Chemical Reaction Engineering 1
Professor Bishnupada Mandal
Department of Chemical Engineering
Indian Institute of Technology Guwahati
Lecture 23
Importance and Applications of Extrusion Technology in Food Processing

Welcome to the 13™ lecture of module four. In this module we are discussing reactor design.

Before going to this lecture let us have brief recap on our previous lecture.

(Refer Slide Time: 0:58)

Recap

+ General Graphical Design

+ Construction of Rate-Conversion-Temperature Chart

In the last lecture we have covered graphical design procedure for the reactor size and then
we have seen how to construct rate conversion and temperature chart. So, rate conversion and
temperature chart is basically plot of conversion versus temperature at different rates, which

we call it you know Contour plot, where three parameters are plotted in two dimension.
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Module 4: Lecture 13

Material and Energy Balances in Batch Reactor

+ Total Mass Balance in Batch Reactor
+ Material Balance in Batch Reactor

* Energy Balance in Batch Reactor

+ Enthalpy-Temperature Relation

+ Adiabatic Operation

In this lecture, we will consider material and energy balances in batch reactor. The brief
lecture outline are as follows. We will consider total mass balance in batch reactor, material
balance in batch reactor, then we will consider energy balance in batch reactor, enthalpy,

temperature relationship and finally we will consider adiabatic operation.
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So, let us start with batch reactor general balance on the quantity under consideration. So, as
we have already discussed the reactor design at the beginning of this module, to how to

design a batch reactor for a single reaction. And we have considered a generalized transport



equations or the balanced equation, like if we consider rate of accumulation of a certain

components inside the reactor that means accumulation terms.

So, accumulation would be equal to rate of transport into the control volume that is we can
call it in minus rate of transport out of the control volume which is out plus the rate of
production within the control volume, so we can write simply production. Now, the transport
in and transport out which is a little bit artificial but if we can call together is the net rate of

transport into the control volume, then that would be much better.

So, we can write in terms of net rate of transport, so we can write rate of accumulation within
the control volume which would be equal to net rate of transport into the control volume plus
rate of production within the control volume. So, now, if we consider batch reactor and first
we will consider multiple reaction which is happening inside the reactor and we will develop

the generalized balance equation, which can be simplified to the single reaction.
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So, let us consider an insulated system well mixed batch reactor and volume is equal to V, in
which there are M number of chemical reactions, so chemical reactions 1 to M and N number
of species. So, chemic chemical species, say J is equal to 1, 2 and here I can say, right, I is
equal to 1 to M, J is equal to 1 to N. So, N number of chemical species, M number of

chemical reactions are happening inside a batch reactor.

The reactor is well insulated and it is well mixed whose volume is V. Now, if we write the

balanced equation total mass balance equation in a batch reactor, we can write, so this is our



batch reactor and it is well insulated, where we have incorporated some chemical species and
chemical reactants and they will react and forming different species through several chemical

reactions.

So, we can write the net flow rate of mass into reactor, so this net flow rate means in and out,
so since batch reactor, we used to include the material inside close it and then start it for a
certain period of time, so there is no inlet or outlet. So, the net rate of term mass into the
reactor would be 0. Now, rate of production of mass within the chemical reactions would be

also 0 as we have seen earlier that the mass is conserved in any chemical reactions.

If there is not huge change in energy, like in nuclear reactions where mass change is
significant due to the evolution of heat, huge amount of heat. So, in this case, even if we have
considered highly exothermic reaction of combustion, and where heat is evolved to a quite
significant amount, but the mass change is not so significant because that is with respect to

the mass of the chemicals we used is negligible.

So, rate of production of mass within the reactor would be 0. The rate of accumulation of
mass within the reactor would be equal to, if V is the volume and if we consider the density

Pis equal to the density of the fluid, then the mass would be © V, so the rate of

accumulation of mass within the reactor would be , s0 PV is the total mass within the

d(pV)
dt
reactor and if we write the balanced equation.

So, accumulation would be equal to net rate of mass into the reactor and rate of production of

mass within the reactor. So, we can write is equal to 0, which simply says that the

d(pV)
dt

mass inside the reactor each constant or from here we can say that rho V is equal to constant.

