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As with the PFR, the PBR is assumed to have no radial gradients in con- 
centration, temperature, or reaction rate. The generalized mole balance on spe- 
cies A over catalyst weight AW results in the equation 

In - Out + Generation = Accumulation 

The dimensions of the generation term in Equation (1-14) are 

( r L ) A W z  !notes A moles A . (mass of catabsr) = - 
(time) (rnass of caraly.~r) ~ i r f ~ e  

which are. as expected, the same dimensions of the molar flow rate FA. After 
dividing by AW and taking the limit as A W -+ 0. we arrive at the differential 

Use differential form form of the mole balance for a packed-bed reactor: 
of d m g n  equation 

for 
cataIy<t decay and 

pressure drop. 

When pressure drop through the reactor (see Section 4.5) and catalyst 
decay (see Section 10.7) are neglected, the integral form af the packed-cata- 
Iyst-kd design equation can be used to calculate the catalyst weight. 

Use integral fnrm 
only for no AP and 

no catalyst decay. 

W i s  the catalyst weight necessary to reduce the entering molar flow rate of 
species A. F,,. to a flow rate FA. 

For some insight into things to come, consider the following example of 
how one can use the tubular reactor design Equation ( 1 - 1  I ) .  

Exumpk 1-1 How Large Is it? 

Consider the liquid pha.re ris - rrrrrls isomerizafion of 3-burene 

cis-2-butene runs-2-bu tene 

which we will write symbolically as 

1 A - R  

The first order (-r, = kc,) reaction is carried nut in a rubular reactor in which the 
volulnezric flow mte, c, IF  constanl. 1.e.. I? = E ) , ~ .  
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Reactor sizing 

1. Sketch the concentration prof le. 
2. Derive an equation relating the reactor volume to the entering and exitrng 

concentrations of A ,  the rate constant R, and the volumetric Row rate v .  
3. Determine the reactor volume necessary to reduce the exiting concentration t~ 

10% of the entering concentration when the volumetric ffow rate is I (  
dm3/rnin (i.e., litenlrnin) and the specific reaction rate, k.  is 0.23 mrrr-' . 

1. Speciec A is consumed as we move down the reactor, and as a result. both the 
molar flow rate of A and the concentration of A will decrease as we move. 
Because the volumetric flow rate is constant, v = v , ,  one can use Equation 
(1-8) to obtain the concentration of A, C, = F , ~ U ~ ,  and then by compariwn 
with Figure 1-12 plot the concenrration of A as a function of rertctor volume 
as shown in Figure El-1.1. 

Figure EI-1.1 Concentration prufile. 

2. Derive an equation relating Y v,, k, CAo, and CA. 

For a tubular reactor, the mole balance on species A Cj = A) was shown to be given 
by Equation ( 1 - 1  1). Then for species A (j = A) results 

For a fist-order reaction, the rate law (discussed in  Chapter 3) is 

Because the volumetric flow rate. u ,  is constant ( u  = uo). as it is for most liquid- 
phase reactions, 

Multiplying both sides of Equation (EI-1.2) by minus one and then substituting 
Equation (E 1-1. I )  yields 
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I U ~ i n g  the conditions a ihc entrance ef the reactor that when V = 0, Ben C ,  = C,,,, 1 A+B 

I 3. We want to find the vo:olume. V , ,  at which C ,  = --C,,, for k = 0.23 min-I and 
c ,, = 10 dmJlmin. I0 

V 

C,= C,,,exp - ( k V / ~ * l  

I Substituting C*,,, C,. y,. and k in Equation (El-1.5). we have 

- 5f:d5 , J:( ,V 
k r C, 

Carrying oul the integration of Equation (E I - 1.4) gives 

We see that a reactor volume of 0. E rn' is neceshary to cnnven 904 of species A 
entering into product B for the parameters given. 

In the remainder of this chapter we look at slightly more detailed draw- 
ings of some typical industrial reactors and point out a few of the advantages 
and diradvantages of each.' 

1.5 Industrial Reactors 

When is a batch Be sure to view actual photographs of industrial reactors on the CD-ROM and 
reactor ur~d ' '  on the Web site. These are also links to view reactors on different web sites. 

