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Chapter 16 - Residence +Hme dstrioutons

! Chemical reactHon engineenng

ot chemical reactors .

General consideraviong

— Models cdeveloped so for are for
per”Fe.cH'j mirxed bardn reactor,
the p\ua flow tubular reactor,
PC&CJ\'.EA bed reactor and
pe{Fe_c.H:’ mMixed conkinuous tank
reactocr

— Real weorld behavior s ofHen
very dfferent HFom +he (deal
behavior

#> Use residenwe #Hme dstribubon to
anql&j'z_e_ and charmcterize non-
ideal reactors .

L”dt'&gﬂosa prokblems of reactor
oporakons
— predtd- conversion in exfsh'nS
| reactor when new chemical ceaction
> used ya +the c(eactor.
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Examples of non- .l'd-en\i’rH

packed bed CSTR
— b:j Pass

* oo flmmi

[) .:-; ‘J‘

dead zone_

DK & =
BSOS

Il

i
- path is not+ sfrm‘sht-

- nosnuniformn FHew

reactor m'\wdna Pcﬁ""erﬁ

=3 Residence Hme distriburon (RTD)
= qqq\i\b of r'hix(ng

= model used to describe +he system

,:‘ —'D25cr{bin3 devioXonrn frorn ideal
|'
|

. Residaence kme distriburion (|T) funckon
=~ popularized oy pro€.  P-V. Dankwerts.

| Residence Hme : The Hme atoans
have spernt in the eactors.

atroms Spexd exoc,H:j
; Same Hme (n these
1dea\ bQ"d\ f'e.GC-W ‘+woo e actonrs .

Plug FHloew reactor
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CSTR. & Feed invroduced im0 a cste
becomes Complete 'y mixed wivn
e marerial already inthe reactar.
= Some atems €nrering e cstw
\cave almost immid(ql-elxd.
=2 other atems remain i~ +he
feactor almogrt focrever as al)
e marerial recirculakeo s within
e reactor and s v‘cr"rua!lu
Never removed Gom +he reactor
!. at one +Hme .
, = Distribution of residence Hmes can
S\'(ani'FfConHj affect ccacter perﬁarrmnq
|
e The RTD is a charactrerishc. of yhe
m3xins +hat occurs in Yhe chemical
reactoc .
e RTD %ia..lds AisHnchva clues 4o +he
| TYype of Mmixing oc:c.urina wirthin  (+
j and > one ofF the mosk informative
. Chamdrerisic of +he reactor

iy s



Measurement of £TD

— detormined ex(:erimen.!-a|b

— \ﬂde.d-{na Yracer’ inYo the reactor
at some Hme t =0 and +hen
me.asurl'na +the Jmacer conc. ¢
in +#he effluent stream as oo
CuncHorn of H+Hme .

'Properﬁe:; of Amcer

—  Inert .. non- reackHve

— Qc:t'sil:j dekectable

= Similac  physical properHes +o
the re_quﬂa Mixture_

- Comple)—elj soluble In re.qc..l-\'nj
i by re

- deoes natr adsorb on reoclkor
woalls

— Tmcer behavior should mimic e

behavior of material ‘-flowipg (N the reador.

Common tracers . Coloved dye , rodicack v
Mmaterial

———inerv—gases —



Pulse input o xpeviment

e AN amtr ol

C -Ccurve

¢ o tracer No
g s suc\de.n\d
L \ . . injecte d in

- o < © s

onNne ok

Pu!se, i?je,c\'!'on Pu\se responsQ invo Hhe
Cead stream

— ouHtel conc: is measured with Hme.

Lets  consider single - input  and single-
0u+Pu\- System

Only How carcies +he tracer matecrial
N o dispersion

lncrement  of yYme At s sufﬁ‘c:ien+&j
small  Hiat conc of rmcer C(t)
exving betwoeen « and +t + Ak is
e_ssen\-:'all:j same

Pmount of Hracer matrerial |eqvin3
the reacdor lbohueen € and (t+ak)

AN = Cct) v & 9 : wol' Llow rﬁ\w_




c;\\'u(c\ina bj +he Yokl amount of
material Hat  was

injected

Hadon-of materil
| Ol w Ct) Ak Hhat has residerce
' e Hme in Hhe rodor
1 No Mo bet?

