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Module — 3: Fundamentals of Material Balance
Lecture — 3.1
Principles of Material Balance and Calculation

Welcome to massive open online course on Basic Principles and Calculations in Chemical
Engineering. So, we were discussing about fundamentals of material balance in module 3. In
this lecture, we will try to discuss about what are the basic principles of material balance and
how to calculate the balance equation based on these principles.
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Present Lecture Includes:

® Flow Chart
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So, we will discuss here some flow chart of this chemical engineering processes, general

material balance equation, balances on single and multiple units where chemical engineering
processes are being carried out with recycles and bypass without reaction, and also how to

solve the problems of this chemical engineering process based on the material balance
equations.
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Process Unit and System (Recap)

Liquid NH,

Process Unit

Now, see here in this slide, one process unit and systems is given as we have already
described in our previous lecture, that if you are having this process unit like this, one mixer,
reactors and condenser for a particular processes like ammonia is to be produced from the
hydrogen and nitrogen gas and for that nitrogen and hydrogen gas will be mixed in a mixer
and after that at a certain pressure, this mixture of this nitrogen and hydrogen gas to be sent to
reactor where this nitrogen and hydrogen gas would be reacting to each other at a certain

temperature and pressure and forming ammonia gas.

Unreacted nitrogen and hydrogen gas along with this ammonia will be coming out from this
reactor. After that, this ammonia gas will be condensed at minus 35 degree Celsius to get this
liquid ammonia. Whereas, other composition of this mixture like nitrogen and hydrogen that
is unreacted from this reactor will be sent back to the mixer as a recycle and this will be
running continuously and accordingly we can get liquid ammonia for a certain amount of

nitrogen and hydrogen gas supplying.

So, this is the process. You will see that to assess this process based on the material balance
equation, you have to first think about each unit of this whole processes. Here, you are having
this unit mixer, reactor, and condenser. In each unit, you have to do a material balance like
this, what will the amount of materials is coming in and what is the material that is coming
out, that what amount of material is coming into the another reactor that is coming out from

the previous unit, and then after that you have to assess that second unit like reactor.



Again based on that material balance equation, what is that input and output, and then output
from this unit will be going to the another unit as an input and thereafter processing it will
come out as output and some portion of that, it will be sent back to that initial unit as a
recycle. Now, you have to do that material balance individual to that unit, what would be the
input and output or you can do that material balance just combining two units as a single unit
there and also you can assess based on that.

Now, this is required because you know sometimes you will not be having that unknown, that
means variables like input and output or you can say that a streams composition only by
doing the material balance for the single unit. There you have to sometimes required to do the
material balance just by combining 2 units or maybe more than 2 units there. So, we have
already described these things in our previous lecture. So, as a recap, we can consider here
again.
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Process flowsheet or Flowchart

= |{is a sequence of process units connected by process streams. If shows the
flow of materials and energy through the process units.

= A flowsheet is a convenient way of organizing process infermation for
subsequent calculations.

= [o obtain maximum benefit from the flowsheet in material balance
calculations, you must:

= Write the values and units of all known stream variables at the
locations of the streams on the sheet.

= Assign algebraic symbols o unknown stream variables and write
these variable names and their associated units on the sheet

INPUT OUTPUT

Stream
Now, to do the material balance, you have to do the process flow sheet or process flow chart,
where you have to represent that whole process by a sequence of process units that will be
connected by processes streams and this process flow sheet based on that sequence of process
units connected by processes streams, shows the flow of materials and energy through the
process units and this is actually the convenient way of organizing that process information

for the subsequent calculations.

To obtain the maximum benefit from this flow sheet in material balance calculations, you

must write the values and units of all known stream variables at the locations of the streams



on the sheet. Like here, you will see that one process unit here shown in this slide like mixer
or divider or reactor or condenser or evaporator or separator, like this different type of
process unit. So, you have to express this process unit like this block diagram here and this is
called flow sheet here and this block diagram will be connected to this flow streams of input

and output.

From this process in this process unit, what would be the amount of input and output that will
be retaining in that input and output streams there. So, that is why write the values and units
of all known streams variables at the locations of these streams here, in input and output
streams here in the sheet shown here, and if you do not have that values input and output, you
can also write just by defining a particular symbol or defining terms there for that particular

variables and then keep it there by question marks there what should be the value there.

After that, we will be using what can be used for material balance and unknown values to be
then obtained by solving that material balance equations, and then what you have to do?
Assign algebraic symbols to unknown stream variables and write these variables names and
their associated units on the sheet as well as you have to write should be the unit for that
inputs and outputs there that you have to write on the flowsheet there. So, this is the basic

principles to express that process by a flowsheet.

So, what does it mean? You have to express that unit of that process by a block or it is like a
box like this or you can simply express other notations also there or other pictures also there
and there you have to, then write down that streams what is coming and streams what is
coming out and then express all the known values and unknown values of about the streams
there. So, this is the basic way to express that.

(Refer Slide Time: 09:07)



Most frequently used process unit
in chemical engineering processes

= Divider (Splitter) = Absorber (Stipper)
= Mixer (Blender) = Parfial Condenser and Flash
» Cioshas Separator

= Crystallizer

» Dryer (Direct Heating)
» Reactor (CSTR and Fluidized Bed,

e Bubble column, Packed bed,
» Dehumidifier Trickle, Microreactor etc.)

» Humidifier » Leaching and Extraction units
» Clarifier = Distillation Column

®» Conveyer = Multieffect Evaporator

What are the different process units in chemical engineering processes? Here subleased some
list are given there like divider. This divider actually basically used to divide the flow streams
into two parts where one part will be sent to one unit and another part will be sent to another
unit or it can be sent to utilizing for other purposes like this. The mixer, two streams will be
coming to that, even more than two streams also will be coming and it will be mixed together

and that mixer stream will be sent to some other unit for the process.

