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The Energy Balance over Ideal Batch Reactors

Consider a batch reactor where the following general reaction is taking place in the presence
of an inert material I:
aA+bB — cC+dD

The first law of thermodynamics, when applied to the reacting mixture at time ¢, gives the
following energy balance:

Qin + (Wshaft)in + (Wboundary)in - dE(t)/dt (71>

where Q;,, is the rate at which heat enters the reacting mixture from the surroundings at time
t, (Wshaft)m is the rate at which shaft work is delivered to the reacting mixture at time t,
(wandaw)m is the rate at which boundary work is delivered to the reacting mixture at time
t, and E(t) is the energy content of the reacting mixture at time ¢.

In general, E(t) includes the internal energy, kinetic energy, potential energy, and any other
energies such as electric energy or magnetic energy or light. However, in most of the chemical
reactor situtaions, kinetic, potential and " ‘other”’ energy terms are negligible in comparision
with the internal energy, heat transfer and work terms, and hence they are omitted. Therefore,

(7.1) can be written as
Qin + (Wshaft)in + (Wboundary)in - dU(t)/dt (72)

where U(t) is the internal energy content of the reacting mixture at time ¢, which can be
expnaded to the following:

U<t>:NAUA+NBUB+NCuc+NDuD+N]uI (73)

where N4, Ng, No, Np and Nj are the respective number of moles of A, B, C, D and inert
I at time t, and w4, up, uc, up and u; are the respective molar internal energies.

We want to convert the molar internal energies in (7.3) to molar entahlpies, which could
be done using the definition of molar enthalpy, given by h = u 4+ Pr v, where Py is the total
pressure of the system and v is the molar volume of the substance concerned. Using the above,
(7.3) can be expanded to the following:

U(t) = Ny (hA—PT’l_}A) + Np (hB _PTT_JB) + N¢ (hc—PT’l_Jc) + Np (hD _PT@D)

+ Ny (hy — Proy) (7.4)
= Npha+ Nghg+ Nche+ Nphp + Njphy

—Pr [Ngava+ Npvp + Nove + Npop + Ny (7.5)
= Nagha+ Nphp+ Nchc+ Nphp + Nihy — PrVr (7.6)

where Vi is the total volume of the reacting mixture under ideal mixing conditions, given by
Vi =Nyvs+ Ngvg + Nocve + Npvp + Nyvy.

Let us write down the number of moles of A, B, C, D and I at time t in (7.6) as functions
of the respective intital number of moles, N9, Ny, Nco, Npo and Ny, and conversion of
A at time t, defined as 24 = (Nag — Na)/Nao.
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Definition of x4 gives the following:

Ny = Nao(1l—1z4) (7.7)
and the stoichiometry of the given reaction gives the following:
Np = NBO_aNAO«TA (7.8)
Ne = Neo+ g NaoTa (7.9)
Np = NDo—l—ZNAOxA 7.10)
N, = Np (7.11)
Using (7.7) to (7.11), U(t) of (7.6) is expanded to the following:
U(t) = Naoha+ Npohp + Ncohc + Npohp + Nrohy
4 Naowa (Z hp + g he — Z hi — hA> PV (7.12)
Using the definition of heat of reaction for a mole of A reacting at temperature T', expressed
by
AHa(T) = & hp(T) + & helT) 2 hi(T) — ha(T). (7.13)
(7.12) is reduced to the following:
U(t) = Naoha + Npohg + Neohe + Npohp + Niohy + Nagwa AHpa(T) — Pr Vp (7.14)
Using (7.14) in (7.2), we get the following:
Qin + (Wsha ft)in + (Wboundary)in
= jt (Naoha + Noohs + Nooho + Npohp + Niohs + Nag w4 AHpa(T) = Pr Vr)
= NAodgt NBodg + Ncodgt + Nnggt + NlodCZ
+NAojt[xA AHpa(T)| = Pr dCZT — Vr dZ T (7.15)
For a variable-volume batch reactor, (Wboundary)in = —PrdVr/dt. For a constant-volume

batch reactor, (Wbomdary)m = 0 and dVr/dt = 0. Therefore, in either cases, (7.15) reduces
to the following;:

dh 4 dhg dhc dhp dhr
Qin + Wihaft)in Nao—— o + Npo—— o + Nco—— 7 + Npo—— o + Nio——~ 7
d dPr

+ Nao %{@1 A17‘-’1{,4(T)} - Vr — (7.16)

Molar enthalpies in (7.16) are not directly measurable quantities. Therefore, let us convert
the molar enthapies to functions of temperature using the procedure explained below.
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Neglecting the enthalpy changes owing to mixing and assuming component j remains in a
single phase throughout the reaction, we can write h;(T’), the molar enthapy of component j
at temperature 7T, as

