ISOTHERMAL REACTOR DESIGN

In Chapter 1 & 2, we discussed balances on batch & flow reactors. In
Chapter 3, we discussed rxns. Here, we will combine rxns and
reactors.

Topics

Part 1: Mole Balances in Terms of Conversion
Algorithm for Isothermal Reactor Design
Applications/Examples of CRE Algorithm
Reversible Reactions

ODE Solutions to CRE Problems

General Guidelines for California Problems
PBR with Pressure Drop

No ok wbd-=

. Engineering Analysis
Part 2: Measures Other Than Conversion
Measures Other Than Conversion

—_

2. Membrane Reactors
3. Semibatch Reactors
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Part 1: Mole Balances in Terms of Conversion
1. Algorithm for Isothermal Reactor Design
The algorithm for the pathway of interest can be summarized as:
1. Mole Balance and Design Equation (choose reactor type)
2. Rate Law (choose rxn type; gas or lig. phase)
3. Stoichiometry
4. Combine
5. Evaluate
The Evaluate Step can be carried out
A. Graphically (Plots)
B. Numerically (Quadrature Formulas)
C. Analytically (Integral tables)
D. Using Software Packages
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Elementary gas phase reaction in different reactor types
CSTR

The elementary gas phase reaction 2A+B — C

takes place in a CSTR at constant temperature (500 K) and constant pressure
(16.4 atm). The feed is equal molar in A and B. x = 0.9, k= 10dm®/mol2s

Vestr =7
Mole balance \ o ek
N
2
Rate Law —ry = KCLCyp

Stoichiometry gas phase, isothermal (T = T,), no pressure drop (P = P,)

Cp =C (1-x)
ATTAIT08K] Derivation

Cp =Can




oo Yadfo _ 10.5)(16 4 atm) _ o kmaol mol
A0 .

RT; 3
i 0.052atrm e m (500K
krnol e K

Combine
2
—ts =KC4CH =KC3g “'—m
{1- 0.8
6 3 z
e =10 dm [0.2 mDIJ -
mal? e 5 dm? ) (1-0.5%)"
1-x%f
-t =[D.DBmT°'](7)2
'« s/ (1-0.5X)
Evaluate

,  FaoX _ (smovsjogfi-05 (0.9)

- ol
A [D.Bm]ﬁ— 0.9f

Y = 1701 dm?

PFR and Batch Reactors
Elementary Gas Phase Reaction: 2A+B — C

PFR
X dX
Mole Balance V=P | —
B[ s Y
Rate Law —ry =kKCACy

gas phase, isothermal (T = T,), no pressure

- S " . ~ !
Stoichiometry drop (P = P), C,,=Cg, (0=1), v=v (1+£X)




Combine —r, kOl -X)°

=
(1+eX)°
v = _Fan ll+a"{l'
kCapd (1- X]
Fap [ X1
v =—20 ?EH+: In(l - X)+eX + r+lp—
kCi,L =% ( -x

Cro=0.2, v=v,=25 dm?/s, k=10 dm&/mol? s, £=-0.5,

Parameter Evaluation X=0.9

~ nol
"_ r 2 g |

v s 1 19, \ [
._[w dm } mol Lz[—EIl—EJInlI—O.BH[ )_}meul\ 2+ I]T-U-9J

moles

V=625 dm?[1.15+0.23+ 2.25| = 2269 dm”

V=227 dm3
Deriving C, and Cg
Remember that the reaction is: A +B =C
For a gas phase system: F Fan{1-]
CA = £ =
v (T PP T/ T

If the conditions are isothermal (T = T,) and isobaric (P = P):

(1-%) Ty P c [1-%)

R (Er e (P

We must divide by the stoichiometric coefficient of our basis of
calculation yielding:

a+lpsle
2 2




And if the feed is equal molar, then:

E=‘_.,.'A,:,5=D.5[%—%—1]=—D.5

This leaves us with C, as a function of conversion alone:

[-x)

Ca =Ca -0 85

Similarly for Cg:

(1-0.5%)

[+ 27) =Cao t1-|3.5><j=c""”

Batch Reactor Constant Volume, V=Vo and the pressure changes.

