Plant Design and Economics
Prof. Debasis Sarkar
Department of Chemical Engineering
Indian Institute of Technology-Kharagpur

Lecture - 04
Flow Diagrams - Mass and Energy Balance

Welcome to lecture 4 of Plant Design and Economics. In our previous lecture, we
have talked about process flow diagrams. Now we have seen that process flow
diagrams contains mass balance informations, energy balance informations for all
major steps. So in this lecture we will talk about mass and energy balance in some
detail.
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Mass and Energy Balance

Today’s Topic:

» Degrees of Freedom

» Flow Diagrams: Mass Balance
U Recycle Processes
U Purge

» Flow Diagrams: Energy Balance

So this will be today’s topic. We will define degrees of freedom. We will talk about
mass balance in flow diagrams with recycle with purge and also we will briefly talk
about energy balance.
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Mass Balance Problems

Mass balance problems involving very few streams and unknown variables can
usually be solved by direct methods.

For more complex problems (flow-sheets), there will be several streams and
processing steps. In such cases, a more formal algebraic approach is used.

Manual calculations will be tedious. Commercial software are available for this.

Steady-State: Steady-State and Dynamic:
Aspen Plus HYSYS

CHEMCAD PRO/Il and DYNSIM
DESIGN Il UniSim Design

Now mass balance problems involving very few streams and unknown variables can
easily be solved by direct methods. But for complex problems meaning if you have a
complex flow sheet there will be several streams and processing steps. In such cases,
a more formal algebraic approach is used. Manual calculations will be tedious and

commercial software are available for this.

Some of the softwares that are available are given here. Aspen Plus, CHEMCAD,
DESIGN II. They will perform steady state simulations. Then there are softwares
which will perform both steady state and dynamic simulations, HYSYS, PRO/II and
DYNSIM, UniSim Design. All these softwares will be extremely useful as they
perform both steady state simulations and dynamic simulations and performing mass
balance, energy balance will all be very easy.

(Refer Slide Time: 02:29)



Mass Balance: Algebraic Approach| (s, x,.y,)=0
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Now what you see is a block diagram for a simple process. So there are four
equipment or four units. 1 is mixer, 2 is reactor, 3 is separator and 4 again another
mixture. So first x 11 input goes to mixer. Then the output of the mixer goes to
reactor. Output of the reactor goes to separator. So from separator one stream goes as
recycle stream to mixer 1 and the other stream from the separator goes to mixer where

it mixes with another stream x 41 and you get output as y 41.

Now let us use this nomenclature. x ij represent input j to unit i. So x 11 is input 1 to
unit 1. x 31 will be unit 1 input 1 to unit 3. Similarly, x 12 will be input 2 to unit 1.
Note that there is one input here, there is another input here. Similarly, y ij represent
output j from unit 1. So y 11 will be output 1 from unit 1. y 31 will be output 1 from
unit 3. y 32 will be output 2 from unit 3.

Now once we understand this nomenclature, let us try to understand that around each
unit around each unit you can write mass balance or energy balances which will be
expressed as a mathematical function of these inputs and outputs and also other unit
parameter that may be associated with the units. For example, say reactor separator

may have certain unit parameters associated with these units.

So the mass balance equation or energy balance equation can be written around each
unit and they will be functions of these inputs, outputs and unit parameters. Now if

these functional forms or if these equations are simultaneously solved we will get the



mass balance and the energy balance associated with each stream. Now note that
every unit has been associated with input and output.

So y 11 is the output 1 from unit 1. x 21 is the input 1 to unit 2. But as the figure
suggests, y 11 must be equal to x 21. So along with these equations, you must also
have to solve equations like y 11 equal to x 21. In other words, x 21 —y 11 = 0.
Similarly, all these equations needs to be solved simultaneously with these equations f
1, f 2, f 3, f 4 which represent mathematically energy balance or mass balance around
each unit. These informations can be easily coded and can be solved on computers.
(Refer Slide Time: 08:47)

Degrees of Freedom

Let there are N, streams each containing N, independent components.

Then the number of variables, N, = N, XN,
Let the number of independent balance equations = N,

Then, Degrees of Freedom (DOF), N, = (N, X N,) - N

If we specify N, number of variables, we will get a unique solution.

