ChE 344
Reaction Engineering and Design

Lecture 20: Tuesday, March 29, 2022
Unsteady State Reactor Design + Safety, cont.
Reading for today’s Lecture: Chapter 13

Reading for Lecture 21: Chapter 9



Lecture 20: Unsteady state reactor energy balance with CSTR startup example
Related Text: Chapter 13

From the energy balance we have used before we can get equations to describe the change 1n temperature
with respect to time, which will need to be coupled to the mole balance equations, as a change in
temperature will affect the reaction rates.

One example for adiabatic batch reactor with no shaft work, constant heat capacity with T and no phase

change:

—AH e (Tg )X
T=Tg+[ mn( U]]

Cpo + ACpX
For multiple reactions:
Qgs Qrs
—_—m
It 1ijVAH 7 — |Fao E;n:l 0;Cp (T — To) + (UA(T - Ta))
daT
dt 7=1N;Cp,j

Here n 1s the number of reactions, and m 1is the number of species in the reactor.

Unsteady state CSTR (CSTR during startup):
Mole balance and rate law can give us expressions for the change in concentrations with time for constant

volumetric flow rate in and out of reactor (V 1s constant):

ac;v
dt
Using energy balance (here coolant flow rate is not necessarily large):
. ' —UA
Z FiolCpi(To = T) | + AHpnraV + 11cCp.o(Tar = T) (1 — exp m}) _dr

Z NiCp dt
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On Thursday: Safety for exothermic reactions
Reactor runaway if this is too large
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Overview for unsteady state, non-isothermal reactors

e Derive the unsteady state energy balance
e How to solve a batch, adiabatic reactor

e Unsteady state reactors with heat exchange

e CSTRs/semi-batch reactors

o Qgs (generated heat from reaction)

e (), (removal from feed + heat exchanger)
e Batch reactors with heat exchange

° ng (generated heat from reaction)

o Qrb (removal from heat exchanger only)
e Multiple reactions

e Example: CSTR during startup (approach to steady-state)



Discuss with your neighbors:
Thinking about our energy balance below:

Qgs QTS -
dT  (AHpxp)(1aV) — | Fa0 2. 6;Cp ;i (T —Tp) + (UA(T — Ta))
dt 2 N;Cp;

Which of the following are true?

I Qgs can never be negative  False, if endothermic
1. QTS can never be negative  False, e.g. T < T,

I Qrsis>than Quy fT>To 10 CoTR inlet effectively

removing heat

A) 1 11, and Il B) |

D) None of them



Energy balance for unsteady state systems

ZFH
ZFLOHLO
ESyS — ZNiUi —_ Z Ni(Hi — PVL) — ENL'HL' — PleVl

Often the PV term is neglected, and if there are no spatial
variations:

e CSTR (when not at steady-state)
e Batch or semi-batch

dES)/S B dZNlHl a Z dH le
dt B i L dt

dEg,s
dt

+0—W, =
out




Recall relation of enthalpy dH; - d_T
and heat capacity: dt Pl dt

dN,
dt

Mole balance on speciesi: F;p — F; —v;1,V =

Plugging in to get accumulation term:

dE dT
SyS EN(CPzd>+H(on —v;14V)

Unsteady state energy balance:

ZFLOHLO ZFﬁ/+Q W,
E[NCpld +HFLO % HVTAV]




: : dT
> Fulig+Q - W, =) [Nicp,i —+ HiFio] — Byt V

zFlO i0 — +AernTAV+Q M/s_dtzNCPl

Gives energy balance on a transient CSTR, batch, semi-batch:

Y Fio[Hio — Hil + AHpyqryV + Q — Wy ar
2. N;Cp ; dt

If no phase change and heat capacities are constant with T,

Hijo — H; = Cp ;(Ty — T) and we can simplify further to:

% FiolCpi(To = T) | + AHpynraV + Q — Wy dT
2. N;Cp ; dt




Batch reactor:
AHpyntaV +Q — W, dT
Y N;Cp ; Cdt

Couple with mass balance:
dN;
dt

Adiabatic batch reactor with no shaft work:

If instead of time
AH V dT
ranfaV _ @1 we used space time

— TiV

2 NiCp, dt it could be PFR
dN,
ar Al
dN, B d(Ny(1 — X)) B dX

dt dt = ~Nao g7



Combine design equation into energy balance:

dX dT
AHpyn | —Nao E — EE NiCP,i

Ni — NAO(H' + VX)

adX
—NgoAHyp —— dt = Nyo dtz(g +VX)CPL

In previous lectures we have defined:

Cpo = 2 0,Cp
ACP — EVI:CP’,:



So energy balance is now:

dX dT
—AH 3 dt — dt (Cpo + ACpX)

Aern(T) — Aern(Tref) + ACp (T — Tref)

dX dT
~(8Hrxn(Trer) + ACp(T = Trep)) == = —— (Cpo + ACpX)

]X dXx B jT dT
0 CPO T ACPX Ty _(Aern(Tref) + ACP (T o Tref))

Take definite integrals

4 dx 1 1
f = —In(ad + b) — —In(ac + b)
. ax+b a a



*Skipped in class

1
——(n(Cpy + ACpX) —In(Cpy))
AC,

- E [ln(_(Aern(Tref) - TrefACP) B ACPT)
—In( - (Aern(Tref) - TT@fACP) N ACPTO)]

After integration, multiply both by ACp, know that quotient
rule for In is that subtracting logs is division inside the log,
then take exponential of both sides:



ACpX

A+
PO *Skipped step in class
—(AHpxn(Trer) — TrefACp) — ACpTy — ACpT + ACpT

_(Aern(Tref) o TrefACP) — ACpT
ACp(T — To)

=A- (AHxn(Trer) — TrepACp) + AC,T
X B _(T _ TO) *Skipped step in class
Cro  (AHpyn(Trer) — TrefACp) + ACPT
Ty —T Ty —T

Aern(Tref) + (T o Tref)ACP N Aern(T)



Can put this into a form:

XAH ., (T
rxn( ) =Ty —T
Cpo
X(Aern(TO) + (T o TO)ACP) _T T
C 0
PO
X(Aern(TO) + (T o TO)ACP)
T —_ TO —
Cpo
T T—T(1+ACP )
CPO CPO
_T X(Aern(TO) T (_TO)ACP)
=Ty —

Cpo



T CpoTo ~ X(AHyn (To) + (=T()ACp)

ACp X ACp X
Cpo(1 + C:o ) (1+ P )CPO
_— CpoTo + ToACpX X(Aern(TO))
PO PO
CpoTo + ToACpX  X(AHyxn(To))
Cpo + ACpX Cpo + ACpX
X(AHTXTL (TO)) *Skipped these steps in class

=T
O Cpp + ACHX

[_Aern (TO)]X
Cpo + ACp X

T:To‘l‘



[_Aern (TO)]X

T=T,+
O Cpo + ACpX
dX
T'AV — _NAOE

To solve, pick X, know a temperature from energy balance,
solve for t.

dt = —Nyg——

Recall this was for adiabatic batch reactor with no shaft work



If there is heat transfer (non-adiabatic CSTR or semi-batch)

Y Fio|Cpi(To = T) | + AHpynaV + Q _dar

2 NiCp, dt
Fror To No shaft work
!
mc CP,C L I:Af T
Tal
Tar

From heat exchanger using a coolant (from Lecture 17)
realizing that heat exchanger on a CSTR, semi-batch or batch
are essentially the same:

: . —UA :
Q= mcCP,c(Tal — T) (1 — eXp [ ]) = —Qrp

me CP,C



For large flow rates of coolant: T,,=T_,=T,
Q = UA(Tgy = T) = —Qrp

UA(T —T,) = Qyp
Batch unsteady state with high coolant rates:

d_T _ AHpyn1aV — [_Q] _ ng B Qrb
dt > N;Cp; 2. NiCp;

