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Sec. 4.1

0 The general mole balance equation:

Design Structure for Isothermal Reactors

END )

Evaluate the algebraic (CSTR) or integral
(tubular) equations either numerically or
analytically to determine the reactor volume
or the processing time, or conversion.

A A

| Chapter 4
‘ Chapter 4

@' Gas with P=Py -
or .
Liquid.
Combine steps

and to obtain
~TA = f(X)

(®

Combine mole )
balance, rate law and
stoichiometry,
transport law, and
pressure drop term

v
Chapter 1 Fao~Fa+ J‘ AV = dN,
» dt
v
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Batch: Na —d—t—'= -4V
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: ow: —_—
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X
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Chapter 2
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Figure 4-1 Isothermal reaction design algorithm for conversion.
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Sec. 4.1 Design Structure for Isothermal Reactors

1. MOLE BALANCES :
PFR CSTR BATCH

2. RATE LAWS

Fa=Fao{1—X) _ Na=Npo (1 —X)
B o\ preny
. LiQuip 4 ' IDEAL GAS IDEAL GAS “# . LIQUID OR GAS
Constant flow rate Variable flow rate Variable volume ] Constant volume
Py T Po T
v =g v =vg (1 +eX) P T, V= Vo(1+aX)P_I_o V=V,

_Ca0=XIPToN | ¢ _Caol—=XPTo| |c,_Cp(1—X

(1+eX) PgT AT Tl weX) PoT
0

'4. COMBINE (First Order Gas-Phase Reaction in a PFR)

| From mole balance l ' | From stoichiometry l

dX _ —T, k. (C‘Ao (1—=X)PTg
dV ~ Fag Fao (1+eX)' Py T
,wherey = il (A)
Po

Integrating for the case of constant temperature and pressure gives

(B)

Figure 42 Algorifhm for isothermal reactors.
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A = (4-38)
1+M(1_9_V_‘_’] P 4%

Uy 2

Solving for the catalyst weight, we have

ot | - _ .
for 1= {1- [(2uga) /kC 4 1[X /(1 — X))} 172
der W= - (4-39)
)FR . a
\P
Example 4-5 Effect of Pressure Drop on the Conversion Profile
“Reconsider the packed bed in Example 4-4 for the case where a second-order
reaction
2A—->B+C
is taking place in 20 meters of a. 1} schedule 40 pipe packed with catalyst. The flow
and packed-bed conditions in the example remain the same except that they are con-
verted to SI units; that is, Py =10 atm = 1013 kPa, and
ble Entering volumetric flow rate: vy = 7.15 m¥/h (252 ft3/h)
pe | Catalyst pellet size: D} = 0.006 m (ca. ! -inch)
its. Solid catalyst density: p, = 1923 kg/m3 (120 Ib, /ft3)

- Cross-sectional area of 1 !-in. schedule 40 pipe: Ac = 0.0013 m?
Pressure drop parameter: B, = 25.8 kPa/m .
Reactor length: L =20 m ‘

We will change the particle size to learn its effect on the conversion profile. How-
ever, we will assume that the specific reaction rate; k, is unaffected by particle size, v
an assumption we know from Chapter 12 is valid only for small particles.
(a) First, calculate the conversion in the absence of pressure drop.

- (b)  Next, calculate the conversion accounting for pressure drop. )
(¢)  Finally, determine how your answer to (b) would change if the catalyst particle

diameter were doubled.

