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Lecture - 25
Tutorial 5

Hi friends, now we will have a tutorial session which is based on the last 4 classes. In this
class, we will solve some numerical problems.
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Problem 1

The gas produced by a steam reformer is exiting at a pressure of 2144 kPa
and has the following composition, Determine the partial pressure of each

component,
Component Molar Fraction
H2 0392 .-
H20 0.438 -
o, 0081 /
o2 , 0.080 /
CHe 0.009 ¢

Our first problem statement says the gas produced by steam reformer is exiting at a pressure
of 2144 kilopascal and has the following composition. Determine the partial pressure of each
component. So here a table is given component and molar fraction that is hydrogen, H20,
CO, CO2, CH4. Hydrogen is 0.392, H,0 0.438, CO 0.081, CO> 0.080, and CH4 0.009. So this
is the problem statement and we have to determine the partial pressure of each component,
mole fraction is given and total pressure is also given, so we can measure it. Now let us see.
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Solution
STEP1: To caleulate the partial pressure of each gas in the stream exiting the reformer, we can
use the following equation;

P =y, Pwhere

) ITI = Partial pressure of the species i present n the zas mixture

¥, = molar fraction of the species | present i the gas musture

P = absolute pressure of the system.

STEP 2: Substituting the corresponding molar fraction and the absolute pressure of the system
info the definition of partial pressure, we have: Py, = Yy, P= 0392 % 2144 = §40 448 kPa

P = Yy P= 0438 % 2144 = 930,072 kPa_
B Yo PT0081 #2044 = T3 660 kPa
Pup= Yo P= 0080 2144 = 171 52kPa
Py Yo P= 0009 2044 = 19296 kPa
09+ 214

So what is our step one, we have to calculate the partial pressure of each gas in the steam
exiting the reformer. So we can use which formula, that is Pi = Yi X P where P;j is the partial
pressure, Y is the mole fraction and then P is the absolute pressure, the total pressure of the
system. So in our case what is our Px2o, partial pressure of steam, then that is equal to mole
fraction into the absolute pressure. So absolute pressure is given, that is the total pressure,

that is 2144 kilopascal, this into the mole fraction of H2O.

How much it is, mole fraction is 0.438. So we will write here 0.438 x 2144, it is coming
939.072 kilopascal. Similarly for carbon monoxide, the mole fraction of carbon monoxide
into total pressure, so we are having 0.081 x 2144, so 173.664 kilopascal. Similarly for
carbon dioxide, partial pressure = Yco2 X P, so that is = 0.080 x 2144, so 171.52 and similarly
for methane that is equal to 0.009 x 2144 = 19.296 kilopascal.
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Problem 2

In the steam reforming process for producing hydrogen, part of the reformer exit gas is
being burned with 10 % excess oxygen from air in order to supply heat for the
reforming reaction fo oceur: The fuel being burned has the following composition:

The combustion reactions occurring Component | Mol %
inside the firebox are shown below;.- - ol |Hy 49
The combustion of methane is only | ri][-'-|-;'j_'yh..- P 51
§7 ".fr. complete, | .|I| ;LJ-’ .' D 7.

I)CH 410, CO+IH0 .iﬁ".‘,'r" L

2)C0+ 1120, — €0, S C_”J P il
3 H,+120,~ HO v h, , |94,

Determine the composition of the gas produced by the combusfion reaction assuming an
air composition of 21 mol % oxveen and 79 mol % nitrogen,

So now we will come to problem number 2. So problem number 2 states that in the steam
reforming process for producing hydrogen, part of the reformer exit gas is being burned with
10% percent excess oxygen from air in order to supply heat for the reforming reaction to
occur. The fuel being burned has the following composition, that is component and mole
percent. So Hz 41.9%, H.O 5.1%, CO 1.7%, CO; 41.9%, CHs 9.4%. The combustion

reactions occurring inside the firebox are shown below.

These are the reaction that is CH4+202 ->CO2 +2H20, CO+1/20; -> COy, and H2+1/20; ->
H20. The combustion of methane is only 87%, another condition is methane conversion is
87% complete. So determine the composition of the gas produced by the combustion reaction
assuming an air composition of 21 mol % oxygen and 79 mol % nitrogen. So in this problem,
what we have to do? We have to determine the composition of the gas produced by the

combustion reaction in the outside of the reforming tube.

