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The rate of disappearance of the number of moles of A equals that of B,
and equals the appearance of the number of moles of C and of D

y» according to the expressions: E

Y = —_—_— — - = = - —
oy \-é*‘&kd\_.ul) a dt b dt c dt d dt

P . \i",r' —~— ,f»-,__/—«\f\__f—. . - ‘1':.-:.’0
o \8;‘0 ,_,.~"_1 dNyp _ 1 dNg _ 1 dNg¢ _,{ dNp ' o Lgo ¥

\BX;LL;‘, M\‘/\—/‘vﬂ\/«"' N

o g e
p‘& The rate of the chemical reaction with respect to species i, r;: LY valied
& Sgv e
S X dN; moles ; formed « PaL
““Var (volume of fluid) (time) s S
B & 0.00Imal G, A o o. 001lmol b ., . E s 1L s two beakers |

I e \)u;b 551 4 \L_;e’_. A 5o o.001
oo Ole>ladl EESN &um G (Y
i . n‘ - s o=

B0 TS Gy b b dslitn
(Mj.. '1/ \.) 2 9> a0 SE-?;E'.EE Lé.l:l
: g 1t A -9-5—-..
BS”JHS&\.:.J\\J;JZJJ B){'\ uﬂo_ya.cyg‘_yw_jld—t\IL‘

k.;) > o \3;! ‘\uu“:o‘,-oz“lsh.dbs

N3 %) QL Jood) Gtas G 5 ul6 s
)‘.} w LT
A rate law is an algebraic equation that relates —r; to species oLy

hyd(ocarbory
concentizgons o c
sy,’; Q" \)b l A= kf(T) f(CA:CB:CC; CD! .)] 5 &-‘\-ﬁul—e
o

pecies speclﬁc therefore subscnpted to reflect which species constant is
‘making reference :
A .‘ NGT reaﬂy a constanl but is nnt a funchen of concentrations

CamSclén‘ner 2 Wigs d5 guadll


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

» Subject: ... e QO"C ....... law _ (3110 12022

8 ale of xn s cf?rcch prop. with. concentrakion .
MCl-eons belween n9<rs —>  Soterackion i 3aus (il

Qtnj-mﬂ A & dmol  sue (oL B %A @

-

‘.QAL\ \ 39 Amol Amol \'__\\S:J e -r—au’l és\LLJ\ "\a-b _'SP L\JQ-J )

‘. (=

e G5 C

e— rxn_is a Funckion oE 8-
_& qpfrahnq condikion . C oA o)
- (om_?n{-ra Fone .

‘ﬁ_fégnh"g _of reackon .

-

Lo V' 3

= o,Ls B (ake of FXnL I\
conc- with respeck e~ Ji O o
bo kime A

&~ rather than ~s 0 _yid! J =
moles with
respeck to hime

recieve

CamScanner - Lig.s &> g.uaall


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

'::: » Subject: ... QOI'C ,,,, IOW ..................................... 13 /10 / 2022

it 3- fdenkiby SRR ~ N P T (s kii \JLAJ&

B - | L 5 "L_u\, P o

u

“ N pid Rond O\ e s IS Ol 2 Ve A 5500 %
;;f" 20 P D Oy (wa o A Ca’_;.,g Rond fofce
” - : 19 Usliny .p_‘xr o

. \0 A\;E\L '@Lc enf’f'qq _\\ P T R .

// produck
7 //\’\’\'\'\MH WLZ’I U E WOy :S,‘; UK

- A 5 G .
reactonk a Dl e ey gyl és\-u-)\ (o

S Ceagh caFalth(Xn_M ;w\ uéSu_

Cxn _n > 5+rg4cl;urc JL e o

CamScanner = Ligs &> guaall


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

CamScanner = L e aall



https://digital-camscanner.onelink.me/P3GL/g26ffx3k

CamScanner = L el



https://digital-camscanner.onelink.me/P3GL/g26ffx3k

CamScanner = L el



https://digital-camscanner.onelink.me/P3GL/g26ffx3k

Zero Golun v GV pkl s Y

rate o F % rq}eoe J Bou
; ' Forward backward Keq
eversible, homogeneous reaction aA+bB cC+dD

Keq
~E/RT 3
| k(Ty) = Ae 0 and k(T) = Ae gk
, v L Kk
i = Ay ( ;J‘f?ll ‘
| K T __(Rf_li_l  wlb
reﬁa:::c oD = KyTy o] =5 T, 7] |
Temp v : V3
| ‘ ML;):M{:I-IO )3 Gohle dS « endo x
| ‘D)L\Q (.sLB\...sL.u.L»_, KCT) o, K(To) dvy ke SWL S>y keq

2 SL o Jis Kb O O Lus

J2 Reversible reaction

ation reaction of benzene to produce Heptalene. What is the net rate
:“:“"'.‘”"_ &-‘L.‘:M >lD

2w U P ofake )

ZBL& D +H, Josdh M\ D (paro 1,_,

ey LD-MSg?_.k‘JLu\J,y| mj"d"'j"“

; kb

by the forward reaction

. recieve

CamScanner = Lgs d>guadl


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

How Fost thes rxn ho proceed &5 4> Ll SV [EFATREY e
o ds\W ol WS e Reachon order -“ L_.\SU.S |d(’ﬂh A of thatk ren
e SRR cl"_f U” o s Gl LS 5 l—-b father than the other
reaction Order ZC’ro order of rxn. A external Fockor such ds

concenhation O Vg

-“'?Lf ,Smemou r);n ;? order in A= a (xn _’?’l"'-_;
stoich. Sy = kCA C m order in BQE OJ,; < i,
coef e order A overall order = a + 8 €f ofder

_,m( conc  Alds net order 1€ aﬁ xn.
LIS e U Y rale 1 B ool ol op & oF (X0

@ non - clementary (xn =

3 kCy | LowCg: n=1(wrt A)
fIHKRG High Cy:  na=1, g
"""‘-\"‘L" 5 Vs O | B

- apparent orders)
o w 103&‘4-‘(. U‘#-‘ "l \s‘.nu..fL....,p&' ( i )

?ifS}* Wdcrw‘u_ t'_,_a.urq}c BIRE

R S
sl e = B 4 Gl ¢ 1 u_,lau order of rxn

# fl-ﬂ [ClRIE Peed Nds B J_,_u. (ate 3\\.-}0 “Luﬂ _,u\_-u_r:)gé..

.
AL =

&

Agrpure  piush
S B I GWL feackant Jids

N A tlpE & A S iy i

fteycle W rate of fxn

with respéck ko kime
product le-» respeck M sl

bo b
»n constant depends on the order of reaction’
t ~wr higher order. - 3 ¢l g
rate Cou'- N units

- A — Products XN 3\ Qndp aus “Wlse
E « s 200 Y_, glfS" (BN

recieve

~ CamScanner = Wb é> guaall

conc v Punction |

~


https://digital-camscanner.onelink.me/P3GL/g26ffx3k

CamScanner = L e aall



https://digital-camscanner.onelink.me/P3GL/g26ffx3k

If the reaction takes place in a batch vessel and reactant A is

the basis of calculation

A+QB——>9C+‘-1D
a a 4

Ny is the number of moles of A initially present in the reactor
© Ny is the number of moles of A left after the reaction’

Then, the number of male of A consumed during reaction with B to form C and

Dis N MA &L Apo
4T g e

. N . ! Mho & J:"s‘ -..‘—91

The reaction conversion, x is the ratio of the number of moles of A consumed to

that initially presented.
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Topic 9. Muitiple Reactions

In this class we will study the types of multiple reactions and provide the
algorithm that being used for determination (he rate and flowrates of the exit
species from different types of reactors:
1 - pafallel reackons :. ~> Kind of serics more than one rcachon
A+R = c+ D afcgo?nJ on the samec time HA- B
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Types of multiple reactions’

Multiple reactions are classified into four different types:

3. Independenk cxn 3 -
A+R — cv rdela :‘.\;’Lh"-"'ﬁ
st preduct \_:Lnj,;\.rw
for these fxn 9n dmbn we will
use Flow [ate insled of x and

@l Parallel reactions ONC o I Goe g L-y\"l x 2Loui-~

Series reactions “0ore 3 s
g Independent reactions 4;:‘( (Sl ik of & Aulti xn
43 Complex reactions ¢ r"‘s" rxn to the x of

second rxn of third £Xxn

For these reaction, in design we will use molar flow rates and concentrati
not use conversion!

Cons tly for each of these reactions there is one or more prod
needed and the yield from the process will be obtained. Therefore v
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) ye | \ {<
@ Selectivity of reaction A~ \J_élg Qs tfb vz
28 Yield from the reactor and process J seBictive

(YN 31 U e product 31 7l Apll QLo
&al> L Peed D1k bosed




~7(—|{-> (havc parallel ~n  (A-B8) & (A ) Co 9! (it
LR t"-t.":"'( N rale condition Jiwns

. Paraliel Reactions (competing reactions)

Parallel reactions are reactions where the reactant is consumed by two different reaction pathways to

» form differentproduic;ssuch acsAand Caccording: bo confiol uu{-ﬁ & SR Y
o we will mov ) .
;41-‘ toward N ckcﬂ':\& the rxn because the }Jpe of
B A ~) xn  dhat takplace within thak
we will mave .mm rxn |
ik L—fg 240 / wagsh My fesofse ,my

between Hme,

ms effort .

, .01 : .. an oxidation reaction takes pla

thyl-ne and oxygen. The stoichiometric ratio between ethylerna and oxygen is the factor to either
prod .ce ethylene oxide or to have complete burn of ethylene to carbon dioxide and water. Therefore, a

parallei reaction takes place here, one leads toa a desired product (ethylene oxide) and the other leads to

undesired product CO2. 20l e © (rqch'on& *'
,2CO, + 2H,0 = s
et W S = LWl ds s
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leactions (consecutive reactions)

This type of multiple reactions happened when a reactions produces a product such as 8 and this product
(either unstable or affected by other factors or species) is further converted to another product such as C

according: ren O )\;_y o_r-(yﬂ a1 u" .,\p-.s U\-‘ JSJ‘ \"U"“““' A
. tl. _- L:A“ 1 >'>yeruC VL4 é“"
0B
An example is the oxidation of methanol, where 2
the desired formaldehyde is readily degraded to é_ L
carbon dioxide dado &
8 Gac Mgmi T
CH3OH - HCHO - €02 AkBAkC -
AT =

Here the desired product is the formaldehyde, B (HCHO) f_a_""\
and it is desired the amount of this product as maximum

_ as possible as shown in the figure 9-‘-‘-‘&"—‘0")3"‘-"‘5“‘ ) thh‘}s Y
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These reactions occur in reactor at the same time but neither the products nor the reactants react with

each other as: p«J desifee
OWUslis Gis (E: : 301 As el sl
'e\;u{u_’mm“’ Al Ay, o
L A ayxwsr
_is the cracking of < /de oil to form gasoline, where two of the many reactions occurring
are

CisHys — €U+ CiH,
Cs}ils e (“|||4+C2Il4

Here more than one material reacts on the surface ©f catalyst at the same time. Suppose we need to
produce C, 4 from CgH, 5, unfortunately, other reaction such as the first one takes place on the
surface of the catalyst. Why don’t we need that, because this first reaction consumes the active
surface of the catalyst and hence reduces the yield of the second reaction.
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These reactions are combination of series and independent parallel reactions as:
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is a combination of C,HOH —— C,H,+H
parallel and series reactions is the
formation of butadiene from G108 CH;
ethanol: C,Hy+CH;CHO —— 1

M&mmpl is reacted in two parallel reactions to produce either ethyle . (. //,) o1 acc 1§
CH;CHO where both products further reacted to produce butadiene (/ /YN d Wi ‘s
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3 Desired and Undesired Reactions

Regardless what type of reaction is (parallel, series, independent or complex, there is one reaction is
needed while other reactions are not needed. The needed one lead to a desired reaction while the other
reactions produces unwanted products as shown in the reactions

. desied
parallel 51y Qa-—‘”-)ﬁ-’

o ko 2 ks .'-‘;E]?i
of series | N ! = dd

wlslad) Therefore, it is needed to maximize the desired product and minimize the underside product.