The entering concentration of A is 0.1 kmol/m3 and the specific reaction rate is

— 12m°
_ kmol-kg cat-h




Is’oﬂ;\éf"r'r‘ial 'lﬁfeaé:t:or,i;.)_eS\ign Chap. 4
Solution | | P 4g-i 7
Using Equation (4-38) '

Ug

1+ kCA“W(l - O‘W)
Uy

X= (4-38)

For the bulk catalyst density,
Py = Pe(l —0) = (1923)(1 - 0.45) = 1058 kg/m?
The welght of catalyst in the 20 m of 1!-in. schedule 40 pipe is

W = Ap,L = (0.0013 m )(1058 —%)(20 m)
m

W =275kg

KCpoW _ _ 12m°  ,kmol 275 kg _ 44
v,  kmol'kgcat'h  m» 715m’/h

(@) First calculate the conversion for AP =0 (ie., o0 = 0)

kCaoW

Vg _ 46
kC'AoW 14+4.6
Vo

=08 - - (B45.0)
1+ ——

X =0.82

(b) Next, we calculate the conversion with pressure drop. Recalling Equation
(4-29) and substituting the bulk density py, = (1 - 0) p. = 1058 kg/m?

, 2(25 8 15-13‘1‘) | |
-5 fo _ m ” (E4-5.2)
04cPb (1013 kPa)(0.0013m )(1058 g) -
m
=0.037kg"!

then

(1 0‘3") 1— (0037)(27 3) = 0.49 (B4-5.3)




Sec. 45  Pressure Drop in Reactors P q4-27

M@_Gﬂ)
Vo 2/ _ (46)(049) _ 236
kCAOW(l_aw) 1+ (4.6)(0.49) 3.26
2

(B4-5.4)

1+

Yo

X =0.693

We see the predicted conversion dropped from 82.2% to 69.3% because of
- pressure drop. It would be not only embarrassing but also an economic disas-
ter if we had neglected pressure drop and the actual conversion had turned out
to be significantly smaller.
(¢)  Robert the Worrier wonders: What if we increase the catalyst size by a factor
of 27 We see from Equation (B4-4.5) that the second term in the Ergun equa—
tion is dominant; that is,

1.75(;>>M (E4-5.5)
D,
‘Therefore from Equation (4-25)

— G(1—-49¢) 150(1; ¢)PL+ 1.75G '
BO pOchpd)?’l: ’ Dp. il

wehave

g, = L 75G*(1 ——¢)
0
pOgc pcb

(E4-5.6) -

We see for the conditions given by Equatlon (E4 4. 4) that the pressure drop
parameter varies inversely with the particle diameter

1
BO DP
and thus |
L1
“~ D,
For Case 2, Dp =2D
2 P
LD |
a, = a;— =(0.037 kg )— (E4-5.7)
DPZ 2

=0.0185 kg™



ge

Isothermal Reactor Design Chap. 4

P.a-21

Substituting this new value of o in Equation (E4-5.4)

( 4_6)(1 3 0.018;(27.5))
X, - ) _343

1+ (4_6)(1 _ O..01852(27.5)) 4.43

X=0.774

By increasing the particle diameter we decrease the pressure drop parameter and
thus increase the reaction rate and the conversion. However;- Chapters 10 and 12
explam that when interparticle diffusion effects are important in the catalyst pellet,
this increase in conversion with increasing particle size will not always be the case.
For larger particles, it takes a longer time for a given number of reactant and prod-
uct molecules to diffuse in and out of the catalyst particle where they undergo reac-
tion (see Figure 10-6). Consequently, the specific reaction rate decreases with
increasing particle size k ~ 1/Dp [see Equation (12-35)], which in turn decreases the
conversion. At small particle diameters, the rate constant, %, is large, and at its max-
imum value, but the pressure drop is also large, resulting in a low rate of reaction.
At large particle diameters, the pressure drop is small, but so is the rate constant, k,
and the rate of reaction, resulting in. low conversion. Thus, we see a low conversion
at both large and small particle diameters with an optimum in between. ThlS opti-
mum is shown in Figure E4-5.1. See Problem P4-23. '

- Internal diffusion
inside catalyst
dominates

Pressure drop
dominates

v

D Poptimum DP

Figure E4-5.1 Finding the optimum particle diameter.