The CD-ROM also includes a portion of the K.slml Ei~cyclopen'ia of Equip- 
ment-Chemical Reactors developed by Dr. Susan Montgomery and her 
students at University of Michigan. 

d 
Links 

[I] Liquid-Phase Reactions. Semibatch reactors and CSTRs are used primar- 
ily for liquid-phase: reactions. A semibatch reactor (Figure 1- 151 has essentially 
the same disadvantages as the batch reactor. However. it has the advanrages of 
temperature control by regulation of the feed rate and the capabifity of minimiz- 
ing unwanted side reactions through the maintenance of a Iow concentration of 
one of the reactants. The semibatch reactor is also used for two-phase reactions 
in which a gas usually is bubbled continuousty through the liquid. 

Chern. Eng., 63(10), 2 l 1 ( 1956). See also AlChE MoritlEar hstn~crion Series E, 5 
(1984). 
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Flus gas 

t 

and product 

Reactant B 

Heater 
or m l e r  

, Naphtha and 
recycle gas 

Compressed alr Furnace 

Figure 1-15(s) Semibatch reactor. Figure I-15fi) Fluidized-bed catalytic reactor. 
[Excerpted by spec~al permis\ion rrom [Excerpted by ~pecial permiss~on from Chem. 
Chc~n. Errg., fi .?(lO~. 21 1 rocl. 19561. Grx., h3( 10). 21 1 (Oct. 1956). Copyright 1956 by 
Copyright 1956 by McGrau-H111. Inc., McCraw-Hirl. Inc., New York, NY 1 Ml2O.l 
Yew York. NY 10020.1 

M'hat are the 
advanrages and 

A CSTR is used when intense agitation is required. Figure I-71a) showed 

disadvantaFer of a a cutaway view of a Pfaudler CSTRhatch reactor. Table 1-1 gwes the typicaI 
CSTR? sizes (along with that of the comparable size of a familiar object) and costs for 

batch and CSTR reactors. All reactors are glass lined and the prices include 
heatinglcooling jacket, motor, mixer. and bafff eq. The reactors can be operated 
at temperalures between 20 and 450°F and at pressures up to 100 psi. 

The CSTR can either be used by itceIf or. in the manner shown in Figure 
1-16, as part of a series or battery of CSTRs. I t  is relatively easy to mainrain 
good temperature conrrol with a CSTR because i t  is well mixed. There is. how- 
ever. the disadvantage that the cornersion of reactant per volume of reactor i s  
the smallest of the flow reactors. Consequen~ly. very large reactors are neces- 

Iblurrn' Pljce 

5 Gallnnr S19.01KI 
(was~eba~ket I 

50 Gallonr S38.M) 
(yarhuge can 1 

5()0 Gallon4 S70,W 
(Jacuzzi) 

! ~ ) / I I I I I P  Price 

I CIUO Gallons 585.IKX1 
12 Jacuzzis) 

4000 GaI lom $150.000 
(8 J~cuzz i r l  

ROW G a l l o n ~  5280.000 
[pafnline lanker) 
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sary to obtain high conversions. An industrial flow sheet for the manufacture of 
nitrobenzene from benzene using a cascade of CSTRs is shown and described 
in the Professional Reference Shelf for Chapter 1 on the CD-ROM. 

Feed 

cooling jackets 

F 

Product 

Figure 1-16 Baltery of mrred tank< IExcerplcd by special permrssion from C l r ~ ~ n .  Org.. 
631 10). 21 I (Oct. 1956) Copyright 1956 by McGraw-HIII, Inc.. New York. NY 1010 1 

If you are not able to afford to purchase a new reactor. it may be possible 
to find a used reactor thul may f i r  your needs. Previously owned reactors are 

Lrrkr much less expensive and can he purchased from equipment clearinghouses 
such ns Aaron Equipment Company ( ~ ~ w ~ : a u r n ~ ~ e q u i p n ~ c n f . c o ~ n )  or Loeb 
Equipment Supply ~ w ~ ~ ~ : l o e b e g ~ i p ~ ~ ~ e n f . c o ~ ~ ~ f l .  

