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CONCEPTS COVERED

* Multiple coupled units with recycle streams

**+ Solving complex network units and convergence issues

Hello everyone. In this class we are going to talk about a complex network problem involving

you know multiple units not two or three but multiple units and different types of units. So,
this is regarding the process of you know ammonia synthesis or this classically known as the

Habers-Bosch process. So, here the different units are actually coupled.

So, input of one string goes to the output of one stream and then you also have some you
know splitting recycles and because there are a lot of you know streams involved in this
process convergence of this complex problem is very very critical issue. So, we will talk
about the different types of convergence methods or like try to look into the different you
know solver methodologies and how these convergence issues can be tackled and what is the
background of the different types of you know convergence options or the different types of

solution methods that are present.
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FLOWSHEET NETWORK PROBLEM — AMMONIA SYNTHESIS
(CONVERGENCE PROBLEMS)

Feed (80°F, 300 psia)

Nitrogen 100 1b mol/h
Hydrogen 300 1b mol/h
Ammonia 0 COMP
Carbon dioxide I Ib mol/h

&l

PURGESPL

P = 4000 psia split =0.01%

P

HEATER

HEATER

Double stage, P=4000 psia T=900°F .
isentropic, Parop = 30 psi
InterStage cooler -1

Qutlet temp 80 F Gibbs reactor

So, now let us go to the flow sheet of the problem of ammonia synthesis and this you can see

that the feed that is denoted here in this first goes through you know multi stage compression
because the feed is at 300 psia but this has to be compressed to almost 4000 psia. So, that is
something too much extreme to be handled by a single stage compressor that is why multi-
stage compressor is used. Then it goes to a mixer because there is a recycling stream coming
and this idea of recycling was originally proposed by Haber-Bosch. So, as to improve the

conversion of the ammonia.

So, if you look into the ammonia synthesis you know the process, I am sure you must have
studied this in your chemical technology class you will see that as far as the equilibrium is
concerned you need to you know, you know if you apply high pressure the conversion will be
more but there is one problem of the side reactions there is one problem of the side reactions
that affects the ammonia formation a lot. Moreover, this ammonia production is an

exothermic process but you need to operate this system at a high temperature.

So, as a result the single pass conversion is very low in this reaction to improve that single
pass conversion what you do is that you increase your pressure, further for industrial you
know feasibility the idea of recycling has been improvised. So, any unreacted components
nitrogen particularly hydrogen is essentially recycled. So, as to improve the conversion or per

pass conversion.
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So, for the side reactions to be avoided side reactions normally goes to you know ammonia
biurets and all those things which is to be avoided the temperature is increased. So, that the
kinetics is faster and this byproduct formation is reduced but on the downside is that if you
increase the temperature, is an exothermic reaction. So, the conversion is low to circumvent

this problem you have this recycling as well as you know this high-pressure operation.

So, from the equilibrium knowledge or from the equilibrium you know idea or the concept
this should not operate at high temperature but high temperature is used to faster the kinetics.
So, that the byproduct formation can be reduced. Now, you see in this case because there is a
recycling stream that is why the merger or the mixer you know component is used and this

recycling stream is also pressurized at the same pressure.

So, either this is mixed. So, generally that is what it is done because the output of the system
whatever we are getting is already you know quite well pressurized even though it is not up
to 4000 psia but it is quite well pressurized. So, mixing that stream to the feed stream it will
lead to a lot of loss of energy instead you can use a single stage compressor to just increase
the pressure little bit and bring it up to 4000 psia and mixed with pressurized stream, feed

stream in the mixer then it is passed through a heater then through a reactor.

So, this feed whatever is present is let us say a very low temperature that has to be heated up
to almost 900 degree centigrade that is close to the reactor temperature and next we have the
you know this heater is essentially HXER?2 is essentially the cooler. So, bring it down to the

temperature lower temperature. So, that you can operate the flash.

So, flash is a easy way of separating the you know ammonia with the other gaseous
components nitrogen hydrogen with easily in the flash or this you know in the flash it will
just get you know vaporized and it will just move out now in this top there is a need for a

split or a splitter.

So, why the splitter is necessary is because you do not wish to recycle entire unreacted
compounds why? because normally the source of hydrogen in any ammonia synthesis the
source of hydrogen is from the refinery from the reforming or the water gas shift reaction. So,
there is a possibility of some hydrocarbon-based compounds which is already present in the
hydrogen and that you know separation or to get a very high purity hydrogen is not

economically feasible.
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So, if you do not have these splits then this hydrocarbon waste particularly carbon dioxide
other hydrocarbons will essentially gets accumulated in the system for that split is necessary.
Split will also help you to balance the stoichiometric amount of course you are losing some
amount of hydrogen see nitrogen is not costly but hydrogen is so you are of course losing
some amount of hydrogen but please note that in this recycle stream on the top of the flash

whatever you are getting that is the unreacted amount is not in the same stoichiometric ratio.