Now you know that degrees of freedom is defined as total number of variables minus
number of independent equations. So let there be N s number of streams and each
stream is associated with N ¢ number of independent components. So each stream has
N ¢ number of components. So N s streams will have N s into N ¢ number of

variables. Let the number of independent balance equations be N E.

So degree of freedom is defined as N s times N ¢ minus N E. So if we specify N D
number of variables then your system will be uniquely defined, you get a unique
solution.

(Refer Slide Time: 09:53)



Degrees of Freedom: Example

Streams F, and F, contain both Benzene and Toluene. The streams are mixed at constant
pressure to form stream F,. Flow-rates are given as molar flow-rates and compositions
are given as mole fractions. Calculate DOF.
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Now let us take an example for degree of freedom computation. The blog represents a
mixer where stream F 1 and F 2 enters and stream F 3 comes out. Each stream F 1 and
F 2 contain benzene and toluene. So the streams are mixed at constant pressure. Let
the flow rates be molar flow rates and the compositions be mole fractions. So what
balance equations can you write? We can write steady state mass and energy balance

equations.

So x T1 is the mole fraction of the toluene, x B1 with the mole fraction of benzene.
Similarly, for x B2, x B3. So you can write the first balance equation as moles of
benzene that enters and moles of benzene that comes out. Similarly an equation on
toluene you can also write energy balance equation. Enthalpy that goes in with F 1

plus enthalpy that goes in with F 2 will be equal to enthalpy that comes out with F 3.

So these are three mass balance and energy balance equations. Now you can also
write relation for enthalpy of each stream. So you can write three relations
representing enthalpy for stream 1, stream 2 and stream 3. So h 1, h 2, h 3 all are
functions of temperature of the stream, pressure of the stream and composition of the

stream. We also have the relation that sum of the mole fractions equal to 1.

SoxBl=1-xT1. xB2=1-xT2 xB3=1-xT3. So how many equations we
have? We have 9 equations, 3 here, 3 here and 3 here. How many variables are here?

We have flow rate, enthalpy, temperature, benzene mole fraction and toluene mole



fraction. These 5 quantities for each stream. So 5 into 3 15 plus we have pressure so
16. So we have 16 number of variables.

So degrees of freedom will be computed as 16 — 9 = 7. So if you want to completely
define your system, if you want to get unique solution, you have to specify 7
variables. The common sets are the flow rate, mole fraction of benzene and the
temperature for stream 1. The same maybe for steam 2, so 6. And then pressure 7. So
these are the 7 common sets which will be chosen to completely specify the system.
(Refer Slide Time: 14:19)

Process Flow Diagram (PFD): Check Total Mass Balance
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Now we are familiar with this flow sheet. This is hydrodealkylation of toluene to
produce benzene. So the overall reaction is toluene plus hydrogen equal to methane
plus benzene. So fresh toluene is mixed with recycled toluene. Then it is pressurized
and mixed with hydrogen. Then the mixture is first heated with the heater E-101. And

then again with the furnace H-101 to raise the temperature.

The temperature is raised to around 600 degrees Celsius. Then the stream goes to the
reactor, R-101 which is a packed bed reactor, is a catalytic reactor in which the
reaction takes place. The effluent from the reactor is cooled with E-101. And then the
cold stream is phase separated using phase separators V-102 and V-103. First the gas

stream is separated.

So whatever hydrogen that is possible to recover is recycled back to the reactor. Look

at the stream number 7 and the other stream which is predominantly methane is taken



out as fuel gas. Now the liquid stream for V-103 is sent to the distillation column
where the liquid mixture is separated. The lighter component is benzene is taken from
the top of the distillation column, cooled using E-104 and then stored.

The heavier component is toluene taken from the bottom of the distillation column
and recycled. So this is how the hydrodealkylation of toluene to produce benzene
takes place. Now we want to see whether the total balance is maintained or not. We
know that stream table will be there which will give me the detailed information about
each stream.