E and €+AL
For Pu's-e ir\\je_c.HO\"\ Le_(\

E (t) = V<&

Residence Hme_

~o funckion
<+
by EYat —@ 0 Fundkon Hnat
| Mo deswibes in quantia-~
feed i
| | ——— +ive mo.mne_(‘ .how
Reocho much wme diferent~
(o .
Fluid elements hawe
| injedrion dete cion

Spent n the reacer

« E(®)dt is the fackion of €fluid exiﬁnﬂ
| the reactor thatr has= Spent botween

Hme t and t 4+ At inside e
| reachtor .

| & Ne = nat known direcHy , - = can
. be obhlined &om +he ouHer conc.

measuraments by sunming up all +he

amounts.
&Gom o=+ o




writing © in Adifferential form

dMN =y (1) dt
lnl-o_.aruh'na
Go

(\\c = S CYQNE2Y-1 4
o

NSOy usuqub constant

(Tewar | — @

o

The EBE cuvrve (s Jus+ C curve divded
bb Me area wunder ¢ curve

[~a)
avea = (us)at
]

€ curve
ceed f£08) Cewr = e

é“ct_ﬂdt:

——

T

Facton of material leaNins to
¥ne (eoctor +hatr has regided ~ S echrde |—@

| N e reader behween t, Rty <
| =14




* Frackkon of al\' +ve matrerial thar has
esded for a +Hme + in +he reacrr
betwween E=0c and t=co s 4.

O

gEctxdt - 4
o]

DifRculties wivh pulse +echnique

. Ob'\-ainins a Rasonable pulse ar the
reactor entranca
~ InjecHon time should be Very
Short compared +o cesidence kmes
N various segments of rhe
reactor
- There must be negligible dl'spe.r-
s{on betrween Hhe point <F
ir\jg,ch'm and e entrunce to
+he reactor.
Lt If #hese condiHons ara achieved, pulse
technique (s o simple and direct uxl7
+to obtin RTH




Step +tracer oexperiments

* et s ctther

c cty)
- perfed- pulse
input- (Birmc
o - + deten Gunction)
s ‘ HoN
tep Qe step respense | 6c EmPeffecl-
\_pulse .

Aerermine E ()]

Lo Cumulabve distribuRen (F ())  can
be determined SHom Si-e.p inpu\-

L C umulabtive Jdistribublon gives “e fachon
_ of material F(t) that has been in
. the reacdtor ab +time t or less .
I

Consider <onstant +racer addilon
to a feed +Hhar (= iniated abF t =0

t
|

I

|

g C WB. .= 6 t «o

: T {‘—" Lo, const € zo
} n feed

The cwenc. of +mc.e.r“kis kep\‘ ar +his

level unkl Hgae conc. in effuent (s almost
| Same.
i os feed.




As JInlet conc. (s constant (Hith
Hme , Gy, we can foke & outr of
integral sign
+
Cout (8 = (¢ [ EW)at
o

d{\l\'diﬁs b5 £ »

+
[Cou\— Ct\] _ S € (_-t')*at' = F (v
Co s\-e.P o
¥ ky= Cour Ct'\] -
Cp s-'.eF

we. Aifferentrate &) 4o obkin RITD
funchon

BEw) = 9% _ 4 Courcﬂ

| e PosiHve S’rep s usunﬂa €asier *o

Carrb oud expe_nmenh\l:j than te
Puse ‘est .




. Total amount of Hocer in +he feed
over 4he Per'iad of “Yest coes nor
have t+o be known

Draw loa cxs

s Somelimes w— may e Al aul
+0 maintain st . tracer concentm-
Hon N e feed .

. CDbl-ain‘\nS KRTD involves Aifferentahbon

of Yhe data
L on occasions  difecentakon can
lead 4o large errors
. La.t‘se. amount ofF “mcer s required

O e Yracer +techaiques
- Megakve step ( elukon)
s frequen (yq response method)
s mMerhnod= Fhat use inPu.*s_ other
+than pulse or step

\mw:h more aAificulr o carry aut .
and are noFr cenocounteced often.




Characrenstcs of the R

E (Y = Ext age Avsrribulon fundya

hnre g ral relaok onships

-+ Trackion of efluent

_ - 4ha¥ hos been iN
g Exide = F O = +rhe reactor for
o less +han &

oo

_ _ Fodion of efFluent
SE(,t’)dt's (= L) = Hat hes been in
&

the reoctor for
\longer ¥ran ©

g » SOme.Hmes + caavyve

E""(.tj N F curve. S used in e same
i = =}'°Ect)dt Manner as +Hhe RIH
g in modelins chrermical

reo ctors

Mean residence Hme : First moaoment o&
R Ffunchon

(= -]

( £ Ecodat oo
= S £t E(Ddk




ot

N absence of dispersion, and for
constant volumetric How rate

onld o closed systens
T g
V= Utm

Otfher moments of \|RTD

Varance LQ:-S Square of skd. deviation

a0
T = § (t-tn)y E)dE
o

. masnihd-e_ indicares 5pr1e.nc\ af the_

distribuon . Greater 6>+ greater
spread

skewness Csa)

oo

s2 =\ S (t —tmY ELO Ak

[ ——

0__312-

mag niYtude measures extent +Hhat
dhe Aistribubion i= skewed in one
direcHon in reference +o© mean .

