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Non-isothermal
Unsteady State

Operation of Reactors

Advanced Reactor Design, Spring 2024
Week 1
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Unsteady State Nonisothermal =~ %
Reactor Design

oQ
Goal: develop EB for unsteady state reactor l
Fin l:out
An open system (for example, CSTR) H., ' Hout
l oW
U . . n n
= Q - W+ X FE in 2 FE out
1=1 I=1
Rate of rate of heat Rate of work Rate of energy Rate of energy
accumulation _ flow from done by N added to _ leaving system
ofenergyin ~—  surroundings system on system by mass by mass flow
system to system surroundings flow In out
dESyS dESyS

= O steady state

# 0 unsteady state
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m@

SyS Q W + ZFE ‘m ZFE ‘out St
dt i=1 =1
Energy of system is the sum of products of each species Z NE;
sys

specific energy E; & the moles of each species:

n
Ei=U, & U =(H -PV,) so: - Eg,s =>N(H ~PV;) Differentiate wrt time

=1
dEsys dl n dEsyS dH dN d
= N (H —PV,) | — N—+>H ——-—| P> NV
7t dtLi (H ')} dt Z " dt ,21 " dt dt Z
Total V
_)dESYS ZN d_H ZH d_N__ ] Forwell-mixed reactor
dt dt 5 dt dt 0 with constant PV- variation
n
O-Ws +2RH —SRH = on Dy Sy O
i=1 iy =l oyt =1 dt o dt
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Well-Mixed Reactors, Constant Pv <@

Total Energy Balance for unsteady state alasl @] esiygn
h aH aN (d S I
Q- WS+ZFH - > FH; —ZN— ZH—— [PV]:O
=1 lin =l lout dt 53  dt (dt

Special case: well-mixed reactors (e.g., batch, CSTR or semibatch) with
constant PV- variation in total P or V can be neglected

n n
5 Q-Ws+TRH| - 3 RH =zNidH+sz—N
i=1 in =1 lout =1 q: dt

Total Energy Balance for unsteady state, constant PV

. T .
Evaluate dh recalling that H; =H’gx (Tr ) + | CpidT so db :CpidT
dt T dt dt
n n n
I= 1 |n i=1 out i=1l Pl gt dt
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n n dT I |dN, ;
Q- Ws+ZFH -2 RH = 2 NCpy ——+ > H|—— i‘::‘lf;“‘i‘*f
i1 |in =l lout =1 dt . [dt
From the mass balance: _T
Accumulation = In - Out + Gen
N dN, .
% =Fo —Fi+vi(-ra)V — E =Ko —Fj—vira V| Substitute
n n dT »n
—>Q WS+ZFH - > FH —ZNC ZHi(F.o—Fi—VifAV)
-1 iy i=l out 5P 5
dT n n n
Q- Ws + 2 Foo ~ Tk, = 2 NCpy -+ . Hifg ~DRE + 1 vH (-aV)
i=1 =1 =1

Add 2FH. to both SIdﬁS of equatpn. dT n
—)Q WS+ZFIOHIO ZN,C dt +ZH|:|0+ZV| ( rAV)
i=1 i=1
Substitute >v;H, —AH RX(T) o AT

—)Q WS + ZFIOHIO = ZNC dt —+ ZHFIO + AH Rx(T)(—rAV)
=1
COLLEGE OF ENGINEERING m:mll mlé.
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T 0 ;
Solve for dT/dt: Q — Wi + Z FoHio = Z NiChp %t + 2 Hfo + AH'Rx (T)(E “‘Vi?i‘

I=1

Bring XF,,H, and AH°RX(T) terms to other side of equation:

o n dT
—Q—-Wg + ZlFloHlo ZlH Fo —AHRx (T)(-1aAV) = _ZlNiCpi dt
|=

Factor XFyH,y and ZF,)H; terms and divide by INC;:

Energy balance for Q-Wg — % Fo (H —Hig) + AH rx (T)(raV)

unsteady state reactor i—1 _dT
with phase change: Z NGy dt
i=1
Energy balance for O —\Wg — % FoCoi (T~ T )+ AH Ry (T)(raV)
unsteadly state reactor i ! . dT
without phase change: Cdt
COLLEGE OF ENGINEERING - dswssiml| a4l ,ZlN Cpi
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Q-Wsg - ZFuonu(T Tig ) + AH Ry (T)(ra V) qT il e

