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Process Degrees of Freedom

Welcome to massive open online course on basic principles and calculations in chemical
engineering. So we are discussing about the computer aided balance calculations under module
11. Now this module we will continue that discussion on computer aided balance calculations.
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And in this lecture will try to discuss about process flowsheeting and it is principles and what are

the different types of process flowsheeting and flowsheeting codes. Now for this flowsheeting
based calculations you need to know about that process degrees of freedom. We have described
in the previous lecture about that process degrees of freedom and it is analysis with various
examples. And also we have described how to you know make a process flowsheet and just by

mentioning different components and there that specifications of different variables.

And also how to you know analyze that number of degrees of freedoms, they are based on
different variables and even different independent you know equations that is developed based

on material balance and energy balance. Now based on those material balance or energy balance



equations you can make it flowsheet. And that proceed maybe you know in terms of spreadsheet

in computers screen where you can mention all those variables.

And those variables to be you know mentioned in (()) (02:16) that what is the actually material
balance equation, what is the energy balance equation. Based on which you can note down in
that you know spreadsheet for the solving of that linear equations or nonlinear equations
whatever it is coming based on that material balance. And also after you know pointing out or
you can say that specification of those you know process you know equations and you know

variables.

And then you can solve those equations by you know of some codes or by you know that
computer programs, so it will be called as flowsheeting code. So, we will show here that what
are the different types of you know flowsheeting codes are being used for solving linear and
nonlinear equations also or process optimization, you will see that there also there maybe some

you know linear and nonlinear equations which is to be solved for optimization of the process.

Based on that you know material balance and also energy balance equation and for those you
know solving of that optimization problems. Also there are several you know algorithms and you
know codes are being used to solve those equation. And we will also show those codes also here.
Now before going to that in details you have to what is that process flowsheeting.

(Refer Slide Time: 04:03)



Process flowsheeting
» Process flowsheeting is a component of process design
‘ to perform the computer-based calculations of steady-
g state energy and mass balance, sizing and costing for a
chemical process.

Now it is generally a component of process designed to perform the computer based you know
calculations of steady state energy and material balance. And also you can asses by this
flowsheeting, what is the size of that you know chemical process, equipment and also what are
the costs or economy for that particular chemical process based on that optimization problems.
You know that computer solved the problem that you know described the mathematically of a
series of that operations.

(Refer Slide Time: 04:45)

= You know the computers solve the problem that
described mathematically as a series of operations and
logical decisions theoretically
» The computer uses following to solve material and
energy balances
»equation solvers, v
/ ®»aeneric codes, v
»spread-sheets, and ¥
»flowsheeting codes v

And you can say that some logical decisions or theoretically for the optimization of the process.

And the computer uses some you know balance equations to solve those equations by certain you

know course or like you know some other you know solvers like that.



(Refer Slide Time: 05:10)

Equation-Solving Programs

» The equatfion-solving programs can be used o solve
linear and nonlinear material balances.

» The equation solving programs may contain several set
of library models/programs that you can use as it Is or
change for use in modified versions.

Now, the computer uses this following you know to solve material energy balances here you will
see as given in the slides. Here some you know equation solvers can be used to solve that you
know material and energy balance equations. Some generic codes can be used to solve that
material and energy balance equation. Even you can solve that material and energy balance in a
spreadsheets even some flowsheetings codes also available to solve with this material and energy
balance equation.

(Refer Slide Time: 05:41)

» The essential problem in flowsheeting is o solve a large
setf of linear and nonlinear equations to an acceptable
degree of precision, normally by an iterative procedure.

= |n flowsheeting, you must make sufficient specifications
to take up all the degrees of freedom.

» Once the process flowsheet is specified, the solution of
the appropriate steady state material and energy
balances of the process can be obtained by computer
code whichis known as a flowsheefing package

» The computer code is a basically an Equation-Solving
Programs

Now the essential problem in you know flowsheeting is to solve a large set of linear and

nonlinear equations. And of course this you know solution to be an acceptable degree of



precision just by iterative procedure. And in flowsheeting in that case you must make sufficient
specifications to take up all the degrees of freedom. Once the process flowsheet is specified with
process degrees of freedom and also processes specifications inlet outlet even specific

specification of this inlet and outlet.

Streams, they are with different you know variables like thermodynamic variables even dynamic
variables there. The solution of those you know specified flowsheet you know streams in that
case you will see if you are considering steady state operation then you have to solve that steady
state material and energy balances of that processes. And that can be obtained by computer code

who is known as a flowsheeting package.

Now this computer code is basically an equation solving programs there and it is based on
actually that energy and material balance equation. And some programs is made which is
actually used for that solution.

(Refer Slide Time: 07:12)

Equation-Solving Programs

» The equation-solving programs can be used o solve
linear and nonlinear material balances.

» The equation solving programs may contain several set
of library models/programs that you can use as it is or
change for use in modified versions.

Now what is that equation solving programs, the equation solving programs can be use to solve
linear and nonlinear material balance. The equation solving programs may contain several set of
you know, library models of programs that you can use as it is or change for using modified
versions. Sometimes you will see that code whatever is available commercially that you can use

for solving that linear nonlinear equation.



But if you are having different type of you know linear equations or nonlinear equations for a
specific problems there. So in that case you can modify those you know, existing you know
programs or models which is available in a library. So, in that case, you can you know
conventionally change that models and make a you know new you know modified versions of
that programs.

(Refer Slide Time: 08:11)
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= Differenticl Equations » Arblirary Length Integers

® Spaciol Funchions, » |nteractive Tables, Graphics

- Statistics and Curve F Q. efc,
» Complex Voriables atistics and Curve Fitting, efc

Now what are the you know existing library models generally available of commercially like you
know that the roots of equations there is some programs available to solve these roots equations.
And also some you know the library models are for differentiation and integration, differential
equations you know special functions, complex of variables like optimization problems, matrix
calculations, arbitrary length integers even you know interactive tables, graphics, statistics and

curve fitting etc.

