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fo r  Hydrazine B s c a a p i t i o n  

Computes Prag m mual. 

A gelrersjl deecription of the o n r  a d  two-dimensional. models &d a dia- 
cussioa of the machine grograms develapd i m t h e s e  model8 are caniained i n  
%hit3 w m l .  
dimemload, steady-atate progmm are included in the  discussion together wlth 
example& of typical data cases. 
operational. problem which might be encwtemd while ming the program6 along 
with approgrfata 1)1~1~138 f o r  aolvix.~ them problem, 
up ai' the 6ub~nMf1es can.tSine8 3.n each deck irs incPudsil rdLong with general 
flow chart8 of the mjor mW-de6. 

A deecription of input a d  output for both the one- and two- 

Aleo included is a description of several 

Xrr addition, a short write- 



Under Contract NAS 7-458, the Research Laboratories of United Aircraft 
Corpmatioia are performing anslytical  studies of the behavior of distributed- 
feed catal.yi;ic reactors fo r  hydrazine decomposition. The specific objectives 
of t h i s  program are (a) t o  dwelop computer program f o r  predicting the tem- 
pmrhm and concentration distributions i n  monopropellwt hydrazine catalyt ic  
reactors i n  which hydmzine e m  be Znjected at  arbi t rary locations i n  the 
reaction chamber and (b) t o  ~ e r f o r m  calculations using these computer programs 
to de;illons.t;rcr%,a %he effects  of various system parameters on the prfomance of 
the reactor * 

Progress prevfously reported in the first annual report (Ref .  1) included 
tbe 5evelopaent of a computer program which describes the steady-state behavior 
of'& contg~ot is  f h w  Lype reactor system i n  which complete radial  mixing i n  the 
free-gm (or l iquid) phase was assumed. 
second annual report (Ref. 2) included an extension of the steady-state program 
t o  include radial  as w e l l  as axtal variations in temperature and concentrations 
in  order t o  permit an analysis of various indection schemes and catalyst  bed 
configurations which exhibit radial nonunifomities. 
used t o  calcuXate temperature snd reactant concentration distributions as func- 
t ions of feed temperature, chamber pressure, mass f low ra te  dislribution, taka- 
lys t  s ize  distribution, and enibedded injector locations. 
year of contract e f for t  cttention has been directed toward prepaying a manual 
describing t o  potential u6ers the operation of these coznputer pmgn.ams. The 
manual includes 8, general description of the one- and two-dimensional models 
as well 86 a detailed discussion af tbe machine programs representing these 
inodels e 

Progress previously reported in the 

These programs had been 

As g ~ h r - t ,  of the third 



DESCRIPTION OF ANALYSES 

The Fuie1ysis of a hydrazine engine reaction system carried out t o  uatc 
pert:*ins t o  a reaction chamber of arbi t rary ~ O S R  section p t - - k d  w i t h  L:atLvs 
particles in to  which liquid hydrazine is  injected at a r b i t r a t i l y  selected ~ O C R -  
t ions .  Catabyst garticles are represented as "equivalent" Lipheyes vi' k a dia-  
meter taken as a Pmction or' the particle s ize  and s.har&. mth mermal. am 
catalytic vapor phase decomposition of hycimzine atd ammonia, w e  considered i n  
develoFing equations describing the concentration distribations of the2.c rcac - 
taats. 
of t,he catalyst pellets is taken ixLo account. Since the c a t a l p +  ii,ai.tria.i 1.i 
impregnated on the inter ior  and exterior surfaces of poraus particles, the 
diffusion of reactants into the porous structure m u s t  also be ccns?'dered. bn 
addition, the canduction of heat w i t h i r ,  the porous s r t i c l e s  nust be taken i ~ t o  
account since the decomposition reactions arc accaqxmied by the eiiciut1on or 
absorgtion of heat. 

Diffusion of reactant; from the free-gas phase to t h e  oGteide ~ x ~ f a c i :  



One-Dimensional Steady-State Male?. 

