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Example:

Consider the following elementary reaction

where ,

2A < B _rA:kA CA -
C Ke= 20 (}W\E/V"\O\

K, =20 dm3/mol and C,,= 0.2 mol/dm3.

Calculate Equilibrium Conversion for an

isothermal isobaric flow reactor (X,).
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Example 1

Liquid Phase Undergraduate Laboratory Experiment
(CH,CO),0 + H,0 > 2CH;COOH

A + B - 2C

Feed

Volumetric flow rate v, = 0.0033 dm3/s

Acetic Anhydride 7.8% (1M)

Water 92.2% (51.2M)

Elementary with kK  1.95 x 10~*dm3/(mol.s)

Case | CSTR V=1dm?3
Case Il PFR V =0.311 dm3
o 1 CSTR V=) dwm? (s, 7722 )
Vo 200033 o> /S
. 7
Cho = 1M N
Ceo =5\ 1M
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Example 2

: PFR and Batch Calculation
2NOCI - 2NO + Cl,
2A ->2B + C

Pure NOCI fed with Cyoc o = 0.2 mol/dm3 follows
an elementary rate law with k = 0.29 dm?3/(mol.s)

Casel PFRwith v,=10dm?%s
Find space time, T with X = 0.9
Find reactor volume, V for X = 0.9

Case Il Batch constant volume Vo =\0 3w /5 Cpo ~ 02mo | /dmJ
Find the time, t, necessary to achieve 3
90% conversion. Compare 7 and t. V >l va) /mo\ .S
T=-To P=Po N =7 X=0-%
(ase 1 PFR
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dX = —rIn
gV Fpo
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Chagrer b+ 150fhtrnal Reactor Design

French Menu
Analogy

Choices

&

1. MOLE BALANCES

PFR CSTR -
V = FaoX e
r T

P s

2. RATE LAWS

Fa=Fao(1-X) Na=Npo (1-X)

O

IDEAL GAS 4” ™ LIQUID OR GAS
Variable volume Constant volume

LiQuiD 4" N IDEAL GAS
Constant flow rate Variable flow rate

u=uo(1+sX)P U BT

D, FOT_O V=V0(1+£X)PTO V =V,
Cag(1=X) P T, Cao(1-X) P T,
Ca=Cpao(1=X)| (Cp= A0 —_2/ "0 CapAd\=—l 0 Ca=Cpo(1-X)
e AT T weX) Py T AT T weX) Py T oz
4. COMBINE (First-Order Gas-Phase Reaction in a PFR)
| From mole balance | | From rate law | | From stoichiometry |
o gen . G . kK (Cpi=X)PTo
dV  Fpo Fao Fao (1+eX)'Py T
, where p= L (A)
Po
5. EVALUATE

Integrating for the case of constant temperature (T = Ty) and constant pressure (p = 1) gives

(B)

Figure 5-2 Algorithm for isothermal reactors.
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CSIR's in Serieq [7/=7/03

Fieure 5-5 Two CSTRs in series.
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Fnb dx
-

Plug flow—no radial variations in velocity,
concentration, temperature, or reaction rate

Figure 1-9 (Revisited) tubular reactor.
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¥ when P detrests  volmebeic  flow vate woeses  less feseene time = less tnergion

Example 1: Gas Phase Reaction
in PBR for =0

Gas Phase reaction in PBR with & = 0 (Analytical
Solution)

A+B->2C

Equimolar feed of A and B and:
ka = 1.5dm8/mol/kg/min

Fquimolar g ~0- 5

a = 0.0099 kg
Find X at 100 kg Cio=Cho
" P s v
10~ i' ) 0 )’ -
('b'” o o O ?
\—p,
(- wole Balonce [ G Y
W .
L Rate  Jaw “1p = Ky Cp
5-3\~oiol4iomt}rj Ch:z (po (1=X) P
(1+9x) fo
CA—" CHD (”_X)j
CB:CHO (08"'/%5()%
I+ ax o
(/l&? Cf\o (-.l -XJ \j
Y. 47 Matonsup
dqy 1 - A S ady =
5 §9
wlﬂmify
\ Ul
W= 0 j:l > \LS>(\_DL\;J)/L

D oty when §=0
£=0

@24 =0
(9'5'/\ Y= -\
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5. Lombing. - K" (190° g% > K Ge (=07 (1 =30

B - ket (=xyT (1= dW)
JW
Fro
Sepprate
7 e
Fro 3% = KGd (L7 (-qw) 3w
0 X = K Opo” |- oW d\/\)]
(.l\XJL XF_AU
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L - X Fro -
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Example 2: Gas Phase Reaction
in PBR for 8#0