So, whatever you are putting it into the feed you may be inserting in the stoichiometric ratio
that is why that feed composition you see that nitrogen when nitrogen is to hydrogen is one is
to three but in the recycling stream that whatever this you are getting in the from the

recycling stream may not be in the same proportion.

So, this will affect the stoichiometry. So, it is better to you know have some split in the
system or some purging is in this system even though we are losing some amount of
hydrogen from the system but still it is desirable so that the you know this part the recycling

stream is not excessive to the system.

That is the reason why we do have this split or this purge part here and this just point zero
one part of the fraction most of them is actually reutilized. So, hydrogen is something that
you cannot actually throw it out. So, even though there are impurities in the form of
hydrocarbons but it is not a good idea for the economic feasibility to just you know purge out
the entire hydrogen that is not a good idea that is why the recycling is needed also recycling
is helpful to improve the you know per pass conversion efficiency that is why this becomes

industrially a viable process.

So, please note down all the you know process conditions it is a double stage compressor and
the compressor and heaters are one of the expensive parts of the as well as the reactor also but
apart from the reactor it is the compressor and the heaters not heaters I would say by attention
the compressor which is the most expensive equipment in this system or the most energy
consuming system heater is also true but compressor is one of the very high consuming
particular double stage compressors are very high energy units it also needs some inter stage
cooler one inter stage cooler and outlet temperature of the cooler should be around 80 degree
Fahrenheit, reactor drop is 30 psia, temperature of the heater is 900 and then the cooler is 80

in terms of Fahrenheit and the feed conditions are mentioned.
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Now first let us try to prepare this sheet flow sheet and then try to see that I mean what

happens when you try to solve it let us first work it out frame this flow sheet in the aspen
platform. So, let us choose a blank simulation, first let us try to place the different units then
connect the streams. First thing is to do is to have the specification of the streams or the
chemicals that are involved I can write N2 and it will take nitrogen good H2 will take as
hydrogen NH3 I can write is the ammonia and CO2 is the carbon dioxide methods base

method let us choose UNIFAC that is done all specifications are set.

Next let us go to the simulation tab try to place the different units here the first one is the
multi-stage compressor. So, m compressor multi-stage compressor that is the compressor
block then we have one mixer. So, I am placing the components first then I am trying to you
know put I have the, these connections, heater block, shifted little bit on the side after the
heater we have the reactor note that this is a Gibbs reactor here because there could be several
types of reactions by products etcetera could be possible it is not possible to explicitly specify

one particular reaction in this case.

Then we have the cooler essentially this is the cooler, then the flash, on top of the flash we
have the again splitter and we have one more compressor, let us rename the different blocks
that would be helpful to identify later on and for ourselves this is mixer, this is heater, this is
the reactor, this is let us say the heat exchanger, this is a flash and this is the splitter and this

is the compressor. Now, it is time to connect the streams.
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So, this is our feed to the compressor, then output of the compressor goes to the mixer of
course there will be one recycling stream. So, you see now here still the red arrow is showing.
So, that means this stream is not connected properly. So, let us delete it and connect it again.
Now, it is connected properly next is from here to the heater, then from the heater to the
reactor, Gibbs reactor, from the reactor to the heat exchanger, from the heat exchanger to the

flash, then from the flash to the splitter and from the splitter we have it here.

So, if you just you know click and click the next one it will automatically you know show
you the best possible arrows you need not to worry about how the arrow is placed so, nicely
and then from the output of the compressor. So, make sure that the compressor input and the
output is connected properly. So, this is the compressor it can also worked as the

depressurizing unit also the other way around output goes to the mixer.