Tn developing the one-dimensional steady-state moc?el, the temperature and 
reactant concentrations i n  the i n t e r s t i t i a l  phase (L.e, 
as distinguished from th2 gas nhaae wit'nin %he parous particles) are assumed 
LQ var$ only with axial d is tmce  along %he bed. Zza til? eritrausce region of the 
reactfon chamber, where the tempemtiire i s  low en~tlgll Lo p e d t  the existence 
of liquid_iqWaziae, Paporizatien of Liquid €s assmed t o  oc:ur as a resu l t  of 
decmposi-kiiun ~t' vamr hy6mziae witbin the pores of the czta1yaL particles. 
Thst is, cata2Aic reaction is msiuned t o  be fast enough tu keep liquid hydra- 
zine f m m  wetting the pares of %he particles; the hydrazine concentration at 
$he sus%ace O f  the catalyst  par t ic les  at away- axial location in the entrance 
region is then comguteC from the vapor pmssuse of liq-ilid hydrazine i n  the 
i n t e r s t i t i a l  phase et t h e  $me axial location. 
heat o r  nasa, the change -in en-khalpr of tbe in%ers t i t i a l  phase in the region 
where Liquid hyarwine is present (2 . eop  where hi F l+nv) is related t o  the con- 
centration gradient &-k the ~uifacc of the porous catalyst  parbicles by 

the free-fluid phase 

Neglecting axial  diffusion of 

V for hi  S hi  

!l%e variation of 5mss f l o w  rate, G, with e a 1  distance 5s easily computed 
from the gate 02 feed of l iquid hydrazine from the distributed injectors into 
the system. 
%lie vaporization teraperature, the tempemture may be obtained from 

I n  the region where l iquid hydrazine exists a% temperatures below 

L 

" (3) hi - hi L 
WEIGHT - FRACTION VAPOR = for b, I hi Ce hi 

hi'd- h; 

Ai; the axial position a t  which the enthalpy of the interstitial p h s e  is just 
the equal t o  the enthttlpg or  vapor hydrazine. 8% the boiling p i n t  (hi = hi 

V 



fraction of hysrazine InJected upstremi of thot point vhich has been decom,oose~; 
I s  easi ly  calculated from a11 overall heat balance, m e  associated mounts of 
ammonia, nitrogen, and hydrmine formed Proni decomposition of hydrazine can 
ther, be calculated taking the decomposition reaction as 

:>+ should be noted tha t  this is the overall reac t im scheme detexmfned e.xper- 
imental1.y for both homogeneom decorqositiox of hydrazine (Refs. 3 
and lot; pressure heterogeneous decomposition of hydrazine on p la l inm swf‘aces 
(Ref. 6 ).* 

4 , 5 1 

V In the remainder of the reaction amber, vhere h i  > h i  heaf; i s  being 
supplied t o  the system by homogebleaur; as w e l l  as heterogencoxs decoEpsl%ior 
of hydrazine. I n  addition, a t  s ~ f i c i e n t l y  high temperature, heat is removed 
from the syatem by the endothermic decomposition of arnmoaia. For hi > hi 
then, the change i n  enthalpy with axial dkstmce is related t o  the reactant 
concentrations in tlie i n t e r s t i t i a l  phme and at  the surface of the porous 
catalyst particles by 

v 

The changes in seactm-t weight fractions i n  the intersti tbal’phase with axial  
r l i s t ace  are related t o  the reactant concentrations ir, the i n t e r s t i t i s l  phase 
and &t the surface of the powxds catalyst  particles by 

*It is more commonly assumed, without benefit of experimental evidence, t ha t  
the decomposition reaction is 3 N2H4-4 El33 f N2, followed by dissociation 
of one of the four ammonia molecules t o  nitrogen and hydrogen. This two-step 
process Leads t o  the same ovemJ.1 reaction cited above but assumes tha t  a 
minirrum of 25 percent of the armonis produced by hydrazine decomposition also 
decomposes. m e  fmc-tionab amwnia dissociation, f , calculated assuming the 
validity of the two-step procem is related by the fractional ammonie. disso- 
ciation calculated in  the present repor t  by 

( f )  two-step = 3 (f) present + 1 
process report 

4 



The changes in mactant concentmtfom Kith 



and 

and 

The temperature of tke interstitial phase i n  t h i s  regior, is related to 
the enthalpy by 