X X
Mole Balance =N, X Cay 4x
T -V Tlo -1y
Rate Law —r, = kKCEC,
Stoichiometry cr=ha=aen oy
dil {i]

L Naol . 1 ) ) { X
Cp=—28 G —=X{=Chpy 1-—
BTy L2 Uy

p-trp _Crp
NTD CTD

Combine - =kC':‘“.[1->{f[1 _%]

1 * dXx

i 1 -xr’{l—g]




Parameter Evaluation C,,=0.2, k=10 dm&/mol? s,

e

AXp=0.15

0.3 0.6 075 0.9
X
r 1
1 19 dx B 1 | poe dx |
t= K2 ﬁ b X = dm” mol | o (- xp[1 Xyl
2090 (- x [1—'—] [m ! 10.2—.,] = [ ——J
{ ) 2, moles dm” I— 2 -J

19 dx
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v ex X
(-x7{1-3)

: 1
e | e dx |_9 dx - l
t 255”-‘ u-x}2[1—§)+£'"“"‘}z[“%hl

1rax

" (X = 0)+ 4 X = 0.3)+ (X = 0.6))
+${r{x =06)+ 4f{ X =0.75)+ f{ X :I’J-U]}}

t=25s [@[1 + 4[2.4]+?.m]}+ m'—;EJ[?m +4{25.6) +181]

EE
L3

0.15
3

t=25s | 2 (18.4)+

1291]} =2.55[1.84+14.55]

1=4ls

N o (W + Ny + 8 X )5,
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Scale — Up of Liquid — Phase Batch Reactor Data to Design of a CSTR:

Scale — Up a lab experiment to pilot — plant operation of full — scale
production. Find k from experimental data and use it to design a full — scale
flow reactor.

Batch Operation:
Liquid phase: (density change is small — V =V,)

Gas phase with constant volume V =V,

dN,

. =r

[ dt ) A

.(dNA)_l.dNA _dN,/V, dC,
dt ) v, dt dt dt

<l <|+r

= rA

Since conc’n is a measured quantity in liquid — phase rxns:
dC
——A—r,
dt

Let’s calculate the time necessary to achieve a given conversion X for
the irreversible second order rxn:

A—B
dX
AO'E:_"A'VO [1]
r—k.C? 2]
Cn=Cpro-(1-X) [3]

Combine [1], [2] and [3];

dX
E:k'CAo '(1_X)2
Rearrange: i d))(()2 _K-C,y-dt

@t=0;X=0; T=T, (isothermal) — k — constant

F 1 % dx 1 X
[t= | - = t= |2
k-C,o 3 (1-X) k-C,, (1-X

0 0




It is important to know the reaction time, tg, to achieve a certain
conversion.

Flow reactors use characteristic rxn times, tx.

The time for a total cycle is much longer than tz, as one must account for
the time to fill (t-), heat (t,) and clean (t;).

t=t+t, +ic+ iz
Design of Continuous Stirred Tank Reactors

CSTRs are usually used for liquid phase rxns:

Y T
F..-X v,-C,,-X

V = A0 =_0 TA0 [1] (Design Eq'n for CSTR)

(_rA)exit - rA
Divide by v o 1 _ Ch - X 2]

Vo — s
Volumetric flow rate

A single CSTR:

First order irreversible rxn:

-r,=k-C, [381  Combine [2], [3] and [4]
Ch=Cp(1-X) 4]

af=y
e A [5]
k (1-X

x =K 6]
1+7-k

Cho
1+7-k
—~.

rxn Damkohler #,
Da: a dimensionless # that for a first order rxn

Combine [4] and [6] CA =

says the degree of conversion that can be achieved in cont. flow reactor.




-V . rate of rxn of A
F, rate of convective transport of A|t:0

Da=

For a second order rxn:

TV k-Cyu'V
FAO Vo 'CAO

Da=

=7-k-C,

Da<0.1 X <0.10
Da=>10 X >0.90

Da
X = First order lig-phase rxn (Eq’n [6])
1+ Da
CSTRs in Series
CA1’ X1
Cho For first order rxn (v = v;)
S 7T
u u Can X,  The effluent conc’n of reactant
A from the first CSTR is
Tt T2
Vi Ve NE _Cro where 7, = Vi
1+7, -k vV,

From the mole balance on reactor 2:
V. = FAl — FAZ _ Vo (CAl _CAZ)
, = =
— T kz 'CAz

Solving for C,,:

C — CAl — CAO
M oltr, k(47 -k)(A+17, k)




If both reactors are of equal size, (Tl =7, = T)

and operate at the same T (k; = k, = k)
C
Cpr = A 2
1+7-k)
for n equal sized CSTR system
C. = Cho — Cho
M (l+7-k)"  (1+Da)"