What are the /2J Gas-Phase Reactions. The tubular reactor (i.e.. plug-flow reactor [PFR]) 
a d l ~ n f a ~ e s  and is relatively easy to maintain (no moving partc), and it usually produces thc 

d~qadbantage< of a 
PFR? highest convesqion per reactor volume of any of the flow reactors. The disad- 

vantage of the tubular reactor is that it i s  difficult to control temperature within 
the reactor. and hat spots can occur when the reaction i s  exothermic. The tubu- 
lar reactor is commonly found either in the form of one long rube or as one of 

CSTR: liquids a number of shorter reactors arranged in a tube hank as shown in Figures 
PFR, gnce\ I -R(a) and (h). Most homoyeneaus liquid-phase flow reacrors are CSTRr. 

whcreoq moxt homogeneous pis-phase flow reactors are tubular. 
The cosrq of PFRs and PBRs (without catalyst) are similar to the costs of 

heat exchangers and can be found in Planf Desipl and Erot~or~~ics~for Cl~rr?lr- 
cnl ErrgErreer.5. 5th cd.. by M. S. Peters and K. D. Timmerhaus (New York: 
McGraw-Hill, 2002). Frnln Figure 15-12 of the Peters and Tirnmerhaus book. 
one can get an estimate of the purchase cost per foot of $ 1  for a I -in. pipe and 
52 per foot for a ?-in. pipe for single tube? and approximately 520 to $50 per 
square font of \usface area for fixed-tube sheet exchangers. 

A packed-bed (also called a hxed-bed) reactor is essentially a tubular renc- 
tor that is packed w~rh solid satatyst panicles (Figure 1 - 1  3). Th~s Iieterogcneous 
reaction rystenl i\ moG1 often used to c;1(:11y~e gas 1.eactionx. This reactor has the 
same difiicultiec with temperature conlrol a\  nther tubular reactors: in addition. 
 he c:~lab\! is 11rui1lly troubIc\i~ine 10 repl;~ce. On occasion. channeling of thc 
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gas flow occurs. resulting in ineffective use of piins of the reactor bed. The 
ad%antage of the packed-bed reactor i s  that for most reactionr it   give^ the high- 
e5t conversion per weight of  catalyst of any catalytic reactor. 

Another type of catalytic reactor in common use is the Ruidized-bed (Fig- 
ure I - 15[b]) reactor, which is analogous to the CSTR in that its contents. 
though heterogeneous, are well mixed. resulting in an even temperature distri- 
bution throughout the bed. The fluidized-bed reactor can only be approximately 
modeled as a CSTR (Example 10.3): for higher precision it requires a model of 
its own (Section PRS12.3). The temperature is relatively uniform throughout, 
thus avoiding hot spots. This type of reactor can handle large amounts of feed 
and solids and has good temperature control; consequently. i t  is used in a large 
number of applications. The advantages of the ease of catalyst replacement or 
regeneration are sometimes offset by the high cost of the reactor and catalyst 
regneration equipment. A thorough discussion of a gas-phase industrial reactor 
and process can be fwnd  on the Pmfessional Reference Shelf of the CD-ROM 

Refe:enceChe1f for Chapter I .  The process is the manufacture of paraffins from synthesis gas 
(CO and H1) in a straight-through transport reactor (see Chapter 10). 

In this chapter. and on the CD-ROM, we've introduced each of the major 
types of industrial reactors: batch. semibatch, stirred tank, tubuIar, fixed bed 
(packed bed), and fluidized bed. Many variations and modifications of these 
commercial reactors are in current use; for further elaboration, refer to the 
detaiIed discussion of industrial reactors given by Walas.-' 

The CD-ROM describes industrial reactors. along with typical feed and 

sclu& Roblemr operating conditions. In addition, two solved example problems for Chapter 1 
can be found on the CD. 

Closure. The goal of this text is to weave the fundamentals of chemical 
reaction engineering into a structure or algorithm that is easy to use and 
apply ro a variety of problems. We have just finished the first building 
block of this algorithm: mole balances. This algorithm and its cone- 
sponding building blocks will be developed and discussed in the follow- 
ing chapters: 

Mole BaIance, Chapter 1 
Rate Law, Chapter 3 
Stoichiometry, Chapter 3 
Combine, Chapter 4 
Evaluate, Chapter 4 - Energy Balance, Chapter 8 

With this algorithm, one can approach and solve chemical reaction engi- 
neering probIems through logic rather than memorization. 

3 S. M. Walas, Reaction Kinetics for CIzemical Engineers (New York: McGraw-Hill. 
1959). Chapter I 1. 
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S U M M A R Y  

Each chapter summary giles the Lcy points of the chapter that need to be 
remembered and carried into succeeding chnpters. 