>
$ The selectivity of these reaction give indication what is the ratio between the rates of these reactions, the
extent of these reactions or the number of moles of these reactions according
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& Yield of reactions Wil —— J
=» Similarly, the yield is defined as the ratio of the reaction rate of a given product to the reaction
rate of the key reactant A (Instantaneous yield based on reaction rates) as
wo e %
© instantaneous 1 gidd Sl s s
. ur
yield based of ¥, S 1 J "’,
reaction rates 'ﬁ:_,-’\ A s U3 gasta

molar poink uiew .

= The overall yield, Y, is based on mole or molar flow rates and defined as the rati of moles of
product formed at the end of the reaction to the number of moles of thi- key reactant, A
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The overall selectivity, S‘, and yields, Y, are important in determini

The instantaneous selectivity give insights in choosing reactors and ¢!
help maximize the profit.
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How to maximize the selectivity
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¥ The specific reaction rate of the desired reaction (and

therefore the overall rate ) increases mor. rapidly
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Maximizing the Selectivity for the Famous Trambouze Reactions j olg .
Reactant A decomposes by three simultaneous ” A __i_, X 1A= Fe= k= 0.0001 mol | eero
£ reactions to form three products, one that is dm'-s
» 5 ks
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max S se gas-phase reactions, along with the
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The instantaneous selectivity of species B with respect to

species X and Y is
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When we plot Sa/xvVs. €y, we see that there is a maximum
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To find the maximum, Ca. we differentiate S, /xy With /
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respect to C,,, set the derivative to zero, and solve for Cr
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For the activation energies given in this cxample

E,\+E
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~ So the selectivity for this combination of activation energies is independent of
temperature!
- e What is the conversion of A in the CSTR?
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Topic 10. Multiple Reactions
Reactor selection and Design

In this class we vl study the types of reactors needed to run multiple reactions

and their design:
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volatility (e.g., C) than the other species in the
reactor.
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¢ be low elementaﬁ ﬁsuid*w series 'Eaction is carried out in a batch reactor.
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maxB

mgn is healad very rajdly to the reaction tempnrature where it is held at this

mmnnmmeumn is quenched. Bakch 4% \.;yﬂ o
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Plﬁtm\d anaivze the concentrations of species A, B, wd C as a function ofm e~ ":-:M.

Calculate the time to quench the reaction when the concentration of B will be a

‘maximum.

- Wm the overall selectivity and yields at this quench time?
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2A. Mole Balance onB =nV

[ fia =—KCy
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s 0 cw - lsothermal Reactor design

M\ Lows :
Pier (Molar flow approach)
molar Flowrate
Jasle X 31 Jw
A dcu'jn This approach of reactor design is used when we do have more than one reaction

that takes place in the reactor, or for membrane reactors or even at unsteady
state operation. Therefore, it is not convenient to express the design in term of
conversion. For example, if we have two reactions are takes place inside the
reactor, so if we consider the approach of conversion; which conversion should
we choose? The one that is for the first reaction or that is for the second one or
both?

Therefore, the upcoming approach is helpful for these cases. The algorithm aside
summarizes the topics being covered in this chapter.

reactor

N C—’v AI.A\ ln)'\ w

rq A Y, dafjn
= sy e

D,C58 3 &M Liss  Isothermal reactor design algorithm

9 variable Ls 3L (Molar flowrate approach)
o Z:Li"‘—" \ABQB‘ 1. Mole balances:
molar Flowrate

aA+bB —— cC+dD

CSTR PFR PBR
For A. R,Cand D
v Fro—Fy dF, dF, _
2 — =T, et
ra dv dW
Fgo— F,
y="80""8 e dEg
L dv dW
v Feo— Fc dF. dF.
! e T |
bl dv iW
Fo— F, dF, :
V= 29 2 — D= p '{t,;‘ &
i dv dwil] "

\'JQ‘}LJ‘ &uuu“ I.:J_J Fa e W 4 1.
dosign ¥ Caw 1 by
X WY A S e
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Rate Law kt:j compane 8
ANAAN n
= W GiCE

then

CRALL s sl - W=l we=-Sn mw=-5n
d—"J‘U\L

compru'sablc U?‘\.&“J‘S}l"c N li_.'; fabC.. 3y 103% Teluns
Ou € Lo MTLC L Runchion Ll w6 ¥ Sncompresable 5
Argun 6u N Ge Ao leaaw PLOP G fsobaric  SEL N

»yumg_-‘d_-;l.,u P ¥ 5aop daign M 4 ¢ OWAzS Ls by SOL
FB s Fe JFB )rﬂ

‘3. Stoichiometry:
Concentrations
7 R o o
alo = Bl o
X = C'ro TP Cy= CT"FTTP
BT F.T
8 = Cro ¢ 0 Cp=Cro2=2p
Fr
dp _ —afFr T p
dW 2pFT0T0'

Total molar flow rate: Fp = FA+FB+FC+FD+FI -

: . -—!&,PB-OXJHJ.LLA.-\AUJ- l ‘
m,a,mmma dol Eee XA oY Huu L

.-

-*_m,yu:- i Jo b Ly

| aA+bB —— ¢C+dD
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4. Combine: molar Howra Yeu
(O Appropriate reactor mole balance on each species -7
@ Rate law

@ Concentration for each species
(® Pressure-drop equation

1. Specify and enter parameter values: k,,Crq,a,B, Ty a,b,c,d

2. Specify and enter entering molar flow rates: F g, Fo, Fcos Fpo » and final
volume, Vg .

6. Use an ODE solver.
Many times we will let the ODE solver replace Step 4, Combine.

Design of Isothermal PFR Reactor having several gas phase reactions

Suppose we d have two parallel reactions take place in a PFR. Then the design of this

reactor should be conducted as follows;
* A+B - C
*« E->A+D

1. Writing the design equation for each species in reactor in term of molar flowrate for
that targeted species.

fev AN
Forexample, for the following reaction [ A+2B:C] N2 .
s
multiple rxn
: . . dF, dFy _ dF¢ _ . )
fhe design equationsare: =gy 5= v G LS e

O¥sleo3 SUIL 515e3 Ls ¢

o Lo Sgas 31 Lp ¢ design “‘iiar
e HsMg N, la : e |



2.+ The second step is to obtain the rate of reaction for the

limiting reactant. Suppose for the above example the
key reactant is A4, then for the equilibrium reaction

C oL finc BALHSL
Sl ¢ Jla..b__ql \_s..» L..‘:DL—

(g w251 lghas MR N1ao )
s To substitute in the design equations aside, we need to

S —raE kA(CAC:I; _EC.]

relate the rate of reaction of each species to that of 4 as

7 G B £ i T

— i — s — wee

Va VB V¢ Vi

For our example, this relation becomes

Ta s _ Tc

TR

3. This leads to a relation between the rates of each
species to be used in the design equation as

-

g =2ra, fc =—Ta

4, Now, write the concentrations in terms of molar flow

rates
y * Fy To P
e e LR
Whereas for species A, Band C
BT, P FgT, P FeT, P
=y TE, “‘:'FC“’FBTP 224 CT“FCTP
. &_Ju.y e
é"’j":’.? Jou

care N Sola

aFy .

dv

~ra=kalC (“'T
(J'

A+2B—C
dFy aFe g
dVv " dV $

PR e—C,
| —a_—T8_Tc
| 1 2 1
ot e e
| 1 7 B
o FTP
b B,
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The total molar flow rates in the above equation is

estimated as A4 2B=——"C
TpmF ey v Fg Ly By, o
Now substitute in the rate equation to get T _ T _Tc
RS RN
A‘WQA-’#
rate of rxn ﬁ’ [( Falo P FeTo 1 FcT, P e, oy )
ka || Crog- )(Cra ) —(C'ro ""“‘2—) ——— amea A :
function & FTRJ\FTR) K\TFTh 0l SR i
of molar - [( Fy T, )( FgT,P\" 1 Fe-To P FT,P
: =2ks|( Cro Cro Cro—m—m— (IR I el
Blow rate of Fr TP °FrTP) K\ °FTP FHTE
qll species - FyTo P FsT,P\' 1( FT,P
F kﬂ [(CTO F T Pg CTO FT T P Kc Cr, Fa’- T Po
ey 4
P N

daign f?“ A

¢

= Then, the rate of molar flow rate for each species

M/\/\_/VW\_—\NVV\ A+2B—C
- L o] i
Clpued s o e c FaT, P FyT, P ) 1(C FCT,P) ) e, -
(.A-/g/ C/ P) 4 ‘I"OF TP TOFT'TP K TOFTTPO T,T:_=r,\. T:f:f - Fc—=l'(-
P P -m[(a ) ) (e 255 Ty
- °Fr TP, °Fr TP, KNG TERT P =&~ AT
P i udaci, ri s B oran

A} et . F,T, P FgT, P 1 FcT, P
vlendbur e "‘[(C"FA T P)(C’“r:-; p) K—C(Crap—:'rgz)]
wobaffic

PrParisi0 Fy=F, +Fy +F,
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These four design equations, having six dependent variables, Fy, Fp, F¢, Fr, T and
Therefore, we need six equations to be solved simultaneously to get these
variables. Here we have four equations, thus we need two more equations: the

pressure equation (Ergun equation) and the heat equation.

ahi_ _, (. BLP\(. BLP\_1(. FTP
av ANOETEI\ TR TP K\ FRTE
dFg FxT, P T, P\’ 1 FeT, P
—_— = =2k S s s it s O,
dv ¥ [(CT" Fr T P,,) (C”" Fr T Pa) K¢ (C"" Fr T P,,)
are_ . (o EaToP o o | o FeTo P

v AN\TFE TR\ TP K\ FrTh

F.=F, +F +F

For isothermal condition (where we did not study the non-isothermal condition yet),
Also for a plug flow reactor where there is no catalyst to have a pressure drop, we
can neglect the term for pressure and the design equations become

o) o)
dfp == FA Fa 2 1 Fc
= 2k [(C'ra E) (Cro 9 B Cro
dfa_ F‘ Fa . 1 FC
W ky [(Cro ',,7) (Cro Fr) K Cro Fr

Fr=F, +Fg +F¢

These equations reduce to four dependent variables and cap be solved ~imultaneously
to obtain these variables. POLYMATH can do the job 4 x|
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m K+2B—)C -\ = 1ACAC§ : i
@ 2A+3C-D B = Gr B fis
k‘ﬁ v Tubular reactor
: 7 ! dF, : ; mol
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W e (F""““nu—-n)
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2. Rates @ A28 5e v, =kCC
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stotch NG s G Be SelD a&uum»
Net Rates Relative Rates ~
i ¥ R Reaction I: A+2B—C [i=ﬁ=’l_c ]
Iy =Ty -1 =2 1
@an ny=2n,
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The net rates ction for species A, B, C, and D are

HF Nia 1A = ki

Ty = 2k s CACh

‘ E .
‘ = rnp = gkzccicé

GG-2hGd| o

=fic +1c =k C G - kycCa G2

N sl b 5o Lo G
Usb A cocfP

Selectivity w..

