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inding Hinshelwood rate correlstions from

al catalyst date was studied. It was determined for any

leal system involving a rescting ges mixture over & porous

talyst & nede anelysis could be used to determine chemical con-

p defined the
Then utilising

ebtain & total peliet rate of resctien,
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total rete sed the Hinshelwood comstents most seet the Hinshelwood
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i by the rate equation whioh best

cporimental reactor dste. The rate forms are all besed on the

sosumption that cne resction step comirels the rescition rate and that e

1inear lang

ir 1lsothers for sdsorption of resclent is descriptive of
the chemical resction belng studied,

4 comprehensive review of the avalilable literature in this ares and
the work done by pre

euns investigators revealed that Hinshelwood rate
tions determined o dete have been prd

y based upon «

z fine partiele catalyst. This was apparently becsuse the in-

Fiuence of twmperature and concentration wvard

ation associated with fine
particles is sm indmizing errors in the results. In commereial

chemical production plants, howe

r, catalysts are generally in pellet
talyst structures do encounter significant varistions in

hypothesized thet the errors introduced by the change in
v wight be reduced 4f the pe

1let dats could, by some method, be
The object of
aken therefore, was to establish s means of determining

ol eguations directly from

pellet data,



d Hinshelwood rate eguations frem

resctor pellet data, The process encompassed estimating surfaece rates,

and then integrstion of the transport equations through the pellet to

ped with catalyst total rates determined

rogran was assenbled and ssmple problems e

tne such sample encompassed several computer rums for

~Uxygen Catalysie over platinum rized at the end of thi

disenssion. Discussion of pregram inmpot and nomenclature is presen
in the Appendin.

i



not make & reaction proceed bLetwsen chemical speec!

procesd 4in ite absence, mt 4% csn inerease resciion rates. The catalyst

property promoting resetion rate is conjéctured (5) to be chemisorption
of gas or liguid en the catalyst surface producing an scbivated complex,
The gas to catalyst complex is unstable and requires less energy for
resction to oocur than iz needed for vesction of the ges as without o
catalyst. The change in the path of the chemical resction seguence aleng

with the accompanying decresse in energy require

it per step lends o
grester chance of chemical resction upen gas Yo catalyst contect, Interest
in eatalysts therefore, relstes to the effect they have on the resction
rate. For purposes of anal

veis, one transport or resetion step is

aesumed to combrol. If the chemist is %o delermine & representative rate

squation for catalyst data, he ne

eds to know which of the following
mochanisms is controlling,

le Hass transfeor from the mainstresm to and from the solid surface,
2, Uiffusion of chew

leal species into sand eut of the catalyst
pore styructure,
3« Activated adsorpbicn of reactante and deserpticn of producte,

od of resction of the adserbed species on the catalyst,



For establishing s method of determining Hinshelwood mechenisn

from porous catalyst dats, it is of major importance that the effect

of esch contrelling mechanism or catalyst resction be obtained, Then

in the process of integrating the rates through the pellet, all facters

will be accounted for providing the means for defining both the rate

émmmmg step and estimating total pellet resction rate. The repre-
sentative rate eguation should be based upon rates defined by reaction

kinetics, unaltered by transport phen

wmens. bach of the four rate steps

or mechanions moentioned are considered in briel as follows.

Le rpe 1 rete contrel

m Lo pellet~ limits the rate of reaction by failure of we-

sctant to diffuse rapidly enough to the pellet surface te feed the

resction, This results frem film formation over the cetalyst, decree

ing the diffusion rate of the wemctent. If the main stre

m flow over

the surfaces is high, films are ewept away. Careful contrel of resctor

Tlow conditions will make these effects negligible and minimisze thely

inflvence on catalytic resction rate. The influence of the variation

of surface concentrations produced during trensport of reactant from

the main astream to the pellet is small

as long as pellet pore diffusien

effects cbserved are 11, If variation caused by pore diffusion should

be large, then surface comcentration should be adjusted to acecunt for
effect of transport frow

y the sedn stroam.

The Type 2 rate control -pellet diffusion-
iz dnourred by chemical diffusion limiting the flow inte the catalyst

pores. The diffusion effect upon resction rate is anslytically




pinable by inteprating the masz transport sguations threugh the porous

material, Fesction rates may be estimated from the concentration versus
pellet location relationship. I diffusion limite are severs, the re-
sction rate may further be limited by the inebility of the species to

penetrate the pore structure or for the product to esecape fast enough,
preventing the feeding of the reection.

For development of the analy

esl spprosch (8) integration of transe

It is sawmomed

port equations is accomplished in the fellewling mannes
that the catalyst is m the shape. of s sphere and that the diffusion of

the resctant YA® of partial pressure P is diffusing through s thin spheri-

enl shell of thickness AR. The difference between the smount of resctant
 diffusing into the shell, Fa/in, and the sne

unt exdting from the shell,
Ha/out, eguals the smount depleted by the resction in the shell,

%afin - Bafout = LSBAR {1

The mass flux is equal to the product of the effective diffusivity

for porous catalyst

(i?ﬁ} and the concentration or partisl pressure drop
{dp/dr) across the shell, Substitution for NA gives us the following
results

Dy 2B/ 3Rfin = D, 3P/ ORfout = FSF AR @
| 2

Xk (0 FyfyB) « FSF = 0

The above eguation may be solved AT rate r 48 first mﬁéw with

respect o partial pressure of "A" (KPA). The equation is them of the

form an follows:e

yrC By = (Zhyp = o (3



The term PSK has besn arblirarily set egual to the square of the
B2
Thelle modulus @@m Integration of the differential eguation prevides

the partial pressure curve through the pellet as a fumetlen of radius,.

- R e iR
Fer estimating the rate of resction in single pellets, the transport

equations have been solved using first order rate approximation of the

data, When the total pellet rate is debers

ained, 4t is divided by the
rate for the mame volume of catalyst unaffected by diffusion, cbtaining
& pellet effectiveness (£ ). Effectivenscss is plotbed mm&nm Theile
ﬁmﬁmﬁms for first order resctions, thus retes can be deterndned from
these effectiveness plobs for any given values of the medulus,

iatimating pellet rates becomes more complex if the rete eguation
is not & firet order spproxime

tion, Since all Hinshelweod rate equations
sre more complex, 4t is the latter case in which we have the greatest
interest,

in example problem illustrates methoeds of solving fer psllet con-
centrations and rates, Analyels of carbon and carben dioxide catalysis
was performed by Austin and Walker (8), The resction of carbon diexide
to form carbon moncxide is written as follows:

€ +COy » 200



Small smounte of earbon monexide inhibit this resetion. Thus,
bon dioxide inte the

Hinghelwood rate equation represented the rate datm:

Consddering the mass transport eg

mtion for carbon diexide Py and
carbon monoxide Py, we obtain transport eguat

ons for COy and COs
1.) carbon diexide (C0p)

S/3R (Dy 3By [yR) =fS[Ky * Bp/(L 4Ky * By + K3 * Pg]=0 (9)
2,) carbon menoxide (CO)
5’”" (Do Py/ar) = 208 Ky * P /(L + Ky * By + Ko * Pg] =0 (6)
T

miltiplying equation (1) by (,%93 and equation (2) by 7, and subtracting
3 from 1 we got the fellowing:s

dfyr (D 3R/ >R) = =4 3 3R [DpoPp/or] (7

ntegration ocours in twe steps, and in each casze P is the independent
variable.