Crusher, it is one unit where you will see that bigger size of particles will be crushed into
finer particles. Dryer, where you will see that the wet materials to be dried up to a certain
equilibrium of moisture. Then filter is another one important, here what is done that some
fine particulate materials to be separated from the mainstream or main solution.
Dehumidifier, they are sometimes you have to need to increase the moisture there or reduce

the moisture there in the flow streams.

So, dehumidifier and humidifier are used for that controlling that moisture there. Clarifier,
here also to separate that fine particles by just floating in a particular process unit that is
called clarifier. Conveyer, it is basically used to transport the materials from one position to
another position. Absorber is used to absorb some unwanted materials in a certain liquid or
solid materials. Partial condenser and flash separator is being used for condensing the vapor.
Flash separator is being used to separate that vapor from the liquid mixer there just by boiling

that liquid mixture.



Crystallizer is generally being used for making that liquid to solid material there. Then
reactor is basically used for reaction purpose and reactants will be taking part to give you that
another product. There may be different types of reactor will be there, CSTR, fluidized bed,
bubble column reactor, packed bed reactor, trickle bed reactor, microreactor reactor; all those
things you will know also in chemical engineering process like if you do the course like

fluidization engineering.

There you will see different types of reactor like fluidized bed reactor, bubble column reactor
there and also other operations like absorption, even reaction purpose like CSTR, packed bed
column, trickle bed, even now a days that as a process intensification microreactors are
coming. So, these are the process unit where you can do that chemical engineer process for a

particular process yield.

Leaching and extraction units also are being used for extracting oil from the solid materials
that is called the leaching and then extraction is also another important like one material is to
be extracted from another materials, maybe liquid-liquid extraction, maybe liquid-solid
extraction there. Distillation column where crude petroleum will be separated into valuable

products just by boiling that crude liquid just based on that boiling point differences.

Multieffect evaporator there you have to sometimes evaporate that liquid materials to its
vapor form to get vapor forms and maybe multieffect evaporator will be there. There may be
successively more than one evaporator will be there to get that desired fractions of materials
in the vaporized form there. So, these are the several process unit which are being used in
conventional chemical engineering processes. So, for those, processes unit, you have to do
the material balance based on that material balance principles.
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Flowchart of Mixing in a Stirred Tank
(Single unit)
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Now, if we look at the flow chart of mixing in a stirred tank reactor, what we can have here.
So, this is a typical flowchart as given here in the slide. You will see that this is basically a
CSTR and where we can see that mixing of this liquid streams are being done. In this case,
here you will see that methanol and water as feed one that is in this stirred tank and also
methanol and water other propositions from the other streams as from 2 here it is coming and
then after mixing, you will see from this stream 3, this mixer of this methanol and water will

be coming out from this stirred tank unit.

So, here this is one process unit, this is called stirred tank and this stirred tank is being used
for mixing purpose. Your 2 streams are coming into this stirred tank and after that it will be
mixed and it will be giving product, that is mixed a product, with a certain proportions of that
composition. Now in the inlet, you will see composition of this methanol and water will be
40%, 60% whereas other portions of this stream is coming into the stirred tank with the

composition of 70% and 30%.

So, after mixing, you will see that as an output, this mixer will be coming. What will be the
total amount of mixture as coming out from the stirred tank and what will be the composition
that you do not know? So, if it is not known to you, just you have to write that it is unknown
to you, that is m3 dot here it is shown it is and also x methanol and x water, this is the mole
fraction of methanol and water in these streams, it is unknown to you, that you have to find

out and that can be obtained by doing material balance.



So, the flow sheet basically is that representation of this input and output there in this process
unit with the known values and unknown values by its, you know what is that, is symbols of
that feed and also that output amount there.

(Refer Slide Time: 16:48)

Flowchart of Distillation in a Distillation
Column (Single Unit)
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Similarly, we can represent this flowchart distillation in a distillation column like this here.
Here in the distillation column, mixture of that compounds like A, B, C with the certain feed
flow rate will be coming to that distillation column here and from this distillation column
after processing that there will be two output, one will be as distillate, another will be as
bottom product. Now, from this distillate, what will be the amount that is not known to you

and what will be the composition in the distillate that is also known to you.

If it is not known, then you have to express that composition as mole fraction of A, B, C here,
and in the bottom part if it is known to you that mole fraction of A, B, C that you have to
express even if you do not know that you have to express by this symbol that you have to find
out from the material balance equation. Based on that problem, you have to express all those
known and unknown variables in the inlet and outlet and then you have to assess this based
on this known and unknown values based on this flowchart.
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Process Flowchart Benzene Production
(Multi-unit)
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Similarly, process flowchart for benzene production here. This is the multi-unit, more than
one unit may be involved in the particular process. Here, you will see that units are like this
here mixer, reactor, separator, and also divider is there, and then also mixer is there. Now, in
this case, you will see that more than one units and in the flowchart we can represent all those
units which are being used for this particular process like this and for each unit, you have to

express what would be the input and what would be the output there.

Now, you see that if we consider that mixer, here input is feed as F and here one example like
this toluene, 100% toluene it is there. So, mole fraction of the toluene is 1 here. So only pure
toluene is being used, other no components of this feed will be there, but whenever it will be
sent to mixer, of course this mixer will contain other streams like here gas recycle is being
coming to this mixer. Also other stream is coming from the separator as a recycle, as a liquid

for Tolune is recycled to this mixer.

Now, all these streams to be mixed in this mixer and then finally as a gross feed G to be
coming out from the mixer and then it will go to the reactor. Now, this reactor will have this
inlet as a gross feed which is coming out from the mixer, and then after reaction, there will be
some generation of the product and then product along with that unreacted reactant, it will be
coming out from the reactor and it will go to the separator. Now what is the output of this

reactor? It will be input or the separator.