(Overall selectivity) 1

G-l P
F
08) Ce=cnl

F
19 Cp=Cy }E]P
‘ \ &

’ i@ _F:_)
P drop

@n F=F,+F,+F.+F,

Sl gobiad wlpe
(20 .Hg ,.-.amu;; :
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T pE - ) e 5
= AN M P = o= s RIv 3
= e = 2| 5;.1;!;—" St oy ST e
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Note that: at e 0, F
Therefore, this selectivity is set S
calculate its value at higher cata]ysl mass

v\.ul\, ) ‘N‘

() A+2BC ~r), =k ,C.Ca
2A+3C =D ~He = ke C2C
- N sud o)
relabve rake

= () causing S¢p to go to infinity.
=0at B=0and
—

o L,,eJ

2 ouy \yab s e ams

(22) Cy=0.2 mol/dm’
(23) a=00019 kg!
v, = 100dm* /min

k, =100 (dm’/mol)’ /min /kg-cat
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2 7 m equations Calculated vakies of DEQ variables e
Ditferential equations 1 Ft=FasFbercerd Variable Intial vakie Minimal vakie Maximal vakie final vakse
B d(FaydW) = r2 2 cw=02 1 fupa Jooms jooors o009 ooows |
2 d(Feya(w) =rc a\, =100 2 |Ca 0.1 00257858 0.1 _0.0257858

Wm =rb n Cd = m.m)- 3| 0.1 d f‘m ,i,n'l .__Q&M_A
» P 4 |Ce 0 0 10.0664046 10.0211051 |
d(Fdy/d(W) = rd 5 e = 1500 sles o o looos7esr  looozeme |
L '”m = -(alpha/(2p))*(FY/R0) % cb = Co~(ev/F)*p DG CE] 0.2 02 o2 :
7 kia = 100 7R 0. la29313 0. 4291
B ce = co*(Far)p O L TS (200 S T
Fa/Ft)™ B R LT R . B
=c° B w0 o oo oswsonr
SeaiiEd el uln ho. 8588027 0. aseser
3 20 = 1 i .
12 Scd = if{W>0.0001 then(F/Fd)else(0) 13 0. |
A ro=20 _pisoe.__1
14 alpha = 0.001¢ : ~;9-_2;_.7}Z7;
- - A ,-|, - -
15 rie = k1a"Ca™Cb~2 aeieos |
16 ric=-r1a ~Lo81E05 |
r2d = -1/3*r2¢ 2o
rd =r2d |-9.376€.06
18 rc = ricer2c 3125606
el e e i ;,_:E::
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= = = — -
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The design of membrane reactor is different from the design

iffusion while moving from the inlet to exit of this reactor

= For example, A is decomposing into B and C over a catalyst
inside the membrane reactor while we need to get the
product B out of the reactor once it forms. This will maximize
the conversion by shifting the reaction toward more product

-t PFR D15 membrane 31 Cw G it Jw 3K

5\\,u)>_9"JU§"" e (Cackions 8] w\,b.o\u-u Fube o0 mCm B\
NS Nde L“;_JL Jsas feactol 31 Aol> (eackafts Il 51 products

Isothermal membrane reactor

P AV
design algorithm 1 #
(Molar flowrate approach) i —’g/ /s /// e é{é/o(/ - o

00

Fg —| 0860%:00¢ Al——e- Fg
¥ 03%5’6’39 0‘3336‘? P
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of other reactors that is membrane reactor one or more //////////// — Membrane
species (mainly products) agwwmmy v l V4 AV

B as shown
5 3 Mol
A 3B+C g
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Design of Isothermal Membrane Reactor having catalyst

Suppose we need to decompose cyclohexane, C¢H,, into benzene, C,H, and hydrogen,
AN
H, using a2 membrane reactor. Hydrogen is needed to be out of reactor once gets formed.
Based on the size of the three components, hydrogen has the smallest molecule and can
easily pass through the membrane once it gets formed. : By
da.rtd PFR 3 s mem R L

- -
> J‘_‘g \,uf:un ré..)(}—\-Lue— === Ay +CH(, P G o»;w des{jn L
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membran
= »
Pem‘m':) (Had X Permeateside  backe CJ
Here we haye 7 A7 'Mﬂ . R J;»
compongnts A, B and C and Feed Effvent (Caty)  oLal 51 s
we need to write the design (CeHy2) e
: Catalyst particles \»3 5 ' >
equation (mass balance) for —ers : _" ' 3"
each of these components. G aatas PPt
IMRCF ’1';;\3\)\ “ags!

For component A and C the mass balance is written as before, because these enter the
reactor for one side and leaves from the exist side.

YUY \ae3 \__j\';_s\, Mo 3 Lus & dF, dFC._r
o . 'C

()V)L\s|® C )ﬂ dﬂ!jn W—rA av
Yol B et gosw
gl However, for component B (H,) we have side withdrawal and the mass balance becomes

ma¥  balandt In{_ Out | _ Out +[Generation] =[ Accumulation]
by flow by flow by diffusion

7\_,.990\ o t-‘.‘.'.;‘“t‘ H, o= g__s}-jk:t-‘ | have Fo choosc la beral  volumé€
Y _ \ S L

k9 dffusion Tl NG Pau X Carea ) based
I\ 1getsus (L volum ¢ 31 & (B

reackor

/

In = Out | _ (_)'" +[Generation] =[ Accumulation]
by flow by flow by diffusion

Fa, - Fn,.. - RAV + AV =0
T
Aux Ry'= Wya = kia(Cy — Cgs) (mol/mYs),
ol e dne B, ks Where W= ke (Co = Cos) sty
Ns FR 2V (p _ Area _ wDL _4 )
membrant “” Volume ~ 7p2 "D (
4
Where R is w of B out through the membrane per unit voluinc o i'the reactor,
k_. is the overall mass transfer coefficient in m/s and C is the concentration gg_ n | — i
sweep gas chantel (mol/m3) Nl /T O\
Assuming the concentration in the sweep gas is WL x\‘ ‘1_'.
essentially zero as it flushed out ( Cys = 0 ), we obtain 4 Ll‘# ia d ar /
Ra- ke AC o T APt ask ;i - W& re eve 4
> LG LB G build Up - Sy
outside 5 tngide conc Cls= 0 B \gutuw -"ff'/

< = :
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The rate of reaction of the equilibrium reaction aside is A &— 3B+C

|m- k(CA -E%ESJ

The relation between the rate of each species is shown e

U: "'37" m= i I

For the case of constant temperature and pressure, we have for isothermal operation,
and no pressure drop. Thus

F . F
ﬁ-c,‘;: chr: Ce= C"’P_‘—:- Fy=F\y+Fg+Fc

equation can be solved by polymath.
Fia palsd ois €
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EXample11:2 Reversible reaction in a membrane reactor

Consider the bellow rection takes place in membrane reactor:

A — B+C (fev)

The equilibrium constant for this reaction is quite small at 227 C (e.g., Ko = 0.05 ol/dm?).
The membrane is permeable to B (e.g., H,) but not to Aand C. Pure gaseous A ¢nfers the — : LB
reactor at §.2 atm and 227 C (Cpy = 0.2 mol/ m?) at a molar flow rate of 10 mol/min.  Lgpo et

The rate of diffusion of B out of the reactor per unit volume of reactor, Rg, is Gy M o )
L e proportional to the concentration of B (i.e., m). I
ey _,. @) Perform differential mole balances on A. B, and C to arrive at a set of coupl d differential Rre
X Ads y equations to solve.

SN, 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 dm’.

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, = —ryp,). 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.

Solution
: et 1 830.6 kPa 1
Lsas o Cro= D = - =
Le L. " RT, [8.314 k Pa-dm?/(mol-K)] (500 K) e dm?3

k= 0.7min"!, Kg= 0.05 moV/dm?, ko = 0.2 min !
F o = 10 mol/min
Fgy=Fg =0 ‘-
D : 4 L €L .T

-



! AR _GaCe dFy, _
Ui ys & %= ra A *[CA _K:] av A
A ot aFy omote dF F
MWL = "Ry o EERE G | =2 = —r, ~kcCrg =2
G av " v Fr
=<
i -._, Ry = kcCo I
v dv &
entering conditions. A NPl Ko U Fp [\ Fy
V=0 Fy,=Fy Fg=0, Fc=0 Fy=Fy+FgtFc

3 The equations above were solved using polymath to obtain F,, Fg, F¢ and
Fr as shown bellow:

Calculated values of DEQ variables
Differential equations Variable Initial value Minimal vakie Maximal value Final vaiue
1 d(Fe)/dv) = -re 1lae 02 0.2 0.2 a2
2 o(Foyd(v) = rakc"QOT(FO/F) 10 UG (2 }z 10. 699225  [10. :E;ﬁzzfgf- Gl B
3 d(Feyav) = 7 Jci., 2P ‘,o ELM  |1.6s084  0.8622268 -.'MQX 31,0
4 Fo 0 0 3.007741 13.007741
Explict aquations Kir g0 5 Rt 10. 10. T
!‘“'”’ z 30:!, 6 k 0.7 0.7
O =A% y 7 ke 0.05 0.05
Ery 8 |k 0.2 0.2
B R = Fosrberc 9 -0.14 -0.14
COC—C—

Bke=02
6 r2 = k= C0™(Fa/Ft)+CI0/Kc™(Fb/FY) (FC/F)
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(¢) From Figure E6-2.1, we see that the exit molar flow rate of A at 500 dm’
is 4 mol/min, for which the corresponding conversion is
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Consider the following multi ions: LT
g multiple reactions: Cas ot e A
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V3 o Uil sl Bxla §S s & [ AE+BA:(I; T hegn @it 2 ‘.l}'
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comp . bolana A! L salital v e fosar gt T
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The mole balance for cach individual species. i, in the reactor is written in the form: L A
t R ;
Fo=R=-gV=V) -1, =Vf(G...G) Here we get N noplingar » o 85 S

ladl §50a g S50 13 A P WW » Jamh

SToL: Sge B SH, |

% . o . reactants and
Lo )% ~ §@lﬁ_( CSIR
\A.Vtu"i&‘ Tl - that exist in the reactor.
= I Fe-F=-rV=V-£(G...G) These equations should be
;\})\_Inz\-‘ll_j Q“-)‘ _‘f - SOl'veds - 2
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opHmization fech kCt' loopi et e ceackanlts & produd‘s- X = int - CRF
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Multiple liquid-Phase Reactions in a CSTR

iqui elementary reactions take place isothermally in a&;gg.g.
CSTR. The feed is cquimolar in A and B with Fu= 200 suol/pin.and the volumetric flow
rate IS 1$r:mmmmmon is Crg = 0.2 mol/L.
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Liquid-Phase CSTR: v = vy

0\l R(Ca) 9 A+ IR AT
g ::TR NUslee Py l'JLi« o A A
¥ (CA)=UOACA0°—UOCA+'AV Wt VU un
AN~ \C"FA AAA P Key components -5 .rql ‘CL"
e 4 F(Ca) = v9Cag = 0oCa + 7V th; Lo &P ==k, CrCh S
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PLCR) = voCao — voC, — (kmCACé e %kchng) 4

FACB) = voCro — voCy — (2ky4C,CR)V

FCe) = —voC + (kmCAC§ = kchAng)V

1
FCo) = —vo(p + (5 szC}Cg) v

Nonlinear equations

1 f(Ca) = v*Cao-v*Ca+ra*v =0
2 f{Cb) = v*Cbo-v*Cb+rb*V = 0

3 f{Cc) = -v*Cc+rc*V

-0

4 f(Cd) = v*Cd+rd*V = 0

The exit concentrations are
C;E;\O/.Zé’M with WS. he co

Ca

Calculated values of NLE variables %
Variable|Value x) Initial Guess
Jca 0.5326529]-3.979€-13|2.
= Its
oo [o.084s008]8 527E-14 |1 Hesa
Cc 0.1929784}-7.354E-13| 1.
cd 0.2548737]2.345€-13 |01 |
= 0.19. M, and

rresponding conversion of A is

Cla—C 2-0.533
X =-A0 A= =0.73

Variable|value 9 |r2c -0.0305848
1 |cao 2. 10{r2d 0.0101949
2 |Cbo 2 11jra -0.0586939
3 |kla 10. 12|rb -0.076608
4 |k2c 15. 13|rc 0.0077191
5 |rla -0.038304 14|rd 0.0101949
6 |rib -0.076608 15]Scd 0.754194%
7 |ric 0.038304 16|v 100. ‘
8 |r2a -0.0203899 17|V 25004

=0.3M,CB=0' SSM’CW

,,F,J\,
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now to relate varialion in volume }o bhat of optimum
desired  conversion -
& leactions in a Semibatch Reactor
(i Semibatch reactor where A is fed to B with % The volumetric flow rate feed N

is 10 dm*/min and the initial reactor volume i : constants are
ume is |, . The rate col

km=10[9-m'l;%) /mm and kxehls(dr:]) /min

| The maximum volume is 2,000 dm’. The inlet concentration of A is Cap = =03

and the initial concentration of B is Cg, = 0.2 mol/dm".