It should be noted tha t  the hydrazine c ncen-tration et the surface of a 
cetalyst s r t i c l e  in the vapor region, (.P)$~, is taken as zero. This 
reflects the f a c t  Ynat the catalyt ic  reaction is so f a s t  that  the rate 09 
deemposition is controUed by the rate  of di9Faion of hydrazine from the 
bulk vapor, through a s w a n %  gas film surrounding the catalyst  p r t i c l e s ,  
t o  the outside sinface of the particles. In  the case of amonit%, f i l a  dif-  
fusion is rapid relative tc the ra te  of dissociation of ammonia within the 
particles.  !&e conceatration of amonla at the swf‘acs of the catalys+, p r -  
tfcles,  (cp)sm3, is therefore fairly close to the ammonia calcentmtiOns in  
the bulk vapor phase, 2fN’3. The surface ccazcentration cen be c&culated, 
along with the concentration profile i n  the porous particles, at  any =%a1 
locgLtion by scplvhg simultaneously t3e equations representlzig Pi lm and pore 
diffusion or heat an5 a s s .  
prous pellet, it is assumed tkt, changes in ti? mass density of f lu id  within 
the particle a m  negligible relative to changes Pg concentration of the reac- 
tirig species. Xn additicn, pressure changes wtthin the particle r e s u l t i n g  
fmm nor;equWlar diffusiou are neglected, as is he&t transporced by _pore 
diffusion of mas.  
conductivities, KF, the equetions describing heat and rcss transfer within a 
catrlyst particle m y  be wrttten as 

In descrldng the diff’wion of rass ~ % h i n  a 

Pssumhg cons%an% diffusion coefficiants, %, md thermal 



= o  2 NH3 NN3 
het oP V cp - r 

!Be w e  of this relatPmehip ens3Ees the mactlon ratez %tm3y tc be written 
as a function of conm?r:+x&tion alcme instead of concentration and temperature. 
In thfs cam,  however, %he reraction rate is a function of two pramters, 
fTp)a and (~$2~3, which are yet t o  be determined. Equatim 16 can be solved 
for the concentm-kfon at any point in %he porous particle in tenas of the reac- 
tion rate, Qetm3, t& inemtitial  concentmition, qm3. %e solution is  
derived in Refs. 2 and 9 as an implicit ig.f;egl.a?. equation given 5y 

a 



I n  order to detexmne the pwt ie fe  m n i a  concentration profile direct ly  i?; 
t e r n  of the in t e re t i t i a l t apemkt tm ani! react=% concentrazims it 5s neces- 
sary t o  solve Eq6. 18, 19 an6 a s h ~ . t a n e o r a s ~ - ,  

I n  the special case of neglfgSblf film resistance to heat ami m s s  t m s -  
fer (%.e* (Tp), = T i  and (cP& = cij, Eq. (21) can be w i t t e n ,  for any ~ w t a  
s p c i e s ,  as 

It is EQ. [E) m c h  %s used tc descrih t:e hydrazine cancentration profilea 
within the catalyst yarticles located “a the Liquid region of the resction 
c-er. 
nutside surface of %e cataJyst pari;icles 80 tbat (cp)$q = ct&@+> *ere 
-is the vapor concentration in eqallibrim with Liquid hyarazllle r;t 
+;emperatme T i m  
complicated s-ce it is d5,Stficult to  predict- whether liq.uid or a combinatlcn 
of l i q 5 d  and vapor wets %he outsl.iie surface of the catalyst parkicles. Both 
of these options am presently +A the compllter program representhg the ste&$y- 
s la te  model, Ira the case in which both the liqufa and vapor are W e n  to wet  
the par t ic le  surface, it Ls asb3umed that, a% fa given mal location, the f s c -  
t ion of :he s&we c o ~ e m d  by vapor is equal the weigh%-fractian of vapor 
present. Bcoraposition rates, c m p t e d  essurnlng pure liqurci surface coverage 
mu then pure vapor coverage, are veighted accordingly,. Fortu€tou6ly, for 
the system comidexd here, the l%q~d-*/apor r e g i a  is so nmmwthRt the 
choice of either of these options has nogl5gible effect os1 the resulting tern- 
pemtm-e distribiitions (Ref. 1 ). 