The mass inside the reactor is constant. So, this is the total material balance equation in a

batch reactor. Now, let us do the species mole balance.
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Now, if we write for any species say Kth species chemical species, so we will consider Kth
chemical species and we can write net flow rate of Kth spieces into the reactor is equal to 0,
the rate of production of Kth species within the reactor would be V is the volume of the
reactor and there are M number of reactions going on, so I is equal, summation over I is equal
to 1 to M alpha ik RI, so the alpha IK is the stoichiometric coefficient of the chemical

species. So, this is the rate of production of Kth species within the reactor.

Now, rate of accumulation of Kth species within the reactor, this would be d V into say Ck is
the concentration of species K dt and which we can write would be equal to V dCk dt since V
is equal to constant, so we are considering constant volume system. So, here V is equal to

constant so we can take out the V from the differential sign, so V dCk dt.

So, if we write the balanced equation we would obtain V d Ck dt would be equal to 0 plus V
summation over I is equal to 1 to M alpha ik RI. So, from here we can write so V we will
cancelled out so it we will get dCk dt would be equal to summation over I is equal to 1 to M
alpha ik RI, so this is a familiar batch reactor species balance equation or we can say batch

reactor rate equation.
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So, now, we will consider the enthalpy balance equations we have seen the how to calculate
for a single reaction how to calculate the heat of reaction from the thermodynamics and how
the heat of reaction is related with temperature we have seen that, So, now, we will consider
the enthalpy balance for a particular reactor that is batch reactor and as we have considered

the reactor is well insulated.

So, enthalpy balance insulated reactor, so we can write net flow rate of enthalpy into the
reactor, this would be 0, since it is well insulated . Then rate of production of enthalpy within

the reactor should be 0 and rate of accumulation of enthalpy within the reactor would be d

d (PJZ/ H)  so Iﬁl is the specific enthalpy that means it is enthalpy per unit mass, p} is the
t

mass of the fluid or the reactants. And ;1 is the enthalpy per unit mass so this is change of

enthalpy with respect to time.

So, now, if we write the balance equation we would get APV H) would be equal to the net
dt
rate of enthalpy into the reactor is 0 and this is also 0, so it would be 0. So, from here we can

write ) 17 is equal to constant and from the total mass balance we have seen PV is equal

to constant from total mass balance. So, from here we can write H the enthalpy Iﬁ] , specific



enthalpy is constant, so this is not so trivial as it first appear as we are much more concerned

about the change in temperature instead of enthalpy.



(Refer Slide Time: 23:59)

Batch Reactor

U We are usually interested in is the temperature rather than the enthalpy.

d Thus, we will try to write the specific enthalpy in terms of the
temperature.

0 We would see that the relationship between enthalpy and temperature
depends on the composition in the reactor (different species have
different enthalpies, defined relative to some reference species and
conditions).

wme of am jdeal xR a N spucies

Toind e.wﬂ-'.'-z.ﬁpc, ﬁn et vol

g = Z= G R
Kef
P anhs ol malan eadR. uff}y G = molan tom anhahion
A ix u;’ s,far..‘_‘i' s

So, let us see how the enthalpy is related with the temperature, so enthalpy temperature
relation. So we are ussually intrested is in the temperature rather than enthalpy and we will
try to write the specific enthalpy in terms of the temperature and then we would see that the
relationship between enthalpy and temperature will depend on the composition in the reactor,
that means different species have different enthalpies, which is defined relative to some

reference species and conditions.

So if we write total enthalpy per unit volume of an ideal mixtures of N species, so total

N

enthalpy, per unit volume of an ideal mixture of N species, you can write pH = E C KH_K
K=1

here H_K is the partial molar enthalpy and Ck is the molar concentration of species k.
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Now, if we consider 0 heat of mixing as we have considered ideal solution, so for ideal

solution we can assume 0 heat of mixing and also assume constant specific heat for each

N N
species so then we can write in terms of temperature p H = E Cy(H +C i (T-T,)). Hfk
K=1

is the molar heat of formation and C,x is the molar heat capacity of species K, species K.