I. A more balance on species j. u h ~ c h  enters. leaves, reacts. and accumuIntea in 
a system volume F: is 

c d N  
F,"-F,+/ sfl==i (51-I) 

dr 

Ik nndon1.v iJ: the contents of the reactor are well mixed, then a mole balance 
(Equation S 1- 1 1 on specie? A grves 

2. The kinetic rate law for r, is: 

Solely a function of properties of reacting materials and mactirm cond~tions 
(a.g., concentration [activities], temperature, pressure, catalyst or solvent 
[if any11 
The rate of formation of species j per unit volume (e.p., molls~dm'l 
An intensive quantity Ii.e.. it does not depend an the total amount) 
An algebraic equation. no? a differential equation (e.g., -rA = kc,. 
-rq = kc:) 

For homogeneous catalytic systems. typical units of -5 may be gram 
moles per second per liter: for heterogeneous systems, typical units of $ may 
be gram moles per second per gram of  catalyst, By convention, -rF, iis the n t e  
of disappearance of species A and r ,  is the rate of formation OF species A. 

3. Mole balances on species A in four common reactors are as FoIlow~: 

TABLE S-I SUM~~IARV OF REACTOR MOLE BALAYCES 

Reacror 
Mole hrlunce Cornnwnr 

Diflerenrrd firm 
A!srhrrrir f i r m  Intqroi Fnrrlr 

CSTR No spatid variations. - 
steady state 

Steady state 

PBR Steady state 
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C D - R O M  M A T E R I A L  

Learning Resources 
1 . S~irntlrar~ tdorrs 
2 Web Miireriol 

Summa. y Motes A.  Problem-Solving Algnr~rhin 
B. G e t ~ ~ n p  Unstuck on a Problen~ 

Thic \ire on the web and CD-ROM gives t i p  on how to overcome mental 
krrriers in pmbleni snl'r In$. 

C. Stnng in L.A. bacin 

R.  G~ttinr Unstuck C. Smog in L.A. 

3. Ir~rerncrr~,c Co)~iprrrer. Morltilet 
A. Quiz Show I 
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4. Solved Pmhlerlw 
A. CDPI-AB Batch Reactor Calculations: A Hint of Things to Come 
B. PI-14, Modeling Smog in the L.A. Basin 

FAQ [Frequently Asked Questions]-In VpdateslFAQ icon sectlon 
Professional Refemnee Shelf 

L ~ v i n g  Example Problem I .  Photos of Real Reactors 
Smog in L A .  

2 .  Reactor Section of the Usual Er~cj*clopedia of Eqrripme~ri 
This sectlon of the CD-ROhI shows industria1 equipment and disct~sses its 
operation. The reactor portlon of thir encyclopedia i s  ~ncluded on the 
CD-ROM accompanj ing this h o k  

Reference 9 e l f  
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E~~implrs of  3. The productitm of nitrobenzene exnmple problem. Here thc procesh Ilo~r 
~nrlu\tr~rtl reacr~ons rheet ir  prven. don: with operating cr>ntl~tinris. 

and reactors 
N~trobanzens 

Vacuum 
Vapors 

I ,- C 

Crude I I I I I 
nrlrobenzerre 

Recorrcenlraled 0c1d Condensare 

Sulhr~c acid 

Ntrrrc acid pump lank 
Steam 

Makeup sulfune acrd I 
Figure PRS.A-I Flou~sbce~ For the rnanuhcture of  nitrobenzene. 

4. Fischer-Tropsch Reaction and Reactor Example. .4 Fischcr-Tropsch reac- 
tion carried out in o typ~caE straight-through trancppr reactor {Riser). 

Figore PRS.B-I Thc reactor Ir 3.5 m in d~amcter irnd 38 m tnl[. 
[Schematic and phoro courtesy of  SasollSastech FT Limirrd.] 
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Here photograph\ and ichernatics of the equiprnenr along with the feed rate\. 
reactor sizes. and principal renotlons 

are also discussed in the PRS. 

CIUEST1ONS A N D  P R O B L E M S  

I wish I had an answer for that, because I'm getting 
tired of answering that question. 

Yogi Berra. New York Yankees 
Spnrrs Illi~str(lterl, June 1 I, 1 984 

The subscript to each af the problem numben ind~cates the level of difficulty: A, leaxt 
difficult: D. most dlfficulr. 

In each of the questions and problems below, rather than just drawing a box around your 
enwer. write a sentence or two describing how you solved the problem, the assurnp- 
tions you made, the reasonableness of )our answer, what you learned, and any other 
facts that you want to include. You may wish no refer to W. /.trunk and E. 8. White. The 
El~ntenrs of SMe. 4th Ed. (New York: Macrnillan, 2000) and Joseph M. Williams, Stvke: 
Ten Lessons in Clarity & Gmcc, 6th Ed. (Glcnview, Ill.: Scott, Foresman, 1999) to 
enhance the quality of your sentences. 

