] 

D 

(3.7-15) 

The energy balance is 

~dT " gel Lr 
tLlhl " VH1 " 4hB + U'(TAMB ~  V  "  CPBVL1 '  V ' B ^  

"B t> 
(3.7-16) 

Condenser Unit. The total mass balance is 

^ = l[V-R-D] (3.7-17) 

The component mass balance (NCOMP-1 equations) is 

dx • -l 
jth component. —Ht^ = inij^\V(yn,j ~ xD,j^ (3.7-18) 

The energy balance is 

W =  f tTLT " LRhR " LDhD + U'fTAHB " V " CPoLD <V " R " 
PD D (3.7-19) 

where 

B = bottoms flowrate 

Cp = mean heat capacity of mixture 

D = distillate flowrate 

F = feed flowrate 

L = liquid flowrate on specified tray 
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R = reflux flowrate 

t = time 

T = temperature of specified tray 

U1 = modified heat transfer coefficient 

V = vapor rate 

x = liquid mole fraction 

y = vapor mole fraction 

6 = hydraulic constant 

<f> = conversion factor for changing volumetric to molar flow-

rate 

Subscripts 

B = bottoms 

D = distillate 

f = feed plate 

F = entering feed 

j = component index 

n = tray index 

N = number of stages or top tray 

v = vapor 

All mixture enthalpies and other fluid properties were predicted 

using the property estimation package, e, the hydraulic constant, 

was used to relate the molar holdup of each tray to its liquid transfer 

rate. 

Problems were encountered simulating a stable system using the 

transient temperature approach. Therefore, these equations were not 
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used and an initial temperature distribution, which remained constant 

with time, was used to set the distribution coefficients. The user 

should define this distribution to his requirements. A good first 

approximation is to use a linear relationship between the high and low 

boiling temperatures. A pressure distribution should also be set by 

the user in the initial conditions. 

3.8 Reactors 

Model Description 

Several reactor subroutines are included varying only by their 

reaction term. Each subroutine will be identified later with its DYNSYL 

equipment name and specific reaction. Each unit describes a continuous . 

stirred tank reactor with a single input and single output stream. As 

in the stirred tank module, each unit includes a level information line 

and an external heat source which can be used for control purposes. 

The vessel is assumed perfectly stirred, therefore, the outlet stream 

represents the conditions within the vessel. 

Rate constants are represented as functions of temperature in 

the Arrhenius form, thereby, the user must specify the activation 

energy and constant in the Arrhenius relationship. If the rate con

stant is assumed independent of temperature, the activation energy 

variable should be set to zero. All components taking part in the 

reaction have a specific location in the variable order in the stream 

topology matrix. All reactions in the reactor descriptions identify the 

components by the letters A,B,C, etc., and correspond to the component 

numbers 1,2,3, etc. Therefore, in the input data file, the initial 
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condition for B should be specified in the Component 2 designated slot. 

Refer to Appendix A for details of input data file and variable slot 

specifications. 

Mathematical Model 

The fluid level dynamics in the tank can be modeled from an 

unsteady total mass balance. The resulting equation is 

The change of mass with respect to time within the tank is 

described by unsteady state component mass balances. Only one less 

than the total number of components can be specified. Balances for 

non-reacting species must also be included since these compounds do 

occupy reactor volume and affect the reaction rate. The describing mass 

balance without the Reaction term specified is 

The reaction term must be in dimensions of mole fraction/time/volume. 

The reaction rate constants are described as functions of temperature 

in the Arrhenius form. 

d* = 1 (p - F ) 
dt S ui V (3.8-1) 

(3.8-2) 

(3.8-3) 

The transient temperature equation is 

dT 
dt " TI <Fi " Fo> (3'8"4> PgSCp & 
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where 

S = cross-sectional area 

Cp = mean fluid heat capacity 

E = activation energy 

F = volumetric flowrate 

h = fluid specific enthalpy 

AHr = heat transfer term due to reaction (energy/time) 

k = rate constant 

£ = fluid level within tank 

r = reaction rate 

R = gas constant 

t = time 

T = temperature 

T^IB = ambient temperature 

U = modified heat transfer coefficient 

x = mole fraction of specified component 

P = fluid density 

subscripts 

i = i nlet 

j = component index 

o = outlet 

The individual reactor modules follow with their required in

put parameters and specific reaction. 

An example of the utilization of the reactor units is displayed 

in Appendix A. The process system simulated is similar to that shown 
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in Figure 2.1; however, a mixer model, JUNC, was included to mix two 

input streams. 

Reactor #1 

DYNSY.L equipment name: REACT! 