In th i s  l i q d d  region it is assumed that LX@d hydrazine w e t s  t k  

In the llqulCi-mpor mgian the s i tuat ion I s  somewfiat more 

Fini te  difference methods have k z n  used w) pmgxam k r  digital cmputa- 
t icm the ordinary difiererztial equations describing the changes in enthalpy 
as2 reactant coricenixations ira the inte?xti%ial phase, No i teratfon is neces- 
sary tc solve these equations numerLc8lly when the increruental axial distance6 
are SuEiciect ly  small. 
each a x i ~ i  _msitisn as a firnution of the rates of change of temperstwe and 
fractionz2 ammonia dissociat im with ~ a l .  distance, Rowever, Eqs. (21)and 
e2), Tihi.ch must be solvec? simultamoulzly with the differential equations, are 
b p l i c l t  h t e g r a l  equaticns which require i t e ra t ive  pmcediups for solutioc. 
H a d  calculations have indicated that convepgence t o  solutias for c,(x) are 
d i f f icu l t  t o  achieve d e 8 s  the i n i t i a l  estimates of t i e  concentration d i s t r i -  
b U t i G I ? S  axe f a i r l y  accumte. Methods have been developed for generat- % k s e  
estinates and itc. t i ve  procedures have been devised which effect  rapid convex- 

The size of a succeeding increment is calculated at 



The c-es in reactant weight fractions in the hterstitial ? W e  Wth mal 
dtstaoce at any radial locatiur: are related to the reactmt concen-bsatfons in 
the interstitial phase and at the surface of the pcmw catalyst particles by 

*Equations of this type are pmeented in somewfrat different fann In Ref. 7 . 
"he l aa t  tern on the right-hand side of the egustzon reflects the 'mat trans- 
ferret! by the d i a l  diffusiau of r S 8 .  





The charlges in reactant concentrations with axialdlstance are then given by 

where 

and the pressure drop may be estimated from the Ergm equation (PG?. 7 ) as 

!be m8s flow rate, G, is computed a6 a function of the rate of feed of l iquid 
hydrazine from the distributed injectors into the system. 
caused by parkicle-fluid viscous interaction, is neglected. 
therefore, that downstream of the injectom the mas8 flow rate profile r e m a  
unchanged e 

Bull., &i<lial. flov, 
It is  asemted, 



The equttticns representiag the one- and two-dhen6imal steady-state 
model6 have been p r o g m e d  f o r  the UPTHAC 1108 d ig i t a l  comp-ater, These com- 
p t e s  programs are discussed below. 
aria output descriptions and descriptions of comon opemtional problems asso- 
ciated wi%h the program. 

Included $3 t h i s  discussion are input 

One-Diruensional Steady-State f.dodel 

Input Bscr ipt ion 

n e  folloving is a listing of the necessary input f o r  the one-dimersional 
steady-state computer progmm. 
coaing of a staisle data case is shoki i n  Fig. 1 and a listing of the input data 
pmch cards correspomiing t o  t h i s  smple data case is shom i n  Fig, 2. 
card nmbers i n  the t ex t  below correspszld t o  the card numbers ( f i r s t  column) 
of Table X. 
2 through 16 should be replteted f o r  each r3a-h cwe  to be run. 

The input f o m t  is given i n  Table I. The 

The 

For each mi there Wwlbe only one card rider one. Cards - 
1. The first card contains the nuaihsr NCASC. This number indicates the 

n W e r  of &,*a cases ~ L t h  each m. 1 5 NCME 5 999. 

2, mK2 Secon4 ca?S is th?? t i t l e  card wed for individual data case iden- 
t i f icat ion.  The t i t l e  m y  be any alpha numeric information desired. 