So, these are the library models that are available, you can use this library models to solve your
you know linear or nonlinear equations. And also you can modify these models based on your
problems. Now what are the techniques to solve that equations.

(Refer Slide Time: 09:12)



Techniques to solve equations
» Several techniques to accomplish to solve linear or
nonlinear equations using general computer programs.
» Two major categories of solution techniques exist:
»Direct method
»|nteractive method

Now you will see that there are several techniques to you know accomplish to solve this linear
and nonlinear equations using general computer programs. Two major categories are here like
direct method and interactive method.

(Refer Slide Time: 09:26)

Direct method

® For linear equations, the direct methods come for the
most part from the wellknown Gaussian elimination
algorithm.,

; » This methods need considerable memory (in order to
store the entire matrix and the right-hand side, both
of which are constantly modified in the course of the
calculations).

» Fyrthermore, no approximate solution can be
obtained before the end of the calculations when
you arrive at the (theoretically) exact solution,

In the case of direct method, you will see that for linear equations the methods come for most

part from the well known Gaussian elimination algorithm. And this methods need considerable
memory in order to store the entire matrix and the right hand side both of which are constantly
modified in the course of calculations. You will see that if you are having set up linear equations
or nonlinear equations you will see that as per variables you can you know average you know

those equations.



And you can write a you know a linear equation forms there as a matrix forms and then you can
you know solve that matrix form of those equations by you know this Gaussian elimination
techniques. There is the algorithm is available also, you can use that algorithm to solve those you
know set of linear or nonlinear equations there. But Gaussian elimination algorithm is basically

used for linear equation solving.

Whereas, you can use that Newton Raphson method or Newton's only methods to you know
solve that nonlinear equation there. You will see that whenever you are getting that material
balance equation or energy balance equations for different components in a particular process
even for overall process also. You have to arrange all those equations as a matrix forms and then

you have to solve that you know by computer codes.

Furthermore if suppose no approximate solution if it is you know obtained from your you know
set of equations. Then you know that you have to modify that equations with some other you
know auxiliary equations. So, that you can get that solution of there but sometimes you will see
that without using that you know Newton's method or Gaussian elimination method you can
solve that equation theoretically to get that exact solution there.

(Refer Slide Time: 11:43)

Iterative methods

» |f the system of equations is written in matrix form as
ws
® the concept is to produce, starfing with an initial guess

/ X, asequence of vectors x, converging toward the
desired solufion reasonably rapidly.

» Substifution methods are one way fo implement the
concept.




And iterative methods is basically if the system of equations is written in a matrix form like AX
= b here A or here you know that coefficients and X is that set of you know variables, they are
unknown variables and b is again that some coefficients there. So, if you are expressing this you
know material balance equations as a matrix form then you can use this concept to produce you
know of that solution just by an initial guess of that like X 0 a sequence of vectors X k that
converging towards the desired solution reasonably and also rapidly.

Now substitution methods are one way to implement this concept also. So here, so in this form of
matrix you can you know solve just by you know assuming that initial guess of that X value.
And then successively you just you change that you know guess values based on that initial
guess and then coming to that you know desired solution by conversing that you know

assumptions there.

So, in that way you can solve these linear equations by iterative methods, even you can solve this
by of you know computer programs there. And this can be used for linear and nonlinear
equations but for only nonlinear equations there we have described earlier that you have to use
modified you know Newton's method there just incorporating that inverse of your Jacobian

matrix there, that we have described earlier.

Then another important points here that whenever you are expressing all those linear and
nonlinear equations in a spreadsheet then you have to make a spreadsheet programs to solve all
those you know equations there.

(Refer Slide Time: 13:50)



Spreadsheet Programs

® A spreadsheet program can be applied fo solving
material balance problems without knowing a
programming language

® A spreadsheet represent an easy-to-use, interactive
visual program with user-friendly manners.

/ » To enhance the capabilifies of spreadsheet programs,
numerous add-on products, such as

®BWOrd processors,
»three-dimensional graphics,
»general ulilities, and
»communications links can be used,

And that can be you know represented you know based on different you know aspects like you
know whether it should be you know user friendly or not, whether it should be you know easily
understood or not or whether it can be used for general utilities or not. Though there, is there any
other you know tools can be used to reduce you know spreadsheet programs or not, all those to

be actually considered there.

Now a spreadsheet program can be applied to solving only material balance problems without
knowing a programming language. Here this is one of the important point here, a spreadsheet
generally represents and easy to use and iterative you know interactive visual program with user
friendly manners. And to enhance the capabilities of spreadsheet programs, numerous add on
products such as you know word processors, 3 dimensional graphics, general utilities and
communications links can be used.

(Refer Slide Time: 15:00)



® The spreadshee! displays
a portion of a large two-
dimensional matrix (aray)
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Here see that the spreadsheet displays a portion of a large 2 dimensional matrix or array on the
you know monitor screen. As shown here in the slides that here how the spreadsheets are
actually of seen in a monitors there. So, if you are getting here a set of linear equations and then

how these set of linear equations can be expressed in a spreadsheet.

And how that is spreadsheet you actually being executed to solve this linear set of equation. So,
in that spreadsheet generally consist of numbered rows and columns that identified by sequential
parameters here. Like this here parameters or variables also parameters like here 12, 6, 9, 3, 15,
4, 4, 4, 6 like this, these are the you know coefficients here. Whereas you know that variables
like here X 1, X 2, X 3 like this.

So, in a spreadsheet you have to mention all those you know variables like here these variables X
1, X 2, X 3 and also what is that, that coefficients there. For a number of iterative procedure you
will see that that you can solve this linear equation in a spreadsheet. Now a spreadsheet codes
commonly used a method called the Gaussian Seidel you know iterative you know method to

solve a set of linear equations there.