(a) Plot and analyze Ny, Ng. N, Np, and Sep as 2 function of ume
semi L ¥

Mole Balances i~ _ oy
. - % /’ 4L Y o lulas ;
o e @ A=pV+Fg (Ny=0) ,nn S| um‘u
51 > feed

dr AA AN

mol/dm’

malerial 8
dN. e )
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poly math.. nds t‘“:“"

Differenti . Explicit equations RO OGRE ) gt S
1 d(anual SO 1 kla=10 Variable|Initial value Final value|
Vd(t) = rb*v 2 ke=15 il Jo 5.1034461
2 d(Na)/d(t) = ra*v +Fao 3 Vo= 1000 2 [oo 0.2 0.0075985
3 d(Nd)/d(t) = rd*v 4 vo=10 3jce Jo 0,0456711
4 d(N E S V= Vo+vo't 4 |cd 0 0.0001766
cya(t) = 6 Ca=NaVN S |Fao 3. 3.
7 Cb=NBV 6 [k1a___[10. 10.
8 rla = -kla®Ca*Cb"2 7 |k2c 15. 15.
9 Cc=Ng/V B8 |Na 0 206.8923
10 r1b = 2%rla 9 |Nb 200. 15.197
11 rb=rlb 10|Nc 0 91.34215
12 r2¢c = -k2¢*Canr2*Cc™3 11|Nd 0 0.3531159
13 Fao =3 18jra 0 -6.992E-05
14 r2a = 2/3%2¢ 19)rb |0 -0.0001195
15 r2d = -1/3"*r2c 20{rc 0 4,444E-05
16 ric = -rla 21|rd 0 5.097E-06
17 rd = r2d 22|5cd 0 258.6747
18 ra = rla+r2a 23|t 0 100.
19 Cd = Nd/V 24]v 1000. 2000.
20 rc = rlc+ric 25|vo 10. 10.
21 Sed = if(t>0.0001)then(Nc/Nd)else(0) 26[Vo 1000. 1000.
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Steady State Non-
isothermal reactor Design

In this topic we will study the following:

» The energy balance

«. B
_p=kady A

~Cr

Db 7 S

> Adiabatic operations e\ o> el T Lun &

» Non-isothermal flow reactors with heat exchange
» Equilibrium conversion and adiabatic temperature
» Optimum feed temperature

el e X 0 (o, T 3 85k exo 1313
S5 de s s Ll ey o, JU WV 543
R X 31 ap e 1 O UG

E Not nc’cﬂsarb 33

€xtia <ize — extra confact - extraheat .
by Jel OLE 3o ¢ 3L et x o Bl
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M oadsy S Jaes¥ YA size Dy V5L s E,Ss
rt'iu?/cd size
Isothermal and non-isothermal reactions

s?cmé o X A
Ibowill shefb o the rc'7u:°ff‘d
size of fcactol on a valu®

when 7 waos isathermol

to ancther Df}fmum VO[UC

at jf’vm non 1sothermal
18) Uity value N \sLb)o

iz s\ \J:-f-\) Shfﬁ‘fﬂs
SO NS &*“ sladd 1585 + y
endosl exo 151 Sl

Because most reactions we not carried out isothermally, we now focus on heat

effect in chemical reactors.

The basic design equations, rate laws, and stoichiometric relationships discussed
early for isothermal reactor design are still valid for the design of non-isothermal

reactors.

The major difference lies in the method of evaluating the design equation when
temperature varies along the length of a PFR or when heat is added/removed

from a CSTR.



To identify the additional information necessary to design non-isothermal Reactors,
let us check the example bellow:

Calculate the reactor volume necessary for 70% cqnversion: A——B

The reaction is exothermic and the reactor is operated adiabatically. As a result temperature
will increase with conversion down the length of the reactor. I~ Q=0

CE
Solution 1. Mole Balance (design equation): no heakt pransf
dx _-ry  to the f'iaunda"'_‘j

dV Fu  of tha} feackof

2. Rate Law: 3 G heat sle
TR 21, feactof
Recalling the Arthenius equation, 1g volume
we know that k is a function of temperature, 7. Pu nck t’D= k, CXP[ (*" e 'T']] So wc ma"cP
of TkE bufld up oF
fate N Wolaw Lplocs o= heat within
JL. L@L‘w_::s._) \_ApL'._(,uu—o) feackol”

duijfl cqua hon

3. Stoichiometry (liquid phase): v = v,

Ca=Cop(1—-X) - g “"j’ )A;AJ —-OJ\;\ L&L 13
4. Combining: ) L ;/\_}"_y:}.’) VoL X)) L’A_'K:)i‘-ﬁ
: Uoolus 5 14l s\ (ko p—y 5
fo‘c - E l — = || C 1-X . » £ . ¢ - ! *
Bunctfon ~ € hm[hr all = X) ’WMU”‘L“§9wul
oule lus
of 1 kx— Fomc¢ 2§ A
Combining t(he above Equations and canceling the entering concentration, C,,, yields /'/ yel] k efr of”
~
dX _ k(1-X) = B, .,[z(1 - el W, > '3
e avi " PRI )T | ke Gl Ll
(dVV) Lo )
This ordinary differential equation estimates the variation of conversicn as afunction of velume of ¥ Q’g\k
reactor, however, we do have another dependent variable (Temperatu «) thatwaries with volume or \; Jh

reactor. Therefore, how to get an expression of variation of reactor temperature gs a funetior of
‘ s ot

volume?
adasg

believe



heat added & w,(fk«rd
PR S A
The Energy Balance W Y50 L,

- ” p‘! chd
i et e ik s r@ovcd
where the feed to this reactor is Fiyy, enters with energy Higy, | (’L

undlhepm(h:hluvewiﬁﬁmmmmm{mmnwk MFH l | {p F)
added to the reactor or removed (based on if the reaction is >§‘ {

endothermic or exothermic, respectively), and a work is added to nn.iﬂ w, Seo_
d\eruﬂor(uhthemeofﬂowmkormechmiulwmk).

iy
ul_}-—‘d"‘)\-‘i'ﬂ 3) -uu

The energy balance for the case of only one species entering and leaving becomes N SoLhuuw Pt ki'
: 7 B oo
Rate of Rute of flow | [Rate of work| | Rate of energy Rate of 3 pria .~
accomulation of heat 10 dane by added to the encrgy leaving
ofencrgy |=| thesysem |~| thesystem || system by mass | | the system by mass
within the from the on the flow inzo the flow ous of
| sysiem surroundings | | surroundings | systemn the system E botal
— o
""u":"; °'—-£= = 0 - w - F.E, - F_EL (112 " ener
1 (lm - Gm - g o+ g - i) —2 npK’ eﬂf[j'_-j JJ
Typical units for each term in Equation (11-2) are (Joules). _mett

xies) energy )\&l_.,n_,»i
G ol i gal> energy Ot W3 Oyl Vaxe Gllas \sls s U_.}uu « Internal  energ 99 o)
o LY e exo xn sles 2 Molewlr ) Ll WG, BIL e il Cu)

21 ® Toternal (U)o : wuemfjj MOJ\M&AB o Q
] ‘ 5 e enc
mosi domenant . » Blow veledty 3 5 g3 Ls 151 & Bunehic enclgy
pol*m}'aaf fanJ @
electrical eneryy @

The unsteady-state energy balance for an open well-mixed system that has n species, each entering and
leaving the system at its respective molar flow rate Fi (moles of i per time) and with its respective energy
Ei (joules per mole of i), is

n n RS PPN e
=Q0-W+> EF| - > EF, ~~  gencral form of
b=l in =1 out enerqy alfound all‘j
MYstem,

The work term, W , into flow work and other work W, . The term W,
m could be produced from such things as a stirrer in a CSTR or a turbine in a PFR, Flow \

that is necessary to get the mass into and out of the system. 5 % '

wolK U1 5o U‘"b‘ {7 [Rate offlow work]

pgid (Ws ) shoft work ¢ 7 , f 5 ‘
20w Plow wolk mmqj >3 ﬂlF ZF,PV + ZFPV + W ﬁu
% in =1 out 5 \\

LV 35PN SUNMLY o




Substituting the work equation into the energy equation and ¢ )\\;:f;po" : Comvention~
grouping terms, we have \_&,pc'\ Heat Added
\_B AV Q = #10)/s
i . : " | 2V | HeatRemoved
@ "9 WA T FEAPV) - T FEPY) £y | e
i=1 i i=1 ot °Y° ¥ | Work Done by»
¥ _Systeny
: : : : Wy = #10J/s
The energy Ei can be approximated by the internal energy (Ui ) other
forms of energy are negligible compered to internal energy, substitute in mmw
the above equation and re-arrange W, ==l 0J/s
- c dE
i i . — < B ’
> ey Sl WSe O-W,+ >_,F-nH.'o“ ZF'_H'=7:L* Energy Balance
i=1 i=1 T
Where the subscript “0” represent the inlet conditions, and Forto e ,v'vs
FH,= F.(U;+PV,) A T
out

J=00 sl errﬁJ s,y opd -\I:_S et Ja>,

B/, v 5

5

ol ¢

compress: bIE
Wws\leg _,-:\u 2
sl
. k")-..p_,

-—

_= ‘nert \;shgx 2‘—-3‘-* c"‘f"c"f‘n*

endo  \s\adi il (O

. Cinditechy offect) yas 1,
CTF 1,207 dSAL ek Ot € Us oai e exo wis 131'@

lowly under i contic) $abo als eoctor 54 >y dilution  gp

- f n n dES X
If the following reaction takes place inside the reactor Q-W,+ z FioHy — E FH.= E!‘
i=1 i=1]
2R s SC+9D
a a [

The inlet and outlet summation terms in the energy equation are expanded to

) HioFio=HpoFpog+ HgyFgy+ HegFey+ Hpg Fpg+ Hyo Fg
La fherk

g &

2 HF;=H\F\,+HyFy+Hc.Fc+HyF,+H,F,

Where the subscript | represents inert species. Expressing the molar flow rates in terms of conversion
for incompressible fluids we get

_ o yan
- = Fo=Fuyl Oc+5X ¥ = OF = :
FA FAD(l X) C AO[ (&3 a J ‘ 17 N d.ﬁh
b . !
Fo = Fro @5 2x | 3
5 Ao[ B a } Fp=F, ®D+£]-X whese O, = !1'& J”\-%\m 2
5 o LAY )

P



n n |
o+ S Pl — S FH =3Em |
rates into the energy equations Q-W.+ :zl Fiotio o LRt dt |

snipnad

Substitute these symbols for the molar flow {

ZFmHm - ZF.-H.- = Faol(Hpyg— Hy) + (Hygy— Hp )0y
. i H(Hey = He)Oc+ (Hpg— Hy)Op + (Hyy— H))O, ]

d ¢ b
~|SHp +SHe - 2Hy = H, |F\oX
[aHn ol A] AD
AHy,
Heat of reacti . d c b
" emperature T AH(T) = % Hy(T) + SHo(T) =2 Hy (T) = Hy(T)

Combining some of the terms in My e

the energy equations above and Q-W,+F,, z O,(Hjy— H,)— AHp, (T)F,y X =0
\_

assume steady-state condition,

we get

s}cacjj state
7 Condﬂ‘?on,

L oM of formation@% 2 BH 42 dols e S)ls B DM of xn K

A o ¢ <) ¢ standard 'Y< (eaction I LE‘LS 0\'35

ot . L LN S
(dmné)) Ul encrj_j \S.us \J:Lr":‘:*‘ O LY

The molal enthalpy of species i at a particular temperature and pressure, H,, is
usually expressed in terms of an enthalpy of formation of species i at some ref-
erence temperature Ty, H7(Ty), plus the change in enthalpy, AH,,, that
results when the temperature is raised from the reference temperature, Ty, to

some temperature 7' cn}hdw of Formaton

H, = H{(Ty)+AHy, 9050 Jls element 4
- | e iis Oyl
=0T

When No phase change exists AH Qi = J ;
Tisref Temp

Combine the above terms to have H{(T)=H(Ty)+ IT C,,‘ dT o
Wi, & W- * : . y -~ b <
B s B> 5n, 8 H,—H,.o=[%)+JTKCP‘JT]—[1;:HKJ | [c .fT-
A (cfF 2 o) 3
e s [ cnm=cnT-Td Yoo UGG
standard  cond%ion S Cpr o L, \'ng.l’_u believe
Hfgﬁ e R S AP R R PRV

et odal
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4}.3952 e l.
NP Aep NOs i
} ko ractort Lo
Substituting for H, and H,, yields A ReP =25 ¢
NN = n A
Q-W.=Fp 3" O,Cp [T~Tyl = AHp (T)FpeX = 0

i=]

Also d ¢ b
MDD = ;HD(T) +;Hc(r) _EHB(T) —H,(T)

Where the enthalpy of each species is given by

T
H{TY= H; (T) + | Gy dT = H:(Ty) + Gy (T~ T)

Tg

:
(T)= [HD(TR)+-Hc(TR) 'HB(TR) Hy(Tg) |

=

d c b
+ [EC,,D +£¢p ~2cp, - CPA](T =

2 parallel rxn Ls \3;5: Sleo J

KT i (,JEE_.M UL k_sLB\;:uj LAuLo.a)

Vi 28 B s 2Ry S
?podu(_;- L1 feackant

The heat of reaction at the reference temperature T,
DY oE

&1
formation AH:;(TR)—-HD(Tm HE(Ty) - —HB(TR)—H%TR)

\,- 5 b
Also } ACP e Cp + - Cp‘. i CPH '— CPA

\7“” o

MF[ Hp (Ty) + Hc(m—v-n.,(rg)-m(r,)]
AH (T)=A +
+[dcy, +cp ~h, Gy T -0 T A, (1) = A0 )+ AGHT = T
a [+ a C a B A

n&"\ ™ \.E-

G T B i
Tos By ""
above In térms of "
it e JQ W,—F of_ B;Cp,(T’T.-n)"[AHB' T'r) + &Cp(T — T iRl > ,
heat capacities | i - — Ch
AR Pt | |
st Shqf) wolk -
Od(dbahc j'*’ \)%" osls . [ : I8 IE?—L a r
A UL s ; belizye
\3}-@ k 151 AL

< Us

accfo;t : — @fzﬂ AAT

Bounda A ‘
(W Lla -
I _ Qj aLp AT\...-——; acc('ors Pho&( U‘P\:\.‘k*{)
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St-l-llhq-dﬁm-NWMIM#H---:MMQ"Cl—n

Corprymd Foermuly Stare d::"u) ld::'.;il
Anmmnins NHy : —:m =k 20
T — R - -1200
Standard heats of formation frmn Pt ; ian .