If pressure drop is to be minimized, why not pack the catalyst into a
larger diameter tube to decrease the superficial velocity, G, thereby reducing
AP? There are two reasons for not increasing the tube diameter: (1) There is an
increased chance the gas could channel and bypass most of the catalyst, result-
ing in little conversion (see Figures 13-2 and 13-10); (2) the ratio of the heat-
transfer surface area to reactor volume (catalyst weight) will be decreased,

Al Tee e ATl Mot b L ke AL T L L2 AL T mvr bl A raa A A AL
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Figure 4-11 Production_of ethlene glycol
7 | |
- Ha, CoHy -
4+ 44 ‘ d :

CaHg

H,0

Absorber

y
4

CZHS A d CzH4 + H2

V =81
X=08

Separator

ﬂ3

W =454401b

X =0.60

H,0
0.9 wt% HQSO4 Air

/ Separator

C2H40(aq)

Y
A

200 million Ib
EG/year

> Cat. CHz™ OH —
02H4O + H2O T
CH2 R OH ———
Stream Component? Flow rate (Ib mol/s) Stream Component? Flow rate (Ib moifs)
1 CoHg 0.425 6 EO 0.150 B
2 CoH, 0.340 7 EO 0.128
3 C,Hq 0.300 8 H,0 0.44
4 Air 0.714 9 EG 0.104 N
5 EO 0.180

-+ “EG, ethylene glycol; EO

, ethylene oxide.
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Advantages of
m_icror_eactors '

;',

Mlcroreactors are emergmg as a new. technology in CRE I\/hcroreactirg az?:,
characterized by. their high surface area-to-volume ratios in their microstruc- |
tured regions that contain tubes or channels. A typical channel width rmght be J |
100 pm with a length of 20,000 pm (2 cm). The resulting high surface area-to-
volume ratio (ca. 10,000 m2/m3) reduces- or even eliminates heat and mass

transfer resistances often found in larger reactors. Consequenﬂy, surface-
catalyzed reactions can be greatly facilitated, hot spots in highly exothermic
reactions can be eliminated, and in many cases highly exothermic reactions
can be carried out isothermally. These features provide the opportunity for
microreactors to be used to study the intrinsic kinetics of reactions. Another
advantage of microreactors is their use in the production of toxic or explosive
intermediates where a leak or microexplosion for a single unit will do minimal
damage because of the small quantities of material involved. Other advantages
include shorter residence times and narrower residence time distributions.

Figure 4-12 shows (a) a microreactor -with ‘heat exchanger and (b) a

microplant with reactor, valves, and mixers. Heat, 0, is added or taken away

by the fluid flowing perpend1cular to the reaction channels as shown in Figure -

4-12(a). Production in microreactor systems can be increased simply by adding

_more units in parallel. For example the catalyzed reaction

required only 32 nucroreacuon systems in parallel to produce 2000 tons/yr of

2etel B paice of the go0d contadl” befiseon, «p[wl ami catl f‘f
| t)mmmtmtgmbe hﬁh o

(@)

Figure 4-12 Microreactor (a) and Microplant (b). Courtesy of Ehrfeld, Hessel, and Lowe,.
Microreactors: New Technology for Modern Chemistry (Wiley-VCH, 2000).

Microreactors are also used for the production of specialty chemicals, combi- -

natorial chemical screening, lab-on-a-chip, and chemical sensors. In modeling

microreactors, we will assume they are either in plug flow for which the mole
balance is

dF,

Sher, | (1-12)
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or in laminar flow, in which case we will use the segregation model discussed

in Chapter 13. For the plug-flow case, the algorithm is described in Figure
4-11.