(Refer Slide Time: 18:14)

Process Flow Diagram (PFD): Stream Table

Stream Number 1 2 3 “ 5 6 8
Temperature (°C) 5 N 5 5 4l 600 41 8
Pressure (bar) 19 258 K55 B2 B5 B0 55 B9
Vapor Fraction 0.0 00 100 10 10 0 10 10
Mass Flow (tonne/h) 100 133 082 05 641 05 036 92
Mole Flow (kmol/h) 1087 142 3010 12044 7588 1244 426 11008
Component Mole Flow
(kmol/h)
Hydrogen 00 00 2860 7354 494 74 B2 6519
Methane 00 00 150 3173 3022 373 1695 4383
Benzene 00 0 00 76 66 76 03 95
Toluene 1087 1432 00 140 07 140 00 105

So here it is. So stream numbers are given. This is the part of the stream table and all
the informations temperature, pressure, vapor fraction, mass flow rate etc., are all
available. Now to check the total mass balance, we have to look at how much of
toluene and hydrogen enters and how much of fuel gas and benzene comes out. So we
have to focus our attention on stream number 1 and 3 as input and stream number 15
and 16 as output.

(Refer Slide Time: 18:51)



Process Flow Diagram (PFD): Total Mass Balance

Stream Number 1 2 3 4 5 ¥ N B B
Temperature (°C) 5 % 5 2 3 ¥ 3 3 m
Pressure (bar) 19 28 %5 252 23 25 28 29 25
Vapor Fraction 00 00 A 10 00 J 10 00

Mass Fiow (lomne/B) p3 [ s 007 115
Mole Flow (kmol /h) 057 142 N0 12044 105 0T 406 1422

Component Mole Flow
(kmol/h)

Hydrogen 00 00 2860 734 00 170 067 002
Methane 00 00 150 A 00 1205 310 088
Benzene 00 10 00 76 1052 285 026 1063
Toluene 1087 162 00 140 04 03 0B %0
Toluene Feed (Stream-1) Benzene Product (Stream-15)
Hydrogen Feed (Stream-3) Fuel Gas (Stream-16)

So let us look at the stream table. So what goes in is 100 + 0.82 tonnes per hour which
is 10.82. What comes out is 8.21 + 2.61. So that is also 10.82 tonnes per hour.
(Refer Slide Time: 19:16)

Process Flow Diagram (PFD): Total Mass Balance

INPUT:
Toluene Feed (Stream-1):  10tonne/h = 10,000 kg/h
Hydrogen Feed (Stream-3): 0.82 tonne/h=820kg/h  TotalInput: 10820 kg/h

QUTPUT:
Benzene Product (Stream-15): 8.21 tonne/h = 8210 kg/h
Fuel Gas (Stream-16): 2.61 tonne/h = 2610 kg/h

Total Output: 10820 kg/h

INPUT = QUTPUT

So mass balance is maintained, input equal to output.
(Refer Slide Time: 19:25)



Process Flow Diagram (PFD): Check Conversion
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Conversion, € = (Benzene produced)/(Total toluene introduced)

Next we let us take the conversion per pass of toluene in R-101. So you ask the
question what is the conversion per pass of toluene to benzene in the reactor R-101.
Let us define the conversion as benzene produced divided by total toluene introduced.
(Refer Slide Time: 19:52)

Process Flow Diagram (PFD): Total Mass Balance

s INDUE streams to R-101;
3 — ) Stream 6 (reactor feed)

C?_“f" : E& i T et | @3 Stream 7 (recycle gas )
CA01AB

EA04 b

T Output stream from R-101:
)

e Stream 9 (reactor

_ Hydrogen PI0IAR JE,T% /. efﬂuentstream)

"l
‘-’ T A101
J 3 I AL
; H101 i " Q‘ m‘ \
8 B2 .
Y| et
; A\
Y100

So let us look at the input streams to the reactor and the output streams from the

reactor. Streams number 6 and 7 are the inputs. Stream number 9 is the output stream
from the reactor.
(Refer Slide Time: 20:09)