W v "alcium cabide oy Y ~=15,000)

and standard integral heats ot o ' o
¥ e _ S Calcium hydroride Oy : :5:':: -_I.;f:
of solution at infinite dilution i et g : e

4 L 3 ]

1 21000

ooty 3 b= : -4

! =¥ M0
wif @=0 .he lated *o the e ;o Em T
EEE S -Neaql rcla ° [Lv——— WS : s gl
—_— R M Fo. i s -um
twoe Factors go- o VO e
wm KoH ' -7 =133
fp -, N-u-:;n :.N»SO; ¥ -l\:’!.w‘ 3%
Potassium wifate 250, ’ =343 red) 650
© heat related Fo the ¥ in A -
< 3 N; ' - 237 v
- - \ Sodiam hydnrde NaOH ' — 101,990 10248
Flow 2,02 P, %18 120 3 mege. A2 e o
Lol st s et e e
Sullur trioxide SOy '3 -4 450 54130
l",':,'"" oo . Frete: ey
@) hegt felated  to qen on the reackion Zin zus0, A oy e

Searres P D Rowimi of al, Selecind Vichors o Chwmsical Dhirsadreamsc Pasperiies. Nothoral Haresn of Scmbants,

iy Lb’ steady statc (s o
U’;u-v 50KT Jsglb 5 loKT de fcacn‘o“f J| e s feactor o

_)"‘-Sd_)u oyos Ju.S‘bJ\

f’t’b 5o f(eqckor
QOKT ‘\>is O 15Wb ol gL
heat of (xn by ubahuo\yﬁ\cb«ﬁ \-_un c\Jl_;,lL_:w P oY%

O = ‘ma#d("t + heat i fF Bl ek L G e e L\.&\.&—)L POETR \_uS'*‘
Ls Ov W ¢ hcai‘ J\dl_,_.\_,u_,ﬁ\,\&uuCJ o'y
sol veflf !u\f;\.dles toert Lol s e \3u CSTR
ke . (cactanf N &shgl»o O s
2> A b doan A
Neglecting W,, the e“nergy balance becomes =L 1S CPe DNCp ~ Ao
AN TN :

Q //UM"OHC)‘I stable S HYs ML
= 7

Q =% FAO‘Z@ICP'(T— T‘D) = [AHRX(TR) - ACP(T— Tk)]F’\ox = 0 : e ™ A
= . - )
feaction
EENSNNNaIs: Adlabatic Operation pased o
1 Fro pure A .
[Q=0] " CSTR \_MP')’
¥ : _ | PFR
(7= To_] - ] Reltionship {m
sty T e e 1
€xo ic '3 ‘\LL—o u}b{&h‘
i PJ(T_TO) reRchons i _)l X \Aﬁ _,t-(l.
b s by = ——
P X \J)\.DS\ II' —[AHRx(TR)+ACP(T_TR)] ! /‘ - rﬂ'g“ ——— ‘-‘“h %{
) [SERas A% !x
Function  (tncar K *ay
equariofn
oF Temp 1 Xdsa)gl bam 0 SO u}.@s S, @;
) Untable \5\-"“’ gdg &p _1.\, "153"\ \&L» "\-L‘» tol
o—=e U\ \-{*d ¥* ~ safetu < W L o ?Arru
25 (S'_Lo f.);'!: iﬁt U'Du“('U ‘a&w skabfifk i NTral JJ\_,ng 14
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1< Xos afuncof T CSTRY 1 Lol TusX PFR ) Gud a0 S Ol Lu il

CYIS S CE Tol-al(ﬂ o\ asle sl sys 3L mixing  Le TR 5 0%
Ve e eackol 3 el s\bes deied X S T s g Ly PFR silal ¢ X 2oL
u\‘al‘ahu DL ‘\:.b \Sﬁ )L? ‘9&, 4:.»3\\ Pa(l'of J\Q,&_el m?yrrU ?Lo \;‘l: Tabe

Special Case 2: Variation of Temperature with conversion for Adiabatic Tubular Reactor

Rearahging the Q=W =Fpo > O,Cp(T—Tig) ~[AHZ(Tg) + ACK(T = To)IF X = 0
energy equation —_—
and write it in term
T=fX) - X[=AHR(TR)) +28,Cp To+ XAC, Ty
o 20,Cp + XAC, b lincar rquah‘ofL

Special Case 3: CSTR with heat exchange

Assumption
[w,=0] UA N

constant Cyp, . = [; “'fT‘Ta)]wL}.(:),C,.'(T - To)
[ACp'tO‘_\ - E 1- Xew = —AM,

¥ large coolant flow rate . :
heat exchanger, UA (T, - T) L dQ s::- o
< L.'-S) Jack e f’
T heal moving °y g ouf
For Pagide !

Special Case 4: Batch and semi-batch / unsteady CSTR with heat exchange

— dr _ (nV)(AHy,) - UA(T -T,)
© ' di INC,
Q—W,— 3 FigCo(T — Tip) t[=AHg(TW (=1, V)
@ ‘Semibatch or unsteady CSTR ? - i=1 E
t

>.NC,
i=1 ‘




Special Case 5! Plug flow (PFR) / Packed bed reactors (PBR) with heat exchange

L ¢ PFR PBA
Here we have differential i 7o
change in temperature across E
the length of the reactor

dT  (Heat “generated”) - (Heat “removed”) 0O, - 0,

Tas Lup dalel L4 W av LEG, " 1FC,
Gl’\(fgj RalaleH
* e i
PFR in terms of conversion dr _ nAH (T)-Ua(T-T,) _ 0, -0

v F,(20C,+ AC',Xi Fu(20,G, +AG,X)

5 Ua FHE"’E xn
- 1AH, (T)-—(T-T,)
PBR in lerms of conversion ‘_’.T_= P \)
aw  F,(26,G, +4GX) liay gas
N e Func o Pundfn i
Runction o X&T XLT&P
of T % X 9‘3 AH > Punckion
Rx
f (have ok 1i
B s { hase .
rAH,, (T) - (T ~T,)
PBR in terms of molar flow rates dr _ P
aw SFG,

4T _ 10 (1) -UdT-T) _2,-C.

PFR in terms of molar flow rates v LEC, S EC,
q
nAHy . = Ua(T ~T
For multiple reactions in a PFR dT ; g (T-1.)
(g reactions and mn species) av = m
[—; . Y FG
J_’Ll' = /]
- Ads EE i = reaction number, j = specics
FaN I q;j&o -



Example12.:2§ Heat of reaction

Calculate the W for the synthesis of ammonia from hydrogen and nitrogen at 150
°C in keal/mol of N, reacted and also in ki/mol of H, reacted.

[ Ny+3H, —— 2NH, |
Solution
(D'The enthalpies of formation at 25°C are Por puc gags = O

Hin () =-1 l,OZOC—al, Hy, =0,and Hy, =0
’ mol NH, . 5

Rl B o . 5 o ¢
pioduct  eackontBHRU(TRY = 2Hyy (Ty) — 3Hy (Ty) — Hy (To)

BHRTR) = 2Hw (T) —3(0)—0 = 2Hg, = 2(—11,020) mg;" #e

AHg, (298 K) = —22.04 kcal/mol N, reacted | = —92.22 kJ/mol N, reacted

Gy = 6.992 cal/mol H,- K
Cp‘lz g @ ACP = ZCPN“ == 3Cp T Cp
3

H, N,

Cp = 6.984 cal/mol N,-K 2o
et ealimal N, i> C, = 2(8.92) - 3(6.992) — 6.984
Cy,,,, = 8.92 cal/mol NH,-K = —10.12 cal/mol N, reacted - K

-
AH..(T) = AH;,‘(TR ) +ACP(T_ TR)
AHg, (423 K) = —22,040 +(—10.12) (423 —298)
= —23,310 cal/mol N, = —23.31 kcal/mol N,

AH3, (423 K) = —23.3 keal/mol N, X 4.184 kJ/kcal
[AH,.(423K) = —97.5 kI/mol N,




Nz + 3H2 ——} ZNH';

The heat of reaction based on the moles of H, reacted is
Vs Vo e N A I I N N

1 mol N kJ
AHg (423K) = ——21-97.53
(S5 = H,( mol Nz]
N = kJ
AHp,(423K) = —32.51 — T at 423 K

2 Topic 31> o MK
ubur \)-d>\.n3\d—nl_, daljn cf N LQ,...D\; 3Cﬂt(0| i\ fU)\.n_(l WD\ encrqy balans sus
\.‘:L.JL Gt &% V'3 Produc!— I fcackant N bheat (aPacﬂ'J I Uiy s Q=0 U}m_,'ﬁ

oL e AW Permalion 3 e €nergy balone it Ls oo heal of rxn

Y=\ dexign cqu N, L o yo Uslas Cnergy baland 1 2, \; it i o) fXChanje e
L"-" ase s VLo € SN UKL Lghs Le 15l

] IR < S WP T V31 ¢ i

?:'/;d-'u o 12 = produck 31 i 74y ol deladl ool ke s 151 e

S z:u\ L eactor )\ g (eackr 2 dsls dsLid run A_gl Lo Culic fcaction

: u:_,kyl,‘_\m*r,n\,b,,-vy )‘(’7(.,\) quu\__&lw XCT,J‘-‘(k"‘—‘u' X 31
e M Gl duan smoothly u,\,.uéﬂ#uo Ke € dasign  31ds (e, cnfrg baland,
\..u\;u.. d Qu.ugyw MB u_,m. Sad o9 LY Suss X NAFY ol en«gj I I

. - T
moXx comwersion J| w\d_ T op#mum value <R J\)PFR O \))u:\ -

VGgut b (formana. 3
Fo achfeve +he

o Pk_s..usbo
“ru.u_b

-

QI

X ‘sue a Calculate the PFR volume necessary to process 163 kmol/h at 95% of equ1hbr1um

MlS Driag-tow

O«

Example12.3: Adiobatic Liquid-Phase reaction in PFR and CSTR 5y
NN OSSN TN

The isomerization of n-butane is an elementary reversible reaction that is carried out

in the liquid phase under high pressure using essentially trace amounts of a
liquid catalyst. It gives a specific reaction rate of M at 360 K. The feed enters the

(Cil.u rxq o bs AL

iabati

reactor at 330 K. 5
NS [n-C.;Hm e I-CJHm D

conversion.
b. Plot and analyze X, Xe, T, and —r, down the length of the reactor.

desired convelsion

J“'—L.sL.o
Al Bedede

chi’

D ‘\JJ.\_D ‘L-_DJ\ )4.::..)

i \ OJ\ ng
J d°5! e Calculate the CSTR volume for 40% conversion.
2 Xj: 0 [ AHg, = —6900 /mol n-butane, Activitionener:y — 65.7 kl/mol
Kc — 303 at 60°C, CAU = 93 mOII’dl'll\ = 9 3 l\i]h)umj
Additional information:
Butane i=Pentane
CP.-B=]4| J/mol- K o | 648 / mol K,- 1
\ G, = 141 J/mol-K = 141 ki/kmol - & il






