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Introduction

» For the non-isothermal liquid phase reaction to take place in plug flow reactor

A—— B —ry =kC,
oY £m by oxpl E[L - 1]
dV Fry L H !
U= Fy, = Cav, Fro = Caoly C,=Crp(1=X)
[ Y
Eltl __L1]i ;
—p =k ex'_—v—— C(l-.\l
‘ A ! pl_R {TI T}' ! AD
- dX _ k(1=X)
dV Vo
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Introduction

» To find a relation between X and T, then Energy balance is required
-AHg,

P

T=T,+ X

A

the temperature-conversion relationship if the reaction is adiabatic,
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dE = 30— d3W

7/ Surroundings
- everything that interacts
with the system

dE the change in total energy of the system, ‘

System

' o, SIS .
- may be as simple
dQ. the heat flow to the system, 6 ystom Bountany may be as simple
(real or tma?inary - or as complex as a
fixed or deformable) nuclear power plant

3W. the work done _by the system on the surroundings,

The &'s signify that 8Q and 3W are not exact differentials of a state function.
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Flow Convected
The continuous-flow reactors Work Energy
are open systems i Pv)& - i ).
I dEcy )
: dt /I .
Wext : Q
External
i o . Work Heat
' Rateof | | Rateof flow [ Rate of work-l | Rate of energy | | Rate of ]
. 4 » | -
\ accumulauon! \ of heat to || done by |' addedtothe | | energy leaving |
of energy | =| the system ! ~| the system y 7| system by mass |~ | system by mass
[ o ' . | ¢ >
| within the ; | from the | | onthe flow into the | flow out of
system | Lsurroundingsj 'Lsurroundings_I | system | | thesystem
dE!\f! — ; '
_"E"' = Q 2 W * Fo Em = Fou Eoul

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




T

J (F,
in ( 1 out
Yy &2 g, F
(€.9.. Fao) | ) (elg A
K L P )
in lout
(e.9.. Hao) J ’ / L (e.9., Ha)
W,
assume the contents of the system volume are well mixed,
» The unsteady-state energy balance for an open well-mixed system
dé‘ n n !
Loz = 01+ Y EF| - S EF|
di — | —~ l
3 lim =1 | out
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First Law of Thermodynamics: Open System

[Rate of flow work]

.

n n |

W= -SFpPvil + SFPV,| +W
|

— —

' ‘ In (=1 out

where P is the pressure (Pa) [1 Pa = 1 Newton/m® = 1 kg * m/s*/m?] and V; is
the specific molar volume of species i (m¥/mol of /).

» Flow work is work that is necessary to get the mass into and our of the system which is
F-P-V,
where F; is in mol/s, P is Pa (1 Pa = 1 Newton/m-), and V, is m¥mol.

1
. ¥V mol Newton o ful
F.-P-V, =] s L {Ne\\um'm}-l = Joules/s = Watlts

S m°>  mol S
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First Law of Thermodynamics: Open System

-~ i ] n - | n = ‘
‘i%: Q- W,+ S F(E+PV)| - EF:(EJ“*PVJ|

i=1 in =) iom

-~

o Iy
E,=U+ —,)-’- + gz, + other

In almost all chemical reactor situations, the kinetic, potential, and “other”

energy terms are negligible in comparison with the enthalpy, heat transfer, and
work terms,

E;=U
» Define the enthalpy as
H,= U+ PV,
J Bt
(H,) = —— or —2_ or S8
moli Ilbmoli moli
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First Law of Thermodynamics: Open System

FI'HJ' = F;(L.:-LP\-"’)

dEws _ e <rul _ <enl
=W =0-W.+SFH|I - Y .
‘ d! Q o Ea JF Ak FJHI!
(=1 ‘in i=] ]o.ﬂ
in
: i’ . - dé‘svs l a
> Or Q—H\-*-TF",H,”—TF,H,=-—-—-— FH.Q FHW
— s (!‘ Q0 ol e
=1 = A f
out
at steady state.
Q-W,;+ S FoHo— S FH,=0
i= i=]
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Heat of Reaction