CSTR or semi-batch unsteady state:

dT _ AHpntaV =[S Fiol Cpi(T = To) | — Q] _ Qgs = Crs
dt Z NiCp,i Z NiCP,i




For multiple reactions:
Replace AH,.,.,,7, term with

n
z 1ijAH xn i
i=1

n P This can change with T if
Qgs = zrijVAern,ij(T) Alp # 0

1=1

We can see that if there is only one reaction:
A-B

Qgs — TlAVAern,lA = 1aVAH



CSTR startup: Example problem

Propylene oxide plus water reacts to form propylene glycol in
presence of inert methanol (with H,SO, as catalyst). The

reaction is first order in propylene oxide but zero-order in
water.
Water with acid (B) 80 Ibmol/hr propylene oxide(A)

175 °Fl 100 Ibmol/hr methanol (M)

SN

1000 Ibmol/hr

Ta ‘_wb A+B—C

= —

= —

Ta]_ f >
Water (60 °F) Verr = 500 gallons

1000 Ibmol/hr ‘ . Products




Reactor starts with water with 0.1 wt% sulfuric acid at 75 °F
UA = 16000 Btu/hr-Rankine

k(T) = 16.96x10'? exp(-32400 Btu/lbmol/RT) hrt

Heat of reaction = -36000 Btu/Ibmol (exothermic)

Molar densities:
p, = 0.923 Ibmol/ft3, p; = 3.45 Ibmol/ft3, p. = 1.54 Ibmol/ft3

Initial conc. of B in CSTR

Cp =35 Btu/lbmol-R, C,; =18 Btu/Ibmol-R
Cp =46 Btu/Ibmol-R, C,,=19.5 Btu/lbmol-R



At time = O (initial conditions of variables C):

C,=0 C; = 3.45 Ibmol/ft®
C.=0 Cy=0
Questions:

1. Whatdo T and C, look like during startup?

2. |s steady state reached?

3. What happens if T(t=0) or C,(t=0) are changed?
4

. What are the conditions where we stay under practical
stability limit of 180 Fahrenheit?



A + B — Cin presence of inert methanol (M). First order in A,
zero order in B. Write mole balance with rate law:

dN;
Fiop = Fy =vinyV = —
dC;V
CioVo — Civg — Vi1V = 77

Constant V c c i
1 A0 — La —kC _ 4ta
(1) T A dt

2 — kCy = —
2) T A dt
Cco — Cc dC.

3 + kCy = —
3) T A dt

(4)




Energy balance for unsteady state CSTR, no shaft work:

) >, Fio[CP,i(To —T) ] + AH,y 14V + _ d_T
> N;Cp; dt

: —UA
Q — mcCP,c(Tal o T) (1 — €Xp [ ])

me CP,C

(5

Heat capacity of species in reactor:
z NiCp; = V[CACP,A + CgCpp + CcCpc + CMCP,M]

Heat removal of species flowing into reactor:

2 Fio|Cpi(To — T) | = —22750 Btu/hr - Rankine (T — T)



2 M
1.987

r[7l= k[T ] := 16.96 % 19"*12*Exp[— = {1/ {T+4Eﬂ}}] (# To adjust from T in Fahrenheit to Rankine add 460 )

soln[T@ , Cat@ ] := Hﬂdule[[\fﬁ, UA, mcy Cpcy VW, CaBy, Cb@, CmB, AHr, Tal}, vo = 441.46;

(#* Make a solution to the ODE system a function of input parameters T@, initial tank temperature, and Cat@,
(initial amount of A in tamk at t=90 %)

V=500/7.482; (+ converting gallons to ft~3 &)

mc = 10805 Cpc = 185 (& Coolant heat capacity, not of C &)

Ua = 165 000;
AHr = <36 000;
Tal = 68;

Cad = BO / vo;

o 1marie; INlet conditions

Cm@ = 1080 /v@; (= No C fed into reactor, only A, B, M =)

va
M)Salue[{[a (%] = (Ca0 - Cat]) » — -k[T[t]] »Ca[t], (1)

Cb' [t Cbhe - Cb[t VBU k[T[t Ca[t 2
[t] ={( —[]}*U—[[]]*E[]:()

v
Cc'"[t] :—[c[t]*? +k[T[t)l1 #Ca[t]., (3)

v
= (Cm@ = Cm[t —
(Cmo - Cm[t]) » — (4)

{mc*[pc* (Tal-T[t]) * {1- Exp[— s ]} ~ 22758 % (T[t] - 75) + aHr+ (-k[T[t]] «Ca[t]) *v}

ncwl pe

Cm"' [t]