So if we have one reformer here, so these are the tubes. When the reforming is taking place,
then under reforming the gas is going out and here we are putting this gas that is your some
part of this gas is recycled back and then it is fed here and this is burnt in this chamber, this is
burnt, and then the burnt gas is getting out. So we have to calculate the composition at this
position, here, what is the gas composition and this is the gas composition which is given it is

coming here.

We are also providing oxygen or basically here oxygen plus nitrogen. So oxygen plus

nitrogen is provided here at the outside of the tubes and some gas with this composition is



burnt here and is getting out, basically it is a combustion problem, although it is related with
reformer, but it is basically a combustion problem. So mass balance will do and we will be
able to determine the composition of the gas which is going out from this.

(Refer Slide Time: 06:26)

Rasis of 100 moles of fuel Solution

S

STEPI;
(—,,HJ balance

Input = Output * (‘t‘lllﬁll]ll]}[inll_.

Input = 9.4 moles CH, _—

Convetsion of CH4 =087

CH, out of reactor = 9.4 -0 87%9 4 = 1 222 mole

Since no mformation 15 ;m-t*.n-:llmut the fractional conversion for reactions 2) and
3}, complete combustion can be assumed,

Thus, gy g = Ny =0

See for this problem, we will take one basis. So our basis is 100 moles of fuel gas which we
are using for the combustion in the outer side of the reformer and then we will go for mass
balance. So for CH4 balance, methane balance, we have input = output + consumption.
Obviously input = output + consumption because the CHs is consumed, so how much input
we had minus consumption is our output. In this case input is equal to how much 9.4%. So

we have 100 moles, so 9.4 moles of CH4 we are getting.

Then what is the conversion of CH4, 87% of it is converted, so 0.87 x 9.4, so that is equal to
will be the conversion of it. So how much methane is remaining in the outlet, so that is equal
to input - consumption. So input is our 9.4 and consumption is 0.87 x 9.4, so this one, so =
1.222 mole. So this mole of methane is getting out of the reactor, that is for methane, and
since no information is given about the fractional conversion of reaction 2 and 3, so what are
the reactions 2 and 3, CO to CO2 and H2+1/20: it is giving us H20.

So these reactions either the CO is converted completely or not hydrogen is completely or
not, so we are assuming that the CO is completely converted to CO, and H is completely
converted to H20. So under this condition, how do you get, NCOout = NH2out = 0, that means
these are completely converted, so no CO, no Hy is available in the output of this.
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STEP 2:

(0, balance

Input + Generation = Output ~~

By looking at the chemical reactions, it can be seen that both reactions 1) and 2) are
senerating carbon dioxide. From the stoichiometric coefficients of these reactions,
and considering (0, balance

N I2.gencrated =g et + Dy i

e -_—

o

=0.47087 = 1.7=9.88 moles CO, ~
Thus, by the matenial balance equation for (0,
Doys or = 419+ 9 88 moles = 31,78 moles

Then we go for carbon dioxide balance. So carbon dioxide balance will again use input +
generation = output. In this case, carbon dioxide is generated unlike methane, methane was
being consumed, but here carbon dioxide is generated, so this expression will be used. So we
have to find out that generation. So how we can determine the generation? We have to see the
reactions first. So what are the reactions? We have these reactions. So these reactions also

give carbon dioxide, this reaction also give carbon dioxide, so reaction 1 and reaction 2.

So how many moles of methane is used that many moles of carbon dioxide is also produced
and how many moles of CO is used that much of carbon dioxide is also produced, so that part
we will discuss. So what is this, consumed equal to number of moles of CH4 reacted and
number of CO reacted and what is this number of nCHa reacted, that is 9.4 x 0.87, this part,
and what is nCO, the percentage of CO is 1.7, so out of 100, 1.7 moles was present, so this is

this plus this, that is equal to 9.88 moles of CO: is generated.