Process Flow Diagram (PFD): Total Mass Balance

Straam Number 6 7 8 9 10 Input: Streams 6, 7
Temperature (°C) 04 B W OUtPUt: Stream 9
Pressure (bar) B0 B5 B9 U0 2
Vapor Fraction 10 10 1010 00 Toluene introduced =
\Lmlﬁhm‘ (tonne/h) 05 0% 92 M9 116 144 (Stream 6) + 0_04 (Stream 7)
zkvlr Flow |k\mu|.'|:ll . 1244 426 1008 12470 1422 = 144,04 kmol/h

omponent Mole Flow gt
(kmol/h) —

i 74 B2 6962602 gansene produced

Methane 373 1695 4383 423 088

Benzene m 955 1063 =116 (Stream 9) i

Toluene W 105 %0 %0 7.6 (Stream 6) =

0.37 (Stream 7)

?’——’“‘> = 108,03 kmol/h
I

So now, look at the stream table corresponding to this stream. So find out the total

toluene that is introduced which is introduced with stream number 6 and stream
number 7. The quantity is 144.04 kilo mole per hour. Similarly, compute the benzene
produced which will be benzene that goes with stream number 9 minus concentrated

benzene in stream number 6, benzene in stream number 7.

So that will give you 108.3 kilo mole per hour. So thus their ratio will give you the
conversion. So this way you can compute the conversion.
(Refer Slide Time: 21:30)

Mass Balance: Processes with Recycle

Recycle Stream Recycling is used to

»Improve yield, purity

»Recover catalyst

Feed Product  Dilute feed to control its

—— Mixer Reactor Sepanator [y ;
y concentration

»Conserve heat

Without recycle stream: Compute mass balances sequentially.
With recycle stream: Follow any one approach:

» Estimate the recycle stream flows and proceed with calculation.
Compare estimated flows with the calculated and a better estimate made.

»The formal algebraic method. The equations are set up with the recycle
flows as unknowns and solve simultaneously using standard methods.

Now let us consider process with recycle. Recycling is frequently used in chemical
process industry. So look at the schematic. A stream from the separator is fed back to
the mixer. So feed goes to mixer from where it goes to reactor. The effluent goes to



separator. From the separator product stream is taken out but unreacted stream maybe
send back and mixed with the raw feed.

And this will be again fed to the reactor. This will improve yield. This will improve
purity. You may use recycle to recover catalyst. You may want to dilute feed to
control its concentration. You may also conserve heat. So the recycling will serve
several purpose. Without recycle stream, we can compute mass balance sequentially.

There would not be any problem.

With recycle stream you cannot compute mass balance in a straightforward sequential
manner. We have to do any of the following. Estimate the recycle stream flows and
proceed with calculation. Compare estimated flows with the calculated and a better
estimate is then made. Other approach will be you adopt a formal algebraic method.

The equations are set up with the recycle flows as unknown and solved
simultaneously using standard methods.
(Refer Slide Time: 23:19)

Mass Balance: Processes with Recycle: Example
. Reactor: A+B = C
& Single-pass conversion
of Ais 25%.
Reactants are present
Febd : Prodiet IN stoichiometric
= Mber ——  Reactor Separator — proportions in fresh
/- feed.
Amount recycled
o per 100 moles
T of fresh feed?

Recycle Stream

Once-through material balance: Gross feed = Gross product

Select basis of calculation and the system boundaries appropriately.
Look that you can draw several system boundaries and you have to select basis of
calculations and system boundary appropriately. In the schematic, we have drawn
three system boundaries. One around only mixer, one around reactor and separator
and another one which encompasses the entire schematic of the plan. You can write

two types of balances.



Overall material balance, where you equate net feed with net product. You can also
write once-through material balance, where we will equate gross feed with gross
product. Now let us ask this question. In the reactor a reaction takes place which is A
plus B goes to C. Single-pass conversion of A is 25%. Let us assume that reactants are
present in stoichiometric proportions in fresh feed. What should be the amount
recycled per 100 moles of fresh feed?

(Refer Slide Time: 24:39)

Use
Recycle Stream
i X LetRmoles recycled per
Fedd : produet 100 moles of fresh feed.
=ty Mixer — Reactor Separator |——
‘ / ' Massin=
Mass out +
] Mass
R i R consumed
+B Balance: e
100+ R =(100+R)(0.25)+ R reaction
= R =300 moles

So which system boundary to choose? Let us choose the system boundary around
reactor and separator. L R moles recycle per 100 moles of fresh feed. Now you write
the mass balance as mass in will be equal to mass out plus mass consumed due to
reaction. So now write A + B balance. What is mass in? 100 + R with recycled

stream.

