Multiple steady states of a CSTR

Consider the production of propylene glycol (C) in an adiabatic CSTR. Initially there is only 2 kmol/m?
propylene oxide (A) present in the 1.25 m® reactor at temperature T,. The feed stream consists of 20
kmol/h propylene oxide, 200 kmol/h water (B) containing 0.1 wt% sulphuric acid, and 33 kmol/h of
methanol (inert material). Calculate the properties of water directly without accounting for the presence
of sulphuric acid.

Data: Fa.in = 20 kmol/h, Fg.in = 200 kmol/h, Fayiin = 33 kmol/h, Coa = 120
J/mol/K, Cpg = 60 J/mol/K, Cym = 60 J/mol/K, Cpe = 100 J/mol/K, AHg,, at
20 °C = -85000 J/mol of A reacted. Feed temperature = 27 °C (after

=L

accounting for heat of mixing), k =17x10"¢ ™ h™ where T is in K.

The volumetric flow rates of methanol and propylene oxide were 1.5 klL/h
each and that of water 1s 6.5 kLL/h. Q;, = 9.5 kLL/h. The CSTR volume is 1.25
kL.

1) By application of the material and energy balances, determine the possible steady state exit
concentration/conversion and temperature for the glass lined reactor.
(There are a number of ways to solve the material and energy balance equations. However, to
get insight into the functional relationship between X (Conversion) and reactor temperature (T),
use a graphical solution. X could be plotted as a function of T for the mole and energy balances,
and the intersection of the two curves gives the solution where both the mole and energy
balance solutions are satisfied. In addition, by plotting these two curves you can also see if there
are more than one intersection (i.e. multiple steady states) for which both the energy balance
and mole balance are satisfied.)
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Thus all the three solutions are possible.



2) To study the multiplicity of steady states, plot heat generation (G(T)) and heat removal (R(T))
curves as a function of temperature and analyse the stability of all the steady states obtained.
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At the intermediate level a slight increase in temperature will produce more conversion (since heat
generation is more than the heat removal) which in turn will increase the temperature and it will
end up at the high conversion.

At the low end, an increase in temperature will cause a slight increase in heat generation but more
of it will be removed by the outgoing fluid (heat removal), so the temperature will decrease and

come back to original steady state value. Similar argument holds for high temperature steady state
also.

3) Verify the region of stability and instability by simulating the reactor startup to see how
temperature and concentration approach their steady state values. This could be done by
solving the unsteady temperature-time and concentration-time equations numerically.
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c) To=330K

d) To=350K

330

325

320

315

Temperature / K

310~

305

r

300
0

2000
1800
1600
1400
1200

1000

Temperature / K

800

600

400

200

0.2 0.4 0.6 0.8 1 1.2 1.4
Time/ h
T T T T T T T T T
r r r r r r r r r
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.0 0.1

Time/ h



e) To=400K
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Steady State CSTR design Algorithm

. Algorithm
Example: Elementary irreversible liquid-phase reuctidn
A-—=B Given Fpo, Cpgs Koy E, Cpy, HS
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Heat removal and heat generation terms

G(T) = (—-AHEX)(_ rAV/FAO)

R(T) = C,o(1+ K)(T% T.)

Unsteady state mole and energy balances for a CSTR

Mole balances:

Initial Conditions
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