The reaction A+ 2B > C s carried out in a packed &’_ = '/
bed reactor in which there is pressure drop. The feed is CBb 1
stoichiometric in A and B.
P, =10 atm O O 0
Fao =2 mol/min 0 0
(‘\w =02 mnl/«lm‘ a ®] g 0 0
Z
Plot the conversion and pressure ratio y = P/P, as a
function of catalyst weight up to 100 kg.
Additional Information
k4 = 6 dm®/mol/kg/min
a=0.02 kg™
1
|- mole P2ajunte ) SR
A L'A o
, 2
1 Ratt Law “fp =~ K(pCyh
3. élru'ol/\iwvmﬁhj Ca= Crs [[=X) y
( \+2X)

Cg: Cprh C(78~2X7

ETH'E
Y Relarimsimp ‘)\U = 'TLO—(\, (\ +‘E,X\
W 3

Boundwg con di Frong: W=0 X:o y> | . W=loo
S e jn palymath (240
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TABLE 6-1 MOLE BALANCES FOR LI1QUID-PHASE REACTIONS
Batch d—CA =74 and C& = l—)rA
dt t a
CSTR V= VU (Cao— Ca) and V= U (Cpo— Cp)
=T —(b/a)ry

dC dC b

dC , dC b,
PBR UOE—V?: r's and UOZZ-VVB: ;er




(nas phate.:

TABLE 6-2  ALGORITHM FOR GAS-PHASE REACTIONS

aA+bB —— cC+dD

1. Mole balances:

CSTR PFR PBR
V=FA0—FA dF, _ dr,
= LN TR

Ta dv dw
V= FBO FB dFB_ dFB y
= =TI =TIp

s dv aw

F, F dF, dF,
Ve 200 G c= —C=
—re v _'c aw _'c
e Fpo— Fp dFy dFy,
— v o —w _p

n dv aw

We shall continue the algorithm using a PBR as an example.

2. Rates:
Rate Law
—ry = k,CiCh
Relative Rates
A Iy 'c _Tp
—a —-b c d
then
! " b r . ’ -
rB—;rA rc—_(-er rD—_ErA
3. Stoichiometry:
Concentrations
F,.T F,T
C = Capiiz0 Cs = CujzBe0
A T()FT T p B TOFT T P
F.T FT
Coi=iCrelily O =Cpga2ed
C ToFT T I D ToFT T P
dp _—aFrT P

dW  2p Fy T, p_Fo

Total molar flow rate: Fr = Fy+ Fg+ F-+ Fp+ F;

4. Combine:

Appropriate reactor mole balance on each species

Rate law
Concentration for each species
Pressure-drop equation

5. Evaluate:

1. Specify and enter parameter values:

kA, CTo; Q«, B, To, a,b,c,d

2. Specify and enter entering molar flow rates: F o, Fo, Fco, Fp, , and final

volume, Vg,
6. Use an ODE solver.

Many times we will let the ODE solver replace Step 4, Combine.
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Example 6-1 Gas-Phase Reaction in a Microreactor—Molar Flow Rates

The gas-phase reaction

2NOCI ——> 2NO+Cl, A > n + I/Z C
is carried out at 425°C and 1641 kPa (16.2 atm). Pure NOCI is to be fed, and the = ~
reaction follows an elementary rate law.? It is desired to produce 20 tons of NO per year [= “I% C F = lb-24a I'VV)

in a microreactor system using a bank of ten microreactors in parallel. Each microre-
actor has 100 channels with each channel 0.2 mm square and 250 mm in length.

<\ ementury Rty  law
/ ;g = 10 fOV\S/gW

oood
oQooo X: 0-85
ooo

Tho= 0 02 mol /4
(a) Plot and analyze the molar flow rates as a function of volume down the length
of the reactor. The volume of each channel is 10-5 dm?.

(b) What is the reactor volume necessary to achieve 85% conversion? K = "Z’q d""’g/"’k0| °S
\- mole Balance, ofn = M
o\
0 - fo Differpnfigl G uations
0\
into Poly maf o
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All the preceding elementary dehydrogenation reactions described above can be
represented symbolically as
A —— B+C

and will take place on the catalyst side of an IMRCEFE. The equilibrium constant for
this reaction is quite small at 227°C (e.g., K¢ = 0.05 mol/dm?). The membrane is
permeable to B (e.g., H,) but not to A and C. Pure gaseous A enters the reactor at
8.2 atm and 227°C (Cp = 0.2 mol/dm?) at a molar flow rate of 10 mol/min.