Subroutine name: TYPE11 

Reaction: 
k K 

A <rj—- B 
2 

Reaction rate 

r = klCA " k2CB 

where 
k, = k, e'El/RT and k? = k9 e"E2/RT 
I In ^ '0 0̂ 

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 

EP(IM,1) = tank diameter 

EP(IM,2) = heat transfer coefficient between tank contents and 

coils 

EP(IM,3) = rate constant of forward reaction, k-. 
'o 

EP(IM,4) = activation energy of forward reaction, E-| 

EP(IM,5) = rate constant of reverse reaction, kgQ 

EP(IM,6) = activation energy of reverse reaction, Eg 

EP(IM,7) = average heat of reaction 

EP(IM,8) = reactor efficiency 
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The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = inlet stream 

MP(IM,4) = outlet stream 

MP(IM,5) = informational control line 

MP(IM,6) = external source stream 

Reactor #2 

DYNSYL equipment name: REACT2 

Subroutine name: TYPE12 

Reaction: 

A + B J^c 

Reaction rate 

r. = k^Cg - K2Cc 

where 

k, = k, e~El/RT and k? = k? e'E2/RT 1 1q 2 2O 

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 

EP(IM,1) = tank diameter 

EP(IM,2) = heat transfer coefficient between fluid and coils 

EP(IM,3) = rate constant of forward reaction, klo 

EP(IM,4) = activation energy of forward reaction, E-| 
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EP(IM,5) = rate constant of reverse reaction, kgQ 

EP(IM,6) = activation energy of reverse reaction, Eg 

EP(IM,7) = average heat of reaction 

EP(IM,8) = reactor efficiency 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = inlet stream 

MP(IM,4) = outlet stream 

MP(IM,5) = level information control line 

MP(IM,6) = external heat stream 

Reactor #3 

DYNSYL equipment name: REACT3 

Subroutine name: TYPE!3 

Reaction: 

kl 2A —^ B 
'm;— 

2 

Reaction rate 

r = klCA " k2CB 

where 

k, = k, e"El^RT and k2 = k„ e"E2/,RT 1 10 d  

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 
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EP(IM,1) = tank diameter 

EP(IM,2) = heat transfer coefficient between fluid and coils 

EP(IM,3) = rate constant of forward reaction, klo 

EP(IM,4) = activation energy of forward reaction, E-| 

EP(IM,5) = rate constant of reverse reaction, 

EP(IM,6) = activation energy of reverse reaction, E2 

EP(IM,7) = average heat of reaction 

EP(IM,8) = reactor efficiency 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = inlet stream 

MP(IM,4) = outlet stream 

MP(IM,5) = level information control line 

MP(IM,6) = external heat stream 

Reactor #4 

DYNSYL equipment name: REACT4 

Subroutine name: TYPE14 

Reaction: 

k2 4 

Reaction rate 

rl = klCA" k2CB 

r2 = k3CB ~ k4CC 
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where 

^1 = k10e ar|d similarly for the other reactions 

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 

EP(IM,1) = tank diameter 

EP(IM,2) = heat transfer coefficient between fluid and coils 

The first reaction's parameters are: 

EP(IM,3) = rate constant of forward reaction, k-, 
o 

EP(IM,4) = activation energy of forward reaction, E-j 

EP(IM,5) = rate constant of reverse reaction, k9 
c o  

EP(IM,6) = activation energy of reverse reaction, E^ 

The second reaction's parameters are: 

EP(IM,7) = rate constant of forward reaction, k, °o 
EP(IM,8) = activation energy of forward reaction, Eg 

EP(IM,9) = rate constant of reverse reaction, kA Ho 
EP(IM,10) = activation energy of reverse reaction, E^ 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = inlet stream 

MP(IM,4) = outlet stream 

MP(IM,5) = level information control line 

MP(IM,6) = external heat source 
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REACT5 

TYPE!5 

rl ~ klCACB ' k2CC 

rZ = k3CCCD " k4CE 

where 

=  k ^ e  ̂ 1 a n d  s i m i l a r l y  f o r  t h e  o t h e r  r e a c t i o n s  

The following identifies the required input parameters for file 

"DATA.DAT" by the user. 

EP(IM,1) = tank diameter 

EP(IM,2) = heat transfer coefficient between fluid and coils 

The first reaction's parameters are 

EP(IM,3) = rate constant of forward reaction, k, 
'o 

EP(IM,4) = activation energy of forward reaction, E-j 

EP(IM,5) = rate constant of reverse reaction, k9 
^o 

EP(IM,6) = activation energy of reverse reaction, Eg 

Reactor #5 

DYNSYL equipment name: 

Subroutine name: 

Reaction: 

kl A + B —^ C 

C + D E 

4 

Reaction rate 
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The second reaction's parameters are: 

EP(IM,7) = rate constant of forward reaction, k, 
oo 

EP(IM,8) = activation energy of forward reaction, Eg 

EP(IM,9) = rate constant of reverse reaction, kA Ho 
EP(IM,10)= activation energy of reverse reaction, E4 

The following identifies the required stream assignments for 

file "DATA.DAT" by the user. 

MP(IM,3) = inlet stream 

MP(IM,4) = outlet stream 

MP(IM,5) = level information control line 

MP(IM,6) = external heat source 



CHAPTER 4 

CONCLUSIONS 

For process systems where the required unit modules and com

pounds are available, DYNSYL is a very useful tool. Although the 

routine has several shortcomings, which are expanded upon in the recom

mendations chapter, the routine offers a wide array of simulation 

possibilities. DYNSYL makes possible solutions where analytic solutions 

are impossible. Validity of the process simulations compared well to 

analytical solutions and simulation examples from the literature. 