Step 1 Integration Tields the follewing
Dy dFy/oR = kD >Pp/3R *C (8)
ving for C we pote the ecomdition at pellet center where mass

R=m0 PyfoR = 0 pfOR = 0

e



Step 2 Batbing € = 0

DI/ )Rmatf2 D, YPSD R (10)

sartisl pressures with respiet Lo T we get

e

Wit

We wale vee of the secend boundsyy condition thatl the partisl pressures

2% the pellet swrface are the strean conditlions,

f

B o Boowm P 5
i & iy ' L 14 < /
Bk s ¢ ’!: 'g" m}

€ = D,P 0+ 12 opP.,

indng the squetion, we get the fellowingy

Sobetituting and o

iun

po)
i

e
]

=20, /0y (Pre = B) + Py

stod the equetlon essuming Fpo of carbon monwsle

The suthors ind
is gero ot the murfsce and subetituting back into the initial tram

egustion conteining pertial pressure (¥,) as o function of radius,.

of (D, PPN K AL R NI B RS S

It is worthy of mots that the transport epmations Tor diffaeion of
Llao,

& are interelated by the chemicsl wres b

el bnewn surface comesntrations and zaro diffuslion wate
iyele. Yode amalyens i
e of mateoriels ol




yat Wmm a Plthe

mamber of e 1 squations dnvelwed,

a node snalysis was selected for deb

equations for noneisother pallet date.

3e

ardl deserption - ccours when the

i

3 rate control » adsovption

e of reaction is lisited Wy the

rate of adscerption and desorplion of chemieal species. 1t is

nohed (&%

that the concentration eel species adsorbed on o 9l

fave is m % of "4% in the mpln o

relation is dofimed as the L ir lsothern,

Zma (PR (15)

ure of “A%, This is based

ale YAY mekes with the celalyst
faces Fate of adsorption = Ky Fy (i ~6). Hore o 4s the suzfece
covered with resctant or vrofuck, sud & linear lsothern (n = 1) has
been assumed, Lesorplion on the other hand ig a funetion of the m

88 & constant and the coveentration of the ad

bed product,



The desorption rate iz defined as followss
Rate of Desorption = K, O
A% squilibrium condensation rate equals evaporation rate.
£
By Ppll =07} =By O
o m By * By f(lp v Ky % Fy) (16)

Further developsent involved study of more then one chemicael

vying for the seme site. Paramelers 5 and ¢ sre the coverage ol metel

i
surface by speclos 4 and I, respectively. Then (1 = 6 - ¢ ) is the un~

covered caetalyst surface,

¢
Condensing vate of A = ky (1= 80 ) By (17)

ar equation for species U can also be defined,

Kty (1 =0 -0 ) =kt &5

talyet surfsce coverage of component B, (0 ') may now be obtained

from the two equations for species A apd B AL we assume that the slow

step is the sdsorbing of "A%, Thus surfece covera

e of “"AY o™, i

negligihle and influences the res

stion very little., Solving the above

eguations for o ' we obltain the folleowing:

' m KL P , .
7 %Pﬁ[ gt + i&ﬁg ] a9

The reate of resction of YAY i the product of the free surfoce (1 -6 1)
and the specifiec rate of adsorption of "AY per uwnit fre

e surface, or the

rate of resction of 4 proports

Lonel S0 o consbant

times partial

pressure



of specles "A™ upon the free adsorption sites (T = 0),

wa?ﬁ“ (2. ma“ﬂ)
W”KK%’{& &W ) ?ﬁ% (20)

This 18 the form of one Hinshelwood eguation, Other eguations may
be determined by sseusing adsorption of B or desorption of producte R
and 3 control.

centrations of the chemis

orbed resctent are conbrelled by the adsorptd

of the surface sdsorbed resctents and wacant site locabtioms, In the csse
ddar reastion (9.

e Tiudd amd solid while the mwrlsce velbe is & funcbion

A = R

hemleal resction is delined by the following

r =Ky (P - PpfKE) (21)

If the reaction reate is centrolling

assumed to be in equilibrium bet
renctants end

sen condenaation and evaporation of

producte. Surface concentrations of 4 and R cen then be

srm conalderations. It 45 noted for speci

g equation was defin

Cam 7 =K *pPf(1 +K % Fy) (22)
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It 48 further noted

: equilibrium comstant is defined

K = KEfig= /(1= o) F (23

I eomponent "A" 4s in an admixture

and & adserbsd on active sites, adsorptlon equill
wrdtten for each component. jAvailable fres siltes will equal to the tolsl

Cp=(l=0) =L« (Cy +CR) (28}

Concentrations C; and Cy are defined by equation 22 where the concentras
tion is the produet of the equilibrium const
and the activity er pertial

ant, the mmber of free

sites &

jrig il Dva
The eoncentration of free siltes mey then be del

of the component (Cg4 = K(L =07 )Py),

ined as followss
Cp = LAE € =a)Fy + kg (1 =07) Py) (25)

Singce Cy BQUALS L = 07 we solve for Cp arriving at equatd

- Cy = L1 » Ky * By + Ky * P) (26)

by substituting for Cp or (1 = 07) in eguation Cp = K(L =067 ) Py,

ComEy (L/(1 4K, * Py +Xp * Fy) Fy (27)
and for the product concentration Cy

C, =K, (L/(X, » Py +Kp * R) By (28)



g substitutions for Oy and Oy in the rate squation we obtein

Peky (LA(E, * Py vy % Fp)) (K * Fy = K * B)

(29}

nal eguations have been derived aspuming different surface rete
equations,. A least

&E :1:‘: et mt%

SEUATE RPDPGKLE

ation of the rate constante is used

to derive sn eguation representative of the rete versus concentration

duta. The equation

bast fitting the date is considered vepresentative
ard because the eguetion is based upen 3 specific rete controiling step,

the controlling mechanien iz identif

Led o



rlons seoetion disongsed the centrol mechaniese and how the

nature of these mechardsms affect the derivation of Hinshelwood egua

Tiong.