> For the reaction b d
A+2B —— £C+4D
a a a
In: 2 HigFig=HyoFay+ HyoFo + Hoo Fog + Hpo Fo + Hyg Fyg
Out: 2 HF,=HF,+HyFg+H.F.+H,Fp+H,F,

the molar flow rate of species i F,=F\,(0,+v,X)

for Reaction A+QB —_ EC+9'D

a a a
sl _— d c —
Fp = Fy(1—X) Fe = FM,(@C+-X] Fi=0,F,
a
Fg = Fy OB_Z‘JX = 3 .4 M = Fao
a FU'_FAII ®l)+"“( : F
a AOD
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Heat of Reaction

S HJUF;U = _\_, FJH; = FAI][(H-\U 2 H.»\ )+ (HBH = HB .,(')[l

i=| 1= |

Z (_{HD i EHL’ = 'fZHB —Hy | FaoX
a a

a

AHp,

AHy (T) = SHD(T) + ;—;HC(T) -SHB(TJ —H\(T) Heat of reaction

‘ SFMH:’O—_ SFaH: = Fao > O,(Hy—H,) = AHy (T) Fpo X

1= =1 i=|

n
- Q—_ ;VJ'f'F:\n E (:)a'(Hm—H;]—AHR\(T)F:\U‘Y=0
i=]
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Dissecting the Enthalpies

The molal enthalpy of species i at a particular temperature and pressure, /;,

H, = Hf (Ty) + AH,,

H?(T;) enthalpy of formation of species i at some reference temperature T

-_\Hu, , the change in enthalpy, that results when the temperature is raised from the
reference temperature, 7, to some temperature 7

i
AHy = L Cp, dT

e

-T
) = [(T,) +J Gy dT
Ta
And Cp, =0, +B,T+,T?
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan !
Tel. +962 6 535 5000 | 22888

Dissecting the Enthalpies

if the enthalpy of formation is given at a reference temperature

where the species is a solid, then the enthalpy, H(T), of a gas at temperature 7' is

) ) FEmhalpy of
Enthal]?y of | fonnatif)n AHQ in heatingl |Heat of
Rl s _(.)fSDeC]es_ 1 solid from | |melting
i in the gasJ i in the solid T toT at T
atT phase il ’
| atlp |

%
AH, in heating Heat of ‘| AH,in heating'
+
n

*| liquid from |™ |vaporatio gas from |
T,t07T, atT, | T,toT J
Ty Ty T
H(T) = HE(T}) +I Cpy T+ My (T)+ | CpydT+ SH(T) + J T

Ty

7
m b
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Dissecting the Enthalpies

the change in enthalpy (H; — Hj;) when the reacting fluid is heated without phase

change from its entrance temperature, 7;,, 10 a temperature 7,
o

; r e )
R

R

T
= C il
J To |

Substituting for H, and H,,

n T
O-Wi=Fy 3 Of Cp dT — At (D) FygX =0

i=] 0
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Dissecting the Enthalpies
Relating AAq, (7)), AH:A 75, and AC,

AHy(T) = & Ho(T) + SHo(T) = L Hy(T) ~ Hy (T)

where the enthalpy of each species is
T
H, = H,"(TR)+J Cp dT:
In '
|

- “\H“"(T)ﬂ

d

L+] C 2 [) o] W,
;HD(TK)+5H((TR)—-;!{H(TR)"H\(Y}}J

a p a 4! A

o7 g
+J (‘_"c +<c, ~2¢ ~¢, Wr
Tp L. %

o d 170
m— AR (T = SH(T) + SHE(Ty) - 2 Hg (1) - H3 (T;)
d

-

-
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Dissecting the Enthalpies

_d b

. C 7 O
ACP — ;CPD B ‘-1 CPC r C'PU CPA
T
) AHg, (T) = AHE, (Tp) + Jr AC, dT
R

Mean Heat Capacities

AHy (T) = AHR, (Tz) + AC, (T — Ty)

T
J AC, dT
A T
Where AC p = _'E'_"',_'_‘
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Dissecting the Enthalpies