Substituting for C,,, in terms of conversion
Cro-(1-X)=—C0 _
(1+ Da)"
_ 1 1 1
1+ Da)" @+z-k)"

CSTRs in Parallel:
Equal sized reactors are placed in parallel rather than in series:

FA01 FAOZ FA03 FAOn
X X, X, X

Individual volume is given by

X.
Vb 2] 2
~Fai
Since V; =V, then X, = X; — Tag = Tap = e =-ry
Y 2]
n
F 3
Fro == ol
Substitute [2] & [3] into [1]
V:':Ao{ Xi J=FA0~X [4]
n o n {—ry —Iy

10



Example: 2" order rxn, v = vy, C, = Cpg (1-X); Fpg X = vy Cpg X
Combine —r, =k Cp,and V =F,, X/ -y
V= Fp- X _ Vy-Cpo- X
k-C,> k-C,°-(1-X)?

Divide by v

Vv X

Vo ) k'CAo'(]-_X)2

‘- (1+2-7-k-Cpp) —/(1+2-7-k-Cy)* —(2-7-k -C )2
2-7-k-Cyy

_ (1+2-Da)—+1+4Da Since 7-k-C,, = Da

2-Da for a second order rxn.

X

Since X can not be greater than 1.0, ( - ) sign is chosen.

Example: The elementary liquid phase reaction

24 —=B
is carried out isothermally in a CSTR. Pure A enters at a volumetric flow
rate of 25 dm?3/s and at a concentration of 0.2 mol/dms3.

What CSTR volume is necessary to achieve a 90% conversion when k = 10
dm?/(mol*s)?

Mole Balance V= FaX
— ;'a
Rate Law —ry= kCAE
Stoichiometry liquid phase (v = v,)
F,=v,C, F,=vC,=v,C,
FA FA FAO (1 - X)
CA e e e —
v v, v,
c,=C,(0-X)

11



Combine
v,C,X 3 vX

kC, 1 X)? kC,(1-X)

Evaluate atX=0.9,

252(0.90)
( 022 Jo. 2m‘X1 0.9)°
V = 1125 dmd
Space Time
3
T= E = 71 12255%? =455

2. Applications/Examples of the CRE Algorithm

Gas Phase Elementary Reaction Additional Information
only A fed P, =8.2 atm
2A B T, =500K C,o = 0.2 mol/dm?

k =0.5 dm?*/mal-s|v, = 2.5 dm3/s

12



Applying the algorithm to the above reaction occuring in Batch, CSTR, PFR

Batch CSTR PFR
dx FapX ¥ ax
Mole Balance: t=NA0_[ V=2 V=FA0_[—
o faY ~Ta 3=Ta
Rate L aw: -1, =kC3 -1y =kC% -1y =kC%
Gas‘V:VG Gas‘T:TD, D:DU Gas:T:TU, P:DG
Stoichiometry: (e.g., constant volume
steel container)
Per Mole of A: Per Mole of A:
B B
A—— A——
2 2
e=1U[—— J=—U.5 g=1ﬂ[__ ]=_05
2
oo o Ma_ Nag(i-X) e, o Fa_Fali-%) c, Fa_Fall-)
ATV Vo AT T gplireX ATY T uglireX)
1-%) (1-%)
= = Ca=C Cy=C
Ca =Capl1-%) RN () A=t
Nag|+=X ot ot
o Me _ m[+ ] c=5j“’(2) c=F_E=F“’(2)
B=5 7 Vo Tw gfteex) T w gfteex)
c. o CaoX . _CaoX o . _CaoX
it ® "3+ &) SEIETS)
1 1 Fap (1 -05%)? Fao §| (1-0.5%)?
Combine: te | i Ve[| X
KCan o 1-X) KCHa(1-X) kCipol (1-X)
1 [ x Fag 2, (142X
te ——|— V=———|2e{l+e)nll - X)+ e°X + Z——
Integrate Cog l—X} kCiu [ ( ) ( ) -
3 2 mol
\ kc%,gw‘s“"“fl[ . Lﬂ] F,=03——=
o 02 dn” |(0.5 mol ne dn '
= 1 mo
A7 mas s kCE = 0.02
Evaluate . dm” s dm’s
=0ls mol
05=—(09) (; - 2 5=y 2
- n 1-0.509) 5—(9) 1-5)%(9
kC,, =0.1sec V= 5—% y=_s 2(*-5)(1*-5)1n(1’9)*(*5j2(9)*w
u_nz_m;l_ {1-09) = 1-9
dm™ s &’
1 09
For X = 0.9: t= =3k V = 680.6 dm? V =90.7 dm?
- 01st N1-08
v v
t =90sec =—=27273zec =—=13§3zec
Vo Va

13



3. Reversible Reaction

To determine the conversion or reactor volume for reversible
reactions, one must first calculate the maximum conversion that can
be achieved at the isothermal reaction temperature, which is the
equilibrium conversion. (See Example 3-8 in the text for additional
coverage of equilibrium conversion in isothermal reactor design.)