It was found that catalysis is composed of a soguence of resction stepep

k]

and for amslysis one step is assumed Yo contral the overall rate, To

pin point the controlling step the rete equabion is deterwined for &

rosction A+ E - R + 3 the general

rate equation as defined in (9) iss

K (P, * Py) = (B ® Pg)/Kn
"o

(L+Ey® = Fy Ka? @ Pp + Kyt ® Pp + gt # Pg)® (30)

The Hinshelwood rate constants are then K, Kp', Kqfy K%, and Kgfo

amts from rate dats the equat

s constents to one slde of the eoupdd

ﬁ:iwvxizsF&*ﬁgs*%*ﬁ%*ﬁa*%*%m{&i}»&]m‘ (31)

Solution of these constants is sccomplished via least square linea:

s from pellet informetion, The linear

sumes various rate equations and solves for
dng rate (r) and concentration data F, Py,

ample, let us conslder the rate eguation for ade

{arge equilibrium constant maktes the

gocond term of numerstor negligible.

rm Py * By [(1+Kq! ® Py + K0 % By + Ket # PGP (32)

iz
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rate for (Ky + Ky * Py + Ry * By + g * Pg) =K % Fy * Pylre For the

inalysis to be sceeple

ble the terms K¢, Ky,

d and reverse rate) must be of opposite sign an

sdlibrium, And since Py does not ap

mast be sero. In simil

p of veacticos are tried until a1l con
When 811 the constan

socaptable, Of the acceptable e
Lleast devis

selovted,



28

The rate date 1tself is of importance Yo the analy
sults of Hinshelwood smelye

glse Binge re-

meditive to errors introduced by

sore rates in a reactor segmer

the data, it iz desirable to mea

1ittle change 4in physiesl conditions cceur and chemlesl changes ave

vpes of resctors used to measure

The differential resctor iz of interest becasuse ch
i performed in short resclor sections where cowditions of tempersture
and stresm chewlenl composifion can be held constent. The reacting

mixture 1s cyeled thr

ough the resctor and the change in chemical com=

position moted. The rale of resetion in this increment of volume is
defined (5) by sn »

ation relating the changes in feed composition
(FAX) to the rate of reaction (r) in the smll increment of catalyst
mass (L w)s

Fealemp® oW {(33)

1 dats iz cbtained from resclors where tesmpersture and

concentration vary, Teo determine

tion 31 provides a relation bets

ronctor gise integration of the egua

s reactor weight cataly

gty the feed
rate ¥, and the smount of resction (4 X) ceccurring in the resctor bed,

Fli = [ axfe ()
ral date is plotted in terms of conversion I versus W/F.

Thus for a given conversion it iz possible to take the walwe of W/P and

#ize the e for a given feed rate. Fates are determined by taking

the slope of the plot (4 1/6 W/F); this provides a result similar to
differentiel rate equation .



i5

Do

The spproach teo determining Hinshelwood mechanisms from mnon

pellet data employe & nede sralysis similer

to that used in Soubthwell's

Relawation Method, In Soublwm

ell's method (3) for heat transfer, nodes

are specified peometric locations distributed unifor

msterial, Tempera

WM e fv T I

known faot that the sum of the heat luxes into each node must be zere

nede 1) * ¢ (Typ _ Tyg)e  (35)

Heat fluwes fnteo snd oub M‘_ the nodon sre ¢

with positive values

for heat flux in, snd negative for heat flux out. The mums of the heat

fiuxes in terms of node temperatures are seb egual teo residusls Bl Yo Ril,

The object of the analyses iz %o muke these residuals go to zero, To

complish this a table ls formed

which indicates how large the changes

are in residusls for a wnit change in node temperature
the largest resid

1 4z altered 2o go to sere by changling one of the

gas in 211 of the rosidusl boww

The next highest residual is ex

rined end temperatures
make it go to zere. This is repsated until all residual

torms are sero or sulficlently close to sere

to be considered negligible.




the nodes. Anelysio sasumed the outermost med

e pellet. Fode vates
than thet defined by ¢ilfusion retes and by %the rele egua~

W

pardeee rate patimnden.

pellat data the schievement of steady
mass flux inte 2 node be sere. To slmplify the computer progran

srherdesl pelleot was selected havinmg four nodes, ssch node represent

i/ of the pellet wolume, Hedes in the spherics) pellet were defined as
the surfaces of a thin spheres located centrally in the mode shells, It
was assumed that the amount of resction seeurring 1n esch shell could be
represented &t the node. For the purpose of csleulstion, the total rate
of resction 4n & pellet (1) eguals the sum of the rates in g1l four
nodes, This weans that transport of reseian
®+ 3, the

of eqgustions desorib y node Yo and Hs

~RA(H) = DEA * ARG /DR(E) C(B) - O
~F*R4(E) = DER ® AR(H)/DR(N) Cp(M) » Cpg
HerA(E) = DER * AR(E)/DR(E) CrlN) - Cgg

QEA(N) = DES * AR(H) [IR(R) Co(B) = Cus

roducts is controlled

16



ore, the diffusion rate of ssch component is related %o Jdiffusion

of speeles A or PA(N) times & soefficlest determined by the mass balance

@ the reschion, %ince product wass exiting ogquele veactenl mase enler-

sntlalied,

IAffosion rates are contrelled by & requirement to feed the resctien
et the inside node® flesction rates therefarve influence the veristion in

soncentrations obserwed. The selution for the concentration

re equatione for Cp(i), Cu(R), Cp(®), and

b node He n concentrations are
TN ETE 3 4n this discusge

trix motation similar to the Ferlran IV designatien,

ket rolors o the node numk

gtion. Temperature through the pellet is

. rolessed ot esch node Trom

thers. The heat fluz radte 4s based upon the hest genersled in the imm

nodes which must flow out Yo satisly pellet steady stute temperabure
mmmmmm%

m% B ¢ A =X+ oan(m)/om() ¢ (T - ) (37)

sbures fov esch node sre obie
thess to the ex

1 w E
T

?ﬁ o T&% LA

Anation. For the inltisl least susre appre
see rates adl of the reaction is mssumad rlaced in the swrfece
m solves (via lesst squ

lysis) for the vate

17



patures, I1f vates are calowlsted Lo esch ned

inst node. These Lwo condd
Flgare 1.

Rate determination ie acoompl

rats distritution through the pellet, Tn this amslys!

1 vate 4o dlsseminated to the int
Wie by 447

vateg 8% onch node, the

%ﬁ%@% Bl

ting mase in the 4

te
1l the total pellet mate,

des srs moved

r ones witll all nodes vates summed

Cherles] congentvation vaviance i estinatsd

tion eriticel Yo the argumont presenteds The amount of 4iffusieon

ntity of mase) traveling from one node o the next is contrelled by

the vate of rescltion coe

18
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t needed to feed the inmer nodes thy

ol o,

woat be known. Internsl vetes and vesultant concentration grad

ving force for flow of remctents into the lmmer nod

rate egus ralate nede rates, Datimates of

node one rate (sure

imated by subbrecting

total pellet rate., If thiz node one rate ls small
rate used to define the eguation, the eguation retes are decressed by

poveentage out of the last sur

tess To achlewe this,

node one osbtimebe is used, This

is deme by using & wultiplier te

mn eall ZD. The term 2D s decreaged

mated node ene voben,

Zhom 0,8 * 2D

(39)
(1) = 2D * {last node one estimatbe)

4 lenst aguare sppreximation from the decressed pellet node one

peter L salevlebed, Bewb, il rates used to define the Hinshelwood

ned ratos, This Rronani

node one estimate) product ineremer

Liy less than the diflerence deber-
wined node one rate ylelding 2 rate versus node curve asz showm in

Figure 2.
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Up %o this point, we conelde The least

wrve is defined from many pellets, i dne

dicated earlier, the least square eguation defined from all pellots is
modified until node one sguation rates »(1) for all pellets are ineve-
mentally sms

lier then the difference determined mode one rates., This
mesns that one pellet setz the low value of rates and of ZD, The other
rates determined via the difference

inald value, If the dilferenuve b

When the difference sz indicated by the coeffMclient of varietien between
ation and dif-

least square approwimat!