So as per this here it is shown that here these equations are given, so as per this Gauss Seidel

iterative method how to solve this linear equation in a spreadsheet it is given there. Like this here



so how this you know linear equations can be expressed in a spreadsheet and how to solve this is
shown here.
(Refer Slide Time: 17:03)

Advantage of spreadsheet

» One advantage of spreadsheets is that the creation
and execution of spread sheets usually involves
significantly less effort than writing and running a user
friendly program

» Other advantages in engineering practice are low cost
of execution, ease of execution, reasonable speed,
and specific knowledge of the equations used in the
caleulations (in contrast fo flowsheeting codes)

Now what is the advantage of spreadsheet, one advantage of spreadsheet is that the creation and

execution of spreadsheets usually involves significantly less effort than writing and running a
user friendly program. Other advantages like in engineering practice where you know that a low
cost of execution and ease of execution reasonable speed and a specific knowledge of the
equations used in the calculations. For those cases this you know spreadsheet programs or
spreadsheet codes can be used for solving that set of linear equations.

(Refer Slide Time: 17:44)

Disadvantage of spreadsheet
= The disadvantages are that spreadsheets
cannot handle very complex material (and
energy) balance problems more suitable for
/ mainframe or minicomputers




But here some disadvantage also there, in this case the spreadsheets cannot handle very complex
material and energy balance equations. And also this spreadsheet actually is more suitable for
maintenance and minicomputers. That is why it is of you know very tough to you know get the
solution for you know very complex material energy balance in a simple computer. So in that
case you have to use some you know of minicomputers no that you know minicomputers, and it
cannot be you know used for this you know complex material and energy balance equations.
(Refer Slide Time: 18:39)

Flowsheeting Programs

® |n the 1940, the chemical process industry initiated the
use of large-scale programs for computer-aided
process design

® Such programs accept information about a chemical
process af the flowsheet level of detall, and make
calculations that provide data about not only material
and energy flows but also about costs, pipe layout, fime
effects, and other useful information for design and
operation

And flowsheeting programs, what is that actually in 1960s, the chemical process industry
initiated the use of large scale programs for computer aided process design. And such programs
accept information about a chemical process at the flowsheet level of detail and make
calculations that provide data about not only material energy flows. But also about cost, even
pipe layout, time, even effects and other you can say that useful information for design and
operation.
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Structure of a Generic Flowsheeting Code
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You can get the generic flowsheeting code based on that common structure like this here. If you
are considering that user interface you know flowsheeting code. Then in that case you need that
here input data, known values of stream variables, output report graphics and then process flow
diagram. So, from this user interface you can get these 3 component and these 3 components
basically based on that physical property data, and also that equipment unit or operation

subroutines there.

And then you can you know interconnect this physical property data and equipment unit
operation subroutines by executing that you know input and output calculations, order, files,
lists, stream connection, tests for convergence like this. So, all those things will be you know
incorporating here whenever you are using any physical property data for you know assessment
of some equipment or process just by you know conjugating that subroutines of that you know

individual equipment or process unit.

And after that you will see that based on this you can get that user interface to get that you know
input data known values of stream variables. And also what would be the output report graphs
there. And also process flow diagram based on which you can get that user interface
incorporating with those you know of that calculation based on this subroutines of that process

equipment.



Now 2 methods of flowsheeting here equation oriented method of flowsheetings are there and
also modular method of flowsheetings are there. So basically under these 2 you know
flowsheeting you know method you can you know do the flowsheeting codes and based on
which you can solve that you know process input and output variables based on their material
and energy balance equation.

(Refer Slide Time: 21:30)

Equation-oriented method of
flowsheeting

® |n this method the entire set of equations (and
inequalities) representing the process is employed.

= The equations can be solved in a sequential fashion
analogous fo the modular representation or
simultaneously by Newton's method or other methods.

Now what is that equation oriented method of flowsheeting, you will see that in this case you
know of the entire set of equations and inequalities that representing the process which is
employed there. And the equations can be solved in a you know sequential fashion which will be
analogous to the modular representation or simultaneously by Newton's methods or other
methods.

(Refer Slide Time: 21:59)



The modular method of flowsheeting

» |t is a collection of modules in which the equations (and
other information) representing each subsystem or piece of
equipment are coliected fogether

» The subsystems are coded so that the module may be used in
isolation from the rest of the flowsheet and hence is portable
from one flowsheet to another by interconnections.

.

» |nferconnections must be set up for the modules so that
information can be transferred from module to module
conceming the streams, compositions, flowrates, coefficients,
etc. and so on.

The modular method of flowsheeting is basically it is a collection of modules in which the
equations and other information representing is a subsystems or piece of equipment are you
know collected together. And the subsystems are coded, so that the module may be used in you
know that isolation from the rest of the flowsheet and also it can be used as a you know portable

from one flowsheet to you know another by interconnecting the streams there.

Now, interconnections must be you know set up for the module, so that information can be you
know transferred from module to module and concerning the streams, compositions flowrates,
coefficients etc and so on. So basically here in this case, there should be some modules this
modular method of flowsheeting there. And in that case that modules basically subsystems will

be there and those the subsystems as a module will be interconnected.

And that interconnections will be in such way that information can be you know transfer from
one module to another module. And in that case you have to incorporate that information of the
test streams, compositions, flowrates, coefficients etc. there.

(Refer Slide Time: 23:35)



»Each module contains:

»ihe equipment sizes,
»ihe material and energy balance relations,

»ihe rate equations, and allocated variables for
component flow rates,

»ihe temperatures, pressures,

®»phase conditions of each stream that enters and
leaves the physical equipment represented by the
module.