So this is the generation of CO.. Then what would be the output of this, input + generation.
So what was the input, that carbon dioxide was available in it as 41.9%, so 41.9 moles are
originally available in the inlet of the gas and now 9.88 moles is generated during the process,
so this plus this will be 51.78 moles of carbon dioxide will be available at the output.
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STEP 3:

H,0 halance

.|.!_'I[lell + ‘.:ii.‘lﬂ.‘]'ﬂIiUIT!_.: {}utpu?_ P

[nput = 3.1 moles -

The amount of water generated by the chemical reactions will be given by:

il
20001 et

e T

O 120 pereerated ~ [l| 12 reagtil

s

Substitutmg numerie values mto this equation, we have:

— [ ] al — g .
M0 senerted = '“_L_] + 2 0.87%0 4=758 256 |T|[.'J|L51

—

By substituting this result into the material balance equation for H,0:

Mg = 2.1 38250 =03 350 moles

Next we see the H.O balance, mass balance for H.O. Then what we will get, again input +
generation = output, the same formula we will use. In this case, what is the input, input is
given as 5.1%, so we are having say 5.1 moles, so it is given here in this table 5.1, so that
5.1% we are considering, 5.1 moles. The amount of water generated by the chemical
reactions will be given by this, NnH2Ogenerated = NH2reacted + 2NCHareacted beCause this was the

formula, here the reactions, so Ho+ 1/20; -> H»0.

So how much hydrogen is used that much H»O is produced and this is how much methane is
used two of that will be the H.O production. So that is why we will be getting this balance
number of moles of hydrogen reacted = number of moles of hydrogen reacted + 2 x number
of moles of methane reacted. So number of moles of hydrogen reacted as we are considering
that hydrogen is 100% converted, so 41.9 it is available as the hydrogen concentration in the
inlet gas is 41.9%.

So out of 100 moles that is 41.9 moles of hydrogen is available + 2 x methane converted. So
methane how much was available 9.4 x 0.87 that was the conversion and 2 moles will be
generated, 2 moles of H2O will be generated from 1 mole of methane, so 2 x this x this will
be our H20 generated due to methane. So this overall we are getting moles of H.O generated
= 58.256 moles. So what would be the output, input + generation, so input how much we
have 5.1% and so 5.1 moles we had out of 100 moles and now we are getting 58.256, so we
are getting 63.356 moles of H>O.
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STER4;
To determme the oxygen exttmg inthe product stream, we will perform a materal
balance for molecular oxygen

This value can be calculated by multiplying the amount of Tuel in the feed (carbon
monaxide, methane or hydrogen) by the storchiometri ratio of el to oxygen. Thus,

' 94moles CH{2 moles Oymal CH }) =188 moks )

vﬂw 1.7 moles CO 112 moles )_J."'M (H) 0.3_5_1}10[::5 0,

= 419 moles F{ 12 moles Ol CHF) = 2095 moles 0,
] - — o

Next we will see our oxygen balance because we have to determine the composition of the
outlet gas which will be containing nitrogen also, so where from the nitrogen is coming, from
the oxygen it is coming. So oxygen we have used 10% excess, that means | have to determine
stoichiometrically how much oxygen is required, so 10% of that as excess is provided. So
here we need not to consider how much methane is converted in the reactor in real case, we
have to consider stoichiometrically how much oxygen is required for the conversion of all the

methane available in it, so that we will consider here.

So what is this nO2 number of moles of oxygen required for methane conversion is your 2
moles of O2 per mole of methane, that is why for complete conversion stoichiometrically, we
need 2 X 9.4 moles as 9.4 moles of methane is available originally in the inlet gas. So 2 x 9.4
= 18.8 moles of oxygen is required for the conversion of CHs to H20O and CO. and then
similarly for CO, carbon monoxide to CO2 conversion, we need 1 / 2 mole of oxygen for 1
mole of CO, this is not CHs this is CO, so what we are getting 1.7 x mole of CO, we have 1.7

x half of it, so that is equal to 0.85 moles O is required.

Then for the hydrogen to H.O production, we need oxygen and that 1/2 mole of O is
required for 1/2 mole of hydrogen, therefore hydrogen is present 41.9 and all hydrogen is
converted, so 1/2 of 41.9 that is 20.95 moles oxygen is required for this reaction.
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Knowing the values of oxvgen consumed by each reaction, we can calculate the tofal
amount of oxyaen required by this process

Consumption =gz b 1y ¥

=40 bmoles 0,
Snce there 15 10 % excess oxyaen, the number of moles of oxyen entermg the
reactor will be given by:
Input =110 40.6=44.66 moles
(), actually react thmugha|l1hL'“|'u.'1cli(mH DVORTRO4H LM 4419412

=¥ Smles0, T

(0, out of reactor 16638 156= 6 504 moles 0,

So what will be our total oxygen consumption? The oxygen consumed for the methane
reaction for the CO and for the hydrogen, so that is 40.6 moles we have got, that is equal to
20.95+18.8+0.85, so this is equal to 40.6, so that moles we are getting. So now this is the
stoichiometric requirement, now 10% excess has been provided. So what was the oxygen
provided, so there is 1.10 x 40.6 moles that is equal to 44.66 moles, so that much of oxygen is

provided.