Most simulation routines ran in a reasonable amount of compu

tational time; however, care must be taken to construct a system which 

is physically and numerically reasonable. For example, simulating the 

start up of a distillation unit from a constant feed throughout the 

column took approximately 24 hours to run since the system is highly 

coupled and very non-linear. What is recommended is to start the 

initial tray concentrations at what would be expected near steady 

state. Therefore, thorough analysis of the process system before a 

simulation is very important. 

The major drawback of DYNSYL is that it requires a specifically 

formatted input data set, which is non-trivial to create. However, 

by following the instructions and examples given in Appendix A, a data 

file is easily constructed. However, this is not to say the routine is 
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impossible to use. A user-friendly interaction between operator and 

program would be very useful. 

DYNSYL will be very useful as an educational tool and further 

extensions will lead to a very powerful tool to analyze process 

systems. 



CHAPTER 5 

RECOMMENDATIONS 

Several extensions can be taken from the present research to 

make the dynamic simulation routine more robust. The following are 

a few recommendations: 

1. Adapt routine to handle a sophisticated graphics routine to 

produce higher quality plots. 

2. Try to make inputting of initial data more user-friendly, 

perhaps interactive. 

3. Expand field of supported unit processes to include rigorous 

models of specific units. 

4. Include a module to simulate process dead time and noise. 

5. Create more models to handle gaseous systems. 

6. Edit distillation unit to handle heat loss distributions 

throughout column, reboiler dynamics and condenser dynamics. 

7. Adapt DYNSYL to work with advanced control algorithms, such 

as dynamic matrix control to simulate more realistic industrial 

situations. 

8. Transfer DYNSYL to a powerful Personal Computer such as a 

MicroVax or IBM AT so that the machine can be run as a real

time process control trainer. 
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APPENDIX A 

USERS MANUAL 

The following description provides a brief introduction to set

ting up the input data file, "DATA.DAT," to conform with DYNSYL require

ments. For a detailed description of the program input system required, 

refer to Barney, Ahluwalia and Johnson (1975) and Patterson and Rozsa 

(1978). 

All stream data is kept within a matrix, S(I,J,K), which is 

transferred to all routines requiring current stream information. There 

are two other main matrices that handle the pertinent process system 

information; EP(IM,I) stores equipment parameter data which is used 

within each individual subroutine. MP(IM,I) stores which stream number 

assignments are related to which unit. The index IM indicates a partic

ular unit. Each piece of equipment in the process system is given an 

individual index, IM. 

The program's array dimension statements are set for a maximum 

number of 300 streams and 35 units. If these dimensions are too small, 

they can be expanded; however, this must be done through the source code. 

The working units of the system variables are as follows: 

Pressure [=] atm 

Temperature [=] °R 

Volume [=] FT3 

64 



65 

Mass [=] lbs 

Energy [=] BTU 

The time variable is arbitrary as long as it is kept consistent 

throughout the specification of values. The initial values that must 

be set for a particular stream are: 

S(1 ,J,3) = Pressure 

S(1,J,4) = Temperature 

S(1,J,5) = Volumetric flowrate 

S(1,J,6) = mole fraction of Component 1 

S(1,J,7) = mole fraction of Component 2 

S(1,J,8) = mole fraction of Component 3 

S(1,J,9) = mole fraction of Component 4 

S(1,J,10) = mole fraction of Component 5 

S(1,J,11) = mole fraction of Component 6 

S(1,J,12) = mole fraction of Component 7 

S(1,J,13) = mole fraction of Component 8 

Stream value initialization will be further discussed later in 

this section. 

The form of the input specifications file required by DYNSYL 

is shown in Figure A.l. All commands must be presented in upper case 

letters except for the specification of compounds, which must be lower 

case. The data file is made up of six main sections: Program header, 

simulation control parameters, process module names and equipment 

parameters, stream specifications, compound list and graphing control 



*********************************************************************** 

SIMULATION DESCRIPTION 

*********************************************************************** 

BEGIN 

• SIMULATION CONTROL PARAMETERS 

PROCESS 

UNIT MODULES WITH EQUIPMENT PARAMETERS 

END 
STREAMS 

STREAM SPECIFICATIONS 

END 
COMPOUNDS 

COMPOUND LIST (LOWER CASE LETTERS) 

GRAPH 

PLOTTING SPECIFICATIONS 

END 
END 

Figure A.l. Simulation Description 
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parameters. In the program header, the user can give a brief descrip

tion of the simulation the data field will generate. None of this 

information is saved until the control parameter "BEGIN" is read 

making "BEGIN" a mandatory control parameter starting the simulation 

control parameters block. 