The third card contains the indfcakors !&"I#N and PRINT and the nun- 
ber  N$FZ. 
liquid-vapor region Is desired. If &?PI$N = 2, the program w i l l  u6e 
the meWm i n  subroutine LQV2. 
the method i n  subroutZne LQVP. 
Appendix I. 
deeired. 
i n  the section c . output ba printed. 
and "nonstsndard output" &re printed. 
described ir, the section on output. 
t i cna  (Zls) t o  be used in  the three tables input on cards 8 tkU*oiwp;h 16. 

3. 
cpTT(dN is used t o  indicate which method of analyzing the 

If @TI$hI f 2, tke program will use 
These two  methods are deficribed i n  

FBINT is used t o  indicate which type of printout is 
If PRINT -= 0 OY is blank, the "stmdsrd output" fiescribed 

"Nonstandara outpu '' is  also 
N6F.Z is the number of axial sta- 

If P m  = 1, both .e "standard" 

4. The fGurth card contains the eight constants ZO, GO, FC, ALPHA3, KF, 
E, wM4, and wM3. 

2x) is the axial distance t o  the end of a buried injector i n  
ft. (Ref, 1). 
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2 is the i n l e t  mss flow rate i n  lb / f t  -sec. 
greater than zero. 

It must be 

is the rata  of feed of hydrazine from buried injectors (Ref .  1) 
into the system in Lb/f&ec. 

is the preexponentisl fac tor  i n  the rate equation fo r  the 
t h e m 1  d s i t i on  of hydrazine (See Ref. 1 ). It equals 
2 , ik~I .Q lo"comBo sec- . 
is the enthclpy cf liquid hydrazine es,tering the bed i n  Btu/lb. 

is a gas consh i t .  It equals 10.73 (psia-ft3)!(lb mole-deg 3). 

is the  molecula? weight of hydrazine. 
st? mole. 

It equsls 32.048 lb/ 

is the molecular weight of amonia. 
mole. 

It equals 17.032 lb/Lb 

5. The f i f th  card con-kaim the  eight constants W M 2 ,  W, ALP€-&, ALPIW, 
Am, BGM, E, and CC&, 

is the molecular weight of nitrogen. 
lb/lb mole. 

It equals 28.016 

is the molecular weight of hydrogen. 
mole. 

T t  equals 2,016 lb/lb 

I s  the  preexponential fac tor  i n  thg rate equation f o r  the 
catalytic decomposition of- hydrazine (See Ref. 1 ). For the 
Snell 405 catalyst  it equals 101'sec-l. 

is  the  preexponential fac tor  i n  the rate equatior, for the  
catalj;tic decomposition of anmonia (See Ref 1 2 .  For the 
Shell  405 c a t a l y ~ t  it equals 10'1(lb/ft3)1' (sec >". 6 

is tbe activation energy f o r  the catabb-tic decomposition 
of hydrazine, divided by the gas constmt. 
LO5 catalyst  it equals 2500 deg R. 

For the Shell 

is  the activation energy fo r  the catalyt ic  decomposition of 
ammonia, divided by the gas constant. 
catalyst  it equals 5O,OOO deg R. 

For the Shell  405 



KP is the t h e m 1  conductivity of the porous catsJSrrjt pqr- 
t i c k .  
Btu/ft-aec-deg ~i, . 

Fcr the  Snell 405 catalys? it equals 0.4~lO-~ 

CGM is the  ac%i.trrtion energy for the thermal decomposition of 
hydr&ine, diirided by the  gas coristant. Xt. equals 33,000 
deg R. 

6. The sixbh card contains the seven constants W, iSL, -, ENW2, 
E2IMX3, DIF3, DIFh-, and the inlet value of PES. 

TF ” 6  the  Lempemt1n-e oi”‘iZqui3 hydrazine entering the bed in  
aep: R. 

CFL is  the  specific heak ef Liquid Igclmzine. 1% equals 
0.7332 Btu/lb-3eg R- 

l3NMxl is the constant used t o  determine size cf-axial s ta t ion  
increments i n  the l iquid region. It equals 20C, Increas- 
ing t h i s  number would resu l t  i n  a Sacrease 3 , ~  size of axial 
s ta t ion  increnents (and an increase i n  cmyuter rue time). 