C is the molar heat capacity of species K, T is the temperature and T, is a reference

temperature at which the heats of formations are defined.

So this relation of enthalpy temperature is a drastic simplification of the no different
situations where small change in enthalpy is of great importance, like in case of many gas
phase reactions the small change in enthalpy can change no, so gas phase reactions. The
enthalpy change is much larger compared to the heat of mixing. So, there should be error due

to the assumption of constant specific heat.
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Now, so we have p H = Z Cy(H i +C o (T-T,,)). Now, if we simplify this, this would be
=1

A N N
pH= E CyC oy (T-T,)+ E CyH ;> 80 the sum of the term of the heat capacities, we can
el ’ el ’
write the specific heat of the whole mixture because this is from K is equal to 1 to N for N
species.
: . . A N
So, we can write, from here we can write this would be = pC,(T-T,)+ pz CeH 4 - So,
=1
here we have considered the sum of the terms involving the the heat capacities as specific

heat of whole mixture and we call it H ép .
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So, now, if we take the time derivative of it, of this relation, so we have P IﬁI =
Pép (T-T,)+ pZC Hy Now, if we take the derivative of this and put into the
differential form and assume CA'p is independent of both temperature and composition, so this

is another big assumptions specific heat of the whole mixture is independent of both

temperature and composition.

A ,\ N
Now, if we take the derivative of this, this would be M =pC, dT 2 H, Cx which
dt dt

A N
we can write _pC £+ ZH dC

M M
equal to 2 a,r. . So, if we substitute this over here, this would be. E a,r
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Now, we have the d(pH) =pC A Z (H 4 20{ r) - Now if we reverse the order of the
dt
] A N M
summation we can write from here, d(pH) =pC, d_T+ ( HJKEQ_kr ), so this will be
dt dt  # .

summation over this.

So, this term the summation over heat of formation H 4 times the stoichiometric coefficient

for the M number of chemical reactions can be recognized as the heat of reactions, which is
the definition of the heat of the reaction, so from the definition the heat of reaction, sum of

the heat of formation times the stoichiometric coefficient, this is the heat of reaction, so we

can write from here 24P ) would be equal to C ar

dt Podt

A ,\ o
0 d(pH) =pC dT Z(AH )7, » SO this relation of energy balance or enthalpy balance
dt
simply say that the temperature in the reactor will rise or fall due to heat released or taken by
the chemical reaction. So, this relationship will tell whether the temperature of the reactor

will increase or it will fall due to the heat released or taken by the chemical reaction.
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Now, if we write for the adiabatic system the relations which we have developed that is...

Now, from the enthalpy balance we know that d(pH) = () so if we substitute in this relation
dt

A M
d(pH) = E (-AH,)r, this term from the total enthalpy balance, this is 0.
dt =

dT

Now if we substitute this is 0 we can write pép Z -
dt

M
Z(_AHi)r[ , so this relation simply
=1

said that the temperature in the reactor will rise or fall due to heat released or taken by the
chemical reaction. Now, this derivation is basically for adiabatic well insulated systems,

adiabatic well insulated system.

(Refer Slide Time: 46:01)
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Now, if we considered there is some net heat flux to this system, say O, , then the energy

balance equation, if there is some net heat flux, say O, , which is into the reactor. So, the

d(pV H)
dt

energy balance equation =0, Now, since V 1is constant we can write

d(pH) Oy ,since V is constant.
dt V

A M
So, in the earlier balanced equation that is dlpH) = Z (=AH))r; here this term is & , so if
dt =

O _ 0 9T,

we substitute here this should be =pC,—+ E(AH')K , and from here we can write
V d £~ i/%i

A

_T _ i —AH )+ 2L QH , so this is the equation of the reactor temperature.
Pdt #

(Refer Slide Time: 49:11)
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Now, if this heat flux is happening across the surface which area is A, so heat transfer across

a surface of area A from a from thermal reservoir at temperature T, so we can write this

relation C = - 2( ~AH )7 + ( =D , 80 /1, is the heat transfer coefficient.
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So, most of the reactors are non isothermal reactors and this is the important case which we
need to consider because for adiabatic reactor when there is no heat in or heat out the
adiabatic operation is often desirable because there is little utilities we need to know

incorporate and it should be very easy to know operate during its normal operation.