YOUR WAY TC SUCCESS

ZNC
=1

For liquid-phase reactions, often AC, = Zv,C; is so small it can be neglected
\X/hen AC, can be neglected, then:
Z NiCpi =NaoCps Where Cs = 20,C,; is the heat capacity of the solution

i=1
If the feed is well-mixed, it is convenient to use:

ZI:locpi = |:AOCps
Plug these equations and T, = T, into the EB gives:

Q- Wg —FaqCps (T =Tig) + AH R (T)(raV) _dT

This equation for the EB is simultaneously solved with the mass balance (design eq) for unsteadly state,
nonisothern1a| reactor design

COLLEGE OF ENGINEERING - dswssiml| 4
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Q- Wg WAH rx (T)(raV) alail ] esiggin
i=1 _daT o vk e

ZNC dt
=1

No flow, so: Q- Wqg + AH°RX (T)(raV) dT
- dt

ZNC
=1

~ N,
Put the energy balance in Ni =Npg (©; + X, ) Where ©, = 200 o ViCpi = ACp
terms of X,: Nag

Q — WS + AHORX (T)(FAV) . dT

~ n - dt
NAO > ®iCpi + ACp XA
i=1

Solve with the batch reactor design equation using an ODE solver (Polymath)

N dXa v
COLLEGE OF ENGINEERING - dsssiml| 8414 AO T T A
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Adiabatic Nonisothermal Batch .~ <4
Reactor Design

_)OQ—Q/% + AH'Ry (T)(raV) _dT

n dt
Nag [Z O,Cpi + ACpXA}
=1
In the case of no stirring work and adiabatic operation, WS =0 & Q=0
., AHRx (T)(raV)  _dT  syostitute: ARy (T)(raV)  dT

e o =
NAO{ZG)C +Acpr} dt 2 6,Chi = Cps Nao[ Cps +AC,Xa |
I=1

Rearrange:  — AH'gy (T)(raV) =Nag | Cps +ACpXa | (il:
X
Substtute: AH Ry (T) = ARy (TR )+ AC, (T—Tg)  and  Nag A =,V

dXp dT

t
_[AHORX(T )+AC, (T -Tg ]N&o N&O[ ps +AC XA]dt
> [ AHRx (Tr) + AC, (T - TR)}O'X ~[Cps +AC,Xa [T

COLLEGE OF ENGINEERING - dwssiml| sl dt
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bl gl sagla

YOUR WAY TC SUCCESS

Get like terms together:
XA dX T —dT

- ] = |
Xa0=0Cps TACp XA 1y AH Ry (TR )+ AC, (T-TR)

Integrate & solve for X,:

Ch. (T-T, Ch. (T-T,
X, = ps( O) 5 X, = ps( 0)
~(AHRx (TR) + AC, (T-TR)) —AHRy (T)
Solving for T:
| ~AHRx (To) |Xa | ~AHRx (To) | Xa
TZT0+ C XA AC —)T:TO-I—n
ps T AARND > 0,C, +XaAC,
Heat capacity of soln (calculate C if not given) =1
Solve with the batch reactor design equation using an ODE solver (Polymath)
XA dX o
COLLEGE OF ENGINEERING - assimllagiss [ =Nag (I) 1pV



ctor. The reactor
Is well-insulated, so no heat s lost to the surroundings. To control the temperature, an
inert liquid C is added to the reaction. The flow rate of C is adjusted to keep T constant
at 100 °F. What is the flow rate of C after 2h?