P_'- = Hint on the web 

Refore solving PI-lA (a) Read through the Pmhcc. Write a paragraph describing buth the content 
the problems, smtr goals and the intellectual goals OF the course and text. Also describe 

or <ketch qual~ta- what's on the CD and how the CD can be used with the text and course. 
tively the expected 

re~ults ur trendq. (h) List the areas in  Figure 1-1 you are most looking forward to studying. 
(c) Take n quick look at the weh modules and list the ones that you feel are 

the most novel applicntions of CRE. 
(dl Visit the problem-solving web site, www.engin.umich.edid-cw/pmb- 

solv/ciaserlkep.hrrn, to find way? to "Get Unstuck" on a problem and to 
review the "Pmblem-Soivtng Alpotithm." List four ways that might help 
yo11 in your solutions to the home problems. 

(a) After reading each page or two ask yourself a question. Make a I~st ~f the 
four best questions for this chapter. 

(b) Make a list of the five most imponant things you learned from this 
chapter. 

Visit the web site on Critical and Creative Thinking, ~urvw.enpin.rimich.edu/ 
-ce/probsoIv/stmtegv/crit-11-cwat, hrm. 

(a) Write 3 paragraph describing what "critical thinking" i s  and how you can 
develop your critical thinkrng skills. 

(b) Write a paragraph describing what "'creative thinking" i s  and then list 
four things you will do during  he next month that will, increase your cre- 
ative thtnking skills. 
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(c) Write a question based on the material in this chapter that involves criti- 

IC%f Quiz Shnw 

PI-l* 

cal thinking and explain why it involves cntical thinking. 
( d )  Repeat (c) for creative thinking. 
(e) Brainstorm a Iist of ways you could work problems P-XX (to be speci- 

fied by your instructor--e.g., Example El, or PI-15,) incorrectly. 
Surf the CD-ROM and the web (www.engin.umrch.edd-cw). Go on a scaven- 
ger hunt using the summary notes for Chapter E on the CD-ROM. 
(a) What Frequently Asked Question (FAQ) is not really frequently asked? 

hot button leads to a picture of a cobra? 

(c) What ISellTe;;/l hot button leads to r picture o f  r rabbit? 

(d) Whai 4101 buffnn leads to a picture of a hippo? 

(e) Review the  oblecrives for Chapter 1 in the Summary Notes on the 
CD-ROM. Write n paragraph in which you descr~he how well you feel 
you me1 these objec~ives. Diqcuss any difficulties you encountered and 
three ways (e.p.. meet with professor. claqsmarec) you plan to address 
removing these difficulties. 

(f) Loub at the Chemical Reactor section of the Vi.rual E~lc?.rinl~rdin of 
Eyuiprnenr on the CD-ROM. Write a paragraph describing what you 
learned. 

(g) View the photos and schematics on the CD-ROM under Elements of 
Chemical Reaction Englneerrng--Chapter 1. Look at the qulcktime vid- 
eos. Write a paragraph describing two or more of the reactors. What sim- 
ilarities and differences do you observe be~ween the reacton on the weh 
(e.g.. 1r~tr~n.Ir~ebeqrtipi71er1t.con~). on the CD-ROM. and in the text? How 
do the used reactor prices compare ai th  those In Table 1 - I ?  

Load the Interactive Computer Module (ICM) from the CD-ROM. Run the 
module and then record your performance number for the module which indi- 
cates your mastery of the material. 
ICM Kinetics Challenge 1 Performance # 
Example 1-1 Calculate the volume of a CSTR for the conditions used to fig- 
ure the plug-lion reactor volume in Example E -1. Which volume i s  larger. the 
PFR or the CSTR'? Explain why. Suggest two ways to work t h ~ s  problem 
~ncorrec~ly. 
Calculate the rime ra reduce the number of  moles of A to 19 of its initial value 
in a constant-volume batch reactor for the reaction and data in Example 1 - 1 .  
\%'hat assumptions were made in the dcrivat~on of the design equation for: 
la) the batch reactor? 
(b) the CSTR? 
{c)  the plug-Row reacior (PIT)? 
Id) thc packed-bed reactor IPBR)? 
(e) State in words the meanings of -r,. -r; . and rX . Is the reaction nte -r, 

an extensive quantity'! Explain. 
Use the mole balance to derive an equation analogous to Equi~rion ( 1-7 1 for n fluid- 
ifrd CSTR contalnrnp catalyst particles in terms of the catalys~ we~ght. IV and other 
appropriate term\. Hirlr: Scc rnaq~n figure. 
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PI-10, How can you conven the general mole balance equation for a given species, 
Equation { 1-4)- to a general mass balance equation for that species? 