So, as you have seen for the constant volume non isothermal batch reactor we have no two

- and adiabatic systems we have

dC, &
balance equation 1 is 4 this is balanced that is Ttk = Eaikr

M
energy balance pC E - 2( —AH )7, , S0 as we know the rate of the chemical reactions is

depends on both the temperature and the concentration.

But this temperature dependency of the arrhenius relation of the rate constant is quite
nonlinear in nature, so this is a no case of initial value problems and can be solved as we have
no discussed before for the initial value problems for the integration, so this is initial value
problem and the equations are strongly nonlinear in nature due to arrhenius temperature

dependency of rate cofficients.
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Now if we consider single reaction and adiabatic operation so we can write the species

M

. dC, . . .. dC,

balance equation say we have — = ) «, 7, for single reaction we can write, —= = —r, for

d ik"i ’ A
i=1

the reactants, so A 1is the limiting reactant. Similarly, the temperature relations

,Oé d_T=§(_AH[)n,thiswecanwrite pCA' ar _
=1

P dt P dt (_AH)'xn )rA .

Now, from this two relation for the single reaction if we equate rate 7,, so we would obtain

from these two relations say this is one and this is two, so from one and two we can get

A

dcC, pC, ;- So this gives the this is the relation between temperature and

dt B (_AHF)CII )

concentration, so relation between temperature and reactant concentration.
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Now, if we integrate this relation, so we have dC, rC, 4t - initial conditions T =T,
di  (-AH )

c=C, at T is equal to 0, so if we integrate with this this relation we would get C '0—C,

A (_AH)‘XII)
pCr (T -T,) or we can write I-T,=——"7(Cy=C)).

would be equalto ¢ -C, =2 —
T (-AH ) pCpr
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U Adiabatic reaction temperature (T,;): The temperature achieved if the
reaction goes to completion (C, = 0) adiabatically.




Now, from this relation, from this second relation this relation we can derive the adiabatic

reaction temperature, the adiabatic reaction temperature T adiabatic if we define this is the

temperature which is achieved if the reaction goes to completion that is C, is equal to 0

adiabatically that means the temperature achieved if the reaction goes to completion

T—TE) ( ,\)m)(CAO_CA).

adiabatically, so we have
P Cr

So, for adiabatic reaction temperature C, should goes to completion 0 and T can be written

T _ T + (_Aern) C . . . . . . .
as faa =4o A 40 , now if the reaction is reversible in nature, for reversible reaction
1% Cr
(_AHI‘XH)
we can write la =To+ == (Cyo—Ch) .

pCP

So for adiabatic reaction for reversible reaction, the adiabatic reaction temperature would be
the temperature at which the reactants attends the equilibrium concentration, so this is very
trickier to calculate the adiabatic reaction temperature for the reversible reaction because the
equilibrium concentration will change with the temperature. So this is the equation for the

single reactions, irreversible reaction.
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p—CP(T_TO), this is for
(-AH )

adiabatic batch reactor single reaction. So, now this can be substituted in the energy balance

And for this single reaction the expression is C,=C, -

equation, we know the energy balance equation Bé,, ‘;_7; = (=AH_)r,»50 T4= f(C,T)

So, if we substitute this rate equation in case of the concentration, so this relations would be
substituting say this is equation three and this is equation four, so if we substitute equation
three in equation four in the rate expression then this equation the second equation four will
be only the function of temperature. So, equation 4 would be only the function of temperature
so this can be integrated to obtain temperature as a function of time, temperature as a function

of time.

So, in general, this whole set of equations can be solved numerically to obtain the
concentration and temperature profile. So, thank you very much for attending this lecture and
we will continue our discussion on the that's the batch reactor balance equations, the reactor
design equations both in particularly emphasis should be given on the energy balance

equations, and we will continue in our next lecture, thank you.



	Professor Bishnupada Mandal