And each module will contents that you know equipment size, the material energy balance
equations, even rate equations when you will see that what are the allocated variables for that
component flowrates that also will be there. And the temperature and pressures that is called
thermodynamic variables. The phase conditions whether you know that at a particular condition
whether page will be that is converting into you know solid to you know liquid or liquid to solid

or liquid to vapor like that.

So, in that case that phase conditions of the each stream that enters and leaves the physical
equipment that will be you know represented in the module. So that is why the each module to
be you know well arranged by this information, so that these informations would be you know
transferred from one module to another module. Now other ways also you can analyze this
module based flowsheeting.
(Refer Slide Time: 24:35)
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In that case you know that most chemical processes can be represented by different combination
of you know that mass, energy and momentum transfer phenomena. Like you know that mixing,
heating, cooling, even reaction, phase contract you know that phase transition, phase separation
and also you can say that dividing up the streams like this. So, these are some you know

Other ways of module-based
flowsheeting

» Most chemical processes can be represented by different
combinations of mass, energy and momentum fransfer phenomena
such as mixing. heating, cooling, reaction, phase contact, phase
fransition, phase separation and dividing.

» Each phenomena is represented by a block diagram which is
called a building block

» The modules comprise a set of building blocks that can be
oranged in general ways fo represent any process,

phenomena based on which you can make a block diagram.

And based on this block diagram you can arrange this module and then you can you know assess

that you know module and also you can solve that module by is particular module based codes.

(Refer Slide Time: 25:31)
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Phenomena-based process flowsheet

Most processes can be represented by using the
following eight phenomena-based process blocks:

» mixing (M) (including two- = phase contact (PC)

phase-mixing (2phM)) » phase fransiiion (P1)
® heating (H) » phase separation (PS)
® cooling (C) and
® reaction (R) » dividing (D)




And this you know phenomena based process flowsheet, in that case most process can be you
know represented by using the following 8 phenomena based process blocks. Like this you know
mixing here including 2 phase mixing, even 3 phase mixing also be there if there is a multi phase
flow systems in your chemical processes. Even heating one should be one module there or you
can see that blocks.

And cooling reaction like phase contact, phase transition, phase separation and dividing. These
are the you know different 8 phenomena based process blocks which are being you know
incorporated to solve those you know linear and nonlinear set of equations that is based on your
process problems. And also you can you know optimize those process based on this you know
different you know phenomena based process blocks.

And then computers actually no computer codes are or you can say that phenomena based
flowsheeting codes can be made based on these you know phenomena based process blocks.
(Refer Slide Time: 26:49)
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®» An executive routine calls the modules in the proper
order, fransmits information from a library of subroutines,
and picks out information on physical properties from an
associated data base.,

» Fither the program and/or the user must select the
decision variables for recycle and provide estimates
of certain stream values to make sure that
convergence of the calculations occurs, especially in
a process with many recycle streams.

Now, an executive routine calls the modules in the you know proper order transmits information
from a library of subroutines and picks out information on physical properties from an associated
database. So if you have that data of that streams and modules or you can say phenomena based
blocks from those you know associated database you can you know make a you know routine or

programs.



And based on which you can transmits that information from a library of subroutines and picks
out information on physical properties from the associated data and then execution of the of you
know codes to solve that equations. Now either the program and or the user must select the
decision variables to solve those for recycle and provide estimates of you know certain stream

values to make sure that convergence of the calculations will be occurs.

Especially in a process with many recycled streams will be there. So it is very important, so
interconnections of those information whenever you are using you know the process with
recycled streams it would be required. Because in that case the informations from one output will
be you know connected to the another input of another you know process unit.

So, in that case all the informations to be you know wisely you know selected and also what
should be the you know of decision variables for that recycle or you know you can say that how
that you know decision variables will be you know making that conversions of that calculation
there. And it is important and it the code should be you know written in such a way that there
will be some convergence of that you know solution whenever you are considering that
transferring of that information from module to module.

(Refer Slide Time: 29:08)
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Now typical course that are used to execute that flowsheeting here given in the slides like
ASPENPLUS you know CAPES CHESS, CONCEPT, even PROCESS you know SIMMOD
SPEEDUP, even SYMBOL. These are some you know commonly used that codes to execute the
flowsheeting calculations there.

(Refer Slide Time: 29:27)
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Main features of the flowsheeting program is that here given that information flow in a typical
flowsheeting code is given here. Like flowsheeting functions that you have to first decide and
then you have to do the manager and material balance equation and select those equations and
write that equations there. And then it will be connected to that numerical subroutines, so that

you can solve this energy and material balance equations.

For all the streams and unit is that you have to do this here and then sizing data to be
incorporated for that equipment sizing. And then you know that cost data also to be you know
incorporated for this cost estimation after that equipment sizing. All these you know energy
balance equation when material balance equation, and then equipment sizing, and then cost

estimation are interconnected with link information there.

And then after that you have to analyze that economic there, so that this process know that
economically viable or not and then you have to analyze the profitability. So all for this finally

this you know our feasibility of that process whether it will be economic or not based on that you



know energy and material balance equation. Now you have to solve that energy and material

balance equation sand for that you have to use some numerical subroutines.

And after solving those also you have to you know incorporate that equipment sizing, analyze
that equipment sizing based on that sizing data. And then cost estimation based on that cost of
data and then you know evaluation of the feasibility of that process based on that data. Now in
this way you can say that how that you know flowsheeting programs can be made based on that
you know raw materials data and also other informative of this process.

(Refer Slide Time: 31:37)
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Interconnections of the information how it can be done, suppose there is a module here, so in that
case some says subsystem module will be there. So, you have to use some you know subsystem
model that contains equations, inequalities, you know listed data, calls of database. And then you
know that you have to you know, know that inlet information there, what will be the variables,

what will be the coefficient, what will be the streams and energy flows there.