After that, it will be separated and from the separator, you will see that outputs will be here in

this one stream, another stream here, another stream here, another stream here. So, there will



be four 4 outputs of this separator, one output will give you that separate that H2 two and
methane and one output will be hundred percent 100% benzene will be there and another
output will be byproduct like diphenyl and another output will be considered for the you

liquid recycle of the Tolune.

So, based on this, you can say that whatever output of this reactor that will be input of this
separator and output will be more than one here like this you are shown in this slide. Now, up
to separator whenever gas was mixture, hydrogen and methane will be there, that will be
coming out from that separator and then it will be sent to the mixer there. Now, you will see
that from this hydrogen methane mixer, some amount of that unwanted materials that is to be

taken out from that mixer.

So, that will be considered as a purge here. So, to take out that purge, you have to use some
divider, so that the divider to be used here as unit from where you can take out this purge
sooner P, whereas remaining portions to be sent back to that mixer as recycle. Now, before
sending it to the mixer, what you have to do that you have to add some hydrogen gas which is
to be considered as a makeup, a 100% hydrogen to be there because some amount of

hydrogen may be lost.

Now, to make up those hydrogen gas in this reactor, you have to supply some fresh hydrogen
gas. Now that fresh hydrogen gas to be mixed to that recycle gas in that mixer here again. So,
there are several units for this benzene production from the Tolune that is represented in this
process flowchart and also what will be the composition, what will be the different input and
output compounds will be there in these different process units that are represented in this
process flowchart.
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To label the flowchart what to do?

Now, to label this flowchart, what to do? You have to clearly read and understand the
problem and then write the values and units, same system of all known streams variables at
the locations of the streams on the chart. Like if it is given 500 mole per second or 0.21 mole
of oxygen per mole and also 0.79 mol nitrogen per mole of total feed. Then here, what is the
temperature, what is the pressure to be also given there. So, all these known values to be

written, even unknown values to be written also just by defining some symbols.

Then assign algebraic symbols to unknown stream variables that is here and use all the
known either in mass or more unit wherever necessary that you have to mention, either mole

or mass that you have to consider, but your consideration should be uniform throughout the

process.
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Labeling a Proces Flowsheet

» Problem: An amount of
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Then, labeling a process flowsheet. Let us consider a problem here. An amount of 100 kg per
hour of a mixture of 50% benzene and 50% toluene is separated in a distillation column. The
distillate contains 90% benzene and the bottom stream composition is given as 95% of
toluene and here all the composition is given in weight percent, not in mole percent. So, for
all streams that composition to be considered as weight percent. If you are considering the
mole percent, then all the units, all the streams units should be in mole percent there.

Even you will see that whatever feed as input or whatever output amount to be considered
also that mass if your composition is mass percent or weight percent and it should be mole or
mole percent accordingly also if you are considering all this input and output in terms of
molar weight percent. So, here based on this problem, we can then level a process flowsheet
by these known values of this here as a feed it is told that that an amount of 100 kg per hour

of a mixture of 50% benzene and 50% toluene is separated in a distillation columns.

That means here this hundred kg per hour of feed mixture come into this distillation column
with the composition of this 50% benzene and 50% toluene weight percent, and after
distillation process, it will be coming out from this overhead as a vapor and then it will be
condensed and then it will be separated into 2 parts, one part will go into the distillation
column, another part will be taken out as distillate where 90% benzene and 10% toluene, it is

mentioned here.

As a bottom product you will see some portions of this bottom product will be re-boiled and
it will be sent to the distillation column as a vapor and remaining portions will be taken out as
bottom products where 95% will be toluene and 5% will be benzene as weight percent there.
Here, what will be the bottom portion, what would be the distillation amount that is as a
vapor amount or distillate amount that is not known to you that you have to give or you have
to define some symbols for this distillation like this D and as the bottom products maybe you

can represent as capital B.

So, out of this distillate, there will be certain fractions of this benzene and toluene and out of
this bottom, there will be certain fractions of this toluene and benzene. So, all this inlet and
outlet streams are now known, whether it is given or not given. If it is given, you have to

directly write this exact amount what is given, and if it is not given, then you have to also



define that unknown variables there and form the material balance that you can find out what

will be the unknown variables from this material balance equation.

Now, what will be the general material balance equation based on which you can solve these
to find out that unknown variables like distillate here, bottom products or for other units like
if is there any mixture, what will be the output of that mixed proportions of that compounds
that you can find out based on this material balance equation.

(Refer Slide Time: 27:20)

b General Material Balance Equation
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What is that material balance equation? It is given you will see in a particular process unit,
suppose there will be some amount of input is coming to the process unit and some amount
will be coming out from that process unit. If there is steady state process, that means the input
and output proportions are same, they are in the process that you can say that a steady state
process, that means it does not change with respect to time. So, in that case, it will be
regarded as that steady state process and there you will see that there will be no accumulation

of the materials inside the process unit.

So, there will be one important thing that there may be an accumulation, based on that what
will be the output and input rate. If output is greater than input, then there may be an
accumulation of the materials there. If there is no change of this input and output flow rate,
then you can say there will be no accumulation. So, one important term is accumulation.
Another is input through the system boundary, if we consider that process unit and if we

represent it as like a boundary here around this process unit.



Now, within this process unit, what will be the amount of that material is coming in to that
process unit that will be regarded as input. Now, that input, there may be a certain flow rate
that is known to you or may not be known to you. So, anyway, it will be regarded as input
amount and then what will be the amount that will be coming out from that process unit from
the boundary, it will be called as the output through system boundary and it will be regarded

as simply output.

Then if suppose the process unit is like reactor where reaction is being carried out, so there
may be due to that reaction some amount of materials will be produced, may be generated, so
there one term should be coming as generation, so generation within the system, inside the
system, inside the reactor here, as an example there will be some generation of materials. So,
that the generation within the system to be considered. Then also during that reaction, there

may be some reactants that should be taking part for that reaction.