Then what goes out is 100 + R 25% of it plus R. This gives you R = 300 moles. So
300 moles must be recycled per 100 moles of fresh feed.
(Refer Slide Time: 25:43)



Mass Balance: Processes with Recycle

R e VC: Vinyl Chloride, DCE: Dichloroethane

""‘Chhm"‘ L = | ' Consider the block diagram for the

Ehfoe ‘*" s '—{';‘--» vcproduction of vinyl chloride (VC) from

T : J . ethylene. Each block represents a reactor
““““““ and several other processing units.

Oxygen —>—4 Oxyhydro 1~
1 chlorination |

Recycle HCL

A. Block A, Chlorination: C,H, + Cl, 2 C,H,Cl, (Yield: 98% on ethylene)
.ﬂ/

B. Block B, Oxyhydrochlorination: C,H, + 2HCI +0.50, 2 C,H,Cl, +H,0
(Yield: 95% on ethylene, 90% on HCl) —_—T

C. Block C, Pyrolysis: C;H,Cl @Hﬂ CH,Cl, = DCE
mssxmoc:.sss;‘ na; CHCl=VC

Now let us take a little bit more complicated process with recycle. Consider the block

diagram for the production of vinyl chloride from ethylene. There are 3 blocks here.
Each block represents a reactor and several other processing units. So you have 3
blocks A, B, and C. In the block A chlorination takes place. In block B,
oxyhydrochlorination takes place. And in block C pyrolysis take place.

So in block A the chlorination takes place and the yield is 98% on ethylene. Here in
block A ethylene and chlorine produces dichloroethane. In block B
oxyhydrochlorination takes place and it also produces dichloroethane. In the block C,
there is pyrolysis of dichloroethane and vinyl chloride is produced along with HCI.
(Refer Slide Time: 27:31)

Mass Balance: Processes with Recycle

Ch=>— &

Y
‘»1 2 ’ r 77 | TheHClfrom the pyrolysis step is recycled
|
Etylone —>—] fopd owmn ﬁ»; vc The conversion in the pyrolysis reactor is
= \ | [ limited to 55%. The unreacted DCE is
OO > e [ em--=-==4=1 separated and recycled.
‘ Ry HCL 7 !
N4

Target: 200 kmol/h of vinyl chloride (VC)
What should be the flow of ethylene to each reactor?

Block A (Yield of DCE: 98% on ethylene)
Block B (Yield of DCE: 95% on ethylene, 90% on HCl)
Block C (Yield of VC: 99% on DCE, 99.5% on HCl)




Now if you target 200 kilo mole per hour of vinyl chloride, what should be the flow of
ethylene to each reactor? That is the question. Not here the HCI from the pyrolysis
step is recycled. The conversion in the pyrolysis reactor is limited to 55%. And the
unreacted dichloroethane is separated and recycled. So HCL is recycled,
dichloroethane which is unreacted is separated and recycled.

(Refer Slide Time: 28:30)

Mass Balance: Processes with Recycle

7 WA e LetX=flow of ethylene to block A

v x P Y = flow of ethylene to block B

Ethylene —>v~ »l P)’;:’V'J"a = >V 2= HCl fECYCIE
; »{ B ’
Oxygen —»——{ Oxyhydro- f»- |
[ ! Moles of DCE produced = 0.98X + 0.95Y _
Ric yilv HCL ey
8 From Block-C: Moles of HCI produced

=(0.98X +0.95Y)(0.995) =
p— T

Block A (Yield of DCE: 98% on ethylene) 4
Block B (Yield of DCE: 95% on ethylene, 90% on HCl)

Block C (Yield of VC: 99% on DCE, 99.5% on HCl)
Now let us assume that X be the flow of ethylene to block A and Y be the flow of
ethylene to block B and Z equal to HCI recycle. What is the moles of dichloroethane
that is produced? Note the yield of dichloroethane is 98% on ethylene and in block A.
So you get 0.98X. X is the flow of ethylene to block A. So you get 0.98X

dichloroethane.