1 We are going to consider the cell as a reactor. The nutrient corn steep liquor 
enters the cell of the mrcroorganlsm Penirillfunl chnsngenum and is decom- 
posed to form such products as amino acids. RNA. and DNA. Write an 
unsteady mass balance an (a) the corn steep liquor. Ib) RNA. and (c) pencil- 
lin. Assume the cell is well mixed and that RNA remains inside the cell. 

PI-12, The United States produced 32.59 af the world's chemical products in 2002 
according to "Global Top 50." Cherniraf rtnd Engrrleerin~ Nen:~. July 28* 
2003. Table PI-12.1 lists the 10 most produced chemicals in 2002. 

TABLE PI-I? I .  CHEUICAL PROI)L~~ICJ% 

Reference: Clnentirrr I urrrl E r ~ g i ~ r t ~ r i t l p  NPII,S. July 7 .  ?Oi l?,  htl/~://p11/7.~.(1~.~.0~fi/c't~~d 

(a )  What were fhc I 0  rnoxt pmduced chemicals for the year that just ended7 
Were there an\: sipnifica~lt chanfes from the 1995 qtatist~cs? (See 
Chapter I of  3rd edi~ion of  El~rnents o j  CRE.) The Fame issue of  C&E 
Nm:r ranks chenircal companies as riven in Table PI - 12.2. 

(b) What I0 companies were tops in <ales for the year jusr ended? Did any 
significant changes mcur cnmpared to the 2002 statist ~ c s ?  

(c) Why do you think H,SO, is the mosl produced chemical? What are some 
of its wes? 

(d3 What is the current annual production rate Ilblyr) of ethylene, ethylene 
oxide. and benzene? 

(e\ Wh?. do you su\pect there are \r) few organic chcniicals rn the top 10? 
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Dew Chemical 
Dupont 
ExxonMobil 
General Electnc 
Hunt~man Corp. 
PPG lndustrie~ 
Equistar Chemicals 
Chevron Phil lips 
Enstrnsn Cheti~lcal 
Prarair 

Refemnres: 
Rank 1002. Chrmirul ortrl E~tprneerirrx N ~ I I ' s ,  May I? .  2003. 
Rank 2001 : CE~erniuul ~ t r d  E t ~ , q [ r ~ c c r i n ~  Neam3, May 13, 2002. 
Rank 2000 Chctnrtnl r i r ~ d  Errgrne~rirzg AVr~:ci's. May 7 ,  200 1 .  
Rank 1994: Cl~emicfll ot~rl En#~nrcr i r~g Ncu.~, May I .  ?W. 
Itttp //psbs.ncs-or.y/retd 

P1-13', Referring to the text material and the additional references on comrnerciz 
reactors given at the end of this chapter. fill in Table P I  - t 3.  

TABLT PI. 1.1 COMPARISON OF REACTOR TYPES 

 kind.^ of 
??pe qf Phuscs 
Reortor Chrrmct~risfics Prrvrnr Use Ar1rfl1~1rrgt.s Disodrctntugrs 

Batch -- 
CSTR -- 
PFR -- 
PBR -- 

PI-14, Schematic diagrams of the: Lor; Angeles basin are shown In Figure P I  - 14. Thr 

Ucmbe- B basin R o o t  covers approximately 300 square miles ( 2 x  10'"ff2) and is almos 
completely surrounded by mountain ranges. 1F one assumes an inversior 
height in fhe basin of 2000 ft. the corresponding volume of air in the basin i! 
4x 1013ff3. We shall use this system volume to mode1 the accumulation anc 
depletion of air pollutants. As a very rough first approximation. we shall trea 

Halt of Fame the Lus Angeles basin as a well-mixed container (analogous to a CSTR) i r  
which there are no spatial variations in pollutant concentrations. 
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Q ~ ~ c a n t s  manklim 
or hills 

C.A. vo W l n d f m  

SFde view 

Figure PI-14 Schematic diagmrns or the Loc AngeIes basin. 

living Efample Prob!em 

We shall perform an unsteady-stale mole balance on CO as i t  is depreted 
from the basin area by a Santa Ano wind. Snnta Ana winds nre hrgh-velocity 
winds that originate in the Mojave Desert just to the northeast of Lw Angeles. 
Load the Smog in Los Angeles Raslin Web Module. Use the data in the mod- 
ule to work part 1-14 (a) through (h) given in the module. Load the living 
example polymath code and explore the problem. Fur part (I),  vary the 
parameters D,,, n, and b. and write a paragraph describing what you find. 