Equilibrium Conversion, X,

_cgcf

Ke=_S0
cach

Calculate Equilibrium Conversion (X,) for a Constant Volume System
Example: Determine Xe for a PFR with no pressure drop, P = P,

Given that the system is gas phase and isothermal, determine the reactor
volume when X = 0.8 X,

Reaction Additional Information

Cpg = 0.2 mol/dn?® | k = 2 dm?/mol-min

24 <B .
K. =100 dm?/mol Fag =5 maol/min

First calculate X: C
Equilibrium constant K_is; K¢ =—2 K = Kell+ eX, ]
Cre 2C g (1- ¥, )°
Che = CAO(l_ Xe)
1
Ce. = CAO(Z Xej

X, =0.89
X =0.8X, = 0.711

14



Deriving The Equilibrium Constant (K.) and Equilibrium
Conversion (X,) for a Non-Constant Volume System:

The reversible reaction:
b =N

which takes place in gas phase PFR. Since gas phase reactions almost
always involve volume changes, we will have to account for volume
changes in our calculations. The equilibrium constant, K, for this
reaction is:

_Cae
©ch
A is the limiting reactant A & B/2
where C,, and Cg, are: c _ Fa _ Fagll-%c) _Cupli-%.)
ove wgltea,) (14X,
CBe=i= FaglXef2) _CaplXo/2]

Ve Volleex.) (14X

Substituting for C,, and Cg, gives us:

Cagl05Xe )
K = |: (1+5}{e) i|
; [ci\uﬁ—xeﬁ]

(14 e%,)?
‘. - o[+ a,)
(1%, T

Substituting known values (C,, = 0.2 mol/dm?® and K. = 100 dm3/mol),
and realizing that:

12
2 =yapd=(l .D)[E -5) =-05
(00— W [1-08,)
2(0201-x,

Solving for the equilibrium conversion, X, yields:
X, =0.89

15



Batch Reactor With a Reversible Reaction

The following reaction follows an elementary rate law
ky

LB

Initially 77% N,, 15% O,, 8% inerts are fed to a batch reactor where 80%
of the equilibrium conversion (X, = 0.02) is reached in 151 y's. What is
the specific reaction rate constant k,?

Additional Information

X =00z V=04 dm3, E-=001 P=20 am, T=2700 K

Mole Balance
=1,
a2
Design Equatior: NADE=—rA-V
Rate Law
—
—_—
A+ B ac
2
(&
Ty =k1[CA.CB _—C}
Ec
Stoichiometry: Constant Volurme V="
Cp=Cyoll-X)
Cp=Cao(@5-X)
Cp=2C,pe X

16



Combining
4x?
C

-ty = klcit{(l - X){®g - X)- K—}

Rearranging and integrating

X1 x dx

Oy kaCao 0 (-X)@p -0 -4 Kc
vanFo (0.77y= (20 atm)

Rs Ty - atme dm
0082 (2700 K)
mole K

t=CAD.[

Evaluate: Can =

Can=6.96%102mol/de’

For 80% of equilibrium conversion X = 0.8 X, = 0.016

0.15
@ = B s

Yap

Solwing for kg and substituting for Cap, ®g, t, and K¢ gives

i 1 . In.uls dx
L=
(151x107%5 {0 0696mol/dm” ) ~° 0.195-1.195# X — 399 32

Use Simpson's three point formula to integrate
dm3

ey =951x10% — IDD'msf(X):IX
p | fE)=5.128
X;=0.008 £(¥1)=6.25

X, =0016 £(%5)=13.56

with AX =0.016/2 = 0.008
RO = [FQLo)+ R+ Q)]

J(5.128+4><6.25+13.56)

4 [D008
kg =9.51x10% x| —

ey = 1.11%10% dm? frnol @5

17



Tubular Reactors:

Gas-phase rxns are usually carried out in tubular reactors where the gas
is generally turbulent.

r —P
—>!