In the outlet also that information should be there, variables coefficient streams and energy
flows. Now this inlet and outlet will be interconnecting by this you know subsystem model and
with those equations inequalities and listed data.

(Refer Slide Time: 32:26)



Difficulties exist with modular codes
relative to equation-based codes:

® The oulpul of one module is the input to ancther. The input and oulpul
varnables in a computer module are fixed so that you cannot arbitrarly
introduce an output and generate an input

® The modules may require a fixed precedence order of solution [1.e., the
oulpul of one module must become the input of another); hence,
! convergence may be siower than In an equation-solving code, and the
/ compulational costs may be high

» Jo specify o parameter in a module as a design variable, you have fo
place a control block around the module and adjust the parameter such
that design specifications are met, This arangement creates aloop, If the
values of many design variables are fo be determined, you might end
up with several nested loops of calculation,

i

Of course you will see them some difficulties will be there with modular codes relative to
equation based codes there. Now the output of one module is the input to another here in this
case basically for modular based codes. The input and output variables in a computer module
are fixed, so that you cannot arbitrarily introduce an output and generate an input.

The modules may require a fixed you know precedence order of solution that is the output of one
module must become the input of another in this case. Hence convergence may be slower than in
an equation solving code and the computational cost maybe high in that case. Now to specify a
parameter in a module as a design variable you have to you know place a you know control you

know block around the module.

And adjust the parameter such that design specification will be met there. And this arrangement
of course will be creates a loop and in that case if the values of many design variables are to be
determined, you have to you know end up with several you know nested loops of that
calculation.
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Tearing

» The concept of tearing has evolved in connection with
modular flowsheeting codes fo solve material (and
energy) balances,

® Tearing involves decoupling the interconnections
between the modules so that sequential information
flow takes place.

» Tearing Is required because of loops of information
created by recycle streams.

Now the concept of tearing is one important you know phenomena who is involved in

connection with the modular flowsheeting codes to solve material and energy balance equation.

In that case tearing will be involves for the decoupling the interconnections between the

modules. So that you know sequential information flow takes place and also it is required

because of loops of information created by you know recycle streams.

(Refer Slide Time: 34:26)
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Example: Simultaneous Equation and Modular
Techniques of Solving Material Balances

®» Problem: A two-stage process with one recycle stream is shown in Figure.

By the total material balances for the process to calculate the amount of

the recycle stream R as a funclion of 1, the fraction of A recycled. Use «
Ifdand = 3/4for 0 comparison,

Now, let us have an example for this simultaneous equation and modular techniques of solving

material balances. Now suppose a 2 step process with 1 recycle stream is shown in figure by the

total material balances for the process to calculate the amount of the recycle stream r as a



function of small r here. Now the fraction of a recycled use r = 1 by 4 and r = 3 by 4 for a
comparison.

Now in this case you have to calculate the amount of the recycle stream r as a function of small r
here. Now see here there are 2 models 1 and 2, 2 stage process here, so from this second stage
there will be some recycle amount. Now that recycle amount will be you know that some
fractions of this output of this process 1. So in that case you have to find out the what will be the

amount of that recycled streams r as a function in that case.

And also you have to calculate that the fraction of A that is recycled, now in this case you can
consider that fraction of A recycled isr =1 by 4 and r = 3 by 4 for a comparison.
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Solution
» The malerial bolances are: F=100 AN
[ WTC
® Unit2A=R+P ReTA
= The fraction recycle isAr= R
One can use Gaussion eliminalion method fo solve
A-R =100 ~ and successive elemenlary operations result in the
matri
A-R=-P =0 v :
rA-R =0
= 100 “’"(1_, |+
010
1 -1 0][100 00 1 100|\ﬁ’]
1 -1 1{] 0
S — 0
r -1 0 0 100

A omm s

Now in this case if | considered that the material balance here for the unit 1 that will be 100 + R
that will be is equal to A. And for unit 2 that material balance will be balance A will be equals to
R + P. And the fraction recycled will be is equal to Ar that will equals to R. Now in this case if
we write that you know linear equation set here. Like here we can write A — R will be equals to
100 and then A - R — P will be equals to 0 as per that unit 2.

And then from this rA - R that will be equals to 0, so these are 3 questions you can write. And if

we express this linear set of equations as a matrix forms, we can write this matrix form here, 1 —



101-1-1r—10 10000 here. Here this 1 1 1 these are basically the coefficients of that you
know streams here of R A P like this. Then one can use Gaussian elimination method to solve

and successive elementary operations that results in the matrix.

Like this here we can you know use this Gaussian elimination method and finally we can write
these results as a matrix here. Like this here in thiscase 1000 1 0 1 0001 you have to make like
this as for Gaussian elimination method. And accordingly what will be this you know matrix of
this write part of this you know formulation then it will be 100 into 1 by 1 -r 100 intor by 1 —r
100 like this.
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| v*

® leading fo the solution A= 100(l r)
r \
R=100(—) |*
1-r
P=100 _-

® For the two given values ofr,

A 13 400 «
B K
P 100 .~ 100 v

So after that to get the solution what you can say that resolving this we can simply say that here
A will be equals to here 100 into 1 by 1 —r.
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The modular approach to the solution
of the problem

» |t would involve solving unit | for A first assuming a value for R, the tear
variable. Then unit 2 would be solved, the value of R calculated, and the
valve calculoted compared with the ossumed volue

® |f the erroris nol small enough, the new value of R from unit 2 would
become the assumed value of R ¢
unit 2 solved agoin
eror in R became

pose thal we starf with R =

Therefore, —
Unit1: A, =100+R, v
Unit2: R.=A,r -
where k designates the stage in the iteration,

So here and then we can say that R will be equals to here 100 into r divided by 1 — r whereas P,
here P will be is equal to what 100 there. So in this way we can solve this equation just ask for
that formation of matrix from that linear set of material balance equation. Now for the 2 given
values of R what will be the value of A what will be the value of R and what will be the value of

P for that streams that can be obtained here.