The rate of diffusion of B out of the reactor per unit volume of reactor, Rg, is
proportional to the concentration of B (i.e., Ry = kcCp).

(a) Perform differential mole balances on A, B, and C to arrive at a set of coupled
differential equations to solve.

(b) Plot and analyze the molar flow rates of each species as a function of reactor
volume.

(¢) Calculate the conversion of A at V = 500 dmd.

Additional information: Even though this reaction is a gas—solid catalytic reaction,
we will use the bulk catalyst density in order to write our balances in terms of reactor
volume rather than catalyst weight (recall —r, = —r,p,,). For the bulk catalyst den-
sity of p, = 1.5 g/cm? and a 2-cm inside-diameter tube containing the catalyst pellets,
the specific reaction rate, k, and the transport coefficient, k., are k = 0.7 min~! and
ke = 0.2 min~!, respectively.

- Rate Law

I Molg, Zalances
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Ke
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Example 6-3 Isothermal Semibatch Reactor with Second-Order Reaction

The production of methyl bromide is an irreversible liquid-phase reaction that fol-
lows an elementary rate law. The reaction

CNBr + CH;NH, — CH,Br + NCNH,

is carried out isothermally in a semibatch reactor. An aqueous solution of methyl
amine (B) at a concentration of 0.025 mol/dm3 is to be fed at a volumetric rate of
0.05 dm?/s to an aqueous solution of bromine cyanide (A) contained in a glass-lined
reactor. The initial volume of liquid in the vat is to be 5 dm? with a bromine-cyanide
concentration of 0.05 mol/dm?. The specific reaction rate constant is

k = 2.2 dm3/s-mol

Solve for the concentrations of bromine cyanide (A), methyl amine (B), methyl
bromide (C), and cyanamide (D), and the rate of reaction as a function of time, and
then analyze your results.

0Ch - rn - Ve (n
n v

|- mole. Dalances

Jlr = % Cle -Cg>  1np

o% \
0C. = I~ Vo (¢

—=

db Vv

B_Cg > Ip - Vo (b
dt \

1t emenrary - Rafe Lot

3. Relahive Rokes Ih =g = fe =%
-\ -\ \
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@) :’\/{CHCB - % (a
5t N

0y - %o( Co-CB) - KCplyp

dt \]

ALO = k(_ﬁ Cg - /Vo (/(,
Vv

db !

A+ — C40
Cgp~ 0:025mo /dm?
Vo= 0.06 dm /<
N, 59m*

CP«D = 605 wol /le
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Calculate the yield of forming B in a CSTR and PFR when the conversion
of Alis 90% and C,, = 4 mol/L. The following reactions occur in the reactor:
mol k.
2, _ i1
L -min A C rc—kCcA kC =1 min
What is the expression for the yield of B for a CSTR?
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Calculate the yield of forming B in a CSTR and PFR when the conversion
of Ais 90% and C,, = 4 mol/L. The following reactions occur in the reactor:

k mol k
A—ErB rB:kB:2L-min A=>C 1o =kcCal kg=1min™"
VR —
b= G
C,Ao—(/F\

- Yo find g

O- FB +r(5\{:0

h

- CaVo+fp Vo0
-V = Y
Cg = (T g = L= Ci
T
Shofid T Cho- O - Z -fn = Iy 40c
—fia —fa= 1 + U On
"W\l ?jt (JL\
T - Y= L(n Cp= Cao () =%
T+ (A Y (1 -09)
T = 1-0" = LG min
1+ 0-4
£§ = Z g < Z/ C/(s_" %
T )
\{B S ?) = O%S

= OL|



Calculate the yield of forming B in a CSTR and PFR when the conversion
of A'is 90% and C,, = 4 mol/L. The following reactions occur in the reactor:

mol 1

K, K,
A—>B rg =kg =2 A—5C rc =kcCp kc =1 min~

L-min
QIJ[S - FK - C,Y51/o =
o~ iy UpoVo ~ G Vo
— mole. )3a|ance ﬂ = Iy — (}(Jgfl/b = rp
A 'A%
i - 2
00
ey = LT
QQ, = Z,CJ
_(]@_ = le > TR V¢
t =21 Ca
&_ - - (?,-f )
0T
Cn - 0T — o -G
1-Cw -1 -0n
Cp = Cao 4= ln -2-4
Y (1-09) R
(p <ok 1=