bl gl] sl

k(100 °F)=1.2x 1045 C,, (all components)= 0.5 Btu/lb mol °F
Cho= 0.5 o mol/ft3
1. Solve design eq for comp as function of t
9. Solve EB for F, using that info & T=100 °F
This is essentially a semi-batch reactor since only C is fed into the reactor
. . dX .
Design eq: % =r,V Note, using Npg d—tA =1,V would complicate
the calculation because V depends on t
Rate eq: -r, =kC,
Combine: dl =—KkC,pV - dEItA = —kN, Rearrange and integrate for N,
NA
Nag VA 0 —In| A=kt —>Np =Npgexp[—kt]
COL{EGE OF ENGINEERING - awauml adds | Npg
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tch reactor. gy
reactor is well-insulated, so no heat is lost to the surroundings. To control the !
temperature, an inert liquid C is added to the reaction. The flow rate of C is o4&
adjusted to keep T constant at 100 °F. What is the flow rate of C after 2h? sl =iy

Use EB to find how the ﬂow rate of C depends on the rxn (solve EB for F)

% }{}’fs ZFuonu(T Tio )+ AHRx (T)(raV)
d

ZNC
0 =1

‘L n I n o
0= -2 FoCpi(T~Tio) + AH'Rx (T)(raV) = 2 FioCpi (T=Tio) = AH'Rx (T)(raV)
i=1 i=
C is the only species that flows, so: = FeoCpc (T =Tig) = AH Ry (T)(ra V)
raV =-kC.V =-kN,  where Ny =Npqexp[—kt]

— FeoCoc (T—Tig) = AH'Rx (T)(_kNAO e_kt)

. _kt
solate Fy: e AH gx (T)(_kNAo = )
COLLEGE OF ENGINEERING - assaimlaylss ~ C0
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tch reactor.
reactor is well-insulated, so no heat Is lost to the surroundings. To control th
temperature, an inert liquid C is added to the reaction. The flow rate of C is
adjusted to keep T constant at 100 °F. What is the flow rate of C after 2h?  dalel iy

Tco=80°F V,= 50 ft3 AH®=-25000 Btu/lo mol
k(100 °F)=1.2x 1045 C,, (all components)= 0.5 Btu/lo mol °F

o —kt
- AR (T)(-kNaoe™) Nag = CagVo =05 r20|(50ft3) = 25 |b mol
-0 Coc (T-To) ft

At 2h (7200s):

~25,000 Btu

b mol
Feo = Btu

05 (100°F-80°F)
b mol-°F

4 —(1.2x10_4s_1)72008
-1.2x10""s (25 Ib mol)e

b mol
—> FCO =3.16
COLLEGE OF ENGINEERING - dsssyml| 8414 S



. w boiling point is added

(component D). The solvent has a heat of vaporization of 1000 Btu/lo mol, and initially 25

lo mol of A are placed in the tank. The reactor is well-insulated. What istherate-of solvent @

evaporation after 2 h if T is constant at 100 °F? eumllru»b

Additional info: k(100 °F)=1.2x10%s’  AH°,,=-25000 Btu/lb mol
Still a semibbatch reactor, where D is removed from the reactor

Use EB that accounts for a phase change:

ﬂ(—))ﬂg - %Eo (Ho —Hi) + AHrx (T)(raV) =0

= W4=0
0 ch

=1

Clicker Question: Does|dT/dt = 07
a) Yes
b) No

COLLEGE OF ENGINEERING - dsssyml| 8414




ng

ed (componen ¢ solvent has a heat of vaporization
of 1000 Btu/lo mol, and initially 25 o mol of A are placed in the tank. =3
What is the rate of solvent evaporation after 2 h? alasl ol esigghn

YOUR WAY FC SUCCESS

Additional info: k(100 °F)= 1.2 x 104 s AH°,=-25000 Btu/lb mol
Still a semibbatch reactor, where D is removed from the reactor

Use EB that accounts for a phase change:

@1)’6’5 I%Fuo 0 —H)+AH R (T)(raV)  G=0

5& Wo=0
0 Z NiCpi dT/dt=0
n I=1 ‘ ‘ ‘ ’
- > Fo (Hio —H;) = AH’rx (T)(ra V) D is the only species that ‘flows’, and
=1 y raY = -kKNo(expl-kt]), so; t
— Fpo (Hio —H;) = AHRx (T)(_kNAO e ) AH'py (T )( KNaoe )
N
25,000 BU (_0.00012 (25 Ib mol) e—(o.00012/s)72003j e
Fog = lbmol S H.,-H; = heat of vap
1000Btu/lb mol SRy = 0.0316|b mol
COLLEGE OF ENGINEERING - dsssyml| 8414 S

b pay -



! qw! p!ase exot!ermm reaction A %! is carried out at 358K ina 0.2 m3 CSTR. The coolant

temperature is 273K and the heat transfer coefficient (U) is 7200 J/min-m2.K. What is the heat exchange
area required for steady state operation? Using this heat exchange area, plot T vs t for reactor g
start-up. alail | sy