Reactants Products

No radial variation in velocity, conc’n, T or —r,.

dXx
Design Eq'n: Fao Vi A

In the absence of pressure drop or heat exchange, integral form of the
design equation is used:
X
dX
V=F, |—

0 A

Pressure Drop in Reactors

In liquid-phase rxns, the conc’n of reactants is not effected by the
changes in pressure.

However, in gas phase rxns, conc’n is propotional to total pressure.
Pressure Drop & Rate Law

Example: Analyze the following second order gas phase reaction
that occurs isothermally in a PBR:

& —=B

Mole Balance

Must use the differential form of the mole balance to separate variables:
X
A0y

M
Rate Law

Second order in A and irreversible: — Fq'= £




Stoichiometry . _Fa _ (1-x) Pl
ATy T AD(1+S}{)PDT
Isothermal, T =T, (1-x) P

C,=C —
A [ S0R,

Combine ﬁ=KCﬁU {1-%)? [p T

OW  Fa (148X \Po,

Need to find (P/P,) as a function of W (or V if you have a PFR).

Pressure Drop in Packed Bed Reactors

Ergun Equation dP -G [1-¢][1590(1-dln
[ e ][—H_TﬁG

E B pchF‘ F

1 -
laminar turbulent

P = pressure (kPa) . .
Dp = diameter of particle (m) m, =m(st—st)
® = porosity = volume of void / total bed volume PoVo=pV

1 — ® = volume of solid / total V

gc = 1 (metric)

M = viscosity of gas (kg / m s)

z = length down the packed bed (m)

u = superficial velocity = v, (volumetric flow) / A? (cross-area)
p = gas density (kg/m3)

G = p u = superficial mass velocity (kg/m? s)

Ergun, S., 1952. Fluid flow through packed columns. Chemical Engineering Progress 48, pp. 89-94.

19



Variable Density

P T, F
P=Po oo
P, T Fp
P -G 1—3¢[150(1—¢)u+1_?56r_0lF_T
o7 pplelp | ¢ Up Ta Fro
a= G [1__3‘1’]{150(1_‘1’)““.?5@}
Po9:Cp [ Dp

Catalyst Weight W =z& .y, = 28, [1- dlpe

fp = bulk density
pe = s0lid catahyst density
¢ = porosity {a k. a., woid fraction)

P By Py T Fy
oW AL-dpe P Tg Fro
2By 1

o= .
A h - ¢'ch Fa

Then P _ o R T Fr
oy 2 T
(B, ] Te e
adE
E __n T F;
W 2

We will use this form for multiple reactions:

dy __aThk _P
CIW zy'Il‘:l FTo _ﬁ
dPPe) a1 T
e I, 0t
Since Fr = Frg+ FpdX = FTO(]-_‘_?&(]
TO

Y

i:1+<~;-X g:on-§:i-§
FTO F

20



dy T when £<0; AP will be less than € = 0.

L ’
—= = - — —(1+£X]
W 2y Ty when £>0; AP will be greater than € = 0.
. oy A

Isoth | It — == 1+ &X

sothermal Operation < Qy( + )

Recall that X kG (0 =) .
dw R (14 )’

. dx dP dy

Notice that —_— = CP) and — = Py or — = \

v FOUP) o P vy Al x)

The two expressions are coupled ordinary differential equations. We can solve
them simultaneously using an ODE solver such as Polymath. For the special
case of isothermal operation and epsilon = 0, we can obtain an analytical
solution.

Analytical Soluton A —»B ,[e], PFRwith —F,=KC;

W B )

oy 2y
dy
o2y.— —_
Vaw =7
y=1 (P=P)@W =0
y=1l-a-W
IF T=Ty AND =0 y = (1 )2

CAUTION: Never use this form if g # [

:|1.l'2

Far e=0 Ca=Cagll—Kly=Cag[1— K1 - oo

21



Combine  —ra =kKC% =KCan (117 (1 — )
ax

—_— =
AEIdW A

2
X _KC%o (1= 307 1= o)
W Fag

Solve K _KChg W o
1-X  Fag 2

Could now solve for X given W, or for W given X.

For gas phase reactions, as the pressure drop increases, the concentration
decreases, resulting in a decreased rate of reaction, hence a lower
conversion when compared to a reactor without a pressure drop.

) 4

x

Effect of presure drop on P,rate, con’n, and x.