T
hi(T) — hj(Trep) = /T Cpj dT' = Cpi (T — They) (7.17)
ref

where T,..; is the reference temperature at which h;(7T,.s), the reference molar enthalpy of
component j, is taken to be known, and C),; is the molar heat capacity at constant pressure
of the component j which is assumed to be a constant throughout. Differentiating (7.17), we

get
dh; dr
Tlt] =Cy, o (7.18)

Using (7.18), we can rewrite (7.16) as follows:

. . dT
Qin + Wenast)in = (NAOOpA + NpoCpp + NcoCpe + NpoCpp + N]OOpI) o
d dPr
+ Nao = (24 AHpa(T)] = Vo —F (7.19)

which is the energy balance over a constant or variable volume batch reactor for a system with
components having constant heat capacities, written in terms of rate of change of temperature
of the reacting mixture.

Next, let us take a close look at the heat of reaction term, AHp4(T), in (7.19). It is given
at temperature 7', and can be related to AHga(Tcs), the heat of reaction at the reference
temperature 7., as follows:

Combining (7.13) and (7.17), we get the following:

d c
AHpa(T) = . [hp(Trey) + Cop(T — Trep)] + " [he(Trep) + Cpo(T — Trey)]
b
- [he(Trep) + Cop(T = Trct)] — [ha(Trep) + Cpa(T — Trey)]
d c b
= E hD(Tref> + a hC<Tref) - a hB<Tref) - hA<Tref)
d c b
( CpD + - Cpc - — CpB — OPA> (T — T'ref) (7.20)
a a a
which gives
AHpa(T) = AHga(Ther) + AC, (T — Trey) (7.21)
where p ;
1
AHpa(Tres) = — ho(Trep) + — ho(Tres) = — hs(Trep) = ha(Trey) (7.22)
and
_d c b
AC, = o + - Cpo — - Cpop — Cpa (7.23)
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Differentiating (7.21), we get

d dT
CIAHRA(T)) = AC, -

= (7.24)

Substituting (7.24) in (7.19), we get the following:

The general energy balance over a constant or variable volume batch reactor for a system
with components having constant heat capacities is given by

Qin + (Wshaft)in

dT
= (NAOOpA + NBOOpB + NCOCpC + NDOCpD + N[()Op[ + NAO T A ACp) E
dxa dPr
Ny —— AHpa(T) — Vp—— 7.25
+ Nao It ra(T) T i ( )
where
_d c b

AC, = P + p Cpo — a Cpop — Cpa (7.23)

Important Notes:
e Heat capacities are assumed to be constants.
e Components are assumed to remain in single phase throughout the reaction.

The heat of reaction AHp, is independent of the temperature if AC),, =0.

The shaft work is normally neglected unless the mixture is highly viscous and the stirring
operation draws significant power.

Changes in total pressure with time is also often neglected.

See page 5 for some special cases of (7.25).

Source: FOGLER, H.S., Elements of Chemical Reaction Engineering, Second Edition, Prentice-
Hall International Editions.



Special case(i): Molar heat capacities of all components are the same (say, C},)
NAUCpA + NBOCpB + NCOCpC + NDOCpD + NIOCpI + NAO TA AC'p

d ¢ b
= (NA0+N30+NCO+ND0+N[0)CP+NA0$A (a+——1> Cp

a a
d b
= NTOOp—i_NAOxA < +E - — — 1) Cp
a a a
= Npo (1 + €y QZA) Cp (726)
where
Nro = Nao + Npo + Nco + Npo + Nio (7.27)
" Nao [(ed+-)—(atbt:-)
A0 c+ _|_..._a+ +
p—y .2
€A NTO [ a ‘| (7 8)
Combining (7.25) and (7.26), we get the following:
: . dT dzx dP,
Qin + Wanast)in = Nro (1 +eaza) Gy -t Nao ditA AHpra(T) — VTTtT (7.29)

Special case(ii): Molar heat capacities of all components are the same (say, C},) and the
molecular weight of all components are the same (say, MW)

NAUCpA + NBOCpB + NCOCpC + NDOCpD + NIOCpI + NAO-TAACp

a
= (Na+ N+ Nc+ Np+ N;)C,  when using (7.7) to (7.11)

d ¢ b
= (NA0+N30+NCO+ND0+N[0)CP+NAOZ‘A (a+a——1> Cp

p
MW
= mrC, (7.30)

= (mA+mB+mc+mD+m1)

where the total mass of the reacting mixture in the reactor at time ¢ is given by
mp = (ma +mp+me +mp + my) = constant (7.31)

and the specific heat capacity (in kJ/kg.K) is related to the molar heat capacity (kJ/kmol.K)
by

_ Cp
Gy =75 (7.32)
Combining (7.25) and (7.30), we get the following:
: . - dT dx dP,
Qin + Wihagt)in = mr C, i Nao Tf AHpA(T) — VTditT (7.33)