(o ~ On
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himg. for  bakdn foncher |

Ex: Bakeh Series reackion:

A - — C
A—>B K,
B—=>C Kk
D Mole,  Balqn ey
ave = rpV \=\o in =Ma
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dN& = f\s\/ ()(JB = TR
db >t
ON¢ - G‘CV a_,\)i - r(—
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1) Rake
Rate [aws ~“Tin = Ky,
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Ne|- Rates “ a2 kiCa
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—

£
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_B_Li + K C’EZ = V\l Cpo &
ot
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|- ﬁxPj\/\l b = ¢

ko
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F: (TR series Example
A —B — C

1) Molt Balgnues (psVo — Ca Y + vaV = 0
(ho -~ On + 8T -0

0-CgVo + eV = o

-(pt T =0
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P\[k\'(’, IIAUUS '(\A\ = kl(JA‘
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Belarive Rafes o= By lby = -~ My
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(ompiex  Reaptins

A+2r — (C
Alworifhim : W+30 —D
1) Number DNJJ Resihion
2) Mot Palance o every  SpLLieh
3) Rate law
o Nek Rafes ob Reaction for taery  <pecie)
o= g
9 Rabe [aws  for every  reaction
- rm - l/\\ LA C&l
z 1
“Iin e Ko Gy Ce
= Relatwe Tatey of  teackion for Rvery eackion
fp = N8 = N = fp
—a - b c T
Reactor Summary Reactor Summary
Reactor Type Gas Phase LIQUId Phase Reactor Type Gas Phase LIQUId Phase
F,-F, C,-C
Batch dN , ey dc, _, CSTR Vzi_r V:Uo—( ir 4
dt A dt 4 A 4
dF dC
dN, —ry dc, :rA_UOCA FFR dlj y Yy dViI =7y
dt dt V
dr, dac,
dt dt v
Note: The reaction rates in the above are net rates
1) Sroichiome(y
Concentration of Cpas = Ca: (g, PR 2 To Fr= Ta+f+ S * Fy
a Po T

H

Conventrarion o 1, uid s Ch= In
Yo \

(h= Mn
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Complex Reactions

Example A: Liquid Phase PFR

1 A+2B->C

2) 2A+3C —>D

hy= _klACAClg’
Hhe = _kzccjcé

NOTE: The specific reaction rate k, , is defined with respect to
species A, and the specific reaction rate k, is defined with

respect to species C.

D Mole, Raluntes

1) Rates

Rate, (aws

Rudhe Rakes

ek Ratres

p = Mg = N fg= Llhn re = —Nn
- -1 \

in = e = Tw Gp = LYy v
2 -3 \

fp= Np T hp

r S
rm:'y\\n €N Crgz = 5/7,[ V\u Cﬁ Ce —j

fg EAY'S

fo= =LK Onip'

fo= N 10

ru= Wy (/L‘\CISl = k‘L CF\L(,cg



3) SYOiU'\'\OVV\Gl’(‘l ( Wl,uic\ )

— Dekint.  paramgitrs  for  Sofhwates .

Lomplex  Peachions  in

Same reactions, rate laws, and rate constants as

Example A:
(1) 4+2B—>C

species A.

(2) 3C+24—D

NOTE: The specific reaction rate k¢ is defined with respect to

species C.

D Mole Belancth

Semi bal tn

—hy= klACAC;

NOTE: The specific reaction rate k;, is defined with respect to

_ 3 2
—Tye =k CeCy

Lc.-’ ﬁ,_
Vb
Co = 7

oe\\\j '.‘F V 7 0-00060) T‘ElSﬂ O.]

The complex liquid phase reactions take place in a
where A is fed to B with F,y= 3
mol/min. The volumetric flow rate is 10 dm3/min

and the initial reactor volume is 1,000 dm3.

The maximum volume is 2,000 dm3 and
C0=0.3 mol/dm3 and Cy,=0.2 mol/dm3. Plot C,, C;,

Ce, Cp and S, as a function of time.