%o reflect the high or low node one. rales resulting

pellet calovlations. Ffach iteration showld brling the lesst sguare

ted gurve <leser to the node one difference el

shos o6 Lo
dicated in Flgure 3.
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. = total pellet rote
* (Iteration zero) S
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/" Difference rates
(Tteration 1) "y

s

(1) =2D%(Nede 1
- sstimate)
(Iteration 2--equation)

r = 20*(Node 1 estimate)

. oS
WWW”M

—

/;;f/ffwwx;/Mw’//MM (Iteration & =-equation)
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that & Fode methed for determine
In view of

computer program was thus assembled which was com

sections or loops designed Lo perfomm the follewing computatlions
1o Lmast sguare node one approximation.

2o

are inltisted frem an if statement indleated by o di
The dismonds (IH:2) ave
L= and I =2,

The indicators (I) are used to reference the sborage matrices W

Ce Storage matrices sre defined as matrices in which experimental data

hes besn pleced, Trier to the €}

ot Joop split the patyix values of B

or U are transferred to working matrix & Then, after performing com

tations in the first leop, the indlestor I designates which matrix (B or
€} the computed values are to be stored, Ve will censider operations in
sach loop in the fellowling disevszion, Input and oubpub is discussed

in the AFFERDTL. & progrsm privtout 1o also zhown in the APFINDIZ,
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ble I Reaction Rate lMochanisms
{Tables are from Ref. 9)

Ta

b4
I
A

Part A ‘ ARG
DRIVING POTENTIAL TERMS
Reaction : A= R ATTTRes | aB TR A*B T* R+§
. 8z _épa ap 8 ana
Adsorpiion of A con- | as -5 2, - B73 1 &, - B a. = 2R%s
¥ R 'Y i o A a e
vroliing » K f Rag K“"‘B
Adsorption of B con- 0 o ag - 22 ag - 2als
trolling . a2y Kag
. a 3. a
Desorption of R con~ ja, = R A - 2R a,a.~ 2R .la.a a
A ‘ 2. 7 B 7 A®B - °R
trolling Kl 3g ATB g el e
[ . : a a-4a an
Surface reaction conr ag- .N_j?, 8y = CRTS] asan " n a. &, - 2p8g
trolling S ¥ AB K AR
a
Inpact of A control- 0 o | agans 22 la,a - 232
ling (A non A"B X ApT ZHIS
zdsorbed)
.‘ a 2pd a ana
Honogeneous reaction 2, ~~§. aA--{‘r—«S« a,ag'u‘z &g2p »J;Ji
convrolling A ¢ o A &
Part B .
TPLACEMENTS IN THE GENERAIL ADSORPTION TERMS,
n
(1 ¢ Rpag oo Kgag - Kgdg o Rgag v Krog
- e g Ty
neaciien A2 R A W R4S A*B TR AB T R*S
Where adsorption of A in 5 ¥,una
rate controlling Kvajm ﬁ&iﬁf_ }i_/\ 2 ‘{":ﬁwﬁ
replace Kgay by : K h Xeg &oEpg
oot v
Where dosorption of B is - < . L
rate controlling 0 0 - - Ry .}_(‘B?.‘?ié
replace Kygag by ay {7ag
Vere desorption of R is £ n
rats controlling . iKaay KKg :—'3 Kkgpa,ag K:(aa_‘"’as
replace Kpap by : =g A
Where adsocption of A is ' . -
rd‘utz cont r"oLllrlg;‘wlt;h Vﬁgﬁgag *\I Kyiay ;’!x\ Apds
iscociation of R %5 “f"”
roplace K 3, by { ™ ’I “B
b
Ynere equilibriva zdsorption of A tzkes place with aissociation
£ & replace K.a, b . Vioan N, a K aw 'LK(.}T;M
of A replace npag, Y . (ea%a MA%a § Rafa 1A
and similarly for other componenta adsorbed with dissociation.
Vnere & 15 not adsorbed .
replace Kga, by 0 O ¢ o
und alwlaz‘lf for oLher components which are not adsr). Hed,




Table I Reaction Rate Mechanisms
(Continued)
(Tables are from Ref. 9)

Part C

KINETIC TERMS.

e et e o AR o B AT

sociated

a

¥ultiply cach of ‘the torms below by EL except for the
homcgenaeous Feaelion. )
Adsorption of 4 controlling Ky
Adserption of B controlling ¥p
Desorption of R conurolling k¥
Adsorption of A controlling with dissociation 2k
Impact of A controlling kpXp
Homogoneous reaction controlling k
Surface Reaction Controlling
' — ¥ 1y e Ty )
A ﬁ R A ___N_'.R*S A+B 2R LB L0 ReS
Coes . : P N -
¥ishout dissociation kQKA, ka -3 hA ,3 Fuig Kg O HYR
A ’ s - (‘-\ £7
vith dissocietion of & ks Kg kg 8 Ky | kgals-1RKp kga(s-Likp
B not adsorbed - kg Ky kg 8 Ky | kg Ky ky 8 Kp o
B not adsorbed, A dis k. s K, kg d Ky K, 8 Ky kg8 Ky

Part D

EXPONRNTS(N?ADSORPTKHQTERMS

Adsorption of 4 controlling without dissociation

Desorpticn of f controlling
Acsorption ol A controlling with
Impact of A withoutv dissociavion
Iopact of A without dissociation
Hozogeneous reacticn

Surface fkeaction Controlling

Yo dissociation of A

Dissociation of &

Dissociation of A (B
) not adsorbed)

Ko dissociation of A
{B not adsorbved)

no= 1 L
no= 1
dissocisavion no=-2
A+ B ;;: R ne= 1

,.-_} - . ‘_

AvB T2 R2S ; n~ 2
e n.= ¢

IR ATURes | a3 TTR|AB T ReS
1 2 pa . & 2
2 22 . 3 04 . w3
2 - 2 2t b
1 2 1 T2

ﬁ?@



This equation form 1s need for linear fititing of the node one rate

by
Hougen and Watson (8). Values for the terms Ky, Kj, Kqy and Ky and X

datn, The linear least sguare amalysis 4@ performed as deseribed

are stored in » matvix £ in preperation for the next step that of compu-
tation of the Ary

Y Afber the vate consdants inm

leop one are calevlsted for the malrixz B and matyix

E = Ko @XP(=A/RT) (b1}

e, B is the wdverssl

Where ¥ ° and A sre consbante to bLe deteryin

ges constant and T 4s the tem

peratore of the reaction. The Arrhenius

sye determined by taldng the log form of the above emuation,
Substituting into two simultanecus equations the KiE and KIC const

frem matrix B, 4 and § are then defined Ly the equations below,
4 =R (751 » 752/T31 * 782) log (KgB/E,C)

Ky = E¢B EXF (AfR * T51)

The Ar

dus eon

fow % and DR Tor Ae

o8 are from the eguation determined mates,

iation is determined for sach matrix (2 and C) in the
arner. He set the termperaturs (P) for the Arrhenius cons
L to the surface temp:

ature and compute values for the Hinshelwood

78



constants using the drrhenius eguation. Pates are caloulated for esch

pellet based upon these constents and the surface cencentrations of the
specieg,

BC = . _POT (43)
(Kg + Kp » Py + Kq * Pp)¥

These caleulsted rates are then compared with the rates R{1) detep-

mined from either the inltisl estimate supplied by the pregramuer in

the input or from the difference determined node one rates which are
ealeulated in loop two and stored in terms E{10,8) or C(10,k).