This block sets the program parameters such as integration 

method, final simulation time and integration convergence error re

quirement. The default values of the section are: 

EMC=0.0 (argument for random number generator) 

N1ST=1 (first variable to be a state variable) 

NFIN=6 (last variable to be a state variable) 

NB=1 (number of non-variable streams) 

MAXNE=35 (maximum number of units) 

TIME=0.0 (initial time value) 

ISTIFF=2 (stiff method of integration; 1 for Adams Method) 

MITER=2 (numerically computed Jacobian; see DRIVE in 1isting) 

NC0MP=1 (number of components) 

NMP=5 (maximum number of streams in and out of a unit) 

H=E-8 (initial time increment) 

TMAX=10.0 (simulation time) 

NPR=1 (number of iterations to be run) 

EPS=0.001 (convergence criterion) 

N0UTPUT=0 (no printout of state variable values) 

NNUM0=0 (no printout of measurement vector values) 

NLINE=0 (no lineplot) 
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N0MES=0 (no non-fatal error messages) 

, NRPT=1 (number of iterations between printing) 

N0PR=1 (fluid properties are estimated only once with 

initial conditions) 

In order to override the default values, input values may be 

read as follows (F0RMAT(3A4,F12,5)): 

BEGIN 

NONSTIFF 

COMPONENTS X 

IN/OUT X 

FEED STREAMS X 

FIRST VAR X 

LAST VAR X 

DELT X 

TIME X 

NO OF ITER X 

TOLERANCE X 

ITER BTW PRT X 

OUTPUT 

NUMOUTPUT 

LINEPLOT 

NOMESSAGE 

(starts input process; all preceeding labels 

are ignored) 

(causes non-stiff integration) 

(number of components) 

(number of streams in and out of unit) 

(number of non-variable streams) 

(first variable to be a state variable) 

(last variable to be a state variable) 

(initial time increment) 

(simulation time) 

(number of iterations to be run) 

(convergence criterion) 

(number of iterations between printing) 

(print state variable values) 

(print measurement vector values) 

(print plot to be output) 

(print non-fatal error messages) 
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NOPROP 

INTEG METHOD X (value of MITER in integrator) 

(only one fluid property evaluation with 

initial conditions 

The first simulation control parameter should be "PROCESS" 

which signals the beginning of unit module and equipment parameter 

listing. Each unit has a specific block format as follows: 

Unit name unit number (3A4,F12.5) 

Streams in and out of unit (12X,5F12,5) 

Equipment parameters (10) (12X,5F12.5) 

If the unit number is identified as a negative integer, the 

equipment parameters will be listed in the output file. Effluent 

streams from the unit should be identified as negative values. After 

all process unit equipment has been identified as alphanumeric, "END" 

must be specified to signal the end of process units. 

Stream Specification follows with the first data line set the 

number of streams involved in the process. 

When algebraic units are involved in the process system, the 

number of streams should be increased by one to allow for proper program 

execution. Stream variables can be set by two methods, "EXPLICIT" 

or "SPECIAL." The "EXPLICIT" command allows for the variable specifi

cation of an individual stream. Whereas, "SPECIAL" allows the 

STREAMS # (4A3.F12.5) 
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specification for a string of sequential streams. The format for the 

"EXPLICIT" command is 

EXPLICIT (5A3.F12.5) 

stream #, state pressure, temperature, volumetric flowrate, 

(12X,5F12.5), component mole fractions - as required (12X5F12.5) 

The format for the "SPECIAL" command is 

SPECIAL first stream # (4A3.F12.5) 

last stream #, state, pressure, temperature, volumetric flow-

rate, (12X,5F12.5), component mole fractions -as required 

(12X,5F12.5) 

The "state" of stream indicates the phase of that particular stream. 

State = 1 liquid 

State = 2 vapor 

State = 0 information control line 

If the state is presented as a negative value so that streams 

output will be suppressed, an alphanumeric "END" will end this section 

and "COMPOUNDS" will start the identification of compounds in the 

process. The compound names must be entered as lower case. The order 

of appearance also corresponds to its component number. Refer to 

CHEMPROP for supported compounds [see Soesilo (1984)]. If "none" 

lower case letters) is identified as a compound, all of the fluid's 

properties are set to unity. This allows for simulations where the 
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fluid is unimportant and only the trends of the process are to be 

monitored. 

The next section is the plotting section where "GRAPH" will 

signal the start of control parameters. The required block format is 

as follows: 

GRAPH number of plotted variables (4A3.F12.5) 

abscissa increment, line plot width index (12X,5F12.5) 

stream number, stream variable, upper and lower ordinate, 

limits (12,5F12.5) 

The abscissa increment will dominate the length of the plot 

with respect to the final simulation time. If the line plot width 

index is equal to 1, the line plot is 50 spaces wide; if it is 0, the 

plot is 100 spaces wide. The number of stream and variable identifi

cation lines wHl depend on the number of plotted variables indicated. 

Two "ENDs" will signal the end of data transmission and start 

the simulation calculations. 