Fy =0.9F, =(0.9)| 163 e

k’“h°l)= 146.7

20,Cp, = Cp, +O/Cyp = (l4l+(g ;)161)J/m0l-l{ =159 J/mol -K

\,?,LC

i (—AHR)X
T = el £ =
To+ 56,0, l:> T =330+
T =330+43.4X
(E(1 _1
K= k(T )eLR[ ]] [:> k= 31.1 exp {

159

65,700
8.31

360T

=31 exp[7906 [w]](h'l)

design ¢g 2\ \3

—6900
8.31

1 1

1

K¢ = 3.03 exp[

At equilibrium

= kCAo[l —(1 + KLCJ x] |:>

3.03 e[ 830. 3(3333'}3

5t )

K,
"LHET

X =
1+ 3.03 el "#203Camr

Caln\d T 01 e oo e
Yeq 21 <Uolas

max ecpul

—(—6900)

— Punction OE *

1 1 =
o~

KC=

T 333
3.03 —830.
exp‘: 303[ T H

€

1% ;

Jl\-u-uw \J« 1 L..Mto\:n:)\—‘

KC'— EQ’ - C Xe
CA C)é(\-XC)
KC] KC -2 XC
b Q —Xe)
1+ Ke "R N2y ¢
= el s\
— Xe mass
= 3.4
__ xe S /4 330 +4 K
o W O,
§ _f’ —d—.::ﬁ 500

can pe achreved from this rxn aF thiy a?vcn‘l’
by Lo A X 0\Gus



S| titut frT.o ergy equation jinto mass equati lve for T, or perform a
plot of X, vs T yields the optimum value of T necessary to achieve equilibrium

conversion:
T-333
-830.3
T = 330+ 434X X, = Ke 3.03 el 0% 33:"31]3
1+ Kc 143.03e [ 8303( 3337 )]

Nonlinear equations

1 KT) = Ke/(1+Kc)-Xe = 0

Exphicit equations

1 Xc = 3.03%exp(-830.3%(T-333)/(333°T))
2 xe = (T-330)/(43.3)

Cakulated vales of NLE variables T -
‘Variable Vakie  f(x) Initial Guess
AT 1360.923 -3.331€-16 400. ( 300. < T < 500.)
' variable value
Lo Bl FE _ ey T 01 e us
2 10.714157 X
?ogjmam 360:923 ¢ p A

:*b\-»_y Ll oe
Vall sef=igz0 5 42. 9%

(@) gL X st L (L X
L lds 5l

-

‘a. Volume of PFR at 95% of equilibrium conversion
Sl d—‘*" Vo e X= 095X = 0.95(0.714) = 0.68

reactor ‘ T—-333
* o1 se @ 7= 330+434X |:> k=311 exp[79°6 (T3603?0 n(’ ) E:> - 30 CXP[_830'3[ 33T

)

AT 3 as

0 s
> |=ri= kCM,|:l —[1 + Kl] x}
=

X N foe X T KOG K¢ X,  —ra(kmol/m*-h). f:jw

P T G ke/(l+ke)
f 0 330 422 3.1 0.76 39.2 3.4
(odo) 0-68 02 3387 176 29 074 52.5 > 18
i 0.4 347.3 14.02 2.73 0.73 58.6 2.50
06 3560 2427 2.57 0.72 37.7 3 88
065 358.1 27.74 254 0718 24.5 5.99
07 3603  31.67 25 0.715 6.2 23.29 SN

believe




30

The reactor volume for 70% conversion will be

F a
evaluated using the quadrature formulas. _A0 20
Because (F,y/r,) increases rapidly as we approach A 10 |
the adiabatic equilibrium conversion, 0.71, we (m3) 0 st |
will break the integral into two parts 0 0204 06 08
Kol
V= r Lao gy = '6F"°dx+r)'7ﬂdx - T e
=¥ 0 “Ta 06Ty bs e
3 sharP Jum P
=3x06 + 315011388 4 4%5.99+2329]m
V—gx 3[3.74+3><2.78+3x2.50 3.88]m 3 [ \yunuud
. s 3 B,L..'»_; o An
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0.8 o
Conversion and R ey A0
equilibrium conversion 06 |
vs. reactor volume 06
05 | |:;
04 Fp===--=-=~ T
03 } E\’ f’.‘)‘_ >Lb
Jlgg\-ﬁ-ﬁ:;ﬁ,_,ae- oL :&"3"“‘ @e
Xe W oy vy fate 02 | b peas XA
ek 01} '
0'0 ' l' L 2 s 2 L "l
00 05 10 15 20 25 30 35 40 45 50
v(m?)
Part (c) CEEC Solution . 107 p
= 2.73
V = FAOX
e
F X —r, = 58.6 kmol/m3-h
. : y:> v — (146.7 kmol butane/h)(0.4)
kCAo{l —[1 + —J X:l 58.6 kmol/m*-h
£
V = 1.0 m34

T =330+434X

T =330+434X
T = 330 +43.4(0.4) = 347.3K

For 40% conversion



Comparison between size of CSTR and PFR for the given rate of isomerization of n-butane

6 6
5
B ° Fo
A ; —Ta 3 /
3 2 PFR
() : CSTR () -
' 02 04 06

04 06
0.2 X

We see that the CSTR volume (1 m’) to achieve 40% conversion in this adiabatic
ion is less than the PFR volume ( 15 m?). ‘ .

?3_13*\'3?.\) X=0.6 Lo L1 o ¥ CsTR 31 5 ).‘_.S'I A> PFR

€ gahi Seeals ¢yt sTR
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. PR Jaiw 0.6

- Can
fer'fccf m:mé



Adiabatic operation & ~
interstage cooling for non- .o« e
isothermal reactors boutde

In this topic we will study the following:

" Adiabatic operations
» Interstage cooling

Adiabatic Equilibrium Conversion

Giver.n the following first order reversible and exothermic 78 e 3
reaction: E 0 Ky
The equilibrium conversion: X ﬁ at'.;)n B Xed g 2h)

Y=y sols Ke Gole s
Therefore, for exothermic reactions, the equilibrium constant and conversion
decrease with increasing temperature.

1.0
J:)sUa Lr_p% * /Equilbrium \ - Equilbritii
LK 6l Ko X \

: lsl;_. Xe \

-

mitiof ?maje d-‘_-‘?-’ T
Br K.

ASTCY . LRCY U G X K



Dodas Xe 3,081 e5l) e dESlgn cgd o1 %
5§ M) /\L_;ILAS( 2~y 2l T 21 L) ge CNEMY balan €

What is the maximum equilibrium conversion that can be achieved in an exothermic
reaction carried out adiabatically?

g
Maa'ance g—/: o F.\l) i G)iCPi(T L T")) = [A,{;\( TR) afe ACP(T = TR)]FA(}X =0
chh‘oﬂ -
OE -T Q ; 2 G),Cp(T B To)
= - _Equilibrium conversion Eqn
o | TRERERHFAGET-TII| o S )
cguah"on.
x L /
6&‘
) 2
ﬂe - Kc - Kc(Tl) et SR Q’&(q\o P
: 1+K, [%(_1__1_)] e Adiabatic
. + Kc (Tl) e R TR;//_/ e temperature
To Tor
,\ ; /
Y o5 wde shfh o S ol
~F - 5 \ 2 3 =
¢ Jol SLhe s ls X reot oo ot o) ds%1 ¢ reactol s o) v OV paas

.\._SL?lou« )JJ:JJ—J 4l sy (-) _cx_;_j:._)\ E}L@,}X
S el e Y0 e 2
0-"\3.(,_113) ))",' Z“"’)Jp

—Adiabatic Equilibrium Temperature

For the elementary IW reaction takes place in an adigbatic CSTR, determine the
adiabatic equilibrium temperature and conversion when pure A is fed to the reactor at a
temperature of 300 K. What is the CSTR volume necessary to achieve EE% of the adiabatic

equilibrium conversion for w ?

0 A rA=0 &)
equl rxn Lo fA
¥—n - % |
\j&”") Ke »»
Solution s>y o A0/ oLy as , Ne

detig  Jaas Lo A X
CHE(298 K) = —40,000 cal/mol  H§(298 K) = —60,000cal/mol = -7, V s lals

Cp, =30 cal/mol - K Cp, = 50 cal/mol - K cneyj N g
. Baland.
K, = 100,000 at 298 K, k= 10 Jexp G—g(ﬁ—%)min_')wuh E 10,000 i.‘:_]%li



¥ CBc
',x! CA(
[ CA 7 CAO(
=C
\’\‘\1
Q\O
O lolis yc ¥
x( A '.'U)Las‘
cuslali Wi

,mfi>

aoX

CAOXr

- ~ Ca(1=X))

1 1

KT) = K,(T)) ex p[AR°‘ (; . 7]] £

2(153(,) E>

H3 = —20,000 cal/mol

AHZ= Hy -

K. (T) = 100,000 exp

K, = 100,000 exp

—20,000
1.987

100,000 exp [—33.78(T —298)/T]

¢~ 1+ 100,000 exp[—33.78(T — 298)/T]

N7

Contn T ge (s

(-‘\’—'1)\_9 Xe

TABLE: EQUILIBRIUM CONVERSION AS A FUNCTION OF TEMPERATURE

TK) K. X9 WY D
PR
208 100.000.00  1.00 0.001 R
350 661.60  1.00 0.012 \ o
400 1817 095 0.074 deaigEr €uans
425 414 080 0.153
450 111 053 0.300
475 034 025 0.541
500 012 0.1 0.919

100,000 exp [ —33.78(T7 —298)/ ¢ |

¢ 1+ 100,000 exp[—33.78(T —298)77 |

ER

Ao id AL

A, o 2 g Gl
. el

Ye Function of K¢

pad

_ KT
® 1 +K,(T)

i)

3 T —298
33.78[ n JJ

iKc Funchion OEE

ER
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_Energy Balance:

2 (!'),-Cpi(T hox TO)

=[AHR(TR) + ACH(T — Ty)]

ACp = Cp —Cp, =50~ 50 = 0 cal/mol-K

=

L 2(':').'CP,.(T - To) I CPA(T“" To)

X
EB —AH,

—AHg,

X = 20T —300) _ 5 5 10-3(T - 300)

20,000

(K)

|300 400 500 600

Xgp

I 0 025 050 0.75

Mass Balance (Design equation):

K K. X, k (min~") l
208 100,000.00 1.00 0.001 1.0 2 K. (1)
350 661.60 1.00 0.012 W 1“;5““(?
400 18.17 0.95 0.074 08 - K (M
425 4.14 0.80 0.153
450 1.11 0.53 0.300 06 \
475 0.34 0.25 0.541 x c, T-T,
500 012 011 0.919 04 wa P :
02—
K) | 300 400 500 600 0 . |
R | 300 400 T 00 600
o5 0 025 050 075 o
\e "q k 0!-
>

The intersection of Xgg(T) and X(T) gives X;= 04 2and G- 165K
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Calculate the CSTR Volume to achieve 90% of the adiabatic equilibrium conversion

corresponding to an entering temperature of 300 K.