R (1) = (total rete) * (multiplier defined in the program)

The multiplier is the product of the neode one rals fraction f

matrix terms B(10,M) or C(10,H) and the value of ZD which is set equal
to 1 for the first iteration but is deereased in leop two duving sub-

sequent iterations. The term F

pords to the pellet assigned
rumber in the matrix.

the ceefficient of variation is determined from the rates by
solving the follow

When cosfficients of veriation have been computed for date in

matrix B and C, the computer sets IN equal to 2 sending the pre

gture, snd node one wate determination (TN = 2},

The second loop locstion B, performs several key operatioms, The caleu-

lations perfovmed in this loop determine diffusion rate 1imd




ewperature, node concentrations, and nede rates, The Plirst calevlation
for diffusion 1imits 48 perfomed when indicator LF in loop two equals 1.

The caleulations employ average effective diffusivilties at temperatur

obssrved for the nedes, Temperature dependent dlffusivities mey be in-
troduced inte the program but average values were selected here to

sinplify eslovulation. After determ

Ang the diffusion limits for ell
data polints, LP iz sebl egusl to 2 and further anelyses bypass this seos
tlon.

The second sectien of loop two caleviates temperatures at esch node,
An initial rate estimate for the nodes 1s that the pellet reacting mass
e diffused inte the pellet as far as possible. In some cases this re-
sults in all of the resction ccourring in node four (2ll rescting wass
diffusing into center node), The method of analysis used starits with
high ent
the innermost nodes two, thre

lmates of interior node rates

sd deoresses the retes in esch of

o and four by deereasing the linear lesst

sguare approximation rates, The ocutermost node (node ene) rate referred

to as the difference determined rete 1z the rate debermined ¢

om the total

pollst rate less the rates from nodes twe, three and four. Yhen the

lmated surfaece rate we know the sus of the node rates must be
Jdebtly less than the botel

observed pellet resction rate. This condi-
tion exists because the difference determined rate 1s larger than the
surface rete estimate which was used to define the rate equation and
ealenlate node two, three and four rates., These node one rates are fore

warded te loop three for a finsl comparison of the wates determined £

the equation versus those from the diffsronce methads,



31

a8s Diffusion 14nited rates. The ealowlations performed in loop

two ars a3 Pollews: Tn section one of loop two ealenlatiens of the mass
flux between the nodes is determined, Several sssumptions are wade,

The maximum fleow of reactant Inte the pellet s assumed not Lo ewesed
the total resctlion teking olsce In the pellet, Diffusion of esch re-
actant and product 1s assumed related by the chemlesl rosetion mass
balance 4o one another, Thuaz, the resction concentration A4minishes
proporticonately to incresses in product concentration. ¥For 2 glven
pressure and temperature, the total number of moles/unit volume for e

ges 1z knowm, The sum of the molar concentrations of the resctants and

preducte in the node, moles per wnit volume, must be egqual to the total

molar concemtration moles/unit volwme, C(oncentrations are subsequently
saleulated for each node with the exception that node one is assumed to

bave the zame concentration as thet of the mein stresm.

Stapting with totel rate of vesetion of A in the pellet to be thet
diffaring to node two, the concenirations atb

node bvo is debersined Ty

the following equations. Tomm

8 AR and DR are the mesn treansfer ares
and distance between nodes respectively and RA le the diffusisn rate of

specie A, Terme Cpg to (zg are surface concentrations,

B

C, == RA * DR(2)/(DES * AR(2)) + Cy5
Cp==~F* RA* DR(2)/(DES » AR (2)) + Cpy

(k38)
Cp =+ H * Fa % 0n(2)/(DER * AR (2)) + Cpg ,

Cg=+tQ*ra~R(2)/(DEs * ap (2)) +Cgy

This process 48 repeated for node thres asw

Aing the values of Cy



ough Cq determined for node twe ave the new values of Che teo Cgoo

fter caloulating sach set of concentrations, the concentrations are

ared with the total mmber of meles which s mede (1/B

pellet volume) will hold, The total node quantity is bracketed by limite

D snd ¥R placed 4in the pr o Anpat.

(Cp » Cp P+ Qﬁ: @ Qg} s Tl
(Cy #Cyp+Cy*Cg) ¢ FR

I the sum folls ontside these 1imits, the velus of BA is decressed,
FA = 0,95 * RA (57)

1% is known that for RA equal to zero the concenivation muet he that of
the surface concentrations Cpq + Cup ete. Thus 4t is expected as RA goes
to zoro that some value of R4 will provide a total concentretion that
falls within the defined 1limits FD and FR,

b

gonarated by the reaction must flow out of the pellet for thermsl egui-
Jibrdem o« The AT ean be determined 1f an offeolive conductivity is
ugsed in the fellowlng equatlon:

Qo=R{H) * B = (CE * AR(Y ® a7 /ma(m) (B8)

and added te the

rise fr

on node toonode is det
sarface temperature to determd

e ‘i

M T

ne the nede temperature. For esch iters-

T T8+ 24T (19)



R{H) In the determing-

orm A(M) is compared

tion of representative node one rates & reduced rate 1
with ddffusion 1izmit rate RA(E) and the caleulated rate Ky CAIL, RY CALL

is determined from the least square appros

and econcentrations estimated., If K(K) is larger than elther of these

rates, an increment of rate is removed froes the node veducing R(N). The

inerement of resclion 4s then placed in the next cutermost nede,

Hnce initial node reles are delerwingd from d4FTereonce of A4ffvelen

into and out of the nodes, all of the rescting wess RA (B) 4e sllewed to

‘diffuse to the innermost nodes, therefore if srything is changed, it is
the removing of some of the reaction from the inmer nodes, The rates in
each node one to four are compered with diffusion limited vable and with
the ealeulated rates from the Hinshelwood equation empleoying Arvhenius
congtants, 1f there is more reaction in the nede than allowed by these
1limits, R(X) is deereased,

2{H) = 0,95 * 1K) (50)

Vhen k(E) falls within these limits (Least sguare spproximstien and
diffugion 1imite} the rate is considered representative of that node
rates Then, using & node one difference rate (total rate less inner
node rates) a comparison is made between the node ome rate and one defined
by the product of ZD end the initial nods { rate est

stes To oblain the
initial node one estimate, the product A(L0,H) * A(5,%) is determined
where 4(10,1) is the node rate fraction inputted or calculated and A(5,M)
is the tolal rate. If from the comparison we find the 4ifference rate

ig the lesser,the value of LD is decressed,

ZD = 0,8 * 2D (51)



The new value of ZD is sent back te loop one and mulitiplies all
node ene rates stored in matyiz 3 and Co The ZD modified rates are used

to obtain ancther least square approxi

mations & new Arrhenius constant,

a new coelficient of verislien and the progrem retuwrns to loop two where

the same rate adjustment process 1s econtimued, This process is repeated

until the difierence deterwined rates for the pellets are sher than

the respective values of the product ZL and the initisl node one rate

aetinate. When the nede one retes are defined, they are stor

in matrix

Eapd C as B(10,4) and C(10,4) and are forwarded te loop three.