APPENDIX B 

EXAMPLES 

The following set of representative examples show the utiliza

tion of the unit modules in different process situations. They are 

useful in that they show the capabilities of the subroutines and that 

the user can use them as a guide when setting up a new simulation 

process system. A majority of the unit modules written are presented; 

for those which are not, refer to the unit's individual section for 

required input parameters. 

B.I Example #1 

This example simulates a tank level control situation where 

there is a change in the level controller set point. The required 

unit modules are TANK! and CONT. 

"Water" was chosen as the system fluid. See Figure B.l for 

the simulated system. The effluent flowrate was controlled with a PI 

feedback controller with respect to the fluid level in the tank. 

Figure B.2 shows the input data file, "DATA.DAT." The transient move

ment of the fluid level is shown in Figure B.3. 

B.2 Example #2 

This example simulates two continuous stirred tank reactors in 

series. The reaction is of second order and irreversible. The rate 

constant is assumed constant with respect to temperature, k = 0.2. 
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NOTE: 
- Stream labels in ( ) 
- Each piece of equipment is 
denoted by DYNSYL Keyword 
and unit number 

CONT 

r̂ O-, 

( 1 )  

r 
ob ( 2 )  lb— 

TANK1 
1 

Figure B.I. Level Control System — Example 1. 
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TRIAL RUN ON NIX TANK WITH LEVEL CONTROLLER 
*£«*«*#**$$***********$**«$*«$#*#*$*$«*««$*«««**#«#*$*##«##«$$*«*$# 
BEGIN 
NONSTIFF 
COMPONENTS 1. 
INOT 3. 
FEED STREANSl. 
FIRST VAR 3. 
COUPLED 3. 
LAST VAR 3. 
TIMM 10. 
ITER BTW PRT 50. 
DELTA 0.0001 
TOLERANCE .001 
NOOOF ITER 500. 
LINEPLOT 
OUTPUT 
PROCESS 
TANK1 1. 

1.0 -2.0 -3.0 
2.0 50. 

CONT 

END 
STREAMS 
EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

END 
COMPOUNDS 
MATER 
GRAPH 

END 
END 

2.  
3. 
1. 
6 . 6  

4. 

2 .  
.5 
3. 
2 .  

- 2 . 0  
2.  
5. 

1. 

1. 

0. 

0. 

1. 
5. 
5. 

1 0 .  

0. 
0. 

1. 

525. 

525. 

10 .  
100. 

50. 

25. 

4.6 

Figure B.2. Input File "DATA.DAT" for Example 1. 
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SYMBOL 

A 

B 

STREAM 

3 

2 

VARIABLE 

FLOW 

FLOW 

RANGE 

0.00000 10.00000 

0.00000 100.00000 

O.OOOE+OO-
0.260E+00— 
0.520E+03— 
0.780E+00-
0.104E+01— 
0.130E+01— 
0.156E+01-
0.182E+01-
0.208E*0L-
0.234E*01— 
0.260E+01— 
0.286E+01— 
0.312E+01-
0.33 8E+01— 
0.364E+01-
0.390E+01-
0.415E+01-
0.442E+01-
0.468E+01-
0.494E*01— 
0.520E+01-
0.546E4-01-
0.572E+01— 
0.598E+01-
0. 624E+01— 
0.650E+01— 
0.676E*01— 
0.702E+01— 
0.728E+01-
0.754E+01-
0.730E+01-
0.806E+01-
0.832E+01-
0.858E+01— 
0.884E+01-
0.910E+01— 
0.936E+01-
0.962E+01— 
0.988E+01— 
END 

10 
. .1. 

20 
..I. 

30 
..I. 

40 
..I. 

50 
,.Z. 

60 
..I. 

70 
..I. 

80 
..I. 

90 100 
..!....I. 

A 
A a 

A a 

A 
A 

B a 
BA a A 

A a 
B 

B 
B 

a a 
3 

A 
A 

B 
B 

A 
A 
A 

Figure B.3. Transient Response of Fluid Level and 
Manipulated Variable from Example 1. 
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No compounds were chosen for this simulation ("none" in COMPOUND sec

tion). REACT3 was used to model the reactors. See Figure B.4 for the 

stream and unit numbering scheme -- all initial conditions are also 

noted on this figure. 

Figure B.5 illustrates the input file, "DATA.DAT," which was 

used to describe the simulation required. Figure B.6 shows the exit 

mole fractions of the primary component from each of the vessels. 

Above the plot is a legend to the graph. 

B.3 Example #3 

This example demonstrates the utilization of the heat exchange 

unit module, HEATEX. The process system discussed earlier and shown 

in Figure B.7 will be simulated. All process parameters and stream 

numbering is shown in the figure. Heat transfer coefficients were 

chosen with respect to flow configurations. The input parameter file, 

"DATA.DAT," used is shown in Figure B.8. The plot of the transient 

temperature distribution from "DATA.OUT" is shown in Figure B.9. 