So, two this is the big recycling stream actually. So, this is the purge stream, let us write that
as P U R G E purge that is the purge stream and this is the feed stream let us keep it as one.
So, it is all sequentially numbered now it is time to specify the and so bottom of the flash is

not done. So, at the bottom you will getting ammonia, that is the main component.
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Now let us try to specify or the different you know the properties of the individual blocks as

far as the problem statement is concerned. So, first is the multi-stage compressor. So, if you
see in the multi stage compressor, the number of stages is double stage. So, two, next is
isentropic and we have the fixed discharge from the last stage let us specify as psia, next is

the cooler. So, cooler is one specification outlet temperature value 80-degree Fahrenheit. So,
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often cooling is very important for you know multi stage compression multi stage compressor

is specified.
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Next mixer or mixer there is no condition that needs to be specified which is only merger of

the streams. Next is the heater. So, for the heater the temperature needs to be specified as 900
Fahrenheit. Pressure is so if you do not specify any pressure then it suggests that there is no
pressure drop in the system. So, if you note this here. So, it is if the outlet pressure it says that

the you know if you specify any pressure and then it becomes like the pressure drop.
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So, we do not specify any pressure I hope this is correct no it still needs to be specified 4000
psia, is the same pressure we have fixed as so there is no pressure drop. So, if you specify
something in minus it will act as a pressure drop but if you specify in terms of you know

positive units it is the absolute pressure that it will choose.
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Next is the reactor. So, this is a stoichiometric reactor, sorry this is a Gibbs reactor. So, here
we do not need to specify the reactions as far as the equilibrium is concerned it will consider
the most probable reactions and the reactor temperature is 900 degrees and the pressure here
is drop of minus 30. So, I write minus 30 the pressure drop is minus 30 that is the Gibbs

reactor. So, it is all fine.
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Then is the heat exchanger again in the heat exchanger we specify the temperature 80-degree

Fahrenheit and this is or I can write the value as 0 that means there is no pressure drop in this
part. Similarly, I can just rephrase this heater to 0. So that, there is no pressure drop we
consider. Any other value will choose as the absolute units and negative means pressure drop

let us go to the flash, flash, the temperature of the flash is.

So, the flash temperature is 80 degree that is the output of the heat exchanger and pressure is
the same as it is from the heater or from the reactor whatever we are getting we do not change
any of the pressure just reduce the temperature and in the case of the heater instead of

specifying temperature you can also specify the heat duty in terms of 0 as 0 btu per hour.
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Next is the split. So, it will ask for the split fraction. So, the split fraction is this stream as the

purge stream. So, that is 0.00, 01 that is 0.01 percent and then the compressor. So, isentropic
compressor, discharge pressure we write 4000 psia just to compensate for you know any loss
in the pressure during this process through the reactor I mean reactor there is a drop that itself

we have specified after that it goes through flash, purging and all. So, this will compensate
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the pressure but here the pressure change is not much that is why a single stage pressure

compressor is more than sufficient here.
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Next, we have to specify the streams. So, the stream temperature is 80-degree Fahrenheit and

pressure is 300. So, there is already it is pressurized before feeding to the compressor, psia

and total flow rate we define in terms of English units the pound moles per hour and we say

that either we can write the molar flows or molar flow rate as pound moles per hour. So,

nitrogen is 100, hydrogen is 300 there is no ammonia carbon dioxide is one, 1 is 0.
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So, this is the individual component molar flow rates that I have specified as the feed. So,
now this required input is complete it is showing the status now let us try to run the
simulation for this case and see what happens. So, let us run it. So, you see that it is showing
that the simulation is completed with some errors and what is the error. So, it is showing that
the error is associated with the solver block and as a result the you know this COMP is the

compressor block.
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So, compressor block fixed issue with the convergence you can also see the control panel and

see the detailed you know results actually. So, almost after 30 iterations, still the you know
the description that it is showing that the compressor block which is the compressor present
in the recycling stream is not in mass balance. So, there is a violation of the mass balance
condition and the relative difference is 0.01 which is above the tolerance maybe due to a tear

stream or a stream may have been changed by the transfer during the recycling or whatever.

So, convergence there is the issue this convergence did not happen finally and that is why
you know this this this simulation failed to be executed successfully. So, now let us look into
the issue of what are the possible you know things with the convergence. So, what essentially
the tier stream. So, let us try to you know learn about these shear streams the difference

convergence methods in this case what are the different options.
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So, let me just help you here. So, the thing that we encounter in convergence is about the
Tear stream. A Tear stream could be any stream in the system but generally in this or in any
process having recycling’s recycle loop is the is considered as the tear stream by default. So,
in this Tear stream. So, what essentially this Tear stream means for the solvers essentially in
the tear stream you try to compute all the properties for example its component flow rate,
total move mole flow rate, mass flow rate etcetera pressure enthalpy are computed iteratively

and based on these values the other streams are satisfied from the mass balance.

So, that is what we essentially mean by the tear stream. So, it can be any stream in the in the
loop or in the system but generally the recycling stream is actually specified. So, any solution
involving or any model involving recycling always solves by iterations, let me just write it

down. Flow sheets with recycle loops specification are solved iteratively in Aspen Plus.

