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The Energy Balance over Ideal CSTRs
operated at Steady-State

The first law of thermodynamics applied to an open flow system such as the continuous
stirred tank reactor yields
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If the CSTR operates at steady state then there is no boundary work and no change in the
energy of the system. Also, neglecting the kinetic and potential energy terms, the first law

can be simplified to . ' ‘ .
Qin + (Wshaft>in = Ilegit — Hinlet (81)

where Qm is the rate at which heat enters the reactor from the surroundings through the
reactor walls and (Ws)m is the rate at which shaft work is delivered to the reactor.

The rates at which enthalpies entering the reactor and leaving the reactor can be expanded
in terms of the molar enthalpies (denoted by h) and the molar flow rates (denoted by F') as

Hinet = >_hjoFjo  and  Hepir =Y hjsFjy (8.2)
J J

where the subscripts j denotes the component, 0 denotes the inlet condition and f denotes
the exit condition.
Consider a general reaction

aA+bB — cC+dD (8.3)

taking place in the presence of some inert material, I. For such a system, the expressions for
Hinier and H.yi, given by (8.2), can be expanded as follows:

Hinter = haoF a0 + hoFpo + haoFeo + hpoFpo + hioFro (8.4)

H...;: = hAfFAf + thFBf + thFCf + thFDf + h[fF]f (85)
Using (8.4) and (8.5), we can expand (8.1) to

Qin + Wo)in = (hasFas —haoFao) + (hssFr — hpoFpo) + (harFop — haoFeo)
+ (hprFpg — hpoFpo) + (hifFry — hioFio) (8.6)



If the conversion of A at the exit is taken as x4 then

FAf :FAo(l—{L’Af) (87)
and, in accordance with the stoichiometry of the given reaction, we can write the following:

b

FBf = FBO_aFAﬂajAf (88)
C

Foy = FCO"’gFAOfo (8.9)
d

FDf = FDO‘*’gFAOmAf (810)

Fry = Fio (8.11)

Using (8.7) to (8.11), we can rewrite (8.6) as

Qin + (W)in = Faolhas — hao) + Fpo(hss — hpo) + Foolhey — heo) + Foo(hpy — hpo)

d c b
+F]0(h[f — h[o) + FAoSL‘Af (a th + g hcf — a th — hAf> (812)

Since the heat of reaction at temperature T is defined by
d c b
AHR(T) = a hp(T) + p he(T) — a hp(T) — ha(T) (8.13)

(8.12) takes the following form:

The general energy balance for the CSTR operating at steady state is given by

Qin + (Wshaft)m = Fao(has —hao) + Fpo(hpr — hpo)
+ Feolher — heo) + Fpo(hps — hpo)
‘|‘F]0(h]f—hm) —l—FA()[EAf AHR(Tf) (814)

which can be readily used if we know the molar enthalpies of the components involved at the
inlet and exit temperatures and the heat of reaction AHp at the exit temperature 7.

Assuming that the enthalpy changes owing to mixing is neglected and that the component
J remains in a single phase throughout the reaction, we can write

Ty
hjp — hjo = /T Cp; dT' = Cy; (Ty — Tho)
jo

where T} is the exit temperature, T} is the inlet temperature of the 4" component and Cpj
is the molar heat capacity at constant pressure of the j* component which is assumed to
remain a constant.



The above expression allows us to rewrite (8.14) as follows:

The general energy balance for the CSTR operating at steady state is given by

Qin + Wanas)in = Fao Cpa (T5 — Tuao) + Fpo Cp (Tf — Tio) + Feo Coc (Ty — Teo)
+ FDO CpD (Tf — TDO) + F[o Cp[ (Tf — TIo) =+ FAO TAf AHR(TJC) (815)

which can be readily used if we know the molar heat capacity at constant pressure for each
component and the heat of reaction AHp(TY).

Important notes:

e Heat capacities are assumed to be constants.

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

e Changes in total pressure with time is also often neglected.

Special case (i): With molar heat capacities being independent of temperature and the inlet
temperatures of all components being the same (say, 7j), (8.15) reduces to the following:

Qin + (Wshaft)in = (FAO CVpA + FBO CYpB + FC’O CpC + FDO CVpD + FIO Cp[) (Tf - TO)
—f—FAO TAf AHR(Tf) (816)

Special case (ii): With the molar heat capacities of all components being the same (say, C,,)
in addition to the assumptions made in Special case (i), (8.16) reduces to the following:

Qin + Wanas)in = (Fao+ Fpo+ Feo + Fpo + Fro) C, (Ty — Tp)
—|—FA0 IAf AHR(TJC) (817)

Special case (iii): With the molecular weight of all components being the same (say, M)
in addition to the assumptions made in Special case (ii), (8.17) reduces to the following:

Qin + (Wshaft)in
= mTO Cp (Tf — Tg) +FA0 TAf AHR(Tf> (818)

where the total mass flow rate of the feed to the CSTR is given by
miiro = (1A + Mpo + Moo + 1po + 1ivro) (8.19)
and the specific heat capacity (in kJ/kg.K) is related to the molar heat capacity (kJ/kmol.K)

by
C, = C,/MW (8.20)



Next, let us take a close look at AHg(7s). From the definition of AHR(T') given by
(8.13), we get

AHR(Ty) = z hp(Ty) + g he(Ty) — Z hp(Ty) — ha(Ty)

d c b
= —h —hcy——hgr—h
a Df+a cf = bf Af

d c b
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Ty (d c b
+ / (a OpD + a Opc — a CpB — OpA> dT’ (8.21)

Tref

which can be briefed to the simple form
T
AHR(T;) = AHp(Tyes) + / " AC, dT (8.22)
Tref

where AHR(T,.¢) is defined by

d b

AHp(Trep) = = W5+ S ppeh — 2 ped — e (8.23)
a a a
and AC), is defined by
d c b
ACP = g CpD + a Opc - a CpB - CpA (824)

Therefore, the most general energy balance over the CSTR operating at steady state can be
written as

. Tf Tf
Qin + (Wshaft)in = FAO C’pA dTl’ + FBO /T CpB dT
B,0

Ta

Ty Ty
+ Foo / Coc dT + Fpy / Cyp dT
TC,() TD,O

T T
+ Fro /T " O AT + Fagway (AHR(Tmf)Jr /T e dT) (8.25)
I,0 ref

where AHg(T,.f) is the heat of reaction at the reference temperature and AC, is given by

(8.24) as

d c b
ACpEaOpD—'—anc_anB_CpA

Important notes: The heat of reaction AHp is independent of the temperature if AC, =0.

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