The 1sst leop (G) det

ines o escond coelficiont of

lation. This time 4t pwovi

des & measure of deviat

ference determined node cne retes and the lesst souswe souation nodse

gne ratese. The now coelflcient of veriabion COVAR 4s then compared wilth

s coefficlent of vardation COV, In the progre

lg, AF COVAR is less than twice COV, the egqualiom iz mocept
ntes printed outb.

performed in this section at those performed

in seciion one, part C, with the exception that the initlal and f

coefficlents of variation (COV and COVAR) ave compaved,



lysis = Semple Problem

4 sample case, Mwirogen -~ Oxygen over plativum catalyst wes used to
determine the types of problems which mizht be emcountered in the pro-
posed computer sanalyesis. Data was reviewed from two pspers. The papers
srimentel studles in which the firet paper investigated

iwticles and pellets subjected to mized stresms of Hydn

red tank veactor, and the second paper
buler flow integral resctor.

In the former peper by Maymo and Smith (6) the low concentration

oxygen
range (0= mole ¥) was examined and it was concluded that rates were

nearly first ovder with respect to cxygzen partial pressure:

R = 0,655 exp ) F@a .60k

Teder and Putt (2) studled the low hydrogen end of the gas mixture renge
and concluded that g Winshelwood equation represented the dats, They
concluded thet surface adsorbed oxygen rescting wlth hydrogen in the gas
phase eontrolled rates thus providing cbrrelation with the following

rate eguation:

B®mE Poy Pyp®

1+ Ko fop + Kby

potions at high oxypen/low hyd

e ratios were second owdsr with respect




Le

mmarized in Table IT, part d.
fates were reported by Hayme and Sodbth in moles per gram - second but

in this sprlication, rates for entire pellets (average welght 2.0

are listed Lbevsuse the total pellet rete was used ln the anely

rates al oxygen partial

ying from 0002 ta O.1ll stmos~

=

pheves rangad from 19.2 % 107° poles o 267 £ 1070

The observed surface temperstures were between 89°C and 180°C. Other
vavameters reported and used in the computer apslyeie were the effective

diffusion yate for cxygen of 0.166 en®/sec, the effective conductivity

of the pellet 6.8 X 1o~ cel/em(see) (UC) and the heat of resction of
115,000 ealfgm mole, A1l other values used were sslected or celoulated
Diffusivities of hydrogen (1437 gm?)

gec
the offective diffueivity equations employing Wk and

and water vapor (0.6 mﬁf gee) wers

Emydsen diffusion. 3pecific heet end

sguilitedon conglent were

from the Handbook of Fhysies and Che

mistry. The resulis of saveral
computer runs performed with input deta (Table 1T, Pard B) sre discus
in the following seetions,

grimental rate data of Maymo and Smith. The forms usec

id it the

| were as follow

{a) » = Paof(ly + Ko * F,.)
o2/ WAy 2 0z (5t)

(b) » = Ppp * Pypf(Kg + Kp * Ppyy)
in determining the equation constemts the program mmploys the partisl
pressures of Hydrogen and Oxygen in the following equations:

G TRt Fop * iy " Fyp = (Fop Fyp = PupofKE) (55)




TAELE |

PART A
RATE DATA (6)

Humber ww}u%gggmh&@m mele/pell
11-1

11=2

11=3

1203

2w

3

ot 117 0,111 0,869

21 127 0,027 64923 81

21 181 0.027 0:973 118



Io-Put Description

TAELE 1T
PART B

IN<FUT DATA (2)

Compubey

1.

24

Je

b

Se

6o

7e

8,

Do
10

i,

8l Conduates
ivity of ?m%&w%, |

RO

HQ, ¥, W, WY,
ML, TH, VO

WF, BF

8(1, 1)
B(1b, wF)

(1, 1)
B(1k, MF)

DEA, DEB, DER,
DBS

BP, CP, IR, KE

Fo Hy @

T34, Te2
U2, CK, 6C

i, i

2o 11y 15 2, 24 14 3

0$W¢ @@Wﬁw ﬁ@ @3
Oollmli, 1, 1s 1 1, ;
@Qﬁﬁo ﬁﬁ@ﬁ %o@g ﬁaQu &m@

@04&%’ QQ%Q ﬂ,&@g ﬁ

0:93; 7oy 115,000, 2,000

2y 24 0

2s 6.5 X &ﬁ

¢ 1,98

3 3



Solution invelves debernd

nation of Ky Ky

and ﬁl’i for sach mechendonm
nt for water is indeterminable !

Ton conebs wnaa of

ot surface water vapor pressure ble. To determine

with b

nt K4 is sero for the case of adse:

open in the gas §

sBe, 1% is necesanry to solve for the
atants bat 4f ome o©

ndiz) writes out the wo
culation of that ecanse,

in use (ses App

passes further oal
t is to run thres rate forms, The firet form with all con-

Jhydrogen rate data,
; Bg

(56)

(2) »=Fop * P

Kﬁ o Kﬁ % ?@%



%0

Four data points were placed in metrix 7 all having

suyfaoe 4

of 373° K and twe pellet dats points placed in matrix C with surface
temperatures of 403° ¥, in 1terstion limit of three was imposed to
1391t machine time. Tnitial rines indicated that convergencs was ccour-
wide dew,

swely slowly amd resulis of node one rate ce n indicsted

atdon eristed at the

end of three Llterationg and so the munbepr

of pellet polnis were redused to three in metrix B. The pext run appe

od %o converze more rapidly then the vrevious one, tut did not reach
CONVOTE

af 1

ence within the three lterations allowasd. Thevefores, the number

inte in medydiz ¥ wae deorensed Yo two and the iterstion 1alt ip-

creagsed to five, Convergence to o fixed value appeared to have heen
achieved in this rn. The coefTicients of varlation for the two mochse
nlams were close with the coafficlient for mechanism two appearing
slightly better as indicated in Table TII, The rate equation defined for

the secowd m Lom can be written as follows plecing the values of

K% and % in Arvhenive congtant form dn the de

= Pu, P 2
02 ‘H2 (57
0.0128 exp (10800)+ (6397 - 2,600,000) Pyp

The linesr form of the equation for the tu

are negative., The Hinshelwood cons

i 4n Table IV,

The rabe Jdate oo




TABLE IIX
COEFFICIERTS OF VARIATION
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TAELE IV

'ATE CONSTANTS (Hp/0p)

b2



TADLE Y

m%m»m OF RATE DATA

Poa Fro

0283 0,972 16,6 1 1076 20,9 X 1070 57,8 X 1070

L0580 0,942 4,0 X 1076 68,0 & 1076 106 % 1076
0,973 7.1 X 1076 49,5 X 10°6 81 x 1076
0,9% 62,9 x 10°6 78,6 X 1076 110 x 1078
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The ealonlated rate varles from the difference determined rates in
sach cnse bty a factor of 0.8 which iz equal %o the size of an lteration
step ueed, Tteration steps were made large to reduce compubter run time
ot for greater accurzey the iterstion step needs to be decreased such
that the product of
inste