22



Pressure Drop in Pipes:

Pressure drop for gases flowing through pipes without packing can be

neglected. For flow in pipes, AP is given by:

P _ g0 26
dL d.  g¢g-D
Where
G = p u (g/cm3s) = mass velocity is constant along L.
u = average velocity of gas, cm/s.
f = fanning friction factor

f = fnc (Re, pipe roughness

2
P {1_4fGV

_ :|= (1_apv)l/2
R PoFo-A.-D

Example p 187

23



Optimum Particle Diameter

A—5B
—rA=ka[1—X)y, y:%

=y

1+ &%)
dw 2y

as o increases the pressure drop increases

o= 26 3{150(1_@”“.?5@}
AepeFyp D¢ Dy

Laminar Flow, Fix Py, py, ®
Py = Po(MW)/RT,
PP~ Py?

2 2
_ Gz DPI AC’I ﬁ
a, =a| — || — || — 3
Gy A Dpy Ay CG
Ir D, =2D, Gl :GT Am =A

c2 — * Cross-sectional area

2
1
oy = al[gl =7 Superficial mass velocity = p u

p [ressesseeemsmemm e TRt ‘xg

W

24



Increasing the particle diameter descreases the pressure drop and increases
the rate and conversion.

However, there is a competing effect. The specific reaction rate decreases as the
particle size increases, therefore so deos the conversion.

k ~ 1/Dp

Dpy > Dp,
k, > k,

Higher k, higher conversion

25



o

The larger the particle, the more time it takes the reactant to get in and out
of the catalyst particle. For a given catalyst weight, there is a greater
external surgace area for smaller particles than larger particles. Therefore,
there are more entry ways into the catalyst particle.

7. Engineering Analysis - Critical Thinking and Creative Thinking

We want to learn how the various parameters (particle diameter,
porosity, etc.) affect the pressure drop and hence conversion. We need
to know how to respond to "What if" questions, such as:

"If we double the particle size, decrease the porosity by a factor of 3, and
double the pipe size, what will happen to D P and X?"

To answer these questions we need to see how a varies with these
parameters

e 2G 150,&4(1—@_'_1_75G
Ac/%ﬁ’cchPgﬁjjo DP

Turbulent Flow

26



Compare Case 1 and Case 2:
For example, Case 1 might be our current situation and Case 2 might be
the parameters we want to change to.

2 2
Gz] [F"ci][Dm][ F ]
=04 == —= || —==|| ===
" 1[ Gi HI:Z DPZ Pn'z
For constant mass flow through the system 1 = constant

a+ipsle
27 T2

Laminar Flow

Part 2: Mole Balances in terms of Conc’n & Molar Flow Rates

In some cases, it is more convenient to deal with number of moles or
molar flow rates rather than conversion.

Membrane reactors and multiple rxns taking place in gas phase are
examples.

The main difference in molar flow rates, you have to write the mole
balance on each and every species.

Membrane reactors can be used to increase conversion when the rxn is
thermodynamically limited as well as to increase the selectivity when
multiple rxns are occuring.

A. Membrane reactors
B. Multiple reaction
Liquids: Use concentrations, i.e., C,

c.c.‘ =F—E
III-rZI

27



1. For the elementary liquid phase reaction & <=>B carried out in a
CSTR, where V, v, C, , k, and K are given and the feed is pure A, the

combined mole balance, rate laws, and stoichiometry are:

LV GGy
Vo k[CA—%]
C
= CB
k[CA—%]
C

There are two equations, two unknowns, C, and Cg
Gases: Use Molar Flow Rates, L.E. F,

_ RPT, o B _ERm2T
“Fobg T By R RT
o o B (B BT Rl
& y \Rp T RT

2. If the above reaction, & «===B ,carried out in the gas phase in a
PFR, where V, v ,C, .k, and K_ are given and the feed is pure A, the
combined mole balance, rate laws, and stoichiometry yield, for isothermal
operation (T=T,) and no pressure drop (AP=0) are:

B

CTD v

@ _ o () R
av Tl g K,

CTO F_B

& _ e (EB) R
av Tl ® K,

Fp =F, + T
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* Microreactors

Are characterized by their high surface area to volume ratios (due to many
micro-tubes and channels). Dchannel = 100um, Lch= 2 cm

Control of heat and mass transfer resistance!!

They are used for highly exothermis rxns, for rxns with toxic or explosive
intermediates. ALso,i for the productions of speciality chemicalsi
combinatorial chemical screening, chemical sensors.