There i s  heavier traffic in the L.A. basin in the mornings and in the eve- 
nings as workers go to and from work in downtown L.A. ConscquentIy, the 
flow of  CO into the L.A. basin might be better represented by the sine func- 
tion over a 24-hour period. 

PI-ISB The reaction 

is to be carried out isothermnl!y in a continuous-flow reactor. Calculate both 
the CSTR and PFR reacmr volumes necessary to consume 99% of A (i.e.. C4 
= O.OICA,) when the entering molar flow rate is 5 molfh, assuming the reac- 
tion rate -rA is: 

mol (a) -r, = k with k = 0.05 - (Am.:  V = 99 dm3) 
h .  dm' 

(b) -rA = LC, with k = 0.0001 s-I 
dm' 

(c) -rA = kc: with k = 3 - (Ans.: r/csre = 66,000 dm") 
moE . h 

The entering volumetric flow rate is TO ddlh. (Note: FA = C,u. For a 
constant volumetric flow rate v = v ,  , then FA = C,u,, . Also. C,,, = F,dv, = 
[5  rnol/hl/llQ drnJlhJ = 0.5 molldrnJ .) 
(d) Repeat (a). (hl, and Ic) tocalculate the time necessary to consume 99.9% 

of species A in a 1000 dm3 constant volume batch reactor with CAo = 0.5 
molldm3. 

P1-16* Write a one-pangraph Pummary of a journal articIe on chemical kinetics or 
reaction engineering. The articIe must have heen published within the lasr five 
years. What did you Iem from this article? Why 2s the article important? 
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P1-17, (a) There are initially 5 0 0  rabbits fx) and 200 foxes (y) on F m e r  Oat's 
property. Use Polymath or MATLAB to plot the concentration of foxes 
and rabbits as a function of time for a period of up to 500 days. The 
predator-prey relationships are given by the following set of coupled 
ordinar). differential equatims: 

Constant for growth of rabbits k, = 0.02 day '  
Constant for death of rabbits k2 = 0 aKX34/(day x no. of foxes) 
Constani for p m h  of foxes after eating labbits k, = O.N04/(day x no. of rabbitq) 
Constant for death of foxes Ir, = 0.04 duj-' 
What do your results look like for the case of k ,  = 0.00004/(day x no. of 
rabbits) and r,,,, = 8I)O daysq A l ~ o  plot the number of foxes versus the 
number of rabb~ts. Explain why the curves look the way they do. 
Vary the parameters k , ,  k z .  k7, and k,. Discuss which parameters can or 
cannot be larger than others. Write a paragraph describing what you find. 

(b) Use Polymath or MATLAB to solve the following set of nonlinear alge- 
braic equations: 

Polymath Tutorial 

with initial guesses of x = 2. = 2.  Try to become familiar with the edit 
keys in Polymath MATLAB. See the CD-ROM for instructions. 

Screen shots on how to run Polymath are shown at the end of 
Summary Notes Summary Notes for Chapter 1 on the CD-ROM and on the web. 

PI-18, What if: 
(a) the benzene feed stream in Example R1.3-1 in the PRS were not pre- 

heated by the product stream'? What would be the consequences? 
(b) you needed the cast of a 6000-gallon and a 15.000-gallon Pfaudler reac- 

tor? What ~eould they be7 
{c) the exit concenrration of A in Example 1-1 were specified at 0.1% of the 

entering concentration? 
(d) ot~ly one operator showed up to run the nitrobenzene plant. What would 

be some of >our firs1 concemc? 
PI-19, Enrim Ferrni (1901-19541 Problems (EEP). Enrico Ferrni was an Ftalran 

physicist who received the Nohel Prize for his work on nuclear processes. 
Fermi was famous for h ~ s  "Back of the B~velope Order of Mqnltude Caicu- 
Intion" to obtain an estimate' of the answer through logic and making reason- 
able assumptions. He used a process to set bounds on the answer hy saying i t  
is probably larger than one number and smaller than another and amved at an 
answer lhat was aithin a factor of 10. 
hrtp://tnarhfon~t~~. 0r~/wurk~hop1/~~in~96/i~~t~rdi.rc~/s~~1~~2. h1m1 
Enrico Fcrmi Problem IEFP) #l  
How many piano tuners are there In the city of  Chicago? Show the steps in 
yonr reasoning. 
I. Populat~un 01' Chicago 
1. Ntlrnber of people per hourchold 
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3. Numkr of households 
4. Households wlth pianos 
5 .  Average number of tunes per year 
6. Etc. 
An answer is given on the web under Summary Notes for Chapter 1. 