That reactants may be consumed for that giving up product of like some compounds as a
generation product. So, in that case, that reactant will be consumed, that consumption of that
reactant also to be considered here. So, what do we get that for a particular process unit if we
make it or you know that identify with a certain boundary of that process unit and what
would be the input is coming that will be input, what would be the output from that process
boundary it will be coming as output. If there is not a steady state process, there will be some

accumulation.

If there is a reaction is going on, there will be some generation of material. And if suppose
there is a reaction, then of course there will be a consumption terms will be there. So, all
these 1, 2, 3, 4, 5 terms will be there in the general material balance equation. What are
those? In short we can write that accumulation, input, output, generation and consumption.
Now, the principle as per this mass conservation equation, we can write that this

accumulation will be equals to input minus output + generation minus consumption.

So, there will be no materials generated or destroyed there in the universe. So, that is called
conservation of mass. Now, based on that, you will see for a particular process unit that this
basic equation for the material balance equation can be expressed like this. Now, here in this

case, we are getting some positive terms, some negative terms. In this case, positive



contributions to the system, generally input and generation and the negative contributions to

the system is generally output and consumption.

So, based on these principles, you have to solve the material balance equation for a particular
process in a chemical engineering system.
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Simplified Equation
®» No chemical reaction within process unit(s) - then mass cannot be

generated or consumed; mass conservation simplifies to:
=» ACCUMULATION = INPUT - OUTPUT

» Af steady state, there is no accumulation, so further simplifies to:
= |NPUT = OUTPUT

®» For a given system, a material balance can be written in terms of
the following conserved quantities:

o Total mass or moles., Mass or moles of a chemical compound.,
Mass or mole of amatomic species.

Now, simplified equation can be written as if there is no chemical reaction, we can simply
neglect that generation terms and consumption terms. So, general equation can be written as
simply accumulation will be equal to input minus output. Now, for steady state operation,
there is no accumulation, in that case, then input minus output will be equal to 0, that means
input will be equal to output there. Now for a given system, now a material balance can be

written in terms of the following conserved quantities.

First of all, you have to do the total mass or mole balance and then individual mass or mole
balance of that individual compound there in the system. You can do that material balance
based on atoms of that compounds also. So, that is called mass or mole of an atomic species
and the equation or balance equation to be considered as atomic balance equation Now, so
based on this material balance equation, what you have to do? You have to do the total

material balance first, total material balance means what?

In a particular boundary system, what will be the materials in and what will be the material
out, irrespective of inside what is happening there, we have not to consider all these no

happening inside the system, only just what is the input, what is the output there, that is called



total mass or mole balance, and then after that, you have to do the material balance for

individual compounds or atoms.

So, there itself you have to consider that what would be the mass of that compound in, and
then if is there any generation of that mass inside the unit or if there are any consumption of
that materials inside the unit is there or not that you have to consider. So, for that compound
balance, you have to consider all those things.
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Procedure for Material Balance
Equation

1. Draw flowchart and fillin all given variables in the flow streams

2. Choose an amount or flowrate of one of the process streams as a basis for
the calculations. The process fime can also be considered as a basis.

3. Convert known stream volumes or volumetric flowrates fo mass or molar
quantities as per requirement.

4,  Label unknown stream variables on the flow chart.,

5. Ifyou are given mixed mass or mole units for a sfream, convert all "
quantities fo one basis (either fo mass or to mole). -

6. Wrte material balance equations. The maximum number of independent
equations that can be derived by wiiting balances —_—

7. Solve the equations derived in step 6 for the unkn_own quantities.

Now procedure for material balance equation is given here step by step. First of all you have
to draw the flowchart and fill in all given variables in the flow streams, and then choose an
amount or flowrate of one of the process streams as a basis for the calculations. Then process
time can also be considered as a basis there. Then convert known stream volumes or
volumetric flowrates to mass or molar quantities as per requirement. Label unknown stream

variables on the flow chart.

If you are given mixed mass or mole units of a stream, convert all quantities to one basis,
either mole or mass. It is very important here, you cannot use this mixed unit there. Write
material balance equation. The maximum number of independent equations that can be
derived by writing this material balance, and then solve the equations derived in step six 6 for
the unknown quantities.
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Remember

For a given system, a material balance can be written in terms of the
following conserved quantities:

+ Total overall mass or moles balance. v
+ Mass or moles of each chemical compound balance. or

+ Mass or mole of an atomic species balance.

Now, in this case you have to remember that for a given system, a material balance can be
written in terms of the following conserved quantities. Total overall mass or mole balance,
mass or moles of each chemical compound balance, then mass or mole of an atomic species
balance. So, for this, either one you can consider.

(Refer Slide Time: 35:36)

Sources of independent equations relating
unknown process stream variables

= Material balance: Balance equations from number of species or
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= An energy balance: Energy balance equations from conservation
of energy law -

= Process specifications: The equations for relating process variables
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= Physical properties and laws: Like equation of state, Henry's law,
Booiiblaw
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Now, source of independent equations relating unknown processes stream variables.
Sometimes you will see that whenever you are doing the material balance for a particular
forces, you will see that certain number of equations will be having based on that material
balance equation, but there are you will see that more than unknown variables will be there in
the process, but you are getting less number of equations based on this material balance. So,
what you have to do to equalize this number of equations with the number of process

variables?



You have to consider some other relationships is there with the variables or not or some other
relationships is given based on the thermodynamic conditions are not that you have to
consider or is there any other physical law are actually involving without process variables
are not, Is there any physical constraints are there in the systems or not, all those things to be
considered. So, they are, suppose if number of variables are greater than the number of
equations, in that case you will not get that unique solution or you cannot get the solutions for

all variables.

So, for that you have to consider some of the relationship of the variables, that relationships
maybe some equilibrium conditions, maybe some that pressure, composition relationships,
there may be sometimes some fractions of all compositions will come to that unity that
relation is to be considered. So, here some clues are given. Now, material balance, balance
equations from the number of species or compounds that will be retained, and energy balance
to be written. The process specifications like is there any equations for relating process

variables like m1 is equal to k into m2.