In modeling, we assume they are PFR. dFa/dV =rA

Figure 411 Mirroreactor () and Microplant (b ). Courte sy of Fhrield, hessel, and Léwe, Mic roractors
New Tachnology forll oderm Chends tey, WileyVCH, 2000
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Membrane Reactors

Membrane reactors can be used to achieve conversions greater than the original
equilibrium value. These higher conversions are the result of Le Chatelier's
Principle; you can remove one of the reaction products and drive the reaction to
the right. To accomplish this, a membrane that is permeable to that reaction
product, but is impermeable to all other species, is placed around the reacting
mixture.

Example: The following reaction is to be carried out isothermally in a membrane
reactor with no pressure drop. The membrane is permeable to Product C, but it is
impermeable to all other species.

Inert Sweep
Gas
Hy (C)
Tty = CH, +3H, CoHn (&) \m b
4 e B +3C ¢ ) ):._'_:':':'_;t._:-_'“-
CeHe (E)
Inert Sweep

Gas

For membrane reactors, we cannot use conversion. We have to work in
terms of the molar flow rates F,, Fg, F..

Mole Balances tFs _
dw  #
dFg .

B =—r
d B A

dF. :
o =1c koG =-8ry —kCo

Rate Laws

— Ty =Kg,

3
Cal
Cp -2 C}
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Stoichiometry Crp=—2
Isothermal, no pressure drop

s
Cp =Cra—
Fr

Fe
Co=Crgp—
Fr

FT =FA +FEI+FC

Combine Polymath will combine for you
| 1
Parameters ¢ _022% p -102%
dm 8
3 3 2
k, =103 —05 90 g - ggmo
kgcats kgcats dm

Solve Polymath

3. Semibatch Reactors

Semibatch reactors can be very effective in maximizing selectivity in liquid
phase reactions.

A+B—2 5D (product)

B ﬂ A+B—2 U (undesired)
2
b =kp-C,"-Cy
A ru:ku‘CA'CEs2
Selectivity(D /U ) = <o~ Ca
ku 'CB

The reactant that starts in the reactor is always the limiting reactant
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Three Forms of the Mole Balance Applied to Semibatch Reactors

dNg =1,V
dt .
1. Molar Basis dILﬂB
T= Fpo +1V
dC Wy o
at A _T'ECA d:i“ =1V
2. Concentration Basis dCyp dN
_=’E+‘LO(CB0_CBD E = Fpy +1pV
dt v dt
dX  —raVv
3. Conversion i = m

If you have multiple reactions, use concentrations to make mole balances!!

ODE Solutions to CRE Problems

Algorithm Steps Polymath Equations

Mole Balance d(X)/d(V) = -rA/FAD

Rate Law rA = -k*((CA**2)-(CB/KC))
Stoichiometry CA = (CAD*(1-X))/(1+eps=X)

CB = (CAD*X)/ (2% (1+eps™X))
Parameter Evaluation |eps =-0.5 |CA0=0.2 (k=2
FAD =5 KC =100

Initial and Final Values | X, =0 V=0 V; =500

I’A:—k{[c;\o. (1—X):|2_|: CAo'X :|}
l+e-X 21+eX)-Ke

[V, X] = ode45(@vdpl, [0 500], [0]) Matlab solution
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Example: Elementary Irreversible Reaction

Consider the following irreversible elementary reaction
A+B —=C+D
-ry, =kC,Cqg

The combined mole balance, rate law, and stoichiometry may be written
in terms of number of moles, conversion, and/or concentrati

Conversion Concentration Number of Moles
ax _ k(1= X)(Ngi+Fggt -NagX) dCa _. o, 20 Ny v
dt Vo +ogt a ARV a4 o
dCE Ug
5 A +(Cgo _CE)T R ¥

Polymath Equations

Conversion Concentration Moles
d(X)/d(t) =-ra*V/Nao d(Ca)/d(t) =ra - (Ca*vo)/V d(Na)/d(t) =ra*Vv
ra = -k*Ca*Ch d(Cb)/d(t) =rb + ((Cbo-Cb)*vo)/V  d(Nb)/d(t) =rb*V +Fbo
Ca =Nao*(1 - X)/V ra = -k*Ca*Cb ra = -k*Ca*Cb
Cb = (Nbi +Fbo*t - Nao*X)/V rb =ra rb =ra
V =Vo + vo*t V =Vo +vo*t V =Vo +vo*t
Vo =100 Vo =100 Vo =100
vo =2 Vo =2 vo =2
Nao =100 Fbo =5 Fbo =5
Fbo =5 Nao =100 Ca = Na/V
Nbi =0 Cho = Fbo/vo Ch = Nb/V
k=0.1 k =0.01 k =0.01
Na = Ca*V

X = (Nao-Na)/Nao
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Equilibrium Conversion in Semibatch Reactors with Reversible
Reactions

Consider the following reversible reaction:

A+B = C+D
Everything is the same as for the irreversible case, except for the rate law
—ra =k {CACB - CCCD}
C
Where:
Mg l1- 3 Fgot — Mg g Mg p
Cy = Au(v ) CEl:(Em VAD) Co=Cp= A\?