B.4 Example #4 

The use of BINARY is utilized to simulate a binary distilla

tion system. Distillate and Bottoms products are controlled with 

respect to their mole fractions. PI control was used to manipulate 

reflux and vapor flowrate. The system simulated is shown in Figure 

B.10 with the process parameters and stream labels. The required input 

data file for the simulation is shown in Figure B.ll, while transient 

mole fraction distributions are shown in Figure B.12 (from "DATA.OUT"). 



ill 
X]=l 

F = 15 ft^/min 

ob 

NOTE: 
- Stream labels in ( ) 
- Each piece of equipment denoted by 
DYNSYL keyword and unit number 

(1L 

REACT3 
1 

X-| =0.33 
F = 15 ft^/min 

REACT 

(3). 

0.1 

F = 15 ft^/mi n 

Figure B.4. Two Continuous Stirred Reactors ~ Example 2. VJ 
^sj 
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*********************************************************** 

TWO STIRRED TANK REACTORS IN SERIES 
******************************************************************* 
BEGIN 
STIFF 
COMPONENTS 2. 
INOT 3. 
FEED STREAMS1. 
FIRST VAR 3. 
COUPLED 3. 
LAST VAR 5. 
TINN 9. 
ITER BTW PRT 50. 
DELTA 0.0001 
TOLERANCE .001 
NOOOF ITER 500. 
LINEPLOT 
OUTPUT 
PROCESS 
REACT3 1 

1. *"2. 4. 
2*. 0. .2 0.0 0.0 
0.0  0 .0  1 .  

REACTS 2 
2. -3. 5. 
2. 0. .2 0.0 0.0 
0.0 0.0 1. 

ENO 
STREAMS 6. 
EXPLICIT 

1. 1. 1. 560. 15. 
1. 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

2. 1. 1. 560. 15. 
0.3 

3. 1. 1. 560. 15. 
0.1 

4. 0. 4.6 10. 
1. 

5. 0. 1. 10. 
1. 

6. 0. 1. 10. 
0.0  0 .0  1 .  

ENO 
COMPOUNDS 
NONE 
6RAPH 2. 

.5 1. 
3. 6. 0. 1. 
2. 6. 0. 1. 

ENO 
ENO 

Figure B.5. Input File "DATA.DAT" for Example 2. 
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SYMBOL 

A 

B 

STREAM 

3 

2 

VARIABLE 

CMP1 

CMP1 

RANGE 

0.00000 1.00000 

0.00000 1.00000 

0 
, 1 .  

0.000E+00-
0.252E+00-
0.S04E+00-
0.756E«-00-
0.101E+01-
0.126E+01-
0.151E+01— 
0.176E+01-
0.202E+01-
0.227E+01— 
0.252E+01— 
0.277E*01— 
0.302E+01-
0.323E+01-
0.353E+01-
0.378E+01— 
0.403E+01— 
0.428E«-01-
0.454E+01-
0.479E+01-
0.504E«-01-
0.529E+01— 
0.554E+01— 
0.580E+01— 
0.605E+01— 
0.630E+01-
0.655E+01— 
0. 680E*01— 
0.706E+01— 
0.731E+01-
0.756E+01— 
0.781E+01-
0.306E+01— 
0.832E4-01-
0.857E+01— 
0.882E+01-
ENI) 

10 
..I. 

A 

20 
..I. 

30 
,.I. 
B 

40 50 60 70 80 90 100 
..I....I....I....I....I....I....I. 

A3 
A8 

A B 
A B 
B a 

A 
A 

A 
A 

A 
A 
A 

B 
B 
B 
B 
B 
B 

AB 

Figure B.6. Transient Concentration Profiles for Example 2. 



100 ft /min 
500°R 

( 12 )  

•(T) 100 ft3/mi 
'620° R 

(10) (11) 

( 6 )  

NOTE: 
- Stream labels in ( ) 
- Each piece of equipment denoted by 
DYNSYL keyword and unit number 

Figure B.7. Shell and Tube Heat Exchanger ~ Example 3. 



******************************************************************* 
HEAT EXCHANGER EXAMPLE 

******************************************************************* 
BEGIN 
STIFF 
COMPONENTS 1. 
INOT 4. 
FEEO STRSAMS1. 
FIRST VAR 2. 
COUPLED 13. 
LAST VAR 2. 
TIHH 10. 
ITER BTU PRT 50. 

0.0001 
.001 

DELTA 
TOLERANCE 
NOOOF ITER 
LINEPLOT 
OUTPUT 
PROCESS 
HEATEX 

100. 

33 
7. 
1.0 

-8. 
100. .85 

HEATEX 
"6» 

0.33 
8. 
1.3 

-9. 
100. 

HEATEX 3. 
2.  
2. 

-3. 
0.33 

9. 
1.3 

-10. 
100. 

HEATEX 4. 
4. 
2. 

-5. 
0.33 

10. 
1.3 

-11. 
100. 

HEATEX 
-4. 
0.33 

11. 
1. 

-12. 
100. 

ENO 
STREAMS 
SPECIAL 

SPECIAL 

END 
COMPOUNDS 
HATER 
GRAPH 

13. 
1. 
i. 
1. 
7. 
13. 
1. 