7
Also z @,‘ IT Cpi dT - Z @f Cpf(T'_ Ti(])

i0

Cpi is the mean heat capacity of species i between T,y and T':

T
f C,; dT

_ T
pi = T
7 o T,O

—)

O~ W;—Fpy 2 0,Coi(T~Ty) = FaoX[AHS, (Tg) + AC,(T—Tx)] = 0
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Dissecting the Enthalpies

Variable Heat Capacities

C

T

AHg, (T) = AHS, (Tg) + L (Ao + ABT + AyT?) dT
R

AHg (T) = Mﬁx(TR)+Aa(T—TR)+é£ (TZ—T§)+%Y(T3- Tg)

where d c .
= - + - —_— - —
Aa ~apt=ac—-ag—a,
d ¢ b
A —_— +— a2 —
B="8p+ B 7By Ba

d c b
Ay = "‘YD"‘E'YC_"YQ"TA

a a
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Dissecting the Enthalpies

n T T
— . . . ) 2
qé@:j% Cpi dT L‘, (X ,0,+XB;0,T+Xv,0,T%)dT
' 0, 0.
=Zaf®,-(T—To)+zi‘e'm-rénz“;‘ LT3-TD)

—)
0 0,
Q.—WS—FAO[ QEGE(T—TO)'FZ B; (TZ _Tg)+ZJ3‘_‘-(T3—T3)]

— FooX |'AH§,L(TR) taa (T-Tg) + g (T2 - T3) +%“£ (T3~ T; )] =0
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Dissecting the Enthalpies

For the case of constantheat capacities.

T

H, = Hf(TRHJT Cp dT = H{ (T3) + Cp (T Tp)
® I
rd .
AHp,(T) = t-HB(THHfH(’-(TR) “!-)Hf;(TR)"H;(TF)—I
a a a - : _|

!rd C A
+|.;CPD+-CP

a ¢

b 2 1
—_ ECPH_ (.p‘ !( T'_ TRi

) AH (T) = AHR, (Tp) + ACK(T—Tp)
The steady--slate ehergy balance is

Q—Wi—Fy> ©,Cp(T—Ty)—[AHK(Tr) + ACHT~ Tp))FpoX = 0

i=|
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Dissecting the Enthalpies
In most systems, the work term. W;. can be neglected

0= Fyo20,Cp (T~ Tip) = [AHg(Tp) + ACHT = TR)]F 10X = 0
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Calculate the heat of reaction for the synthesis of ammonia from hydrogen
nitrogen at 150°C in kcal/mol of N, reacted and also in kJ/mol of H, reacted.

N,+3H, —— 2NH,

AH3, (To) = 2H3y, (Ty) = 3H§, (To) = HY, (Ty)

The heats of formation of the elements (H,, N) are zero at 25°C.

—

AR (Ty) = 2H3y, (Ty) = 3(0) = 0 = 2Hgy, = 2A=11020) —S
= —22,040 cal/mol N, reacted

- AHZ.(298 K) = —22.04 keal/mol N, reacted

= —92.22 kJ/mol N, reacted
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Example Cont.

Cp, =6992cal/molHy- K Cp, = 6984 cal/mol Ny’ K Cp, =892 cal/mol NH, K

ACp = 2Cp,,, =3Cp, = Cp, =2A8.92)~3(6.992) - 6.984

= = 10.12 cal/mol N, reacted - K

AHR,‘(T) = AH;;(TR) + ACP(T_ TR)

AHp, (423 K) = —22,040 +(—10.12) (423 — 298)

= =23.310 cal/mol N, = ~23.31 kcal/mol N,
The heat of reaction based on the moles of H, reacted is

I mol N, kJ kJ
AHg, (423 K) = =1 =91.53 ——|= =32
rx (423 K) 3 mol H, ( 97.53 == N:} 3251 mol 1, at423 K
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Adiabatic Operation

0= F20,Cp(T = Typ)= [AH(Ty) + ACKT = Tp)JF 10X = 0

Q=0
Q=0 CSTR
W=0 R
2 'O.Cpo(T—Tp) PBR
X= ’ Batch
o
—IAHR,‘(TR)*’AC}';(T'— TR)] XEB1
5
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Adiabatic Operation

Adiabatic Tubular Reactor

rearrange +
& » XA (T1+ 30,6, T+ XAG T,

£0,Cp, + XAC,

This equation will be coupled with the differential mole balance

dXx

F.f\n d—f.