Cpa =Cps=20 J/g*K  Ws=0 C,,= 180 g/dm3 vy= 500 dm?3/min Ty=313K R
p=900 g/dm? AH®(T)=-9500 J/3  E=94852 J/mol-K  k(313K)= 1.1 min"’

a) Heat exchange area for steady state operatlon

SS operation means JT Q-Wg - Z FoCpi (T —Tig) + AH R (T)(raV)
that T is constant, so: — =1 =0
dt Z N, C
i=1
- Q-Wg - Zl':uocm (T-Tip)=-AHRrx (T)(raV)
I

Q=UA(T.-T), W<=0, and A is only species that flows
= UA(T, = T)=FagCpa (T=Tao) = -AHRx (T)(raV)
Plug inr, = -kC, and solve for A
= UA(Ty = T) =FaoCpa (T —=Tao) = —AHRx (T)(-KCA V)

A= ~AHRx (T)(-KCAV) +FaqCpa (T—Tag)

COLLEGE OF ENGINEERING - dss=iml| dyl& U(T,-T)
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oeffiClent (U) is 7200

J/min-m2-K. What is the heat exchange area required for steady state
operation? Using this heat exchange area, plot T vs t for reactor start-up.
Cop =Coe=20 J/geK  We=0 C,,= 180 g/dm? vy= 500 dm3/min T,=313K g‘;j}fljygj
p= 900 g/dm?3 AH® o (T) = -2500 J/g E=94852 J/mol-K  k(313K)=

18 Material balance to determine steady state value of C,

FAO —FA +rAV =0 - CAOUO —CAUO —kCAV =0 - CAOUO = CAUO +kCAV

Caolo _11 94852 J/mol ( 1 1 j 107.4
—C, k(358K)="" - _
Y Ca K(358K) mineXp{8.314J/mol-K 313 358 )| K(358K) ==
180g/dm? (500dm3/min)
Ca = 3 1 ; >Ca= 4.1g/dm3
500dm /min+(107.4min— )200dm
AH iy (T)(=KCAV) + FaoCoa (T=T
Solve EB for A: A= Rx (T)(FKCAV)+FaoCpa (T~ Tao)
U(T,—7) 3
Fao =| 1809 5oodl = 90000g/min  v=0.2m3| £0909M™ | _ 500dm3
dm?3 min m3

COLLEGE OF ENGINEERING - dssaiml| a4l&
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The coolant temperature is 273K and the heat transfer coefficient (U) is 7200
J/min-m2-K. What is the heat exchange area required for steady state

<

operation? Using this heat exchange area, plot T vs t for reactor start-up. Al gy
Cpp =Cps=20 J/geK  W=0 C,,= 180 g/dm? v, =500 dm3/min To=313K

p= 900 g/dm3 AH®(T) = -2500 J/3 E=04852 J/mol-K  k(313K)=

1.1 min

Solve for heat exchange area at SS:
A ~AH R (T)(-KCAV) +Fa0Cpa (T = Tag)
U(Ta N T)
F,0=90,000 g/min V=200 dm?
AH® o (T) = -2500 J/s k=107.4 min' C,=4.1g/dm3  C,, =20 J/geK

U= 7200 Jmin-m?K  T,=313K T= 358K T,=973K
—(—2500 JJ(— 107.4 (ng 200dm® j ¥ (90000 g_j(zo Jj(358K ~313K’
g min dm?3 min g-K
—> A= 3
(7200 o j(Z?BK —358K)
min-m=-K A=997 .4 m?