So oxygen actually consumed equal to how much, that is equal to 87% of methane
conversion. So 2 x 0.87 x 9.4 + 100% of carbon monoxide and hydrogen. So 1.7 x 1/ 2 +
41.9 x 1/ 2 = 38.156 moles of Oy, so this 44.66 we are giving and 38.156 moles of O is
being used for the conversion process, so remaining will be available in the exit gas so 44.66-
38.156 = 6.504 moles of oxygen will be available.

(Refer Slide Time: 16:37)



STEP 5: However, all the nitrogen will exit in the product stream since it is not being
consumed nar generated by the chemical reactions, Thus

N, balance

s -
Vg = Magon
The amount of nitrogen fed into the system can be determined by multiplying the
molar fraction of nitrogen in the air by the amount of air fed:

0= M e = (079/0.21)744.66 = 168.01 moles N,

Now that we know the amount of moles of 2l the species, we can calculate the total
number of moles emtlng the comhustmn chamber

“'M “rm t ncm ou ¥ n||,r ot ¥ “wuul * “mc i
] —1222+Jl?8+533;5+1£\801 6501'-1
= 290 8? moles

Then what about the nitrogen, so as you know that nitrogen will not react, so how much
nitrogen is getting in that will go out. So in this case, how much is in, that is how much
oxygen is used if we know, then you can determine how much nitrogen is being used. So that
0.79 / 0.21 x the moles of oxygen used. So moles of oxygen used = 44.66 which is supplied

to the inlet gas, so that is equal to 44.66, so it is coming is equal to 168.01 moles nitrogen.

So this nitrogen we are giving here. Now what will be the compositions of the outlet gas
then? It will be having number of methane which is unconverted and the number of moles of
carbon dioxide and the moles of steam and moles of nitrogen and moles of oxygen which is
not used. So already we have got 1.222 for methane, for nCO, we have got 51.78, H20 we
have got 63.356, nitrogen we have got 168.01, and for oxygen we have got 6.504 which is
going out. So total is 290.87 moles.
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STEP 6:

The molar fraction of each component of the exhaust gases can be obtamed by

dividing the number of moles of each component by the total mumber of moles
T, Vo=l = SO0 -
\n*] o W%"‘}UE? Urw

Vop= Mg =0 SUOSI00 |
_ VI 4 |
Voo™ M = 0178 = 2t} |
Vo= = B O1087=05T6 |

;s -

So now we can determine the percentage, so what will be the percentage of methane equal to
mole of methane/total mole x 100, so that way we will get it hence for mole of methane 1.222
/ 290.87, so this is the fraction. For H2O we are getting 63.356 / 290.87 that is 0.2178, this is
63.356 okay. Then we are getting for Yo that is equal to 6504 / 280.87 = 0.024 and for Yco2
so 0.178 because this is equal to how much, we have carbon dioxide, so this is 51.78, so

51.78/290.87 = 0.17.

Then we are getting say Ynz, Yn2 = moles of nitrogen / moles of total outlet stream, so that is
equal 168.01/290.87 = 0.5776. So now we are able to get the composition of the outlet gas.
(Refer Slide Time: 19:31)



Problem 3

Dry methane is burned with dry air. Both are 25 °C initially. The flame
temperature is 1300 °C. If the complete combustion is assumed how much
excess air is being used” The reaction is

CH,;+20,~ (0, +2H,0

Standard heat of reaction is -8,028¢10° /g mole of CH, reacted, Mean molar
specific heat of gases between 25°C and 1300°C are in J/g (mole) K

0, .- 5188 -
0, uot
HO 4045 -
N, ¢ an -

So next problem statement says dry methane is burned with dry air. Both are 25 degree
centigrade initially. The flame temperature is 1300 degree centigrade. If the complete
combustion is assumed, how much excess air is being used. The reaction is CHs+20, =

CO»+2H-0. The standard heat of reaction is -8.028 x 10° joule per gram mole of CHa.