Now for you know A if R is equal to 1 by 4 we are getting here 133, if suppose fractions is 3 by
4 A will be is equal to 400. And for r is small r is equal to 1 by 4 it will be recycled stream will
be 33. And for fractions r is equal to 3 by 4 that recycled streams will be 300. And for products
we can say that for the fractions r is equal to 1 by 4 this products streams will be of 100 and

similarly for that fractions of r is equal to 3 by 4 it will be 100.

So here we are getting this solution for different fractions there, but for all cases we are getting
that here same value of these products which is coming as 100 here. Because as per this you will
see that overall material balance which will be giving as the heat 100 will be is equal to what is
that output 100 here. Another examples of this modular approach to the solution of the problems
like this.

It would be involved solve the unit 1 for A first assuming a value for r, the tear variables then

you need to would be solved. Now the value of R calculated and the value calculated compared



to the assumed value here. If the error is not small enough the new value of R from the unit 2
would become the you know assume value of R for unit 1. And unit 1 solved again for A and
you need to solve again there the sequence of solutions would be repeated until the error in R
becomes sufficiently small.

Because R is initially not known, suppose that we start with R is equal to 0 here and A is equal to
100 as the initial guesses. So in that case for unit 1 we can right here A k will be equals to 100 +
R k and unit 2 R k take is equal to A k into r. So based on that you know initial guess how we are
getting that different values of you know A and R there based on different iterations starting with
initial guess.
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Successive calculations result

kK R A=100+R  R=Ar R A=100+R R=Ar

U @/ 100 v~ 2% - 0 100 75
o 2025 125 = KA B 175 13125
2 3 31.25 131.25 3281 131.25 231.25 173.44
8%\ 4| i 13281 320 17344 27344 20508
& f 5| 32 133.20 33.30 20508 30508 22881
Jdad 6] B2 133,30 B3 2881 3881 24481

7| ny  Ans @)  mes s 260,11
SN BipEs 133,33 333 2001 36001 270.08
£E 9| um 133.33 3333 27008 37008 27756
55 0| un® 133,33 333 156 3156 23,17

« }B 13 B3 20000 40000 @

That is given here tabular format have of that successive calculations result. In that case if you
are considering that r = 0.25 and initial case at you know first iteration here R = 0. And then A
will be is equal to 100, and then for iteration 2 R is equal to you know 25, 125 it will be then,
capital R is recycle will be accordingly there. So if we you know change the iteration here and

changing that you know r value as per that you know this relationships.

Then we can have this you know a successive you know iterations just by guessing that initiation
of the you know final value of the previous you know iterations. So, in that case finally we can

get to that at R = 33.33 we are getting A is 133.33 and then capital R will be is equal to what will



be that 33.33. And in this case you will see that this recycle streams are changing based on that
iterations and it is changing from 25 and then 31.25 and 32.81, 33.20.

Once you will see that it will be not changing significantly, in that case we can stop that
iterations there and we can select that final value of that R and respective A value and P value
there. So here we are getting that this at R = 33.33 this you know the change of this R will be is
equal to you know almost negligible. So, in that case we can decide that this R at this 7th
iterations we are getting that final value of R and then A and then what is that capital R is equal
to this.

Similarly for R = 0.75 that is 3 by 4, we can simply consider that iterations here and accordingly
we can calculate. And you will see that infinite value of that you know iterations there. So we
can say that there will be a you know R value of like this here where there will be no change of
that you know of R value there accordingly. So, in this way we can say that just by guessing that

initial guess and successively if we calculate that you know R k value.

And if you think see that there will be no sufficiently you know change of that iterations then
you can stop that you know iterations and you can select that value of that particular that streams
value there. So in this case since recycles we are considering that iterations based on these R
value iterations value we are getting that at infinite you know iterations we are getting that

almost negligible change of that R value.

So we can select that you know respective value of that R value and also respective for that
stream other stream values.
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Equation-based flowsheeting

[or noniinear
solved

using on appropriaie
computer code

Sels of inear o
equalions car
simultonaou

® Whatever the code wsed 10 solve
material and energy balonce
problems: you mus ade certain
inpul infor o he code In on
occoplable format

- A'(lsmhccl‘ng codes require an
iflcemation flowsheet

In the nlormation flowsheel, you
use the name of the mathematicol
model (subroutine for modukar-based
flowsheefing) that will be used for the
calcuiabions inslead of the name of
the process unit

In this way we can solve this modular based approach to solve this type of problem. And
equation based flowsheeting there, in that case you have to consider sets of linear and nonlinear
equations which will be solved simultaneously using an appropriate computer code. Whatever
the code used to solve material and energy balance problems, you must provide certain you know

input information to the code in an acceptable format.

All the flowsheeting codes require an information flowsheet, like in the information flowsheet,
you use the name of you know mathematical model maybe subroutine for modular based
flowsheeting. That will be used for the calculations instead of name of the process unit there.
(Refer Slide Time: 45:33)

®» Once the information flowsheet is set up, the
determination of the process topologyis easy,

®» You can immediately write down the stream
interconnection between the modules (or
subroutines) that have to be included in the
input data set.

® The interconnections between fhe unit
modules may represent information flow as
well as material and energy flow,




Now once the information flowsheet is set up then the determination of the process or topology
will be easy. And you can immediately write down the stream interconnections between the
modules or subroutines that have to be included in the input dataset. The interconnections
between the unit modules may represent information flow as well as material and energy flow.
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» |n the mathematical representation of the plant the
interconnection equations are the material and
energy balance flows between model subsystems.