COLLEGE OF ENGINEERING - dssaiml| a4l&
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Mass balance: ddltA =Fpg—Fp +1pV N ddCtA
dT _ UA(Ta o T) — FAOCpA (T — TiO ) + AHORX (I’AV)
dt n
_ZlNiOCps
=

Cp, IS In terms of mass (J/g-K), so F,, & Ni, must also be in terms of mass

F,,=90,000 g/min

Substitute my, for N;;, & use p for the solution to calculate:

9

3

o = Vp — Mg = 200dm? (900 —j |1y =180,000g

dm
Amount of gas leaving reactor (L7) 4 A

(11408 7.(

1 1]

K

ke TN\II e o

K

3137}

—EXP -
min 8.314Jmol-K\313 T

A=997 4m?

— k=——ex
_11 {94852J/m0| ( 1 1)} i &XP

U=L7200 J/min-m2.K
AHe=-9500 J/g

1,=273K

a

Ni0=mio szOO dm3

COLLEGE OF ENGINEERING - dsssiml| a4l& ® _ 0 e
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A i L

dCa _Cao _Ca , . = 11,,[114087( 1 1
aa ¢ ¢ A min K (313 T)

%

bl gl] sl

YOUR WAY T'C SUCCES

dT _ UA(Ta — T) — FAocpA (T — TIO) + AHORX (I‘AV) m|0 _ 180,0009
n .
o 2. NipCps F,=90,000 g/min
i=1

U= 7200 J/min-m2K ~ A=997.4m? C,,=180g/dm? t=V/v, T,=273K
AHy=-2500J/3  Ng=mi, V=200 dm3 C,=20 J/g'K vy=500 dm3 T,=313

P
Ordinary Differential Equations Solver =2 | S
x5, i @ = = | [FrFes ~] I Iable @ Giaphi @ Report

| Differential Equations: 2 |.~’-‘«u:-ci|ial_l,.l Equation=: 11 |\/ Ready for zolution

d(Ca) / d(t) = (Cao'tau)-(Catau)-k*Ca -~
tau=\/va

Ca(0) = 180

vo=500

k=1.1%exp(11408.7(1/313-1/T})

Cao=180

d(T) £ dit) = (U=A5273-T}-20000%20%(T-313 }+dHr* ra*V)/{mic*Cps)
Ti0) =313

U=7200

A=22T 4

dHrx=-2500

V=200

mio=180000

COLLEGE OF ENGINEERING - dsssyml| 8414
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Temperature vs Time for CSTR Start-up
360

355 |
350 |
345 |
340 |
335 |
330 |
325 |
320 |
315 |
310

TK)

0 2 3 5 6 8 9 11 12 14 15
t(min)

Reaches steady state at ~12 minutes
COLLEGE OF ENGINEERING m:mll als



m?3 .
e reactor at 60 mol/minand a = <&

temperature of 310K. The coolant in the heat jacket is kept at 280 K. Provide all equatiofis; e
constants, the initial time, and the final time that must be entered into Polymath in orderto g
temperature vs time for the first 20 min of reactor start-up. AHg(Tp) = -10,000 cal/mol ek <iss
Cps =15 cal/mol-K  C =15 cal/mol-K Ws=0

E =20,000 cal/mol  k=1min"at 400 K UA= 3200 cal/mineK Vo= 300 L/min
Need equations for how T changes with time, C, changes with time, & k changes with T.

L. .
Q-Ws - _Zl':uoni (T=Tio) + AH Ry (T)(raV)
i=

dr _ W, =0 Q=UA(T -T)
dt n a
2 NGy,
=1
. b cal
AHqy (T) = AH oy (TR )+ AC, (T —T;) AC, = ~Cre ~Con > AC) = [15_15]m0I-K =0
—> AHORX (T) = AHORX (TR ) +0 > AHORX (T) = —10, 000 —r:]ill

FoC

i=1

n n
= FAon,A + |:Bon,B FBO =0 — ZFiOCpi — FAOCP,A ;24 NiCpi - NAOCps
ot UA(T, - ?l) CFCyn (T=T) + AH

Combine with EB: dt ’ NAoCoe
COLLEGE OF ENGINEERING - dssimitais
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. : arried out ina 2 m3 CSTR
that is equipped with a heat jacket. Pure A enters the reactor at 60 mol/min and a

temperature of 310K. The coolant in the heat jacket is kept at 280 K. Provide all
equations, all constants, the initial time, and the final time that must be entered into
Polymath in order to plot temperature vs time for the firsE20 min of reactor start-up. SRS
AHp(T) = 10,000 cal/mol  Cpp = Cpg =15 cal/mol-K C =15 cal/mol-K  Ws=0
E =20,000 cal/mol  k=1min"at 400 K  UA= 3200 cal/mineK V= 300 L/min

Need equations for how T changes with time, C, changes with time, & k changes with T.