-t e "I,\( e'\.. T )

to obtain the temperature, conversion, and concentration profiles along the

length of the reactor.
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Normal butane, C,;H , , is to be isomerized to isobutane in a plug-flow reactor.

The reaction is to be carried out adiabatically in the liquid phase under high pres.
g - L 3 L4 WGty i AT fmactoo mlnet St e - ool el
sure using essentially trace amounts of a liquid catalyst w

hich gives a specific reaction
rate of 31.1 h™" at 360 K. Calculate the PFR and CSTR volumes necessary 1o process

100,000 gal/day (163 kmol/h) at 70% conversion of a mixture 90 mol % n-butane and
10 mol % i-pentane, which is considered an inert. The feed enters at 330 K.

Additional information:

AHg, = —6900 J/mol - butane, Activation energy = 65.7 kJ/mol

Kc=3.03at60°C, C,y = 9.3 kmol/dm?® = 9.3 kmol/m?
Butane
CP»-B

i-Pent

141 J/mol - K Cp , = 161 J/mol-K

Cp = 141 J/mol -K = 141 kJ/kmol - K

I
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Example Cont.
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Example Cont.
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Example Cont.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




Tubular Reactor with Heat Exchange

carry out an energy balance on the volume AV with W, =

AQ b EJ":”;L K .\_";:'Hrl\ Ay = 0 30 = UMA(T, - T) = Ua(T, - T)aV
T, AV
AQ = UAA(T,—T) = UaAW(T,—=T) \ R
Fao——> | YFH —>| T —= SFH +—uF,
where a is the heat exchange area T \ / | J / K
. per unit volume of reactor. | |
V VAV
ag=4=3DL _4
V- =D D
4

where D 1s the reactor diameter.
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Tubular Reactor with Heat Exchange

as AV — 0, d2i(F.H))

Ua(T,~T)~—-tL =0
(

Expanding
dF, dH,

[ - -3 ! =S el =
Ua(T,—T) dH SF—i=0

From a mole balance on species i,

dF, )
—_—=r.=y(-r
dl I ) A
Differentiating the enthalpy Equation
dH, c dT
- P r
dv ‘dy
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Tubular Reactor with Heat Exchange

Ua(T,—T)— ZvH;(—r,)—2F,Cp g% =0
AHR!
Rearranging, Heat Heat

“Generated” Removed
dT _ raAHg,—Ua(T—-T,)

dv SFCp

in terms of conversion  F, = F, (0. +v.X)

mmy AT _ UaT, = D)+ (r)(AHg)
AV F(30,Cp +ACRK)
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Tubular Reactor with Heat Exchange

For a packed-bed reactor dW = p, dV where p, is the bulk density,

Ya 1 - n+()(AH,)

dT _ P»
dw 2FCp

If the coolant temperature varies down the reactor

the variation of coolant temperature 7, down the length of reactor is

Me He Hofe

4 —
FoT ° FaT dT, - Ua(T—T,) )-Curr low
Mg He HaMg dV

me CF
v V+AV
Taz "_{L ______________ % k. -— rnc Tao "
F : . =
o QT T L V=D e e
s i R dV m,Cp
V=0 V V+av V=YV ¢
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Tubular Reactor with Heat Exchange

Exothermic Endothermic

Tao

\' v

Heat Transfer Fluid Temperature Profiles
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Equilibrium Conversion

» For the reversible liquid phase exothermic reaction

/ C.)
ey mifen-8)
A — B A .\ A A(‘

(-wl,\ — C‘.\n(] —ry X) (-'“ = CAI'PY

m) -r= kCN,| | —[l +..£_ J

L l K¢ J

At equilibrium ~r, =)
K¢
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Equilibrium Conversion

X, can be calculated directly using Figure 8-4(a).