/ » Fquations for models such as mixing, reaction, heat

/ exchange, and so on, must also be listed so that
they canbe entered into the computer code used
to solve the equation.

Now in the mathematical representation you will see of the plant the interconnection equations

are the material energy balance flows between model you know subsystems. And equations for
models such as mixing, reaction, heat exchange and so on must be listed, so that they can be
entered into the computer code use to solve the equation.
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= Table (in the next slide) lists the common fype of
equations that might be used for a single
subsystem.

®|n general, similar process units repeatedly

; occurin a plant and can be represented by
the same set of equations, which differ only in

the names of variables, the number of terms in
the summations, and the values of any
coefficients in the equations.




Now you will see that there will be a certain table which is shown in the next you know slides
like this.
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System diagram
Q o W

l"CC')\rnJJ Flow 1 outgoing
Materia . process » [ Moterial
sreoms l : n : J sireams
Total mass balonce {or mole Component mass balance [or mole
balance without reaction) balance withoul reaction)
NI NT NI NI
Ye=Y B | SeweE o, o
{ { ") )
/ =l inNl+) g is) =N
Energy bolence forj=1.2. NC

Summation of mole or mass fractions
N . , N ) W
Y EH +0,-W,, = \X EH, Yu, =10 fri=l2..M
1 NI s}

M

Some common type of equations that might be used for a single subsystem. In general similar
process units repeatedly occur in a plant and can be represented by the same set of equations
which differ only in the names of variables, the number of terms, in the summations and the
values of any coefficients in the equations. Now there are several equations that are actually

being used, some are you know material balance, some are you know energy balances.

Here it is given some material balance in general forms, in energy balance in general forms and
component material balance also and summation of you know molar mass fractions to be there.
So, for a particular flow process what will be the incoming material streams, what will be the
outgoing material stream that you have to know. And based on which you have to do that
material balance and energy balance and also some other equations that you have to note down.
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And also some other equations like you know vapor liquid equilibrium distribution is there or
not, equilibrium vaporization coefficient or not how it will be related. And total mole balance,
total you know component mole balance, molar atom balances, mechanical energy balance, all
those equations to be incorporated there in equation based flowsheeting.
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Computer Codes to Solve Sefs of
Nonlinear Equations

Code |  Method Source l
COSNAF | Powed's hybrid NAG, 1101 31t S1., Suite 100, Downers Grove, IL 0515 |

DEPAR Homotopy plus | Algorithm 502. ACM Irons. Math, Soffware,

| Newton v.2.p. 98 (1976} ‘
HYBRD | Powell's hybrid | MINIPACK, Argonne Nall. Lab,, Argonne, IL

| 60439, |

/ — AT
/,‘ | Homotopy 1. D, Seader, Dept, Chem, Eng.. University of Utoh, Salf Lake

| City, UT 84112 |
SOSNLE larawn'."'c“hoc Numerical Math, Div,, Sandia Nolt. Lab , w

| Albuqueraue, NM 87185 I
b b it SN R
Vardous | Newlon, secont £, De

} Englewood CHfs, NJ 07632 ‘
ISYSTM | Brents method | IMSL, 7500 Bellaire Bvd., Houston, TX 77034 |

Now, what are the general computer codes to solve the sets of nonlinear equations, there are
several you know codes that are available thereof they are like this. Here in this slides it is shown
here like Co5NAF in a deeper you know HYBRD SOSNLE and Various even you will see that
ZSYSTM, these are the some you know, popular codes that are being used for solve the set of

nonlinear equation.
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Typical process modules are given in the slides here in sequential modular base flowsheeting
codes with their subroutine names here like mixer you know splitter, valve even flash drum when
you will see that are furnace, exchanger even compressor, turbine, process pump, absorber,
extractor, striper. These are you know commonly used chemical engineering process module
there also distillation column, complex column there, simple reactor, equilibrium reactor, you

can say that plug flow reactors, CSTR like this.

So these are the common you know process modules that is being used in chemical engineering
process. And based on this there are you know flowsheeting codes are available with their
subroutines names.
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Computer-aided tools for process optimization
Different computer-aided tools can (% 4
be employed for performing and \&f ™
evaluating process opfimization oL \
It provides the A~ AN
tapld Investigation ey \
/ of process ~] \
/ A )
' For the selection of process roubmy: [\
feasibility, model-based economic 1A
and sustainability indicator-based f
environmental evaluations are / il
performed o asses the process / [
viability, .

Now computer aided tools for this process optimization is also important there after you know of
solving those equations and then you have to optimize also with a certain constants there. Now,
different computer aided tools can be employed for performing and evaluating process that
optimization. Now for the selection of process feasibility, model based economic and
sustainability, indicator based, environmental you know evaluations are perform to assess the
process viability. Now it provides the rapid investigation of the process you know feasibility.
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Some important method-based-tools
Tool-name/ | Features Intensification Observations
fool-type*

Property ICAS-utiity/ Group contribufion- Use of phase
model-based Analysis bosed property models  diagrams for reaction,
used for VLE, LLE, SLE, separation, and/or
:I“ U distilation boundory, reaction-separation
/ Conoutor Aded_ f@Sidu® CUIVE, efc., understanding
/ System calculations
CAMD; ProCAMD/ Search and selectionof  Selection of environ-
Dotabase Selection  solvents for various types  mentally friendly
search of solvent bosed solvents that affect
amatames separation processes the separation of

oo compounds

Gt R, Hytoft G, Jakslaid €, Jeasen AK (1997) An iotegrated computer auded system for

integrated design of chemical processes. Comput Chem Eag 21(10):1133-1146

So, in that case you have to use some method based tools there, there are several methods are
available and based on which respective tools also are available to you know assets that

optimization problems. Now some methods like you know property model based methods there.



And based on that property model there are some tools are available like it is called ICAS utility
tools or analysis tools.