2 \* (S cemmon ‘o compar’ meoments instead



Normalized RTD Gund-on

~ frequenHy a normalized funchen is
used instead of E )

+ ... Number of

"z-:"" reactor volumes o+~
Fluid based on

— TE entranc conditions

=() Lt) t+Hhar hnave FHowed

@ +hrou8h e reackr
63 E)ASe =2 i heoa o

Let+ & =

2> The flow PerFo(mance_ inside. reacrors
of different Sizes can be compared
direcHy .

=2 £ normalized Sundon E(O) s used
o\ Pef ?edr‘a mixed CSTRs wrnave
numerically  +the same RID.

= E +he simple fundHon &) (s used
numerical values of E((X) can dAffer
S\—\b&*ﬂﬂHQ“\d.

-t/
A EW=1L
Vi V\ 7\’2- <
E(t) eey \ V12 -5
Vy e = e

<



lnvrernal age distribubon T (X)

A funcdhken sudn that T ()AX
s +he Facdion of matrerial inside
+Hhe ractor tYhatvt has been inside
for oo period ©f tme between
A and A+ Ax

(*‘ln Cal'ah\.j‘h:c, reackon usins cq_h:glasi—
whase QcHvity dem&s with rme
T x) is of importance and can be
used Yo model the reactoc

ch\’ = (\"‘ FCA})
[~

E(x) = -9 [cxY]
A

for cCcsTR

—WC
ey = —Ll e
ey
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RTD in idea\ reactors

RTD in barch and P\q& Hlow

reacton
oo gut e E (=4
i = Ldke e
£ ‘!‘ Fe) Dirde delw
. fFunckon

0 T ¢ e

SLZ) - {o when L EO0
Co when =0

GD
g Ex)dx =\

-0

E 53@5 §(x-T)ydx = g(z)
‘ ~ oo
1

Mmean residence Hme
SO co

tn= SEEMAE = [ £ §k-t)dt = T
o 7o)

(= =]
6= égu ©)§¢-T)dk = 0 ... variance




S ingle CSTR RID

- Conc. in efFluent strearm s
idenHcal Yoo +Hhe conc. -l-hrtzzuslq~
our +he reachtor.

Marerial balanca on an inert tracer
inje_d-ed as a P\.ﬂse_ at t =0

In —~ out = Accumulagbtion
o — \$C e (V4 ._:_1_(_:_

dt
at 4+ - o C =Co
— €/
Cle)= (g €
- -tz
ECe) = €66 - Cee _e
oS cce)de Cse —dt
o
=tiT
El)y= €
T

-
E(O) = ¢ o= % € (©)=T E)

— LT N—— — S—
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E(e)

€ im

= =
=
o

O 1o
an
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t _tx
T
-tlc
i—e
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b’ (Y -0

tlc

o
g‘tE&)dt = S._'.c.é at =T
o

GCo
Ale

£ -
e dt = T g (-1Ye dx =T~
O

Std- deviakon is as \ame
as the mean
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PFR / csTR series RID

* I some =trred Yanks +here is
htahlj agitated zonre in the vicinity
ot the imPeller — CSTR

° De.‘:mdins on the location ofF inlet
and ouHet “he reackng mMmixture
may fotlowd a Hortuous path  either
before entering [ afrer leawing the
Fe(Fe.c.Hud mMixed Tone — PTR

Eaﬂ}j Mixin 9

.y y S — R
=%
Late miring
———
Earl_n.). Mmixing
CSTR outpur conc.
‘t(ts Cgq: csTR Mean VT
C= (e To: PFR  mean VT

This conc. cutpur Wil be delo.ded
\o-g ‘Q.P al +he ou\-\_gg- F’\‘-*ﬂ Howo .Se._c.Hc:nﬂ




Ceste ‘\ .
E(k) F&

Lare. M xing

(L~ Cpl/T,
e . tzTe
T

S

| = Exad—l: same as enrlu:j mi‘xing

= Bven Mough RTD will be same for
botn +hnese cases, conversion can be

. very Ai ferent

‘.=l>RTD 1S not a comp\ehe. ddscriprion of +he

stcuckure for a parkalar mador /
reacsor systenys
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Dia.qr\c;s'\-ic.s and “Yroubleshooti S

Elh

1deal
k l/ 1 Actual
observed e
| EW
}
[
l e
0o
Pearly ideal Nearky cdea)
PR CesTR

Packed bed with dead zone and
c)nqnne,\‘\,na

A clhannaling dead
dead zones C\"\dnndifﬁ l Zones
/ / B .
e ‘n-- ute -4 ¢ .:, :.. |—ta= : N
2=0 z2=L T t
SHrred Yanke
bypassing / )
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