10. 
1. 
2. 
3. 
4. 
5. 
6« 
8. 
9. 
10. 
11. 
12. 

1. 

1. 

490. 
490. 
490. 
490. 
490. 
490. 
490. 
490. 
490. 
490. 

620. 

500. 

630. 
630. 
630. 
630. 
630. 
630. 
630. 
630. 
630. 
63(. 

100. 

100. 

ENO 
END 

Figure B.8. Input File "DATA.DAT" for Example 3. 



SYMBOL 

A 

B 

C 

0 

E 

F 

G 

H 

I 

J 

STREAM 

2 

3 

4 

5 

6 

S 

9 

10 

11 

12 

VARIABLE 

TEMP 

TEMP 

TEMP 

TEMP 

TEMP 

TEHP 

TEMP 

TEMP 

TEMP 

TEMP 

82 

RANGE 

490.00000 

490.00000 

490.00000 

490.00000 

490.00000 

490.00000 

490.00000 

490.00000 

490.00000 

490.00000 

630. 

630. 

630. 

630. 

630. 

630. 

630. 

630. 

630. 

630. 

00000 

00000 

00000 

00000 

00000 

00000 

00000 

00000 

00000 

00000 

0 10 20 30 40 50 60 70 80 90 

O.OOOE+OO—'. • F 
0.600E+00-. FH CBA 
0.110E+01—. FGHI EC B A 
0.160E+01-. F GUI J DC B A 
0.220E+01-. F G HIJ E 3 C & A 
0.280E+01—. F G HIJ E ac B A 
0.340E+01—. F G H 1J E 0 C a A 
0.400E+01—. • F G H I J  E 0 C B A 
0.460E+01-. F G H I J  E D C a A 
0.520E+01—. F G H I J  E 0 C a A 
0.580E4-01-. F G H I J  E D C S A 
0.640E+01-. • F G H I J  E 0 C a A 
0.700E+01—. F G H I J  E 0 C 8 A 
0.760E+01—. F G H I J  E D C a A 
0.820E+01—. F G H I J  C 0 C a A 
0.370E+01—. F G H I J  E D C a A 
0.920E+01-. F G H I J  E D C a A 
0.970E+01-. F G H I J  E 0 C B A 
END 

100 
I . . I. 

AB AC AO 
CD CE FG 
CD IJ 
OE 

Figure B.9. Transient Temperature Profiles from Example 3. 
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L I£_6L 

(45) 

~i 

(44) 

(47) L 
Tray 20 

Tray 19 

n 
(48) 

FEED (1) 
X = 0.5 

(25)| (24) 

Tray 10 

Tray 9 

J_L 

(9) (8) 

in 

Tray 2 

Tray 1 

(6) 

iil 

( 2 )  
(5) 

'(49) 

NOTE: 

- Stream labels in ( ) 
- Each piece of equipment denoted by 

DYNSYL keyword and unit number 

f===3 

in 
r̂ j 

Figure B.10. Distillation Unit— Example 4. 



******************************************************************* 
DISTILLATION COLUMN 

******************************************************************* 
8ESIN 
STIFF 
COMPONENTS 2. 
INOT 4. 
FEED STREANS1. 
FIRST VAR 3. 
COUPLEO 49 
LAST VAR 4. 
TIMM 20 
ITER BTM PRT 
DELTA 
NOOOF ITER 
TOLERANCE 
LINEPLOT 
OUTPUT 
PROCESS 
BINARY 

200. 
0.00001 

2000. 
0.1 

-1. 
1. -2. -49. 
20. 10. 1. 2. 1.1 
0.0 1. 0.1 2.56 

CONT -2. 
43. -47. 
1* -10. .52 2. 5. 
.98 6. 

CONT -3. 
5. -4. 
1. 10. 0.52 2. 5. 
0*02 6< 

ENO 
STREAMS 50. 
EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

1* 1. 1. 525. 100. 
0.55 0.45 

2. 1. 1. 525. 50. 
0.02 0.98 

3. 1. 1. 525. 178. 
0.035 0.493 

*• 1- 1. 525. 178. 
0.507 0.493 

5« !• 1. 525. 228. 
0.02 0.98 

6* 1. 1. 525. 178. 
0.507 0.493 

1* 1. 525. 228. 
0.035 0.825 

8* 1. 1. 525. 178. 
0.507 0.493 

9* 1* 1. 525. 228. 
0.057 0.88 

Figure B.ll. Input File "DATA.DAT" for Example 4. 
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EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

EXPLIC 

10. 
0.S07 

11. 
0.089 

12. 
0.S07 

13. 
0.132 

14. 
0.507 

15. 
0.186 

16. 
0.507 

17. 
0.250 

18. 
0.507 

19. 
0.317 

20. 
0.507 

21. 
0.379 

22.  
0.507 

23. 
0.434 

24. 
0.507 

25. 
0.477 

26. 
0.507 

27. 
0.515 

28. 
0.507 

29. 
0.563 

1. 
0.493 

1. 
0.85 

1. 
0.493 

1. 
0.81 

1. 
0.493 

1. 
0.78 

1. 
0.493 

1. 
0.74 

1. 
0.493 

1. 
0.70 

1. 
0.493 

1. 
0 .62  

1. 
0.493 

1. 
0.52 

1. 
0.493 

1. 
0.49 

1. 
0.493 

1. 
0.45 

1. 
0.493 

1. 
0.37 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

178. 