Ao B
_FpX _ CaoX  _ _ UoX
- o ra = kC (I—x)
kC(,(l——-) k(l———) A
Al xe Xe x(
s B 1 1) o= 10,000/ 1 _ '298
=10 exp( (o5~ T)""n ) L) (Ooo'e"p[ 1987 (358 2o )
| Jadul (e
atX=09X, = 0.9(042) = 0.38 — J I )“p_;lJ e
r From the adiabatic energy balance, the temperaturc corresponding to X = 0.38 15 Lis s o
) sladl
NS g 7= rﬁ(%ﬁ‘) 300 K + 22— 2°°°° “"(038) 452K Losh 5 €8 01
s\ oY AJ“ X A 50moll( 4
Jle VL WLs
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= C d—u' salo o4t _,:84 e O Y to mankain Mg of
500 K -
—— e _(038)(5 dm'/ ‘"Oi‘;)s = 245 dm’
AN Lce atT=452K X, =050andk = 0322 min~! 0.322 min—'(l ~ 050 £6
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Nesetton 15 A et B

Reaction 2:  2A AR S

Rate laws Fia = —haCa A = ~kanCr

¥ r

Relative rates 1A — NB. e .

g l—i——l_ ’IB""rlA"kIACA
¥ f?'.ﬁ:fgg r -—_.l. P = ﬁé(;’z

=] _ 2
Ta=MNatTa= —k;ACa —*24C4

g =ns = kiaCa
1
s oy E szCi
"

gFE _F *

I Gy

GF € 3 dael e e O
IS - > ¥ ~ ‘
__,_P\_, Reng %W és»\ul.d—-‘ vg-"

-

. F\lpP])lTo N e Cao(O;+y; X)(P|T
= Ll b Fa | e = I 1.0
p 1 S 2

Tapi 43  CONCENTRATIONS IN A VARIABLE-VOLUME GAS FLOW SYSTEM

Fy _ Fal—X) = Fall =X) To| P = ol A=X Ty P
’*}7— v vo(1+eX)| TPy ATex | TPy
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g Fo_ Fal®ct(/0X] _ Frol® + (/@) X) (Ty) P _
. T v w1 1eX) |7 )P
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< An energy balance on the heat-exchanger fluid
entering and leaving the exchanger is

supef heated s e

Subtouzl L L

Rate of Rate of Rate of T.“
energy _ energy - heat transfer -0 Mg
in out from exchanger
by flow by flow to reactor
\.b»ski ref _\|
UA T i T )
m Cp (T, TR) m.Cp (Tyy—Tg) — (=)

SR g WU -T ) /(T-T2)]

Where Cp, is the heat capacity of the heat exchanger fluid and T is the reference temperature

However, the heat exchange by the utility fluid is Q= m.Cp (Tar = Ta)

Substitute in the above I\ 5 _ . : i UA (T, —Tp)
Sheryhsiince Ly @=nC (Ta~Ta) = {Tra=7 \/(T-T ]

coolfNg media A1 L jSw
NA GaS e dackeh 01 gl fan o VSoy Tt e s AN s Uees Tk
encrgy ' Flushing ou Uel> L% 357 Ol be e L FrTal effor

Quuu X Al J_:»)'n_-. volum ¢ @J'pln 2 *

exp J\d-:d-tﬁ_,-'hl:-{-' EEIERNEY TS 13

Crom Cﬂf‘:_‘j_'j ba\an&
Solving for the exit temperature A —UA
of the heat-exchanger fluid yields g — 7T — (T —1T,)exp| -

Substitute for unknow Tz in - @ = mi ,Cp (T,,— Tn)

0=mC {(T,, - T)[I —exp{_u“‘ H}
. 1 Cy_

For large values of the heat-exchanger fluid flow rate, m,, the exponent-will be small
and can be expanded in a Taylor series (¢ = 1 — x + - - -) where second-order terms

are neglected in order to give MWL_', v

ad.
g= m Cp (T, — T)l:' -[l i II ,f \
. Cp : !
: 1 x.j«.‘_j
In=To=T, C> |(o=var,-T1) B UL g | \
\A&“o’\é\u“e (, Encll a-d ar |I||L;-'I
&o » @ function BEI e e . I}J_

of T



» The energy equation 0
becomes

n
~W,=Fpo ) OCo (T = Tio) = [AHZ(Ty) + ACKT - TRIF X = 0

i=]

n
UA(T, = T) = Ws — Fyg Z 8iCou(T = Tio) = [BHE, (Tx) + AC, (T — To)]FyoX = 0
IS AN~ i=1

rearrange

_ VAT = T) + W’s + Fyo X1 8;Cpi(T — Typ)

Vsa L § olsl & (X0

ER e —Fy0[AHS, (TR) + AC )]
X QYJ; '- \ - AO[ Rx( R) /MR
CruoeLlp Lp N5
. ) ‘ t 25\ >y
spec'al Case: e : Q g,—A( LR )E EG,CF,(T —Ty)
— = Tan
No shaft work and AC, = 0 E> X ERVATA)
UA kT, + T,
2 2 | - I— T.= u
To further simplify, let 2®'CP; Cpo FAOCPO y: T
Ce,(1 +k)(T—T,)
- —AH,
VAT —T)+38,Cp(T—T,) l:> -
= Fao '
AR 7= 1.+ CARCD)
C,,n(l + k)
believe

adar



How to design a non-isothermal CSTR

There are three ways to specify the sizing of the

CSTR:

XA GSo |
.\\3';..\:,3;_, ta, s thenFindVand T

« A. From the energy balance equation, Specify X

- 'B. From the energy balance equation, Specify T
s r@uh;w

) then Find X and V
X Ji D
based on
molar Plow then Find X and T
rate.

= 1B s, axe T lloae

C. From the energy balance equation, Specify V

L XY Lusle

) 4o ol volumt ) Lag T 1 Y,

- | *
(35 S iee be Quad L) A X o

Quo Jaa Q) g By
-',\Jd_:. D\:‘J‘

m (ﬂo (l"X)

‘T‘-’ & i
C I -3 ix) -? 4 A B C &L\ s
A e Specify X Specify T Specify V ) |'o+
E-B FndVand 7 Find X and V Find X and T P
GB= Cau(Ba-baX) T | i : =1
yaex) % Calculate T Calculate Xgp plot Xgg vs. T '-i T 2=
. - = M H} = T - ‘ ; :
EB3% e (o ® ye» A,t.-m=r,+%l;L:;) =C,,D(|;2(£-1;) b G (1::2(: T) L A
EQ R4 l 5
T 30€ B s us T o 3 |

n -

305 fMSC ol 1 s pw Cds ya é:k:l::mf

" Calculate &
A sis e ) o

;e AL e
. Funcken of Thx ColS € s o
¥ )
L concice . ) Caleul A (X.T)
calculated from the Calculate —r(X, ate —r,(X.
1= k Capll = X)) (c.g. k Coll = X))
mole balance (eg-TTa= k Cal ar

0 \.uli' k 0 <
) s [gie )

[ pmsn ¢
based on XA T

&é Conversion a5l 15, v
calculated from the ‘ Calculaic V Calculate V
energy balance 2
§as FpX e SaoX
! ,..JL XY e < S
v

Co b v P

: L F.wr
i ¥
Sobve [¥ )

(e.g.. for & first-order reaction)

e TAexpl —EIn'RD|

I + Aexp[—E/(RT)]
¥
Plot and as a function
of 7 4n the same fizure
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X | - - ,. s, e
A\ F \
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EXGMPIENA: Production of Propylene Glycol in non-adiabatic CSTR

Propylene glycol is produced by the h
reaction. If a feed of 1b-

(o (ue d pliL
H L
ydrolysis of propylene oxide according to the below “L' e

; L
of propylene oxide (46.62 ﬂ-"/h) 71.87 1b-mol/h methanol > gl s
(46.62 ft¥/h), and &QM water (233.1 ft*/h) containing 0.1 wt °;m toanon- §3 °23%
isothermal, nonadiabatic CSTR,

CAPIIK E‘)' “mexn ¥l
The temperature of both feed streams is 58 F prior to j
mixing, but th Zto 1K -
g, but there is an immediate 17 F temperature Propylena oxide F Fop LIS
rise upon mixing of the two feed streams caused by Methanol Fyyg i
the heat of mixing. The entering temperature of all To = 75°F
feed streams is thus taken to be 75 F.

Propylene oxide is a rather low-boiling-point
substance. With the mixture you are using, you feel
that you cannot exceed an operating temperature of
125°F, or you will lose too much oxide by
vaporization through the vent system.

The reaction is first-ordgr in propylene oxide concentration and apparent zero-order in excess of
water with the specific reaction rate

k=Ae ERT = 16.96 X mlz(e—}z.ammr) h-! e

CH,—CH—CH, + H,0 —3 CH,—CH—CH,
The units of E are Btu/lb-mol and T is in °R. N/

4“9‘““"“ (l)H OH
A is propylene oxide (Cp, = 35 Btu/Ib-mol-“F)? 0 exce HA " C
B is water (Cy = 18 Btu/Ib-mol - °F) - J“L - prop. oxide
C is propylene glycol (Cy_= 46 Btu/Ib-mol - °F) order R
M is methanol (Cp = 19.5 Btu/Ib-mol - °F) dJ

Canyyl 13« 1. Can you use a CSTR as a replacement for the leaking one if it will be operated adiabatically?

bor 215, If so, what will be the conversion of propylene oxide to glycol?
{€actor eule

N uuu.u»u—‘

2. Ifacooling coil with 40 fi? surface is used to remove the excess heat using a lurpe amoviue of
\A' Pfadl-lC"

cooling-water flow rate at temperature of 85 °F can be maintaincd, A typigal overall heat-
JAJ L. j‘"" 7.’-‘" transfer coefficient for such a coil is 100 Btu/h. fi2.F. Will the reagtor satisfy the prekus

Lo bk u_,-_.. constraint of 125 °F maximum temperature if the cooling coil is 1'sed”’ j. a r
G X .)l}\ \_.,._,J Ly coolfng co?™ s 5 ,}
W¢ % : olp s Mily (. edefer JW_;, B
S “ QJMJ_)" ‘}Q.'l c I(‘. d)g‘l
\.-Lap}?nm‘r A1 Lw Qg av G2 >Ld A_n LJL: X L,.w; Yxo
s pr;dud'_u m“aﬂ'l:d U:'h.n-u A copfrells duszl, Coo ﬂ'n.j 3 ¢ v f 8{-‘1‘)

smax X o - malnkain T s CVQpotation



Solution
A+B —— C

The design equation in terms of X is

The reaction is predlctcd expcnmemally
to be first-order in propylene oxide

concentration and apparent zero-order in i
excess of water |

—ry = kC,

= 16.96 10'2 exp[-32,400/R/T] h~!

FunCI‘lOﬂ aE X
v X

V b FAOX
—ra
(hiquid phase, v = v,): C, = Cy (1 -X)
V i 1"/\IJX .
kCAo(l -X)

£ indifec r\j Func Hon

IS0 - g

Solving for X as a function of T and recalling that 7= V/v, gives

tk

Tde

—E/RT

Xup =

3 e e 1+ 7k

1+ tde %7

dca“ujﬁ' ciualr?om

The energy balance for this adiabatic reaction

UA(T T)+WS+FA()E BC I(T_TLO)

—Fyo|AHE, (Tg) + AC, (T — Tp)]

L

2 ®iCPi(T_

Tio)

XEB=
Calculations:
W2 ote S e Yo = Vao
LA J0SL  =4662+46.62+233.1
s 45> u =300 gal = 40.1 3
U'S"‘yz_‘ ¢ Jpluli by
LBLl U‘UJ’ oo\l 5Ly v, o I
evy As'\ehy“ Gw LI 18 Las
. Sizé Jl,u)lu.ukjl.db 1o

<+ Upno +UBO

—[AHR(Tg) + ACy (T — Ty)]

= 3263 ft¥/h |:>

=V _ S _
v, 3IWI/h
C‘ s} “-\,J }i.(_) “W Ellqﬂl
= A 326.3 '
= Ouli82 |PpSmol/ it



x L j T cresetese—tt————— 2
For methanol: @y, = = ' 56, 1.67

_ Fao _ 802.8 Ib-mol/h
Forwater: @y Ty 73 7 = 186

“e-@!lf =ra = kC,

- -
= 14tk 4oy BT k = 16.96 10! exp|-32.400/R/T] "

Yoo = (1696 X 10" h~1)(0.1229 h) exp(~32,400/19877)
MB 14 (16.96 X 107 h=1)(0.1229 h) exp (—32,400/1.987T )

(2084X102) exp(=16306/T) 1. . op
1 +(2.084 % 10) exp(—16,306/7)’

(b) Evaluating the energy balance terms

(1) Heat of reaction at temperature T AH, (T)= AH, (T, )+ AC,(T - T,,)

G = G, — Gy, — G, =46—18—35=—7Btu/lb-mol/°F
AHy, =-36,000-7(T - T})

(2) Heat capacity term
20,Gr, = G, + 6, +0,Cy, To= T+ 0T 3
= 35+ (18.65)(18) +(1.67)(19.5) = 535°R
= 403.3 Bw/Ib-mol - °F Ty = 68°F

EB,,C,‘(T—T,) . (4033 Utufl?:»nml FWT =535
= AHR (TR) +AG(T—Ty) E> el -'[-3n,lin 7‘

ask ; -\ & recieve



_ __403.3(T —535) — _(2.084X10") exp (—16,306/T) ... .
i 36,400 +7(T - 528)| <:> B T+ (2084 X 107) exp (- 16,306/7)° | " R

g 3"
= 10 D L£I>
T Xy Xep 00 | pi-:::ql:-'"@- CrXes__Xg
,\;,,'/ R) (Eq. (E12-3.10)) (Bq. (B12-3.14)] 0.83 e -1 "2 __ ks
7N s 0.108 0.000 L 07 f g N
DA ol 550 0217 0.166 g | cufve ot
nNT o 565 0.379 0.330 e : =
575 0.500 0.440 L |
585 0.620 0.550 | ;
595 0.723 0.656 Sl |
605 0.800 0.764 :
615 0.860 0.872 0.1 I
625 0.900 0.980 e e _Lc::s T
TR %43