Next there is something known as the convergence block. So, it is essentially in the
convergence block you have the different convergence options and the different convergence
algorithms to be altered you know changing the tolerance etcetera. So, of course these things
are by defined default but there is option to change them and it essentially determines I mean
this convergence blocks essentially helps you to determine that how good is the gas or what is
the level of the tolerance that you need or what are the different you know options or the

methods that can be used if the default method fails and there is also something known as the
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sequence. So, generally the sequence is from left to the calculation starts from the left to and
it includes all the unit operations I mean all the unit operations are converged and then it

proceeds to the next operation that is how the sequence happen.
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Now, what are the different convergence options? The convergence option that you have or

that is something that can be modified one is the tear convergence tolerance. So, by default
this is again relative default is 0.0001. Then you have the methods the different algorithms

then you have the parameters that affect the sequencing and then you have the convergence

parameter for each method.

So, this tear term convergence tolerance as I have said is relative. So, that means whatever is
assumed for that value minus whatever that you have calculated in this iteration, divided by
this assumed the absolute value should be less than the tolerance. There is also something
known as the trace option by default this trace option something known as the cut off. So, the

default trace option threshold is tolerance by 100.

So, what is this trace option. So, if the molar you know this mole fraction let us say if the
mole fraction is less than the threshold. So, in this case if the tolerance is 10 to the power

minus 4 if the mole fraction of a particular or the tear of the tear stream or particular
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component is more than let us say sorry if it is less than this threshold that is tolerance by 100

in this case it is like 10 to the power minus 6.

So, that means some trace amounts is there. So, for those stress amount of chemicals or for
the trace amount of the component we do not worry about its you know convergence or
during the iteration, we I mean that is how this trace option is very helpful particularly when

there you feel there are lot of you know components which is in very minuscule amount.

So, we do not worry about the convergence of those you know minuscule amount of the
components and we you know focus more on the you know the primary components. Of
course or you can have this you know option default option is thresholding but you can also
have that option to have you know gradual thresholding like you know with the value of the
tolerance or sorry not with the tolerance with the value of the this mass fraction you can

decrease the threshold value.
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So, that is the gradual method. What about the convergence methods? So, the convergence

methods have the following options. So, you have the tear convergence. So, there are other
field also like the design specification you know optimization etcetera but we are more

worried about the tear convergence. So, the different you know these options or the I would
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say the algorithms that is present are Wegstein, then you have the Direct, then you have the

Broyden method and you have the Newton method this is the default method.

So, what are the differences. So, in this Wegstein method is actually the quickest that is one
of the biggest advantage, and you know this interaction between the variables is essentially
ignored. So, that is the (I mean) case when the variables are strongly coupled it does not work
well and this is based on the extrapolation of the direct of direct substitution iteration. Next is

the Direct method this is a very slow method but you get more chances of success.

So, the new value of the tear stream in this Direct method is the value resulting from the
previous flowsheet calculation pass. So, this is definitely a you know better than the Wegstein
method and it also helps you to pinpoint the actual problem and this is more stable compared
to the Wegstein method. So, this is easy to identify convergence problem such as if there is

component buildup in the system etcetera.

Broyden method is actually faster but it is not so reliable and this is not something I would
recommend actually. So, this method is an approximation or a linearization of the Newton
method and this is useful I mean this sometimes is useful as well as this is true for the
Newton method also when there is the when this tear variables that are quite interdependent
or there are recycling loops present in the system and this interrelation or the nesting is very

important.

Newton method is again modification it is essentially the newton you know method of
simultaneous non-linear equations or essentially the sort of in simultaneous correction
equations form and this is particularly reliable when you have recycling streams, of course
one should try the Broyden method for first that is the linearization version or the
approximate linearized version of the Newton method but if the Broyden method does not

work then you should go for the Newton method.

So, newton method for tear streams only works best when the number of components is small
and only when convergence cannot be achieved by other methods. So, this is the one of the
most reliable methods but this is very slow and when you do not have too many number of
streams in the system. So, this is about the different convergence you know methods that is
present here and we will see them in the in the software block in the convergence method

block let us go to the software platform.

(Refer Slide Time: 35:26)
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So, here we got the error and we understood that it is because of some mass balance issue in

the recycling stream and you know the recycling stream is essentially the tear stream in this
case. So, we go to the convergence block we go to the options you see that in the options it is
written that the tear convergence is 0.001 trace thresholding cutoff etcetera is there all default
options are provided if you want to change the default you play place your trace threshold or
by default it is the you know tolerance by thousand sorry by hundred then about the Default
method.