Example 4-7 Gas-Phase Reaction in a Microreactor—Molar Flow Rates

The ‘gas-phase reaction
2NOC1 —— 2NO +Cl,

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

1{oo0 _O&%\%LF%/O ‘rutxoi’s

= (000 CWB

anL channgl

2
(0:2 M) x 250 min

3
= [0 )'ﬂm,5 X lgm
10°min’
-5
= [0 ohm}

Plot the molar flow rates as a function of volume down the length of the reactor. The
volume of each channel is 105 dm?. :
Additional Informatioﬂ

To produce 20 tons per year of NO at 85% conversion would requiré a feed rate of
0.0226 moV/s of NOCI, or 2.26 x 10~ mol/s per channel. The rate constant is

3
k = 0.20-9" o 500 K with B= 24 £
mol s mol
Solution
For one channel,
‘Find V. FA()="2—2"&?““}]“mOl T —’FB:}_&Z—:@}Q’ X=085 V=2

8 J. B. Butt, Reaction Kinetics and Reactor Design, 2nd ed. (New York: Marcel Dekker,
2001), p. 153.
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Sec. 4.8 Microreactors

Although this particular problem could be solved using conversion, we shall illus-
trate how it can also be solved using molar flow rates as the variable in the mole

balance. We first write the reaction in symbolic form and then divide by the
stoichiometric coefficient of the limiting reactant, NOCL.

2NOC1—2NO +Cl,
2A—2B+C
A—B+:C

1. Mole balances on species A, \B, and C:

dF .
-Zi-{/é = rA' » (E4"71)
dF

dVB = rg (E4-7.2)
dF

’d?c =rc (B4-7.3)

2. Rate law:

3.
—ra = KC2, k=029 S

mol:s

at 500K (B4-7.4)

3. Stoichiomefry: Gas phasé with T = -TO and P = PO, then v = Vo fl
a.  Relative rates - TO

-1 1 1
2
'p = TTa
1
2

b. Concentration

Applying Equation (3-42) to species A, B, and C, the concentrations are

F F F
C, = Cyg, Cp=Cp==2, Cc=Cry=>
A TO FT B TO FT C T0 FT (E4-7. 5)

with Fp = F,+Fg+F¢



4. Combine: the rate law in terms of molar flow ratés is -~ - -

. 2 (Fy 2 P\ 9‘“3]
""rA = kCT (——)
0 FT
combining all
dF, F 2 |
—2 = —kC? (—é) - (B4-7.6)
dv - 0\ F. ‘
dFyg 2 (F A)z‘ '
— =kC. | 2] , (B4-7.7)
dv 0\ F,
dFe k., (FA)Z _
=S =ZIc? (A (B4-7.8)
dv 2 TO\F.
5. Evaluate: |
Cro = Py (1641 kPa) = 0.2860! _ 0.286 mmol
0- - AV - -
RT 1.3 3 3
o (8-.314 kPa- dm )698 K dm om
mol - K-

When using Polymath or another ODE solver, one does not have to actually
combine the mole balances, rate laws, and stoichiometry as was done in the
combine step in previous examples in this chapter. The ODE solver will do
that for you. Thanks, ODE solver! The Polymath Program and output are.
shown in Table E4-7.1 and Figuré E4-7.1. . ' ‘

TABLE E4-7.1. POLYMATH PROGRAM

ODE REPORT (RKF45)
Differential equations as entered by the user ‘
- [11 d(Fa)/d(V)=ra : ’ Flow Rates in ymot/s.
| 121 d(Fb)/d(V) = rb R | -
- [31 d(Fe)/d(V)=rc sl
| Explicit equations as entered by the user ol
[1] T=698 | |
[2] Cto=1641/8.314/T 51
(3] E=24000 . /
[4] Ft= Fa%Fb'{-FC : ' ' % éow 4.0e-6 v sde-s 80e6  1.0e5
[5]1 Ca=Cto*Fa/Ft : O vEm o
[8]. k=0.29%exp(E/1.987*(1/500-1/T ) S ‘
71 Fao =0.0000226 Figure E4-7.1 Profiles of microreactor
[8]‘ VO = F&O/CTO _ molar flow rates.

(9] Tau=Vivo
[10] ra=-k*Car2
(11} X=1-Fa/Fao
[12) b=-ra”

- [131 ro=-raf2
[14] rateA =-ra
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CNBr + CHNH, —> CH,Br + NCNH,
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T?- 2 dm% mol
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