Then physical properties and laws like equation of state, Henry's laws, Raoult’s law that we
will be discussing in the next even in future lecture also. Sum of mole fractions of
components that is 1, that means here some fractions, suppose 3 three components are there
and fractions are given XA, XB and XC, so, the summation of all those fractions will be

equal to 1.

Similarly, if it is gaseous mixture, then summation of mole fractions of that gaseous
components will be equal to 1 like this. So, these are the relationships to be considered, they
are for the solving that material balance equation to get that unknown variables.

(Refer Slide Time: 38:25)
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Let us do an example here showing this process unit where how material balance can be
retained here. In this case, suppose this process unit will have that 4 input and 4 outputs are
there. The inputs are P, Q, R, S and outputs are here W, V, U, and T, and in all these process
streams, there will be some compounds like 1 to here I think 7 or 8 here components are
there. In the stream here in this inlet, the amount of P will consist of these components here 1,

2, and 3 with the compositions like mole fractions as Y1, Y2, Y3 three.

Similarly, in this systems here, the amount is Q and compositions are Y1, one y two Y3, and
Y4 for the compounds 1, 3, and 4. Similarly, for this R and S here for this streams like this
and with the composition of 5 and 6 with their respective mole fractions. In the outlet streams
also, you will see that there will be an amount of that outlet streams here like U, T, W and V
here with compositions are given like mole fractions Y1, Y2, Y5; Y5, Y6, Y2; Y3, Y4, Y6,
Y7 and Y1, Y7, Y8 respectively for this streams T, U, V, and W there.

So, in this way, we can express the process by a flowchart or we are mentioning all these
input and output variables with their competitions. Now, you have to do the material balance,
you have to write the material balance. So, I told that first of all you have to write the overall
material balance, that means total amount of material come into the process unit and total
amount of material which is coming out from the process unit. So, here as an overall balance,

you can write here total amount is coming P+Q+R+S here in this input streams.

Whereas total amount is coming out as T+U+V+W. So, we can write this overall material

balance here like this P+Q+R+S that will be equal to T+U+V+W. Next what you have to do?



You have to do the material balance for each compound. Now, like this compound 1 or
component 1, you can say compound 1 balance here like suppose compound 1 here, in the
input what is the compound 1 here, suppose here Y1, so it will be your P into Y1, this would

be your compound 1 in this input.

Here again in this stream, that total amount is Q and whereas this compound 2 with a fraction
of Y1. So total amount of this Y1 in this stream will be Q into Y1. Similarly, in the output
stream you will see that we are getting this W into Y1 and another stream here suppose T into
Y1. So, we can write this amount of P into Y1 + Q into Y1 that will be equal to T into Y1 +
W into Y1. Similarly for compound 2, we can write this balance also in this input what will

be that here, input here coming as P into Y2.

No other you know Y2 is coming into this inlet condition whereas at outlet conditions Y2 we
are having here like this U and in the T streams here. So, here it will be U into Y1 T into Y2
like this. Similarly, we can write here component 3 balance, component 4 balance,
component 5 balance, component 6 balance, component 7 balance, and component 8 balance
here. So, from this material balance equation, we can solve for this Y1 to Y7 and also we can

solve for thisP, Q, R, S, T, U, V. W. Now, how many unknowns are there here?

Let it be here what is that unknowns P, Q, R, S, T, U, V, W, here total 8 unknowns are there
and also composition like Y1 to Y8, so 16 unknowns are there. So for this, is it possible to
solve this 16 equations to get this 16 variables, of course they are, but we are getting only
how many equations 1, 2, 3, 4, 5, 6, 7, 8, 9 equations we are getting, whereas we need 16

equations. Another what is that, 7 equations are required to solve this unknown variables.

Now, of course, for a particular processing unit, you see some amount of input will be there,
you cannot have all the unknown variables will be there in the process unit, some input will
be there, some output of course will be there, that should be experimentally determined or it
will be known to you. So, from those, you can minimize that number of equations and then

with other you know that is there any relationships.

Suppose Y1 to Y2 or Y3 to Y5 is there any relationships that physical properties relationships

are there are not, then from those relationships also you can reduce those equations and



coming into the equality of equations to the number of unit process variables and then you

can solve it.
(Refer Slide Time: 44:28)

Basis for Calculation

The amount or flow rate of one of the process streams can be used as
a basis for calculation. It is recommended to keep the following in
mind:

= |f a siream amount or flow rate is given in the problem statement,
use this as the basis for calculation.

» |f no stream amounts or flow rates are known, assume one,
preferably stream of known composition.

» |f mass fractions are known, choose the total mass or mass flow
rate of that stream (e.g., 100 kg or 100 kg/h) as the basis.

» |f mole fractions are known, choose the fotal number of moles or
the molar flow rate.
Now, next, what is the basis for calculation? The amount of flow rate of one of the process
streams can be used as a basis for the calculation and it is recommended to keep the
following in mind. Now, if a stream amount or flow rate is given in the problem statement,
use this as the basis for the calculation. If no stream amounts of flow rates are known, assume

one, preferably stream of known composition there.

If mass fractions are known, choose the total mass or mass flow rate of that is stream, like
100 kg or 100 kg per hour like this as a basis. If mole fractions are known, then choose the
total number of moles or the molar flow rate there.
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Stream Specification

= A material stream is fully specified if we can express the mass flow rates of
each component in the stream. You can specify the siream either way:

Stream F(100kg/min) | " | Here, the mass flow rate of
Mg, =30kg/min components in the stream
Mey, =70kg/min / are known
The stream compositions
1 are partially known ‘
Stream F (100 kg/s) <
Xo, =02 ~
Xny =2 Stream F(100 kg/s)
X, 1.0-0.2-6}-0.8-::Nz Mo, = 20kg/s
e =P\ v

ar, =100 =20 -y, =80 - (’}

Like here, earlier we have already described this the streams will be you know there will be
known values of like this 100 kg per minute as basis and mole fractions will be like this, here
oxygen and methane gas is 30% and 70%. Here the mass flow rate of the components in the
streams are known and the streams competitions are partially known here, like here stream
amount is given, whereas composition of this here nitrogen composition is not known to you,
but oxygen composition and methane compositions are known to you, but this also unknown

because your XN2 is not given to you.