ZD and the rate multiplier vard
ad of the 20% used in this case. A se
the table 1s that & ls

mnd concluslon drawn from

ge portion of the total rate is estimated to be

T E&m‘% ol we gm £ ToBsiing

of the rescted fractions for each node n Table VI, From the node rate

Foaotions ahoun

in the table ths amownt of the reaction taklng place in
node one ineresses with pellet rate, In the ensuing dizcussion 4% 19
soen that this condition ig a resull of the tempersiure sensitivity of
the Tinghelwood rate constants which may or may not result from o recog-

nizable vhysical phenomanon,

ong robos are of sinlls

: ed for
particles. The firet question ls undoubtedly debatable because very
13tte data wes nsed,

trinsic rates ob

ard there is some guestion of how representalive

the dats was. IHowever, in reviewlng the runs perfomed, there appesared
to be a conzlstent palttern in the way the Hinshelwood consta
ﬁﬁ) in the eguation:

nts (Eq and

Ky +Kp * By, = W‘ (38}

haved with tesperature, In all cases K:i, decrensed glightly (ase

Table IV) with tempereature inevense WM&;@ Ly underwent a major increass.



HODE RATE FRADYIONZ

TARLE T1

MATRIX B

45

HATRIX C

0,36
04352
0,201
0.0859

04642
0,207
0,107
0,044

0,609
06199
D823
00687 0, 0hi




The rise in K@ was so pronownced that rates dropped off with distance into
the interlor of the pellets. FPhysically it does not appear reasomable

that such a change in adsorption equilibrive constent w

culd take place,
and for this reason the mechanism propesed by Leder and Butt at low hydro-

In regard to caleulated rates equations several remilts are noted.

The flrgt iteration in the case mwber 2 provided an eguation indlcated

as followss

2

o P
g2 “H2

O.11 exp (6180) + 1.66 X goll exp (~13100 Foo
" BT

If we assume negliglible value for Fy, we can rewrite the egquation as
followst

2o p («6480 2
. = 5 exp ( __%ir,} Poz ?ﬁﬁ (60)

This activation energy (€182) does not differ grestly from that reported
by Maymo and Smith,

(=5230)
r = Quéﬁﬁ GRp RT " ?02 (ﬁi)

However, after five iteratlions, the equation was altered to the
following forme

2
P F
» = 02 'H2 (62)
(10800)
+0128 exp RT 4+ (639T - 2,600,000) P

02
or in this case, assuming negligible Fyp the equatlon becomes the follow-
ings
(=10800) 2

# = 80 exp RT Foo Py, (63)




by

The setivation emergy of 10.8 kile ealories is quite closs %o that

rted 10 I 2 kilo calories as the sctivation

ofined in thelr data. These

r sach of the above eguations

adsorbed oxygen. In view of this conclusion
adsorption for plat
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It was found

that adsorption rate decresses with temperature (2) accord-
W to the follow

g equations

U

% (27 mm)i/2

. B (64)

Since this indicates the forward rate of exygen adsorption is decreasing

with temperature for egull

ibriom, the desorpbion rate must alse decreass
indicating a lower rate of product formetion. From equation gh a 30% to

40% decrease may ocour for a 2 to 1 ch

ture but no change
az great as that observed in the computer anal

vels, LIt 4s, thevelors,
believed that the large variation in this coefficient is unlikely,

RAEE



(65)




A negative low i
ding this egustion.

reture oxypgen adsorpilion conmstant was oblaix

The £

dings of the compuber program ave by no means conclusive

bt seversl observelions ave slgnificent in 4

ining the type of ine

formation which may be obtained,

First rate fractions (of total pellet rale) are defined for each

nofe in each pellst. Applying the equations deflining temperatuve dreop
and concentration variation as & funcltion of node rates from Section 2

of Fart &y temperature av

i eonsentration theo

th the pellet mey be

caleulated, From temperature and concentration versus redius plois, 4%

is possible to detersdne how the rate eguations affsct the shape of these

plots. This may be inst

ental in selection of the represenielive rate

wmechanl.emns,

Such a result was inady

sensitivity of the Hinshelwood constanis in the ssmple problem Fart F
produced decreases in rate as the temperature rose with distence inte the
pellet, While such decreases can ocour as & result of changes in adsorp-
tlon constants the sbruptness of the change placed this rate ferm in

doubt,

It 18 eonjovtured that vhen Hinshelwood rate
the date, Kinetie phencmer

sguetions represent

itrole rates st the pellet surface but

L

wnt diffuses into the center, diffuslion can conbtrol.

shemleal resctant or product concentrations it is

posgible that further inside the pellet chemical rstes may sgain com




gg

rate, Sueh variationsg arve not likely to be pleked up by first owder

rate approvimations twt would be recognized in the node analyses.

This form of analysis, because of its sensitivity to these

moter veristions can be move useful In selecting rate equations

other mothods now in use,

The scouracy of the anslyses perfon

pendent upon the presence

af seoornte wnlves Tor offeelive d1PMeivition avd effeobive thermal

conduetivity. The node snelyeis can be made as sccurate as required by
ineressing the wmumber of nodes, obtaining Jdate describing catelyst proe

perties and by scourete messurement of chemleal concentrationz and

ronotion rates,



The computer program in this study has been designed to glve maxd

mum freedom to the programmer for alteration as me

v be reguired for sny
mended that the computer program

heterogenious resction., It ls recom

nade more scourate by decreasing sizse of iteration steps and by callin

for the library suberoutine for simultanecus linear solutions of the
rate oguations for the Hinshelwood econstants.

it is recommended that the computer program be used to study ine

dustrial resctor data and that the Hinshelwood rate equations fr

pellet data be compared with previcus correlations derived frem particles

or pellets. Results are expected to define aress where furth

mentsl study mey be profitable,

In gemeral, it is felt that this computer program can set effectively
in sugmenting experdimental investigations,



ARD OUTPOT CONSTUERATIONS

This discuselon is designed to be a gulde to utiliaing the "Hinshel-

yst data® comput

grem. In brief, this disoussion

cunsiders dnput dats pachage and then some oy whare h

~Ups BEY

seeur. 4 nomenclature 1ist suvemarizes the principal variellss on pages

Phrghb, it is noted Uhat there are sleven dimension stetements and
ong comnon etetement, Natvices 2 ard C sve storage metrices, B and C

eontaldn the input dete with fou

teen bite of infe

tdon veed per dats
point, The fewn GO is the wniversal gas conetant snd i9 input in whate

v L Thus alile

aver dimensions the prograsmer wishes %o use. The prog:

o work in sny set of dimensions but

e sl

thel the input data is in consistent dimensions,

The imput date begins with the statememt read 5, WD and contimmes

for twelve statemente to resd 13, B, Fi,

outiines the data as inpud

H1ibriun equation of the reaction of

the ¥

ﬁ,%‘&im} B o B,

1s HO = Tho wumber of csses (KE) oy mechenisms to be 3

e of eawds in the next sequence,



2, I, MQ, MU, MY, TH, VO = The veluss WW through ¥Z define addresses
in
the potentisl funetion of POTF: MG the sddress of the

fometion routines wsed for wote vochsnlons, WY is the eddress in

A sdsorption
torm in function roultine ESURPA: MU 4s the address of the I adsorption.