3

(5) T (Ve (354Ca[t] + 184 Cb[t] + 46+ Cc[t] + 19.5+Cm[t]})
Ca[@] = Catd, Cb[@] = 3.45, Cc[@] = @, Cm[@] =@, T[O] = r@], |n|t|a| Conditions
l{Ca[t), Cb[t], Cc[t], Cm[Et], T[]}, {t, @, 19}]]Variab|es
Cp =35 Btu/lbmol-R, C,; 18 Btu/Ibmol-R
Cpc 46 Btu/lbmol-R, C;\,=19.5 Btu/Ibmol-R



(# Generate the solutions for desired different T@ and CA{t=0) =)
~

$75 = soln[75, 0] 5 Actually T (t=0) NOT T (inlet)
£90 = soln[90, @] ;

5110 = soln[110, 0] ;

5140 = soln[148, 0] ;

5150 = soln[150, 0] ;

5180 = soln[180, 0] ;

5140Cad = soln[148, 0.14];

GraphicsGrid [
{{Plot[Ca[t] /. s75, {t, @, 4}, Frame » True, FrameLabel -+ {"time [hr]", “[p,[]l:lmu],-"Ft?']“}],

Plot[T[t] /. 575, {t, 8, 4}, PlotRange —+ All, Frame - True,
FrameLabel + {"time [hr]", "T [deg F1"3}1}}]

T (t=0) = 75 F, C,(t=0) = 0 Ibmol/ft3 SS
0.15 : . . .
140 [
E 0.10 -
= ~ 120}
E B
zq: 005 = qo0}
20 |
0 1 2 3 4 0 1 2 3 4

time [hr] time [hr]



After initial time, C, and T reach some steady state

makeplot[sol , color_ ] := ListPlﬂt[Table[{ (T[t) /- sel)}[[1]], (Ca[t] /. sel)[[21]]}, {t, @, 10, ©0.005}],
Joined -+ True, PlotRange » { {70, 210}, {0, .15} }, PlotStyle » color, Frame + True,
FrameLabel — -[“Ta“_. "Ca jll:lmcul.f'-FtE: “}]

Show[ {makeplot [s75, Blue] , makeplot [59@, Black] , makeplot[s118, Red] , makeplot[s148, Green],
makeplot [s15@8, Magenta] , makeplot [s5180, Orange] , makeplot[s148Ca@, Purple] }]

014 . ]

012

With time (but not exactly proportional)

Lo

-

Lo
T

0.08 | _ -

C 4 [bmol it ]

[=]

=]

on
T

SS

0.02

0.00 — T — : : — —
80 100 120 140 180 120 200

Temperature

(# The center point is where the steady state is reached,

see how they all move there on this phase stability map. #)



Discuss with your neighbors:
Which set of initial conditions for CSTR startup result in a

temperature at some point that is greater than 2007

= = 1 . "
ta = I I
—_——

Cq |lbmaol 7]

1
&0

A) T(t=0) =75 °F C, (t=0) =0  B) T(t=0) = 180 °F C, (t=0) = 0

C) T(t=0) = 140 °F D) None of them
C(t=0) =



Following the purple line from above, we can look at the time
behavior when T(t=0) is 140 °F and there is initially some
propylene oxide (C,(t=0) = 0.14 Ibmol/ft3). Notice the spike in
temperature when starting. Reaches SS faster but more
dangerous!

GraphicsGrid|
{[Plﬂt[[a[ﬂ /. s148Ca0d, {t, 8, 2}, PlotRange -+ All, Frame » True,
FrameLabel + {"time [hr]”, "Cy [1bmol/ft’1"}],

Plot[T[t] /. s148Cab, {t, @, 2}, PlotRange » All, Frame = True,
FrameLabel + {"time [hr]", "T [deg F1"}1}}]

J.14 ¢

D | ] 200 |
= 3-1;: oo
= . - —_—
= I 180
5 0.08f @
S pgosef = 170
= _ o _
= goaf B — 180
= 150 |
o0zt ] -
Ful L .
0.00 L . . . E . S -
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

time [hr] time [hr]
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