0 cal ) B :
AHex (T) = 10,000 211 gy UA(T, =T ) =FaoCo (T=To) + AH o (T Jr v
UA =3200] |T, =280] L% NaoCpe
Fao =60| |Cpp =15| [T, =310| |r, =kC,| [k = (l) exp 20,000 1 _ 1
1.987 (400 T
- Naoo  IN = FoV| [v, =300 - -
=—V — = =

o=y 0 e T T g V=2m (1000L/1m* ) — [V = 2000
t(O) =0 t(f) =20 Use the mass balance to get eq for C,(t)
dN dN dC, Cu G,

th =F,-F -V — th =C,,v, —C,v, —kC,V = T -kC,

COLLEGE OF ENGINEERING - dwsimllagids |7 = /0, ||Cao = Fao/ Vo)
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bl gl sagla

YOUR WAY TC SUCCESS

« Ammonium Nitrate Explosion
* Monsanto Explosion
« T2 Laboratories Explosion

COLLEGE OF ENGINEERING - dsssyml| 8414



Explosion

abul ] iy

YOUR WAY T'C SUCCES

Massive blast at Terra plant kills four.

COLLEGE OF ENGINEERING - dssaiml| a4l&
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abal @l ezayys
H,O
—> Gas
N,O
0 [
Ty =200°F o0 0ok /F — @ P
|
m o = 3101b/h Liquid / A \
83%NH,NO; — l
510°F ‘
9 0« (] TaO
NH,NO;
Ta
M =500 1Ib

NH,NO; —>N,0 +2H,0

COLLEGE OF ENGINEERING - dsssyml| 8414



abul ] iy

Only liquid A in the vat as the product gases N,O s
and H,O escape immediately after being formed.

dT  Q,—Q,

dt  N,C,,

Qy = (raV)(AHg,)

Qr = FAO[CPA(T _To) +QB(HB o HBO)]+UA(T _Ta)

COLLEGE OF ENGINEERING - dssaiml| a4l&
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Unsteady State Energy Balance

abul ] iy

Qq Q,
d_T . (AH RX )(rAV)_ I_FAO Z®iCPi (T o To )"' (UA(T o Ta ))\
dt >N,C,
Adiabatic
Q; =Fo[Cp, (T—660)+ Oy (1134+Cp, (T -960))]
FAO — O
If the flow rate is
dT (_AHRX )(—rAV) shut off, the T
= temperature will
dt ZNiCPi rise Fzpossibly to
point of explosion!)
t (min)

COLLEGE OF ENGINEERING - dssaiml| a4l&
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abul ] iy

YOUR WAY T'C SUCCES

« Keeping MBAs away from Chemical Reactors

The process worked for 19 years before “they” showed
up!

Why did they come?

What did they want?

COLLEGE OF ENGINEERING - dsssyml| 8414



abal o] esayha

YOUR WAY TC SUCCESS

NO, NO,
Cl NH,

+ 2NH; —— + NH,CI

ONCB +  Ammonia —p Nitroanaline +
Ammonium Chloride

COLLEGE OF ENGINEERING - dsssyml| 8414
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—@

alail @] ssigpla
NH; in H,O —
ONCB
Autoclave
175 °C
~550 psi
| . . NH, R Filter
O-Nitroaniline Separation Press
Product Stream

To Crystallizing Tanks

COLLEGE OF ENGINEERING - Mhlhu'd,,\lé “fast” Oran e
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4 )
\_
Oold
3 kmol ONCB

43 kmol Ammonia
100 kmol Water
V=3.25m3

COLLEGE OF ENGINEERING - dsssyml| 8414



abul ] iy

YOUR WAY TC SUCCES!