1 4n ESORFE and likevlse, FQ, ¥E ave sddresses in the Dunction sube

e for de torms R and 5 in KSORPR end

z sdsorpbion EB0RFPS.

The term T indicates the power which the sdsorption terms sre relsed,

The torm V0 dePines the bewms ¥

2t are to be uwsed in the 30V sube

routine, This scoomplished by directing the compubter to place terms

generated from the least itation dn materix G or in maltrix

GV 4n the eorrect form for simlteneous linesyr eguation golution. The

souations ave solved in subreutine SOIV, VO also 18 then vaed to deline

the value of the Hinshelwnod constants that are returned fro

n S0V back

%o the main progrem. As may be noted f

m this sequence described sbove,

potential program hang-up may have greatest chance of oceurring

tion of the correct welue of VO,

3s The terms VF snd UF define the mumber of peints to be placed in
matriz B and matyix C. The 4w

o matrices are gelected for uge wilth {

pellet surfuce temperatures observed, The values MF and NF also deter
uine the m

mber of input cards to follow. Since half the date per point
ard, the mumber of cawls will be double that of ¥F

b » 5, Mateix B(J,11) amd (J2, 12) inpat data, These matrices are
doubly subsowip
and (L)

e The Firelt wowbey

(J) reprssentin

gz & widt of date
g the data polint numbers The first four values




of J are partial pressures or concentrations of componemnt 4, B, R and S,
The £ifth value 1s the total pellet rate. Terms J6 through 9 are the
diffusion 1limits at nedes one, two, thres, four defined by some fraction
of the total rate for which diffusion may oceurs Thaet is RA(M)/A(5,H)
R4 representing diffusion rate which could reach node N from the next
outermost node. The value (A(5,1) is the total reaction rate which was
Input to metrix B or Cu The last terms J10 to 13 are rate limits besed

upon combined rate eguation snd diffusion limits depending upon which

is eontrolling the rate in each nede two to four. The last columm Jik
ie now stores surface temperature but may be used to store additiemal
data Af desgired, since surface temperature is introduced in another in-

pult location.

6, The diffusion constant DE ( ) are values of diffusivities of species
Ay By B and 8 representing best average value for the four nodes investi-
gated. For greater accuracy it may be desirsble to introduce an eguation
o correct diffuglvities for varying node conditions.

7« Next, several comstant RP == pellet radius, CP gas-specific heat,
HR heat of reaction and KE equilibrium comstant are intreduced,

8, Then temperatures applying to surface temperature of pellets matyixz B
is T31 and for metyix C is TS2,

9. Another set of consts

nte ineluded are F, H and Q which are the node
relation of species B, R and 3 to specie A,

(F = moles B
moles 4

for mass balance)

55
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10

anal infeormation introduced inelvdes the nusher of unknov

constants to be solved for in the least sguares solution (UR), the

1 conductivity of the pellet/gas conb

Lnadion {mﬁ)

el gas constant (GC),

11 Values of ¥0 and FD terms 2 to & indicate the allowsble deviatien

of the sum of the concentrations in nodes two to four defined for the

diffusion program,

12, Ilast, the values for the mm
inttial estimete of total pellel resction tal
guives at lenst three

ber of 1terntions per mechanism to be
od dn the ealeulationss It is est

mbed that convergence from

: placse in node one ve-

iterations. Then, review of dats and betler indtial

" node one rates should provi

de convergence more vapldly,

ILe

ng the matrix GV which 4s sub:

subroutins S0LV.

sary %o place the pertin

fors such that wlknowms ot (U2) colunms with the re~

sidual or knows

has been

y term columm in (U2 + 1) colwm. Thus the
used %o move the pe

nent variable te the corree

tions for solution, AL presant, mat does not have all the poseible

ations and it may be necessary to add additionsl ones for GU sets

o be evaluabed

o Sinilsr considerations of output feor the correct Hipe

it is memjm Coant
sfficients be

any of the oo

g solved for go to sero at which point the subreutine




prints oub the word "EITOLY indicating a szerc cosfflelent snd the pro-
gram will go to the nexi case RO(KK), Other than these lecations, the

gram will probebly

run Lo completion unless & Lerm

the storage

apaclty of the compuber,

The program hag taken into eonsideration that Hinshelwood coefficlents
mey be sero and bo bye

pass Jifficulties in beling stopped at an eavly

iteration because of dif

fioulties in computling

based upon Arrheniuve eguetien., The subroutine temeo computes elther an
drrvhenins or a linesr relation end uses that for the next iteration.

Thus the printeont of the Hinshelwoed cor

mhe ot the el of o mn

should be made to see 1T constan

t5 are negative, This iz done by checks

ing walues printed out of the matrix (2, 5) where values of AK and LB

are listed. A% is the constant and IB ies the exponentis]l term (or slope

in linear result) exp(DB/FT).

d o print cut the fimal walues
of the terms in meteix 4 and B thus giving fractiomal rates in terms of

diffusion 1iwits and diffusion/rate linmite conbines, Also printed ocut

4e the eoelliclernt of wariation for the differsnce bobw

rotas and the eguation derived rales,
COVE{KK)

and COVRC(HE) .
watrices which provide Arvhenivs relation cosfficlents as indicated in
the follewing equations

E = (AX) exp (DB)

o
S
b

e



As 8 check on the validity of AK and DB is matrix E which provides the
Hinshelwood coefficients for each matrix Tfrom which the Arrhenius co=
efficients have been caleculated. TFrom these data most pertinent results
ecan be determined both in terms of individual nodes and node one versus
rate equation comparisons. It may be of interest to store caleulated
rates and node one rates at the end of the last iteration for each

matrix, This will undoubtedly require additional storage matrices,
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v Aatn el
g dnts before use in pateiz 4

Yabvriz used to store Hliushelwood




WE and TK

R(n)
an(y)

CA(R) or FA
CB{N) or PR
CR(®) or PR
ca(u) or P8

Po{wY
Ry
K500 PA
Raonpy
ES0RPR
Eaonps
WF

RP

DER

DES

ROTE: wWith

i

fusber of data pol

s dm mabeln ¥
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CK
Ge
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