At equilibrium, -r,=0, then ¢ _ Ccotpe _ MoaMoo
CaeCre  MaeMae

Na X3

Ko =
© T =X Faot—NapXe)
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ode45 ('volume', [0 500], [0]) ;

0.2;
ra/Fa0;

100;
5;

k* (((Ca0*(1-x(1))/ (l+epsilon*x(1)))"*2) -

(Ca0*x (1) /(2*Kc* (1+epsilon*x(1)))));

2;

function f=volume (V,x)
Ca0

Kc
>> ylabel ('conversion')

>> xlabel ('Volume')

Fa0
epsilon=-0.5;
£(1)

>> [V x]

>> plot(V,x)
>> grid

k
ra

UOISIOAUOD
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function £ = packedbed (W, x)

alpha = 0.0002;

k=10;

epsilon = -0.5;

FA0=2.5;

CAO0 = 0.2;

f = zeros(2,1);

CA = (CAO*(1-x(1))*x(2))/(1 + epsilon*x(1));
ra = k*(CA."2);

£(1) ra / FAQ;

£(2) -alpha* (1 + epsilon*x(1l))/(2*x(2));

>> [W x]=ode45('packedbed', [0 1000], [0;1]):;
>> plot (W,x(:,1))

>> xlabel ('W, kg')

>> ylabel ('X')

>> plot (W,x(:,2))

>> xlabel ('W, kg')

>> ylabel('y"')

1.001

0.999

0.998

0.997

0.996

0.995

0.994
0




Combining mole balances, rate laws and

stoichiometry

e 1. MOLE BALANCES
L FR

| 2 RATE LAWS

Figure 42 Algor
Batch CSTR PER
X FunX X
. tNagf e Va2 \r-ﬁmjﬂ
Mole Balance: §-TaV e oA
Rate Law: - fa=kCE ~ramkC} - T =KC}
o Gas: V =V, Gas: T =T,, P =P, Gas: T=T, P=PR,
Stoichiometry; {e.g., constant volume
steel contalner)
Per Mole of A: Per Mole of A:
B B
A== A==
2 2

1
=1 0|==1|==05
£ [QJ

C Na_Napli-X) c . Fa_ Fanll-%)
ATV Vo AU T e eX)
1-X
Ca =Cagli=X) C"'C“’Itnm)
N [+l>{] !
oo te Mol )
v Vo *w gfieex)

Candt

S =2 " 20e 50

g=1 n[_;- 1]--0.5
Fa _ Fagll-¥)
o uglleeX)

{1-x)
Ca = Cao i)

Ca
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Pressure Drop in Packed Bed Reactors

Ergun Equation ~ dP _ -G [ﬂ][mmﬁ— ¢')LL+1 256G
dz  pg.Dp ¢'3 p .

H/—l \ﬁ/—l
laminar turbulent

P = pressure (kPa) . .
Dp = diameter of particle (m) m, = m(st—st)
® = porosity = volume of void / total bed volume PoVo=pV

1 — ® = volume of solid / total V

gdc = 1 (metric)

M = viscosity of gas (kg / m s)

z = length down the packed bed (m)

u = superficial velocity = v, (volumetric flow) / A? (cross-area)
p = gas density (kg/m3)

G = p u = superficial mass velocity (kg/m? s)

Ergun, S., 1952. Fluid flow through packed columns. Chemical Engineering Progress 48, pp. 89-94.

For gas phase reactions, as the pressure drop increases, the concentration
decreases, resulting in a decreased rate of reaction, hence a lower
conversion when compared to a reactor without a pressure drop.

2 4

x

Effect of presure drop on P,rate, con’n, and x.
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Part 2: Mole Balances in terms of Conc’'n & Molar Flow Rates
In some cases, it is more convenient to deal with number of moles or molar flow rates
rather than conversion.

Membrane reactors and multiple rxns taking place in gas phase are examples.
Microreactors with multiple reactions
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