Similarly you get 0.95Y dichloroethane because Y goes to block B where the yield is
95% on ethylene. So the moles of dichloroethane produced is 0.98X + 0.95Y. From
block C where pyrolysis takes place you can find out that moles of HCI produced will
be 99.5% of this quantity. So this gives me one equation.

(Refer Slide Time: 30:19)



Mass Balance: Processes with Recycle

%=>—] " RookcE | Consider flows to and from Block B:
Migh 1 Yield of DCE on HCl = 90%
‘mm—{ st s - r-ve - => Moles of DCE produced: 0.902/2
Y B (Note: 2 mol HCI reacts to produce
bl o4 SR (8 1 mol of DCE)
T Recyce HCL !
z Yield of DCE on Ethylene = 95%
=>0.902/2 = 0.95Y
=>0.90Z = 1.90Y

Block A (Yield of DCE: 98% on ethylene) (Eg.2)

Block B (Yield of DCE: 95% on ethylene, 90% on HCl)

Block C (Yield of VC: 99% on DCE, 99.5% on HCl)
Next, let us consider flows to and from block B. Yield of dichloroethane on HCL is
given as 90%. So moles of dichloroethane produced will be 0.90Z by 2 because 2
moles of HCL reacts to produce 1 mole of dichloroethane. Again, yield of
dichloroethane on ethylene is 95% in block B. So that gives me 0.95Y moles of
dichloroethane in block B.

S0 0.90Z by 2 must be equal to 0.95Y. So this gives me another equation, which I call
equation 2.
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Mass Balance: Processes with Recycle

B e Rl L yield of VC on DCE = 99%
A X Aliprn B Total VC produced = (0.98X + 0.95Y)(0.99)
- 1 s Y 25 (0.98K +0.95Y)(0.99) = 200
» B
2 "Tiﬂ?\."; T (Ea.3)
Recycle HCL
1 3 Equations in 3 variables-

Solve simultaneously

Block A (Yield of DCE: 98% on ethylene)
Block B (Yield of DCE: 95% on ethylene, 90% on HC)
Block C (Yield of VC: 99% on DCE, 99.5% on HCl)

Finally yield of vinyl chloride on dichloroethane is 99%. So total vinyl chloride
produced will be the total moles of dichloroethane which is 0.98X + 0.95Y multiplied
by 0.99. This must be equal to my target 200. So this gives me third equation. So now,



we have three equations and three variables X, Y, Z. It is easy to solve. We can solve
simultaneously.

(Refer Slide Time: 32:00)

Mass Balance: Processes with Recycle
a—0 s e (0.98X +0.95Y)(0.995) = Z

g ﬁl J T 090z=1907
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Oxygen —p———{ Oxyhydro

chlonnation
T o ] 098X +0957 -——7 =0
2 0.995
098 095 -1/0995Tx7 |0 190 -030Z =0
0 19 =09 v ]|=[0 098X +0957 =X
098 095 0 Jz 20 o

099) " overall Yield on Ethylene
= Y=11384, ¥=9521,Z=201.01  =[200/(X+Y)](100) %

We can write this equation in standard matrix form like Ax equal to B and you can
also solve as A inverse B, which gives you X = 113.84, Y = 95.21, and Z = 201.01.
So the flows of ethylene to block A is 113.84 and to Block B is 95.21, recycle is
201.01. You can also solve these three equations by substitution method also.

Now once you have got these values you can find overall yield on ethylene as my

target vinyl chloride 200 divided by total moles of ethylene that is X + Y. So we can
express it as percentage.

(Refer Slide Time: 33:11)

Mass Balance: Purge
Recycle Stream
—>  Purge
Feed Product
—— Mixer Reactor Separator

It is necessary to bleed off a portion of a recycle stream to prevent the
accumulation of inert or impurities, or unwanted material in the recycled stock.

Suppose a reactor feed contains inert components. If these inerts are not
separated from the recycle stream in the separation units, these inerts
will accumulate in the recycle stream and the recycle stream will finally
consist of inerts only. Some portion of the stream would have to be
purged to keep the inert level within acceptable limits.