1.0

/ Equilbrium L Equilbrium

T T
Figure 8-4 Variation of equilibrium constant and conversion with temperature for

an exothermic reaction.
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Equilibrium Conversion

» To determine the maximum conversion that can be achieved in an exothermic reaction carried
out adiabatically, we find the intersection of the equilibrium conversion as a function of
temperature with temperature-conversion relationships from the energy balance

30,Cpi(T—T,)

Xpg =~ —
EB AHg, (T)
If the entering temperature is increased SEquilibrium
from T, to Ty, '0'&0(\&
The energy balance line will be shifted to Q,oe@‘
the right and will be parallel to the original x Xof*
line, as shown by the dashed line
e Adiabatic
pd ! temperature
T, Tor
2
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For the elementary solid-catayzed liquid-phase reaction

Ae—2D1

make a plot of equilibrium conversion as a function of temperature. Determine the
adiabatic equilibrium temperature and conversion when pure A is fed to the reactor at
a temperature of 300 K.

Additional information:
H3(298 K) = —40,000 cal/mol H3(298 K) = —60,000 cal/mol
Cp, = 50 cal/mol-K Cp, = 50 cal/mol - K
K, = 100,000 at 298 K
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Example Cont.
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Example Cont.
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Example Cont.
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Equilibrium Conversion

Reactor Staging with Interstate Cooling of Heating
» Higher conversions can be achieved for adiabatic operations by connecting reactors in series
with interstage cooling

e 800 °C @Fsomc f 700 °C )stooc | [y

1.0
0.8
X 06

0.4

0.2

500 600 700 800

N P ____B ‘
Tel. +962 6 535 5000 | 22888 Y

Equilibrium Conversion

Endothermic Reactions.

10 Interstage heating

] S

0.0 450 520

Temperature~conversion trajectory for interstage heating of an

endothermic reaction
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What conversion could be achieved in Example 8-6 if two interstage coolers that
had the capacity to cool the exit stream to 350 K were available? Also determine the
heat duty of each exchanger for a molar feed rate of A of 40 mol/s. Assume that
95% of equilibrium conversion is achieved in each reactor. The feed temperature to
the first reactor is 300 K.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Example Cont.
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Example Cont.
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Equilibrium Conversion

Optimum Feed Temperature

> The reaction is reversible and exothermic.

» At one temperature extreme, using a very high feed
temperature, the specific reaction rate will be large

and the reaction will proceed rapidly,

» But the equilibrium conversion will be close to zero. -

» Consequently, very little product will be formed

065 —+-._ feed temperatures

A
=)
\ c
A

\

0.38 '-'r- To2=500K

.
LA

PR

To) =600K

— T03=350K
W

R el Kol

75}

60

aol

AHg,

P

T=T,-

X = T,+ 145X

350

Adiabatic conversion profiles for different

t | University of Jordan | Am

450 500 550 600
TO

400

Finding the optimum Feed temperature

350 500 600

To(K)




CSTR with Heat Effects

it R

n T - T .
i=1

OR for the case of constant or mean heat capacities

Q= W= F4020,Cp(T— Tjy) — [AHR (Tg) + ACH(T = Tg)]F 40X = 0
Where For CSTR (FpoX = —rpV)

m) the steady-state balance

O— W= F4g0,Cp (T~ T) + (r,¥)(AHy,) = 0

W =0, Q=0. -
> GECPI'(T_ Tio)

X =
Chemical Eng - IAHR" (TR) + AC‘P (T B TR )} Jrdan g
Tel. +962 6 535 5000 | 22888

CSTR with Heat Effects

The Q Term in the CSTR

The rate of heat transfer from the exchanger ro the reactor is'
Q'._. LIA(TuI_Tal‘)
In[(T=T,)(T—T,)]

assume a-quasi-steady state for the coolant flow
(ie., dT,/dt = 0).

Rate of Rate of " Rate of
energy _ energy - heat transfer s 1)
in out | l_fram exchanger
Conventional
by flow | Lby ﬂow_! ‘_ 10 reactor jacke!