Intersection point is at 83% conversion and 613 R. At this point, both the energy balance and mole
balance are satisfied. Because the temperature must remain below 125 F (585°R), we cannot use

[—

the 300-gal reactor as it is now (_) ==
SR 5g5 o -*I'—‘S_
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Part b: using a cooling to remove excess heat

The energy balance

i UA(T —Tp) + Ws + F4o X1, 0;Cpi(T — Typ)
—Fo[AHR, (Tg) + AC, (T — Tr)]

E -

_ 38, (T—Ty) +[UA(T~T,)/ Fgg)

S —[AHR (Tp) + AC,(T—Ty))
UA _ (] 00 B ) (40ft)  _ 929 B
o h-fi2-°F/ (43.04 Ib-mol/h)  Ib-mol-°F



Recall that the cooling temperature is

T, = 85°F = 545°R

Xm=403.3(T—535)+92.9(T—545) <::-> b= (2.084 X 10'2) exp(—16,306/T)
36,400 + 7(T — 528) ME 1+ (2.084 X 10'2) exp (- 16,306/ T)

TisinR

Honlnear equations

ﬁ f(T) = x-2.084e12"exp(~16306/T)/(1+2.084e12" exp(-16306/T)) = 0

2 f(x) = x-(403.3%(T-535)+92.9%(T-545))/(3640047*(T-528)) = 0

Caknlated values of I|LE variables

; Narhble[\lahe f(x) [Initnletm] T = 564°R and X = 0.36
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Heat transfer in non-isothermal PFR

Heat transfer across the length of the PFR AQ = USA (T, ~T) = Ua(T, - T)av
varies with reactor length and the type of

the reaction. [\ T,V av
P ——— l IFH, —=| T SFH, :
A—->B+C To \ ) :

| |

dF.
The design equation d_V‘ =r,=v(-r,) vV _issv

] n _ ~ =
The energy equation Q—W.—Fyro Y 0,Cp(T—Ty)— [AHR(Ty) NACHT — T) | FpeX =0 Lo

i=1 B w o_,.\;,,_,
Where at this time Q varies based on the heat generated or cgnsumeg within'thée US‘ Q N \S.u,
reaction, i.e. @ = f(T) U PR I 1 L ok i hoh;rl(. el g
AT Vaﬁal"uon sas VoiunC JI

A U‘l.i’.b l\P&.—)L‘

reacko 5 45\, diskanct i As (Tq ) col ank mediq AQ Lot iglg g J_m U'?J..,

Funchron of Z \_,;x.. Tq Il Coaupter i o slam< tp.u
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with @spect toz L0 G Lo
G Wl croy scchon A IV TS 15
with respect Vo volume

% Differentiate the energy equation w.r.t. volume, V s bu %57 L
\“J"‘ Qe

0-W,—- FAOZ eiCP‘(T = Ti) — [AHg(Ty) + ACH(T ~ Tu)IF,\ox =)
j=] Caat L S

-

aSJM'

dX )
AHRx(TR)FAu dV ([ AC dT) Fao dV+FAnXACp dVJ 0

dQ dT
v 5 *‘°Z OiCpi gy —

&3\s1
Bals -C Re-arrange

A
dT da E 6;C +XA(‘)dT AHR (T)+( TAC dT)]F dX—O
Ry i P Ly i AQ e
“-&-bds o dy A0 - ibpi v av Rx\Ir s P dav
Asds dX s G")"'L
Substitute for the rate of reaction —ry = Faoﬂ © §‘l"‘ LG-*—"
bk ;fV N Gs ol \-6450
e Y, fate

T
AHE, (To) + ( L ac, dT)] Cr)y=0

R

dQ dT
W—FAO( 9icp,+xac)dv

—\'é.' 6)\ | '1_*5 Q_.dQ y d(ﬁle(Ta _T)) =Ua(T,—T)

(oolln(j L LAJJ»LV av dav
o)l F UE Yy B :
o 3 \elans ot (@ U T+ [ aHg(T2) — (I AC, aT)] (~m) am |
IR PIRVIR Faol . 0,Cs +XAC') f&@
across the  Jaid L_., ) .3. e
wall :L.\b O\ prae
We need to have a relation between T, and T = Z.LM ﬂﬂ
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Balance on the Heat-Transfer Fluid

5 o
A. Co-current Flow Fao. To ) @Hm Transfer Fluid
%) T -8 A4 Reactants
Cooling N »Feed "= . RS
TS T ole ¥ uan V VAV

Rate of heat added

[Rﬂtc °f°“"37] - [Rate oL eaegy ] * | by conduction through| = 0

inat ¥ out at ¥+ Al
the inner wall
ni,Hc|,, - "ichlm_-u» - Ua(T-T)AV =0
dH
Me— Ua(T-T,) =0
dH, _ . dI,
=Cp -
dV dV \_:._5 )L-P > l_ b :—-1
‘&\3;: OY¥ slee 3
po(‘j. J\ruuu e

B ; eRaw Balance on the Heat-Transfer Fluid

BTa _ Ua(T,-T) _
e e D f(1,Ta)

M wskbhi pas e
Jlm&;w( \_;J-ﬁ
AT
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Mole balance v oo ih f(X,T,p)
v F,
Pressure drop Q:q,(p,x,r)
dv
Ls ols § @B _ GU-8) [15001- ¢)u+|756] Po(T}FT Fr o ivex
PPC)JU(( droP Po g Dpd? Dy P\T,)Fro T0
=t 3, o o Bo
C¥olas
. Lr‘?-h—‘ 7°  Special case: For liquid-phase reactions, the rate is not a X T - fXT)
PRELOn LU pressure, themole balance A
-~

Design of non-isothermal PFR with heat exchange
(conversion approach)

Suppose the following reversible reaction takes place in a plug flow reactor where the
pressure drop is negligible. The cooling/heating utility flows co-current with the reaction
effluents to the reactor::

A+B T/ 2C



5 15obani'C
3. Stoichiometry (gas phase, no AP):

7
C = -— 0 o : T
a = Cyll X)? CB_CAu(GB‘)i)TO Cc=2CA0X£;
4. Energy Balances:

Reactor: AL = UaTa—T) + (—ra)(—AHy)

dV:  Fp[Cp +0,C, +X AG
CCo-currem Coolant: ar, = E‘_’Q__r__) - k’_:{.‘)Ln.‘.l
R e dV mr(’l“_ t' :l:.u (_\.)-‘b

‘A-‘_D‘\ L’;"J)’b \_):QA_)

\ dXx dT dr, ; : z :
¥ Three equations: v o and E‘i are varies with the volume, V with three gl :“” d
2
unknowns: X, T and T, 2

Design of non-isothermal PFR with heat exchange
(molar flowrate approach)

Similar to the reversible reaction takes place in a plug flow reactor where the pressure
drop is negligible. The cooling/heating utility flows either co-current or counter-current
with the reaction effluents to the reactor::

AFB —— 2C

2. Rate Law: -—rA=k.[cACrK_
c Al
stoich 31 \n £ et | RIAT, &
(e 3({.; \’JLE “:"3"
% w4 WU

<

S S LA C T L =



3 Stoichiometry (gas phase, no AP):

o =
e et e = ==k CACB"E;"
'*rca_er Kc
- Fe T,
= C"’ A5 C= Cm FB To §0@= Crp = =
r T Fr T
WFA‘FFB'PFC

dr _ UaT,—T)+ (= ra)(—AHg,)
betox: V. FiCp +FaCp +FcCp,

¥ Co-current flow dr, _ Ua(T—T,)
i dyi ”.'ccyc .

dT, _ Ua(T,—T)
% Countercurrent flow W_ "icCP‘._

‘% Five equations: —= c4 d: d: :: and — ‘";;‘ are varies with the volume; V with
dv
unknowns:Fy, Fg, Fc, T and T, i ‘
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Exampleqi2; Isomerization of an exothermic reaction of n-butane to
i-butane in non-isothermal, non-adiabatic PFR

The isomerization of n-butane is an elementary, reversible and gxothermic reaction that is
carried out in the liquid phase PFR under high pressure using essentially trace amounts of
a liquid catalyst. It gives a specific reaction rate of 31.1 /' at 360 K. The feed enters the
reactor at 305 K. The coolant media enters at Iﬂﬂg with w& and heat

3 —N
capacity of C,. = 28 k] /kg.K.
B g O e
n~C‘|H|u (___j '"C“l"!“')

[ AHg, = —34,500 ki/kmol Ua = 5,000 kJ/m*h-K.

Cao = 1.86 kmol/m’ Fao=14.7 kmol A/h
Additional information: Butane i-Pentanc
Cp_a= 141 J/mol - K C,.'_F= 161 J/mol - K
C":-a = 141 J/mol-K = 141 kJ/kmol - K

fﬁ‘.wm‘; 2] parallcf N Lsolkk & 4
Mo b s 2 X BOL U oy, O
Cunc oo 2 BuncofXperD 31 gxesth 5
GYAS i 5amgp Wrass BB X s Xg O3, <oohs (o5 R

3‘\ B Jlﬁ:&:(’a“ i) U7 T oap Y ‘-—“U-ﬂj)LM t‘-\-::'__s
U J Cao

n-C,H,y &—— i-C4Hyo

Solution =iy
k'=31.1 exp 7906(T_360)] bl
R A 1 60T
i F. Ta =_kC""[1 —(] +iT)X] T—333
@ A0 ¢ = = 4 DA3
Ke —3.03exp[ 830.3( — )]
“ 1+ K¢ ev Gy W

£‘= rAA.HR,‘ '—Ua(T-T‘a) = I‘AAHR,L == Ua(T_T;r) I .\- xc ‘” é_‘nj
dv A FAOZG‘CH FADCHJ - ']

o A5l - S

max -w>> S

dv ”-'CCPC =



Ditferential equations

i d(Ta)Y/d(V) = Ua"(T-Ta)/m/Cpe

2 d00/d(V) = -ra/Fa0

B A(T)/6(V) = ((ra"deltaH)-Ua™(T-Ta))/Cpo/Fa0

Explicit equations

5 Fa0 =0.97163".1

6 deltaM = -34500

7 k= 31.1%exp((7906)"(T-360)/(T*360))

B Xe = 3.03"exp((deltar/s. 314)*((T-333)/(T*333)))
9 Xe = Kc/(14Kc)

10 ra = -k™Ca0™(1-(1+1/Kc)"X)

11 Cpo = 159

ﬁ rate = -ra

Variation of T and X vs V in exoth

(‘alcuhted vahes of DEQ variables

| [Variable nitial vakue | Minimal value Maximal vake Final vake

}1 1_&_0 i 86 1.86 1.86

[g__cE _ . 2 T

3 cpo 159, — [1se. 1. 1
4 [deltan |-3.45€+04 -34SE404  -3ASE+04

5 Fa0  |14.67  |14.67 1467
6k losoz7e4r |0so27441 (6321931

7 ke [o.512006 |0.6200563  [9.512006

8 m  |seo.  |s00. |500. ¥
9 |ra 1102504 | -24.31058  -0.1181808
10/rate  |1.102504 |0.1181808  24. 31058

ult s, s 372071
H2Te (315, [314.5286 (3356949

s |5000. 5000. 's000.
14V 0 . 8 .

sx 0 Fr T 07185996
6xe 0.904_5_767__]0]50264 " l0.9048707

on-isothermal, non-adiabatic

1
isomerization reaction with co-c at exchange
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|28.
159

| 3ASE+04

14. 57"

6 80861

1181808
0 1181308

_ '33§7102
33566 6949 !

5000,
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~l0.718599

0 7'253687
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Effect of reactor volume on rate of isomerization of n-butane in exothermic, non-
sothermal, non-adiabatic reaction with co-current heat exchange

810

Moty cate N yoyrbe

&*\‘ \:&\Luﬂl reqd:qnl- A Q‘g 4 0%

‘snl._.l Lo 4lsc PFOJUCI— ‘gl‘ \_,,‘ a5 6 w8 uﬁu g % 43 50
oy Wom? ...st:.:‘.;, th)lZ:.u:n (¢)

v waske € SV

& recieve