Now let us look at purge. It is necessary to bleed off a portion of a recycle stream to
prevent the accumulation of inert impurities or unwanted material in the recycle stock.
Suppose, the reactor feed contains inert components. If these inerts are not separated
from the recycle stream in the separation units, these inerts will accumulate in the

recycle stream and the recycle stream will finally consist of inerts only.

Some portion of the stream would have to be purged to keep the inert level within
acceptable limit.
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Mass Balance: Purge

Recycle Stream g .

—_— puge  CONCENtration in
iF purge stream =

Feed poduct  Concentration in
Mixer Reactor Separator > recycle stream

If impurities are removed only through purge, then at Steady State:
Loss of inert in the purge = Rate of feed of inerts into the system

(Feed stream flow-rate, F) X (Feed stream inert concentration, x,) =
(Purge stream flow-rate, P) X (Desired recycle inert concentration, x,)

Purge,P =7

As the schematic shows the concentration in the purge stream will be equal to
concentration in the recycle stream. If impurities are removed only through purge then
at steady state you can write that loss of inert in the purge will be equal to rate of feed

of inerts into the system. So this allows me to compute what will be the purge rate.

Because feed stream flow rate times feed stream inert concentration will be equal to
purge stream flow rate times desired recycle inert concentration.
(Refer Slide Time: 34:23)
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Basis: 100 moles of feed. Let purge rate per 100 mol feed = P.

Argon entering system with feed = 0.2 mol

Argon leaving system in purge = 5P/100 = 0.05P

At Steady State: Argon Input = Argon Output

Hence, 0.05P =0.2 ==> P =0.2/0.05 = 20/5 = 4 mol/100 mol of feed.
Let us solve a very easy problem. Consider production of ammonia from nitrogen and
hydrogen. Feed contains 0.2% argon which is inert. What should be the purge rate to
hold the argon in the recycle stream below 5%? Let us take basis 100 moles of feed.

Let purge rate be 100 moles, let purge rate per 100 moles be P.

So how much of argon enters system with feed 0.2% so 0.2 mole. Argon leaving
system in purge 5% so 5% of P is 0.05P. So you must equate 0.05P with 0.2. This
gives me 4 moles per 100 mole of feed. So the purge rate should be 4 mole per 100
mole of feed.

(Refer Slide Time: 35:27)
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Finally, let us quickly talk about energy balance. What you see is a schematic of a

distillation column. The feed with composition x F composition for the more volatile



component and enters at 35 degrees Celsius. At the top the displayed rate is D. It may
be given in terms of moles per hour or kilo moles per hour. Mole fraction or mole

volatile component is x D. It is 25 degrees Celsius and reflux rate is 10.

The bottom product is withdrawn at the rate of W mole fraction x W temperature 100
degrees Celsius. Now the energy balance can be written similar to mass balances by
defining system boundary. So let us try to identify the streams with which energy
enters to the system and the streams with which energy leaves the system. So there are

two streams through which energy enters.

One is feed stream. So enthalpy H F enters and another is Q B which is boiler load. So
this is Q C and this is Q B. But energy leaves with the distillate. It leaves with
condenser. It leaves also with the product stream at the bottom. So these are all the
streams with which energy enters and energy leaves.

(Refer Slide Time: 37:30)
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Now you can take appropriate system boundary and can write down energy balance
equation. For example, let us consider the top part of the distillation column. So | can
write energy balance around this envelope. So this is shown here. So you write energy
balance around this envelope. So energy enters with H v energy leaves with this, this,

as well as this.

So we can write v into H v the amount of energy that enters is equal to energy leaves
LHL+DHD+ Q C. Now reflux ratio is R. So you can use L = R D and can



substitute here. So this will allow you to compute say Q C. Similarly, you can write
energy balance around this envelop. You can also take an envelop around the entire

distillation column and can write energy balance equation.

So you have to identify the streams with which energy enters and you have to identify
the streams with which energy leaves. And then at steady state, energy balance can be
written the same way as we have seen in case of mass balance energy in equal to

energy out. So with this, we stop our discussion here. Thank you for watching.