NO, NO,
Cl NH.,
+ 2NH; —— + NH,CI
ONCB +  AmMmonia —p Nitroanaline + Ammonium
Chloride

Batch Reactor, 24 hour reaction time

Management said: TRIPLE PRODUCTION

COLLEGE OF ENGINEERING - dsssyml| 8414
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CMBASHle: i

Nitroanline Syn&hesis Reactor wsui

New

9 kmol ONCB
33 kmol Ammonia
100 kmol Water
V=5m3

COLLEGE OF ENGINEERING - dsssyml| 8414




Batch Reactor Energy Balance
Q, Q.

| \

[ |
dT  (r,V)(AH,) — UA(T-T,)
dt ~ NuCon + NooCop + NuyCo

alsal @11 e

YOUR WAY TC SUCCESS

NCp = N4oCpa + NgoCps + N, C oy

dT _ Qg _Qr
dt~ NC,

_COLLEGE OF ENGINEERING mamll als



Batch Reactor Energy Balance
daT  Q, —Q,

dt  NC,

The rate of “heat removed’ is

abul ] iy

YOUR WAY T'C SUCCES

Q, =m.C, < (Tal —T)l 1—exp[ _ %A ] > Equation (12-13) p547
C m Pc

C

For high coolant flow rates, mc, the maximum rate of heat removal is
Q, =UA(T-T,)
The rate of “heat generated” is Qg =(r,V)AH_ = (— I‘AV)(— AH RX)
—Ta =K,C,Cp
COLLEGE OF ENGINEERING - 4| syl&s Qy =KiCACe (= AHg,)
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Batch Reactor Energy Balance

Recall dT Q, —Qg
dT  NCp,

abul ] iy

YOUR WAY T'C SUCCES

For isothermal operation at Qr = Qg, T =448 K
Q, = k(448K)C, (1~ X}, ~X)~ AHy,)
Q =Qq

M,C, {(T,, —T) 1—exp[ —UA J - =(0.0001167)C%,(1- X)

m.Cp

C

G —

Vary m o keep “heat removed” equal to “heat generation”

COLLEGE OF ENGINEERING - dsssyml| 8414



Isothermal Operation for 45 minuted®

At the time the heat exchanger fails
X =0.033,T =448K
Q, =r\VAH_ =3850kcal/min

The maximum rate of removal at T=448K 1Is
Q, =UA(T -T,)=35.85(448—298) = 5378kcal / min

Q >Qy  Everything is OK

COLLEGE OF ENGINEERING - dsssiml| a4l
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Adiabatic Operation for 10 minutes®®

t=45min X =0.033 T =448K
t=55min X =0.0424 T =468K
Q, =6591kcal/min

Q =6093kcal /min

Q, >Q,
d—T = Q-Q, =0.2°C/min
dt NC,

COLLEGE OF ENGINEERING - dsssiml| a4l

Tikrit University - cu)$5 asola ‘



Temperature-Time trajectory

ar _Q, =@, = 0.2 °C/min
dt  NC,

alail @] iy

YOUR WAY TC SUCCESS

%) 400 T

Q

2

©

L

Q - Cooling Restoru
E h | Qr 0

O 200 ¥ Isotherma

= Operation w G ~ J

175
{f fuse

9:55 10.40 10.50 midnight 12:18
t=0
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Disk Rupture Y

$ o Gwaunll
2.

bl @] esapbs

The pressure relief disk should have ruptured when the temperature
reached 265°C (ca. 700 psi) but it did not.

If the disk had ruptured, the maximum mass flow rate out of the
reactor would have been 830 kg/min (2-in orifice to 1 atm).

Q, =M, AH,,, + UA(T-T,)

Q. = 449, ooo@
min
0, - 27,4608
min

Q, >>>Q, No explosion
COLLEGE OF ENGINEERING - dwssiml| 4414
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YOUR WAY TC SUCCESS
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YOUR WAY T'C SUCCES

1. Tripled Production

2. Heat Exchange Failure

3.Relief Valve Failure

COLLEGE OF ENGINEERING - dssaiml| a4l&
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YOUR WAY T'C SUCCES

methylcyclopentadiene manganese tricarbonyl (MCMT)

COLLEGE OF ENGINEERING - dsssiml| a4l&



g
Production of methylcyclopentadienyl'manganese tricarbonyl (MCMT). i , (
By .