Here ICAS it is called integrated computer aided systems there, they are you will see that group
contribution, based property models used for you know vapor liquid equilibrium, liquid-liquid
equilibrium and solid liquid equilibrium even you know distillation boundary, residue curve etc.
For those things you know to analyze this you know codes are being used. Now, it is generally
used for you know, phase diagrams for reaction separation and reaction separation process like
this.

Like CAMD database search also one method based on which you know proCAMD or selection,
computer aided tools of each you know developed. And in that case you will see that based on
these CAMD tools you can you know search and you know select the solvents for various types
of solvent based separation processes. And in this case the selection of environmentally friendly
solvents that affect the separation of the compounds.

That is why you have to select that suitable solvents and various types of solvent which is useful
for the separation process.
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Method Tool- Features Observations
name/ Infensification
fool-type*

Driving PDS/ Generation of Use of driving force

force-based; Design, phase and driving ~ diagrams for the
Equiibriumb  Analysis  force diagrams for  optimal design of

ased soserote  GeSign of distilafion  hybrid/ intensified
Desgndytem  COlUMNS unit operations
" Model/ ECON/ Economic Economic evaluation
Heuristic- Analysis calculation and of processes for
based evaluation identifying economic

design fargets for

achieving process

intensification
Gani R, Hytolt G, Jakslared C, Jensent AK (1997) A integrated compates asded syvtem fos

mtegrated desgn of chemical processes, Comput Chem Eag 21(10):1135-1146




Another important method like driving force based equilibrium of you know based methods.
They are computer you know tools or they are like here PDS you know design analysis tools are
there, generation of phase and driving force diagrams for the design of distillation column it is
being used. And in that case how to use that driving force diagrams for the optimal design of the
hybrid and intensified unit operations there.

Other tools like you know model heuristic based tools there, it is called ECON in that case
economic calculation and evolution is being done based on this ECON.
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- Method Tool-name/ | Features Observations
fool-type* |Infensification

Model- SustainPro/ Indicator-based Environmentol evaluation

based  Analysis method of processes for identifying
design targets for
achieving process
intensification

Model- CAPS/ Pure component  Pure compound property

/ based  Analysis property analysis  evaluation for identifying

/ cars = Compute feasible hybrid/infensified
bwrlinn unit operations
Model- ProPred Group confribution- Pure compound property
based based property prediction
models

Gani R, Hytolt G, Jakslacd €, Jensen AK (1997) An integrated computes aded system log

integrated desgn of chiemical processes, Comput Chem Eag 21(10):1135-1146

Other like model based here like this SustainPro or analysis it is generally used for you know
environmental evaluation of process for identifying design targets for achieving process
intensification. Another important model based it is called ProPred, this is generally being used
for pure component property prediction. So for that particular process how to predict that
property of that compound based on this tool.
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Tool-name/ | Features Infensificalion | Observations

tool-type*
Equation Mol Aspen  Indicator-based Model-based
oriented Custom methodProcessand  evaluation and
problem Modeler/  properly modek can  design of infensi-
solution  Analysis be generated and fied/hybrid unit

solved forevaluation.  operations
Model-  AspenPlus,  Models for welkknown  Model-based
"based  PROI/ and simulation and
calculati - Analysis hybrid/intensified unit  analysis of multiple
ons operations intensified Process
alternatives

Gani R, Hytott G, faksland C, Jensen AK {1997) An ustegrated computer aided system for

uitegrated desgn of chemical processes, Camput Chem Eng 21{10):1135-1146

Equation oriented problem solution tool also available like Aspen, Custom Modeller there. In
that case model based evaluation and design of intensified or hybrid unit operations are being
done based on this tool. Even model based calculations also one method, in that case the tool is
Aspen Plus or Proll there. And based on this you know tools you can assess the model based
simulation and analysis of multiple intensified process alternatives.
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Further reading......

Text Books:

®» R. M. Felder, Ronald W, Rousseau, Lisa G, Bullord, Bementary
Principles of Chemical Processes, 4th Ed., John Wiley & Sons,
Asia, 2017.

/ » D, M, Himmelblay, J, B, Riggs, Basic Principles and Calculations in
Chemical Engineering, 7/8th Ed., Prentice Hall of India, 2012,

Reference Books:

= N, Chopey, Handbook of Chemical Engineering Calculations,
4th Ed., Mc-Graw Hill, 2012.

» Olaf, KM. Watson and R, A. R. Hougen, Chemical Process
Principles, Part |: Materiol and Energy Balonces, 2nd Ed., John
Wiley & Sons, 2004.

We have described the different aspects of that flowsheeting, even modular based flowsheeting
and also equation based flowsheeting. And also how to you know solve that equation based

flowsheeting, based on that codes. And also what are the other different computer based



flowsheeting codes are available it is shown here. So these are very basic and fundamentals of
this flowsheetings.

And further understanding of this you know flowsheeting codes there, you have to you know do
another course for this you know optimization course where you can learn different codes by
which you can solve that you know optimization problem based on that different tools and how it
can be done it is the there. So this you know course only this much of scope is there to learn.

And | think it will be helpful for further understanding of the you know optimization problem
based on these different codes, so it will be helpful for you. | would suggest you to go further for
basic of this you know flowsheeting things from this you know textbooks . It will be you know
more informative for you there.
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Thank You

Next Lecture:

Case Studies: Chemical Process
with Simultaneous Material and
Energy Balance

And in the next module we will try to you know discuss the case studies of chemical processes
with simultaneous material energy balance equations. So, whatever we have learned till now that
energy balance equation, material balance equation, even how to solve the equations they are.
So, based on which we will describe one you know industrial process with multiple units, the

complete processes.



And we will show that how to do that material balance and energy balance and based on which
you will be able to understand that complete set of chemical process and it is material and energy
balance. So thank you for giving your attention here.