So, this is regarding the tear variable see by default the Wegstein method is selected. So,
apart from using the Wegstein method let us use the Direct method and see whether it works
or not. Let us save it let us try to reset because we have changed the default setting other you
know these criteria of design specification options etcetera is not applicable in our problem.

So, we do not worry about those methods.
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The third block was

sequencing and the sequencing is by default we do not change them it is

all inside from the inside it starts and then moves to the recycling stream let us run it and see

whether still we face the problem your solution simulation has been completed with errors.

So, let us see the control panels.
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So, even after 30 iterations we see that the relative difference is not below the tolerance for
the tear stream in this case is the late cycling stream and the problem was still there with the
compressor block. So, so again we try the third option. So,

know that the you know the default value is 0.03.

one thing we can try we already
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So, I mean let us try the other options first, Broyden method. So, reset let us try to run it. So,
it shows a warning. So, now the error has gone and it completed with warning. So, what is the
warning. So, if you see that it says that streams crossing the loop converged by solver block
are not in mass balance. So, there is again the same block that compressor block on the
recycling stream but the relative difference is significantly low now it is just close to the

tolerance.

So, the imbalance may be due to the large recycle flow and a relatively loose tear stream
tolerance. So, to avoid this relative difference I mean the relative difference is now point
double zero I mean 0.00014. So, it is just close to tolerance that is why it is saying that this is
a warning that even though you are close to convergence even though you are close to
convergence but still you know there may be even for the full convergence has not been

achieved but you are almost close to the convergence for a particular stream.

So, we are we have the results it may not be entirely you know accurate but we have the
results. So, what we can do is that in the options we can alter the tear tolerance reduce it to
0.001. So, it will satisfy now of course this is not a correct way I mean we should have a
much stricter tolerance but since this is finding it difficult we relax the tolerance criteria a

little bit.
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So, we reset and then we try to run it. So, again it says that results are available but there are

issues with the tolerance. So, even though the tolerance is achieved that is why our warning is
there we are getting some difference. So, let us try the last one last option sorry convergence

option, Default method from Broyden to Newton reset the calculations once again and let us
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try to run it. So, even with the Newton method also still these warnings are there but here also

we see that the relative difference is below the tolerance.

So, this tells you that how the. So, the first settings or the direct method actually failed to
compute this at all but the Broyden and the Newton method were actually successful in
getting you know achieving the tolerance set by us and tolerance 10 to the power minus 4 is
actually too strict. So, we may need to relax it little bit to 10 to the power minus 3 to achieve

this convergence.
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So, now let us go to the main flow sheet and so this is warning sign is given and try to see I

mean try to you know display the different stream properties for example temperature
pressure let us define the mole flow rate apply. So, as you can see because of this slight issue
in the tolerance this is slightly imbalanced. So, the input to the compressor is 767135 whereas

the output is 766905.
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So, it is not entirely same because of this issue but this is a very small amount the relative
difference is very small actually for which the solution actually gave this warning to us and
the rest of the calculations are pretty fine and you can see that convergence is achieved
almost everywhere there is no warning the molar flow rate is mentioned here is pound mole

per hour.
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So, this is the display of the final flow sheet and all the stream properties as you can see can

be also plotted in the flow sheet itself as a complete PFD diagram and this is something I
found it quite useful rather than plotting down the individual streams of course if you look
want to look into the details about how much is the conversion or how much is the ammonia
or the hydrogen molar flow rate you can of course look into the individual streams and find
out that what are the relative you know what is the amount of the output that we are getting

from the system what is the ammonia output and everything.

So, I think this is all that I have to say regarding the software demonstration there are several
you know such similar problems or tutorials which are available online I encourage all of you
to you know try to work them out yourself try to learn more about them, try there are some
more things that could be done using the software for example something known as the

design specification.
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So, by the design specification you can actually work out the inverse problem, if I try to
select let us say I want the final output to be this value then what is the possible you know
value of one of the process parameters that we need to determine can be actually solved from

the this design specification.

So, it is not the sensitivity but we specify a variable which we want to alter. So, that the
desired value of a final target product is attained similarly you can do the you know cost
optimization energy analysis and all further calculations complex calculations can also be

done for a process flow sheet.

So, I hope all of you have learnt some you know idea regarding the software and how to use
it and what are the is usefulness and where the strengths and the limitations I hope all of you
will found it quite useful in your career I mean the software use in your career in some with
something or the other related to process design and simulation. Thank you and see you

everyone in the next week.
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