228. 

178. 

228. 

178. 

228. 

178. 

228. 

178. 

228. 

178. 

228. 

178. 

228. 

178. 

228. 

178. 

128. 

178. 

128. 



EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

EXPLICIT 

30. 
0.507 

31. 
0.619 

32. 
0.507 

33. 
0.681  

34. 
0.507 

35. 
0.743 

36. 
0.507 

37. 
0.803 

38. 
0.507 

39. 
0.856 

40. 
0.507 

41. 
0.900 

42. 
0.507 

43. 
0.934 

44. 
0.507 

45. 
0.961 

46. 
0.98 

47. 
0.98 

48. 
0.98 

49. 
0.98 

1. 
0.49.3 

1. 
0.31 

1. 
0.493 

1. 
0.257 

1. 
0.493 

1. 
0.19 

1. 
0.493 

1. 
0.15 

1. 
0.493 

1. 
0.11 

1. 
0.493 

1. 
0.08 

1. 
0.493 

1. 
0.05 

1. 
0.493 

1. 
0.04 

1. 
0.02 

1. 
0.02 

1. 
0.02 

1. 
0.02 

1. 

1. 

1. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

525. 

52S. 

525. 

525. 

525. 

178 

128 

178 

128 

178 

128 

178 

128. 

178. 

128. 

178. 

128. 

178. 

128. 

178. 

128. 

178. 

128. 

178. 

50. 



Figure B.ll. Input File "DATA.DAT" for Example 4— Continued. 

EXPLICIT 

END 
COHPOUNDS 
NONE 
SRAPH 8. 

ENO 
END 

I0' 1. 525. 
0.98 0.02 

1.0 1. 
5- 6. 0.0 1.0 
"• *• 0.0 1.0 

*• 0.0 ,1.0 
"• 0.0 1.0 
«. 6. 0.0 1.0 
llm 6« 0.0 1.0 
«. 6. 0.0 1.0 

6« 0.0 1.0 



SYMBOL STREAM VARIABLE RAN6E 

A 5 CMP1 0. 00000 1 <,00000 

B 11 CMP1 0. 00000 1.00000 

C 15 CNP1 0. 00000 1.00000 

0 19 CMP1 0. 00000 1.00000 

E 23 CHP1 0. 00000 1.00000 

F 27 CMP1 0. 00000 1.00000 

e 35 CMP1 0. 00000 1.00000 

H 46 CHP1 0. 00000 1.00000 

0 10 20 30 40 50 60 70 80 90 100 90 100 

O.OOOE+OO-.A B C 0 E 6 H. 
0.500E+00-.A B C 0 E G H. 
0.101E+01-.A 8 C 0 E 6 H. 
0.151E+01-.A B C 0 E 6 H. 
0.201E+01-.A 8 C 0 E 6 H. 
0.251E+01-.A B C 0 E G N. 
0.301E*01- . A  B C 0 E G H. 
0.351E+01-.A B c 0 E G H. 
0.401E+01- . A  B c D E G N. 
0.451E»01-.A B c 0 E G H. 
0.501E+01- . A  8 c 0 E 6 H. 
0.551E*01-.A B c 0 E G H. 
0.601E«01-.A B c D E G H. 
0.651E+01- . A  B c 0 E G H. 
0.701E+01- . A  8 c 0 E G H. 
0.751E+01- . A  8 c 0 E G H. 
0.801E+01- . A  B c 0 E G H. 
0.851E+01- . A  B c 0 E G H. 
0.901E+01- . A  B c D E G H. 
0.951E»01-.A B c 0 E *3 H. 
0.100E+02- . A  B c 0 E G H. 
0.105E+02- . A  B c 0 E G H. 
0.110E+02- . A  B c D E G H. 
0.115E+02-.A B c 0 E G H. 
0.120E+02- . A  B c D E G H. 
0.125E+02- . A  B c 0 E G H. 
0.130E+02- . A  8 c 0 E G H. 
0.135E+02- . A  8 c D E G H. 
0.140E*02- . A  B c 0 E G H. 
0.145E+02- . A  8 c D E G H. 
0.150E+02- . A  8 c D E G H. 
0.155E*02- . A  8 c 0 E G H. 
0.160E+02- . A  8 c 0 E G H. 
0.165E*02- . A  8 c 0 E G H. 
0.170E+02- . A  B c D E G H. 
0.175E+02- . A  B  c 0 E H. 
0.181E+02- . A  8 c 0 E G H. 

Figure B.12. Mole Fraction Transient Response for Example 4. 
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