Step la. Reaction between methylcyclopentadiene (MCP) and sodiumina ':.ra"::‘..,’l :
solvent of diethylene glycol dimethyl ether (diglyme, C;H,,0,) to ‘\_rr-fj
produce sodium methylcvclonentadiene and hvdroaen aas: hasl ol siya

®
@_‘+ Na—hNa + +H,

Step 1b. At the end of Step 1a, MnCl, is added to the reactor. It reacts with
sodium methylcyclopentadiene to produce manganese
dimethylcyclopentadiene and sodium chloride:

TN

& MnCl
2 Na 2 Min + 2 NaCl

Step 1c. At the end of Step 1b, CO is added. The reaction between
manganese dimethylcyclopentadiene and carbon monoxide produces the

final product, methylcyclopentadienyl manganese tricarbonyl (MCMT), a fuel
additive.

\@ GO I
o T T‘““*c
@ 4° T
COLLEGE OF ENGINEERIN( o7 ¢
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Only consider Step 1

Desired Reaction alail @] stk

@"’+ Na — Na® + 1H,

Undesired Reaction of Dygline

CH; - O—CH, - CH, - O~ CH, — CH,0 ~ CH;——3H, + misc() & (5)

Simplified Model

Let A = methycylcopentadiene, B = sodium, S = Solvent (diglyme), and D = H,.
These reactions are:

(1)A+B — C+1/2D (gas) —114 =113 =k14CACp
(2) S —> 3 D (gas) + miscellaneous liquid and solid products —1,q =k,Cq
AHRXIA :—45,400 J/m()l

AHgyps =—3.2x10° J/mol
COLLEGE OF ENGINEERING - dws=uml| a4l& Roes x107 J/mo
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YOUR WAY TC SUCCESS

Gas head

space

Rupture disk

Pressure control
walve

_"'I'.E

n\'\_

-/

Cooling jacket
water inlet—

Hydrogen vent

Emubtﬂ-ullngjntl-:et

steam outlat

Figure E13-6.2 Reactor
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Solution ?‘L‘f}f‘”bs:m

(1) Reactor Mole Balances
Reactor (Assume Constant Volume Batch)

Liquid
%: fia (E13-6.1)
%: Fia (E13-6.2)
%: g (E13-6.3)
dFP RT,
E= [f‘ﬁ - Fm}?}{“
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abal g} ays
Laws:
Kia = Appe ARt (E13-6.12)
(2) —hs = kysCs (E13-6.13)
kys = Agge ™25/ (B13-6.14)
Net Rates: Ty =1y = lia (E13-6.17)
I3 = hs (E13-6.18)
In = -%rﬂ +=3ng (gas generated) (E13-6.19)

(3) Stoichiometry — Liquid Phase

COLLEGE OF ENGINEERING - dsssiml| a4l&
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YOUR WAY TC SUCCESS

(4) Energy Balance:
Applying Equation (E13-18) to a batch system (F;p = 0)

ar _ “ﬁ[-‘iaﬁﬂhm + -"zsﬂHRﬂs]‘ UA[T ~T,)
dt LN jCFj

(E13-6.24)

Substituting for the rate laws and 3 N,Cp =1.26x10"J/K

dr _ Vol k1A CaCaAHp,14 'kzsfsﬂﬂhzs] ~UA(T-T,) (E13-6.25)
dt 126%107(J/K)

AHRXIA :—45,400 J/mOI
AHp s =—3.2x10° J/mol

COLLEGE OF ENGINEERING - dsssyml| 8414



Explosion at T2 Laboratories

bl @lf syl

YOUR WAY TC SUCCESS

T(K

8 B B B &8 B E E B B B

£
£
g
o
=
B
B
B
B
B
5

t (hours)
Figure E13-6.3(a) Temperature (K) versus time (h) trajectory.

Explosion at T2 Laboratories

B

i} 1 1 I 1 1 I I 1 1
0 04 08 12 18 20 24 28 a2 a8 40

t (hours)
Figure E13-6.3(b) Pressure (atm) versus time (h) trajectory.
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