So, finally, you are getting two unknowns here. And here, stream here again this if it is 100
kg per second the streams, here also you see that the two unknowns are there here. Again if
you know this nitrogen mass here, you can get this methane mass from this amount here,
from this mN2 and then we can say that only one variable is unknown to you.
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Example:

, Mixing of streams (o) =255, —
OTS0BCHOH/D, | process [y, )
02501b,, Hy0/Ib,, Unit :

0.6001b,,C;H,OH/ b,
0.4001b,, H,0/1b,,

s

Solved by both
Compound and

Atom Balance @(n’)—~+
Steady state, no (4001, C;H,OH/Ib,
reaction 0.6001b, H;0/Ib,

[ACCUWTION]:[INPUT]—[OUTPUT]+[GEI\§R/ATION ]-[coyéumpnow] 5
/ Compound Balance Atomic Balance

Overal bal: mi+m,=m; _, |Overal: m+m,=m;

C,H:OH bal.: C balance:

m;*0.45+m;*0.40 = m, *0.60 o/ | M;*(2*0.750)+m,*(0.40*2) = m;*(0.60*2)

H,0 bal.: H bal: m;*0.75*6+m,;*0.25*2+m,*0.40*6+m;*0.60*2 «
m;*0.25+m;*0.60 = m; *0.40 =m3*0.6*6+ m; *0.40*2

Solve this: | Obal: m*0.75*1+m,*0.25* 1+m,*0.40* 1+m,*0.60*1
m; = 2195 lom; m, = 1646 lbm; | = m; *0.60*1+ m; *0.40*1

m; = 3841 Ibm - —— Solving: m, = 1646 lom; m; = 3841 lbm

Now, let us do example for the single unit without reaction. Like this here one process unit,
some feed is coming in and here another feed is coming in and this amount is coming out.
Now, you can solve this problem either by compound balance or atomic balance. Based on
this material balance equation, here accumulation will be close to o because this is a steady
state process. There is no reaction, so generation and consumption terms will be omitted. So,

only remaining is input and output. So, we can write here input will be equal to output there.

So, according to the material balance, compound balance can be written. First of all you have
to write the overall balance. Now our overall balance is here. This is streams m1, m1 + m2
that will be is equal to m3. So, this is your overall material balance. Now, compound balance,
if we consider here, ethanol C2H50H, that is ethanol composition. So, in this system, ethanol
will be coming as m1 into 0.750 and then in this here it will be m2 into 0.40 and output is m3,

that will m3 into 0.60, so this one. So, we can write this ethanol balance.

Similarly, for water balance we can write here, here m1 into 0.250 + m2 into 0.60 that will be
equal to m3 into 0.40 like this. Similarly, we can write this atomic balance also. Overall
balance from that, then atomic balance like for carbon only, for hydrogen only what will be
the balance, for oxygen only what will be the balance like this. Now, solving these equations,
you will see that as per compound balance and then overall material balance, you can solve

these equation to get these are unknown variables like here.

You will see that after solving these you can get m1, m2 and m3 and similarly based on this

atomic balance also, you can solve this and you can get this m1, m2 and m3. Now, here very



interesting that you can have the same value of m2 and m3 value, even m1l value, based on
that compound balance and atomic balance. So, either you can do the compound balance or
atomic balance, just based on this material balance equation.

(Refer Slide Time: 48:44)

Problem: Separation of a Mixture of
Ethanol and Water

» A mixture containing 10% ethanol (E) and 90% H20 (W) by
weight is fed into a distillation column at the rate of 100 kg/h.
The distillate contains 60% ethanol and the distillate is
produced at a rate of one tenth that of the feed.
Assumptions; steady state, no reactions. Consider Basis: 100

kg/h of feed. ——
» Draw and label a flowchart of the process.
» \\rite a proper set ci material balance equations.

= Calculate all unknown stream flow rates and
compositions. D

Let us do another example like separation of a mixture of ethanol and water. Now a mixer
containing 10% ethanol and 90% water by weight is fed into distillation column at the rate of
100 kg per hour. The distillate contains 60% of ethanol and distillate is produced at a rate top
one tenth of that of feed. Assumptions is given steady state, no reactions. Consider that the
basis is 100 kg per hour of feed. Now, in this case draw and label a flowchart of the process,

write a proper set of material balance equation, and then calculate all unknown stream flow

rates and compositions.
(Refer Slide Time: 49:22)

SOI UfIO n [ACCU/MU(ATDNI=[INPUT|—|0UTPUT]+|GEt}EﬁATIOM-[C(w§UMPTI(N]

Overall total material in the systen D (kg/h)

%

F =D +B

100=D +8; m oL

SEEE o 40N

SnceD=10%of F=10kg/h  10ke/h i

B=90kg/h = 0 A L . 3

Component balance (ethanol): OEW U Bottoms, B

FXEj = DXE.2+ BXEJ wq'

100%0.1= 10X0.6 + 90%s 5 E3 —

SXe=0044 w3 j
s

Component balance (water):

F X1 = DXy ot By b ke o
0009 = 104 0003 @-(1 Xes) = 1-0.044 = 0.956
=%3=095 v'/ —

—



So, based on this problem, we can draw this flowchart here. This is a separation column. In
this case, feed as an input is 100 kg per hour, composition is ethanol and water as 10% and
90%. In the output distillate is D and ethanol and water is 60% and 40% in the overhead
product and the bottom product is coming as B and composition like this here XE and xW and
the amount is E and W there or ethanol and water respectively. Now, based on this problem,

we can write the overall material balance based on the material balance equation.