UA(T, —Tn)  _
where C,_ is:‘ llheﬁ!’lﬂcz'u capacity of the coolant fluid | Ay man 11942 Jordan
Tel. +962 6 535 5000 | 22888

ﬂ'l‘.Cp‘_(Ta] s TR) - H'l(.Cp‘_(Ta: 3 TR) —ae




CSTR with Heat Effects

- - - UA(Tal_Tﬂz)
= 0=nC,(T,~T, In(T—T,,)/(T—Ty)

Solving for the exit temperature of the coolant fluid

ko= =T~ )cxp[ UAJ

mC .

But 0 =m.C, (T,;~T,)

Substituting for 7,

. [ »; ]'T
=chrI—-r~[|— ! *}
¢ e l( | e:\p\m C J_}

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888

CSTR with Heat Effects

For large values of the coolant flow rate, the exponent will be small

expanded in a Taylor series (¢ = | —x + -+ )

. ( 7B
Q="1.-C,~.(TQI-T‘@F|‘L"‘ o4 )'
I m.C, )]

Then : 3
O =UA(T,~T) where T,, =T, =T,

e ar

Q"' ”." — ,"-)..O CP(T n) G (’._{I/')(‘AHR\) aa 0

W, =0. neglecting AC,

UA ,
F T,~D—20,C(T-Ty)— AHZ X =0
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CSTR with Heat Effects

UA

Solving for X F_( r-T,)+20,C,(T-T,)
/" = . A
Rearranging _— UAT, + 2 FyoCpi To + (—AHg,)(—7,V)
UA+ 2 FoC,,
F X
But ¥= _—T:E(:_T) by letting >©,Cp = Cp,

U4 UA
CPI{["AOCPUJT“ 3 Cpﬂ T;J i CP“[FAUCP" + IJT - AH;.\‘Y Bl 0

kT, + T, 3
10Cp | +k Then —XAHy, = C"’o” +e)(T—T,)

0
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Let «=-Y4_ and T.=

CSTR with Heat Effects

’ Cp (1 +x)(T—T,)
- ~AH,

_ 7 o AR

r {3 -
Cpo(l +K)
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Propylene glycol is produced by the hydrolysis of propylene oxide:

CH,—CH—CH, + H,0 =22, CH,—CH—CH,
N

0O OH OH

You are feeding 2500 1b/h (43.04 1b mol/h) of propylene oxide (P.O.) to the reactor.
The feed stream consists of (1) an equivolumetric mixture of propylene oxide (46.62 ft'/h)
and methanol (46.62 ft¥/h), and (2) water containing 0.1 wt % H,SO,. The volumetric flow
rate of water is 233.1 ft¥/h, which is 2.5 times the methanol-P.O. flow rate. The corresponding
molar feed rates of methanol and water arc 71.87 and 802.8 Ib mol/h, respectively. The
water-propylene oxide-methanol mixture undergoes a slight decrease in volume upon mixing

(approximately 3%), but you neglect this decrease in your calculations. The temper-
ature of both feed streams is 58°F prior to mixing, but there is an immediate 17°F
temperature rise upon mixing of the two feed streams caused by the heat of mixing.
The entering temperature of all feed streams is thus taken to be 75°F (Figure E8-8.1),
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Example Cont.

k= Ae E'RT = 16,96 X 1012 (e~32400/RT) |~! The units of £ are Btu/Ib mol.

not exceed an operating temperature of 125°F, or you will lose too much oxide by
vaporization through the vent system.

Can you use the idle CSTR as a replacement for the leaking one if it will be
operated adiabatically? If so, what will be the conversion of oxide to glycol?

Propylene oxide Fpo — Top=58°F Toq=58°F Wat
Tl ater

» F
Methanol Fuo — BO
To=75F
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Example Cont.
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A cooling coil has been located in equipment storage for use in the hydration of
propylene oxide discussed in Example 8-8. The cooling coil has 40 fi* of cooling
surface and the cooling water flow rate inside the coil is sufficiently large that a con-
stant coolant temperature of 85°F can be maintained. A typical overall heat-transfer
cocfhicient for such a coil is 100 Bw/h-ft*-°F. Will the reactor satisfy the previous

constraint of 125°F maximum temperature if the cooling coil is used?
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