Mean molar specific heat of gases between 25 degree centigrade and 1300 degree centigrade
are in joule per gram mole K that is equal to CO2 51.88, Oz 34.01, H20 40.45, and N2 32.21.
So this is the problem statement and then what we have to do, how much excess air is
required so that we have to calculate. So how we can do it, let us see.

(Refer Slide Time: 20:39)

SOLUTION:
* The reaction is given below:

CH, 120, CO, 1 21L,0

*Lety = number of moles of O, m the feed

+ Reference temperature = 23 'lf_

* Therefore, enthalpy of both CH, and O, + N, 15 zeroat 25'C

— — 4 !

So what is the reaction given, CH4+20, =» CO2+2H20. Then let us assume that number of

moles of Oz in the feed is equal to y and the reference temperature is 25 degree centigrade



and the enthalpy of both CH4, Oz and N2 is O at 25 degree centigrade, this way base case it is
given.
(Refer Slide Time: 21:13)

o For Complete conversion of CH,

Inlet Outlet
Species | T(*C) | Moles | Enthalpy | TI°C) | Moles | Enthalpy {)/mal)
(}{mol)
CHy . |25+ |1~ |0 1300( |0
0, 25 lys |0 1300 |y-2( [34,01{1300-25)
N, 25| 378y |0 1300|376y |32.24(1300-25)
Ca, 1300 |1 [5188(1300-25)
H,0 1300 |2 40.45(1300-25)

Then for complete conversion of methane, what is our condition, say we have, this is our
inlet, all are CHa, oxygen and nitrogen it is there here we are providing. So nitrogen will be
there, oxygen will be there, methane will be there. See we have 1 mole of methane, we are
having y mole of O and then 3.76 mole of nitrogen because 21% is oxygen and 79% is
nitrogen, that is why this mole ratio will be 3.76. So if y is oxygen, then 3.76 will be nitrogen,

enthalpy for all it is 0.

Then outlet temperature is 1300 degree centigrade and in this case methane will not be
available, but oxygen will be available because excess oxygen is used, so how much y is
given, so rest will be y - 2 because 1 mole methane consumes 2 mole of oxygen, soy - 2 is
the remaining oxygen and then nitrogen how much was available that will be available, there
IS no reaction with it, so 3.76y. Then CO2, 1 mole of methane will give 1 mole of carbon
dioxide and 1 mole of methane will give 2 moles of H;O.

So we are getting 2 mole of H20O and then enthalpy of these already we can calculate that =
34.01 x 1300 - 25, why because these value are given here for CO; this one, oxygen 34.01,
H>0 40.45, and N of 32.21. So at the outlet, all those gas will be available and their enthalpy
values are also provided here okay, so this we have to multiply by the moles x this x this one,
mCpdT, so mCpdT, m with respect to mole, so Cp is given here, so this is our dT 1300-25, so

this is our enthalpy value.
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* Rates of enthalpy:

Accumulation = Input- Output + Generation (heat due to reaction) 4
<0-ffy - 234 01 +3 76y * 3221 + 51 88 + 4045 12](1300-

25)+(-8.028 % 10°) ' - o

155,12y +04.76)(1300-25) = 8 028%10°
y = 364160 mole a -

v oexcess =[(364-2)2]1100
=8

Therefore, 3.0410 male O, was fed for each mole of CH, -

Then we will get the sheet balance. Then we will calculate the value of y and that will be the
excess oxygen required for this combustion. So here accumulation = input - output +
generation. So this is the heat balance we are consuming. So input equal to zero, AH is not
there because all are at 25 degree centigrade so that is our base case, so minus output, y-2
oxygen is there, so x 32.01+3.76y for nitrogen and then 32.31+51.88+40.45x 2 that is the
composition which we are getting, that is H.O and COz and then AT.

So this is your mCp and this is your AT, mCpAT that is the output which we are getting with
the gas stream. Generation we are getting, what is that, during this heat generated that is
equal to -8.028 x 10°. So by this accumulation is equal to 0, so by rearranging we are getting
this formula and y = 3.6416 moles, so this is our y we are getting. So then what is the excess
air, why this much oxygen was required, 2 moles were stoichiometrically, so (3.64-2)/ 2 x

100 = 82% excess air was used.

Therefore 3.6416 moles oxygen was fed for each mole of CH4 and excess air was 82%. So
now we are able to solve the problems, so up to this in this class. Thank you very much for

your patience.