Like what would be the feed in, this is you know F we can write and feed out is D + B here. F
is given to you, so 100 will be equals to D + B. Now since D is given as 10% of this feed, so
we can write D will be is equal to 10 kg per hour. So, B will be is equal to from this equation,
F minus D, that will be coming 90 kg per hour. You can do that component material balance
also, like this eternal balance. If we do that, then it will be equal to F into xE1 that will be
equal to D into XE2 + BXE3 that is in the inlet what would be the ethanol.

In the outlet also total amount of ethanol what will be that based on which we can write that,
we can solve this for a fraction of this XE3 exit, that means in the stream 3, what will be the
composition of ethanol there. So, it is coming like this. Similarly, we can do the material
balance for the component water here. So, in the same fashion, we can solve this for xXW3,

that is composition of water in the stream 3 and it is coming 0.956.

Now, you can get this xXW3 without doing this material balance of compound for water also
because once you know this XE3 in the stream 3, you can get it from the auxiliary equation of
that like XxE3 + xW3 that will be equal to 1, from that you can directly calculate what should
be the composition for water in the stream 3. So, it will be coming 1 minus XE3, basically it is
0.956, which we have got based on this component material balance per water based on this
material balance equation.
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Problem: Evaporation Process

» An evaporator is feed continuously with 40000 kg/hr of a solution
containing 15% NaOH, 15% NaCl and 70% water by weight. During
the evaporation water is boiled off and NaCl is precipitates as a
crystal and removed from the remaining liquor. The concentrated
liquor leaving the evaporator contains 60% NaOH, 5% NaCl and 35%
water. Assume the process is steady state. E

= Draw the proces; flowchart.
= Calculate the amount of water evaporated per hour.
= Calculate amount of salt precipitated per hour.

» Calculate the amount of concentrated liquor produced per
hour.

Similarly, you can do that evaporation process to find out that amount of concentrated liquid
produced per hour also and also based on these what should be the amount of water
evaporated per hour and also what would be the salt precipitated per hour that there. Now, the
problem is given that the evaporator is feed continuously with 40,000 kg per hour of the
solution that contains 15% sodium hydroxide, 15% sodium chloride and 70% water by

weight.

Now, during the evaporation of water, you know that the water is boiled off and sodium
chloride is precipitates as a crystal and removed from the remaining liquor. The concentrated
liquor leaving the evaporator contains 60% sodium hydroxide, 5% sodium chloride and 30%
water. Now in this case, you have to assume that process is a steady state process. So, based
on this problem, you have to do the material balance to find out that amount of salt
precipitated, amount of water evaporated per hour, and also what would be the amount of
concentrated liquor that is produced per hour.
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Water

} SOlUﬁOﬂ Evuporcted.

Assumption: Steady state No reaction
Basis: One hour operation.
Let E = Evaporation. kg «* 7
C = Crystals formed, kg
L = Concentrated Liquor. kg
F = Evaporator Feed. kg v’
MATERIAL BALANCE: IN=0OUT

NaCl: 0.15
NaOH: 0.15
Water: 0,70

v

Liquor, Lkg
NaClerystal: C
NaOH: 0.60
Water: 0.35

5 _—_,/
COMPONENT BALANCE: o~ NaCL:0.05
JaCl: 5)=C 5
HEEE O.10) (_+ P w From equation (2): L =10000 v*
40000(1.5) = L (0.05) seesesecmaannnaaan (1) Fr g S
= ¢ rom equation (1): C =40000(0.15) - L(0.05)
NaOH: 40000(1.5) =L (0.60) =essesnennsnnaans (2) v/ -
, 29 ’ = 40000(0.15) — 10000(0.05)
Water: 40000(1.5) =L (0.35) + E wemsneccanan 3)v =5500
From equation (3): E = 40000(0.70) - L(0.35)
= 24500 v
Total Material Balance: From equation (4): E=40000-C~L
40000 = E + C + L coneeeereonmmseneens -- (4) = 40000 - 5500 - 10000
i v = 24500 (Checked)

[AcchtlfATloN] = [INPUT]—[OUTPUT]+[GEI\I/E§ATION]- [ccy/SUMPTICN]

Now, see this you know process flowchart here. In this case, it is an evaporator. What is the
input as per problem, it is mentioned here. What would be the output also as per problem, it is
mentioned here. What is the output in this system also it is mentioned here. Now, since as per
problem it is steady state operation, we can consider that a basis of 1 hour operation, and in
that case, what will the evaporation amount that is not known to you, that let it be E and what

would be the amount of crystals is formed that is you know C it is assumed.

What will be the concentrated liquor is formed that is L is assumed and what would be the
evaporator feed, it is given to you, still we are considering that it is denoted by F. So, based
on that material balance since there is no reaction, we can omit that generation and
consumption terms, also since it is a steady state operations, we can omit that accumulation

term, so simply we can write input will be equals to output.

Now, if you do the component material balance there for the sodium chloride, we can write
this equation and finally substituting the value of this F and C value, then we can have this
here equation number 1 and similarly for sodium hydroxide balance, you can have this
equation number 2. Similarly, for water balance, we can form this equation number 3 and
total material balance is basically that, that is F will be equal to E + C + L, that is given in

equation number 4.

Now, from equation number 2, we can solve for L, from equation number 1, we can solve for
C just by substituting this solution of L, then it will be coming as this 5500. Similarly, from

equation number 3, you can solve for E. From equation number 4, we can solve for E based



on this value of C and L, that is solved by equation number 2 and 1. Now, we can then have
this unknown values of E, even C, L like this. So, based on this problem, then what will be
the amount of then water evaporated that we got, amount of salt precipitated that we got, and
then amount of concentrated liquor that we got based on this problem.
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Example

=» A mixture of propane in air containing 4.03 mole% C1H; (fuel gas) is the feed to the
combustion furnace. If there is o problem in the furnace, a stream of pure air is
added to the fuel mixture prior fo the fumace inlet to make sure that ignition is not
possible,

= Draw and lobel a flow chart of the fuel gas dilution air mixing unit, presuming that
the gas leaving the furnace contains propane at the lower flammability fimit 2,05
mole% C:H; and do the degrees of freedom analysis.