A

= rAV "'FHO Fao \/

~T
-3 |

Y= 10
)\MD: (@)
Neo = Caolo
0.Llo) ~L
N = 0
Noo= O
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Converion
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Work vecessary o 9ot o
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D-Ws ~fw 2010k (Tim Twd - Bl (1) Fag X =0
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Bo - #i = Cp (T-To)

2l = LY HS 4+ TG (T-TR)
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DR (T) = BHE (To) + DGy (T - T})
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D
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D %eb X

1) clwlare T T: Tot ~ Dy ¥
ZH;CP)-
T‘TD 2. = b\'\xo X
261 Cp;
X = (T-1\%0, (e — X of overy |
- DB

3) o\ve, for (e Llaw

b e/l we lewneael plok

E’X'. Aé‘l abatic L%T P\

mol H Gl :
Cho= 2. B 5% AHg,,, = —20000 — (exothermic) Con - (LY
Ty = 300 K Cpy = I
K@b = o
e AT B |—» T=7
i X=1 = 10,000

a) Assuming the reaction is irreversible for CSTR, A —» B, = At1l — B
(K, = o) what reactor volume is necessary to achieve 80%
conversion?
b) If the exiting temperature to the reactor is 360K, what is the
corresponding reactor volume?
c) Make a Levenspiel Plot and then determine the PFR=>AUC
reactor volume for 60% conversion and 95% conversion.
Compare with the CSTR volumes at these conversions.

) Mole Baance V= fro X
(T
- _ £ (L -4)
) Rate Laws ~tn= kCp k=Kexp v\ T, 7T

3) Smdn'kumekrj Ca= CpoCl=Xx)



4) Crergy Balanet
Adiabgic  Cp=0 T=To+ —DHmn X

(6D + 5 (13)
T- 200 + [QOX

k) T= 300+ |00 (©-3) = 3%O

lo, 0 - |

0. exp[ Mo% ( 9% ?&,\] R
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-h K Coo (1 =X) 3% (2)(\ —0%)
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Zho = 300+ (00 X K= 0:b

V= o X . 5(0-b) < 1.0% m?
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Adidbatic  Conversion

The \/\'\\jhf,sl- onvelsion thdak can be achived i rersib\e  readkion §

Indotheimic qui\ibrium wnverson T with TT

gXO%UWC %uilibriur\o conversion Wik AT

In fyothermic  Readkiond Fo celerming Fhe  vaximum  wonvtrSion thar can be aUntued | find the (nferseso

o} Fhe eﬁvui\\‘brium Conversion @  a funthion b T

ik e inlet temp i intressed Fromn
To 4o Tor = {he adibakic %u\](brium
Conversion  drureusth

Reakor 6¥0\j\nf)

Equilibrium conversion Eqn (E11-3.12)

<
Q/&\

Pliabutic 61/0} \ibrvrm A /%

Lonversion i{
Temp

N

RY

S Tor>To

Adiabatic
temperature

entering omp

k\fahf,r corversion can be adhitved  for adaloatic opgrortions, by wnnec}rivﬂ feachors in  Serigs wilh nterstatyed
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QOprimum  feed Temperature

> Us'\vg Ve high feed temp | the speGhic  feadkion fate will bg Ngh T deackion will procecd fapily
Y c}un"brfurn copversion will e (lose  fo 2ero = V‘f,rj litht,  procuchk will e for med

—>USir\3 very lov Fecd emp | very \irble produck will b formed Vecavse The veackion tale is s low.

0.90 0.65—----.
0.75 X \TXe E).(it
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/ L \A\ ) w

1 1
350 400 450 500 550 600 Figure 11-10 Adiabatic conversion profiles for different feed temperatures.
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User friendly Energy Balnce, for (PBR )
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Figure 12-3 Heat-transfer fluid temperature profiles for co-current heat exchanger.
(a) Coolant. (b) Heating medium.
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Heat Exchanger
Example - Constant T,

Elementary liquid phase reaction carried outin a PFR

: Heat Exchange
. \ T, Fluid

FA()
F, )) E

The feed consists of both inerts I and species A with
the ratio of inerts to the species A being 2 to 1.
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CIR with test EFfeurs [ Multiple Srey Sures in (STR)
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Figure 12-10 Variation of G(T) curve

Figure 12-9 Variation of G(T) curve
with activation energy. with space time.



CSTR Stability -

T gradually
falls to T=SS;
)

it HH; G(T)>R(T)so T
G(T) R(T) gradually rises to
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Temperature
U.’, steady states satisfy the fEB and BMB

* Suppose a disturbance causes the reactor T to drift to a T between SS; & SS,

G(T) & R(T)

* Suppose a disturbance causes the reactor T to drift to a T between SS, & SS;
* Suppose a disturbance causes the reactor T to drop below SS;
* Suppose a disturbance causes the reactor T to rise above SS;

SS, and SS; are locally stable (return to them after temp pulse)
SS, is an unstable- do not return to SS, if there is a temp pulse
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Figure 12-13 Temperature ignition-extinction curve.
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