PI-20, EFP #2. How many square meters of pizza were eaten by an unde~raduare 
student body population of 20,000 during the Fail term 2W? 

PI-21, This problem will be used in each of the following chapters to help develop 
critical-thinking skill$. 
(a )  Write a question about this problem that involve critical thinking. 
(b) What generalizations can you make about the results of this problem? 
(c) Write a question that will expand this problem. 

PI-22 New material for the 2nd printing the following changesladditions have been 
made to h e  2nd printing. 

NOTE TO INSTRUCTORS: Add~tional problems (cf. those from the preceding ed~tions) can be 
found in the solurin~is manual and on the CD-ROM. These problems could he photocopied 
and used ro lielp reinforce the fundamental princrples discusred in [hi\ chapler. 

CDPT-A, Calculate the time to consume 80% af species A in a constant-volume 
batch reactor for a first- and a second-order reaction. (Includes SoIution) 

CDP143, Derive the differential mole balance equation for a foam reactor. [Znd 
Ed. PI-loB] 

Lolved Problems 

S U P P L E M E N T A R Y  R E A D I N G  

1 .  For further elaboration of the development of the general balance equation. see not 
only the web site wnn~.e~;gin.utnich.~dul-cre hut also 

FELDER, R. M., and R. W. ROUSSEALJ, El~nterltot? Prfnciplex of Clzcnr~col Pro- 
cesses, 3rd ed. New York: Wile>/, 2200, Chapter 4. 

HIMMELBLAU. D. M,, and J .  D. Riggs. Basic Prinripl~s and Calcirlariorts in 
Chen~icnl E~tgi?~eeriltg, 7th ed.  Upper Saddle Rwer, N.J.: Prentice Hall. 
2004. Chapters 2 and h. 

SANDERS. R .  1. .  The Alrafninx ofSkzing, Denver. CO: Golden Bell Press, 1974. 

2. A detailed explanation of a number af  topics in ?his chapter can be found in 

CRY~ES,  R. L.. and H. S.  FOCLEH, eds.. AlCItE Mndulular I~t.~rrucriorl Serz~r E. 
K ~ I I E Y ~ T S .  VOIS. 1 and 2. New York: AlChE, 1981. 

3. An excellent description of  the various types of commercial reactors used in indus- 
try is found in Chapter I I of 

WAIAS. S. M., Rencfiotl Kinerfc.s for CCheicuI Brgil~eers. New  Y d  McGnw-HiU, 1959. 

1. A discussion nf some of the most important industr~al processes i s  presented by 

MEYERS, R.A., Handbook of Chcnlicols Pmd~rcriott Processes. New York: 
McGraw-H111. 1986 

See also 

MCKETTA. J. 1.. ~ d . .  Etrryrloprriiu oj" Cl~e~rricnl Pmrrsse.~ urld Design. New 
York: Marcel Dckker. 197h. 
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.4 simiIar book. which describes a larger nuniber o f  processes, i s  

AL'STIY. C. T.. S l ~ r e ~ ~ e ' ~  Clirrnicnl PTOCF.TF Indrrstrirs. 5th ed. New Yorb 
McGraw-Hill, 1984. 

5. The following journals may be useful in obtaining infomation on chemical reac 
tiun engineering: Internotional Jo~~rnul of CS~ernEcrlE Kinetics, Joltrnnl of Car~ilyxi~ 
Journal of Applied Catul~r.~is. AlChE Jolurr ma/. CEwmical Engineering Scie~ce 
Canadian Journal of Chemical Etigineering, Chemical Drgzr~eering Comrnunica 
tro~ls, Joi~rnnl of Physical C.hettiisrr?: and Jndusrrrol nnd Engit~cerirrg Chemisrc 
Reseami1. 

d 6. The price of chemicals ern be found in such journals as the Ch~ttiicoi Marketin! 
LlnRr Reporter, Cherniml Weekly3 and Chemical Engrr~eering News and on the ACS wet 

site hrrp://pubs. acs.or~/c~n.  