» |f Pro[pane flows at a rate of 150 mole c3H8/s in the original fuel-air mixture, what
is the minimum molar flow rate of the dilution air? -

Another example like this here. A mixture of propane in air containing 4.03 mole percent fuel
gas here C3H8 is the feed to the combustion furnace. If there is a problem in the furnace, a
stream of pure air is added to the fuel mixture prior to the furnace inlet to make sure that
ignition is not possible. Now, in this case draw and label a flowchart of the fuel gas dilution
air mixing unit, presuming that the gas leaving the furnace contains propane at the lower
flammability limit of 2.05 mole percent C3H8 and do the degrees of freedom analyzes, that

degrees of analyzes will be done later on.

But in this case you have to do the material balance just by drawing that label, a flowchart of
the fuel gas dilution air mixing unit. If propane flows at a rate of 150 moles there in the
original fuel-air mixture, then what is the minimum molar flow rate of the dilute air that you
have to find out. Now, according to this problem, this flowchart is given here in this slide.
(Refer Slide Time: 57:17)



iy (mol/ s)

0.0403mol C;Hg / mol

0.9597 mol air/ mol 13 (mol/s)

" .- ~ Ll
0.0205mol C;H, / mol

i, (molair /) 0.9795molair / mol o

0.21mol O, / mol

0.79mol N, / mol

Propane feed rate: 0.04035, =150 = 7, = 3722(mol /s) v~
Propane balance: 0.0403, = 0.0205, = 1, = 7317 (mol /s) ~~
Overall balance: 3722+, = 7317 = 5, =3600(mol/s) =

Now, based on this problem, you have to do first what would be the propane feed based on
these material balance, what would be the propane balance and if you write this and then you
can get this n3 value as part this diagram given and overall material balance based on which
you can find it out what would be the n2 value there.
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Example

Problem: An insoluble gas is bubbled at a rate of 0.0025 kmol/s through a
conlainer of liquid propane lo vaporize if. The gosm% the
container contains 10.0 mole% propane vapor. The specific gravity of liquid
propane is 0.510. = —— Te———————— —

= What is the outlet flowrate of gas mixture?
= Estimate the fime required to vaporize the 10 m?® of the liquid.

Gas mixture A7

kmol/s;

10 mol% propane vapour,
90 mol% gas

————

Gasin
0.0025
kmol/s

Another example is given like an insoluble gas is bubbled at a rate of this 0.0025 kilomole
per second through a container of liquid propane to vaporize it. The gases stream leaving the
container contains this mole percent of propane vapor. The specific gravity of the liquid
propane is given. What is the outlet flow rate of the gas mixture? Estimate the time required

to vaporize the 10 meter cube of the liquid there?



Here also, you will see that some input will be there and you know that initially that some
amount of liquid will be there whereas gas will be you know inlet at a rate of this 0.0025
kilomole per second and gas mixture which is coming out that is not known to you, that can
be denoted by n, and in this case 10 mole propane vapor and 90 mole percent gas will be
there.
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Gas l!ulm:@
- Kkmols:
S OI Ufl 0 n ;g ﬁ:: gvcospcnu vapour,
35
Gas In o0 0%
Component material balance: 00025 ——fuiaild

kmalfs

Gas balance: Input = output
0.0025 = n*0.90 v~ .
So, n = 0.002778 kmol/s Here in case of gas, no accumulation,
v no generation, no consumption

Propane balance: Accumulation = input -output + (57( Consu;méﬁon

Here, in case of propane, accumulation is negative because it
vaporizes and hence decreasing the total content in the container
with time interval, no generation, no consumption, no input. So

Propane balance is: "

Accumulation = - Quiput e [Let it be fime ffo
-10 (0.510}(1000)(1/44.1) = - 0.10(n) (t)ns vaporise the
t=416293 s=115.637 h. o propane]

According to that, what will be the component material balance? Now, gas balance will be is
equal to simply input will be equal to output since there is no reaction. So, in that case since
output is total amount is not known to you, it is assumed that it will be n. So as per that gas
balance, this n will be coming like this. Now propane balance if you do, the accumulation

will be equal to input minus output + generation minus consumption.

Since there is no reaction, we can omit this generation and consumption terms, but here
accumulation will be there because your output rate will be not equals to that input rate there.
So, in case of propane accumulation is negative here, because it vaporizers and hence
decreasing that total content in that container with time interval, no generation, no
consumption, no input. So, we can write this propane balance, so here accumulation will be

equal to minus output.

So, based on which you can write this equation and solve for this time t will be is equal to
this 115.637 hour okay. So, based on which you can solve this problem.
(Refer Slide Time: 59:46)



Further reading......

Text Books:

= R, M. Felder, Ronald W. Rousseau, Lisa G. Bullard, Elementary
Principles of Chemical Processes, 4th Ed., John Wiley & Sons,
Asia, 2017.

= D. M. Himmelblau, 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, K.M. Watson and R. A. R. Hougen, Chemical Process
Principles, Part 1: Material and Energy Balances, 2nd Ed., John
Wiley & Sons, 2004.

So, we have described this material balance equation, how to write the material balance
equation with example, also how to formulate that process with the flowchart and based on
the flowchart with known composition and unknown composition, writing the material
balance equation. Based on that material balance principle, we can solve those known values
and unknown values. So, in this way we can do the material balance for the chemical

engineering process.

So, we will discuss more about that material balance based on that chemical engineering
process where you know reaction will not be taking part, but there material balance will be
more than one unit there. So, we will be discussing in the next lecture based on that material

balance equation with nonreactive processes. So, thank you for giving your attention.