Em!aQ is the constant used to determine the s ize  o f  axial s ta t ion 
increments in the  liquid-vapor region. It equals 40. In- 
creasing t h i s  nuniber would resu l t  i n  a decrease i n  s ize  of 
axial s ta t ion  increments (and an increase in computer run 
time). - is the constant used t o  determine the size of axial s ta t ion 
increments i n  the vapor region. It equals 80. Increasing 
t h i s  number would result in  a decrease i n  s ize  of axial sta- 
t i m  increments (ma an increase i n  computer run time). 

DD3 is the diffusion coefffcien of ammonia i n  the gas phase at  
SW. It equals o.lTao-3f-i?/sec. 

is the diffusion coefficient of hydrazine i n  the gas phase -4 2 a t  STP. It equals 0.95xlO f t  /see. 
Dm4 

. .. 

?RES is the i n l e t  chmber pmssure i n  psia. - 

The seventh card contains the four constants !LEXTD, 7. and EN3. 

m is the catalyt ic  bed length i n  f t .  
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EN1 is the order of hydrazine catalyt ic  decomposition reaction 
with respect t o  hydrazine. 
equals 1.0. 

For the Shell 405 catalyst  ii. 

m2 is the order'' of ammonia catalyt ic  deccmposition reactic. 
with respect t o  ammonia. For the Shell 405 catalyst  it 
equals 1,O. 

EN3 is the order of ammonia catalyt ic  decompositim reaction w i t h  
.respect t o  hydrogen. For the Shell 405 catalyt t  it equals 
-1,6. 

8. Cards 8 through LO cont..ain ZTBI;A(I), the interpola,i + on t.able used t o  
obtain the catalyst  yar t ic le  radius at  any point along the reactor 
bed. 
k i t e d  Aircraft  Research Laboratories, is used t o  obtain an appro- 
pr ia te  par t ic le  radius, A, f o r  a given ax ia l  station, Z ( I ) ,  along the 
bed. For t h i s  table there should be a t o t a l  of (I?$$l?Z) z's and (NmFZ) 
A ' s .  The table is s e t  up a6 follows. - 

Subroutine UNBAR, an interpolation routine developed a t  tbe 

CAm NO. 

8 TI& card contairla the four 'table descriptcrs used by UNBAR. 
The first descriptor s ignif ies  the table number. For th i s  
pmgrm it equals 0.0. 'J3-e second descripkar t e l l s  a t  what 
hc;ea;t;ien i n  the array the table starts; the tables in  t h i s  
program are read i n  such tha t  t h i s  gumber equals 1.0. m e  
t h i d  dest?riptor is the number of indepndent variables i n  
%he table ( i n  %his case, the number of Z ' s ) .  
quais l@FZ, zlne fourth descriptor f o r  a univariate table 
suck? as &is one should equal 0.0. 

This number 

3 These cards contain &e monatonically increasing z values. 
Enough cards should be used t o  contain NdFZ values of Z a t  
the rate  of ten per card, 
values of 2 should be input using two cards with ten values 
on the f irst  card and the 2 remaining values on the second 
card. 

For example, if N$FZ = 12, 12 

10 These cards contain the A ' s  which correspond t o  the Z ' s  
l i s t e d  on cards 9. 
MFZ values af A a t  the ra%e of ten  per card. 

Enough cards should be used t o  contain 

9. Cards 11 through 13 contain ZTBLAP(I), the interpolation table  used 
t o  obtain the t o t a l  e x t e r m 1  catalyst  pwt.A.cle surface Area per unit 
volume of bed (AP). !l%ese AP values are obtained from UNBAR BB f w c -  



tic.Is of a l a 1  diRtance (2) a8 in the ZTE.C:3. table  discusfied above. 
For t h i s  table  there should be s t o t a l  of (RbFZ) Z ' 8  and (T?$FZ) AP's. 
The table is set up 88  follow: 

CARD NO. 

11 This card is exaetljr the same as card 8, 

12 These cards aye exact lythe same as c a d s  $, 

13 meee cards con-t;ain the A? yalues which correspad t o  the 
Z's l i s t ed  on cards 12. 
contain @FZ values of A? at the rate of ten per card, 

&ou~;h cards shotild be used t o  

10. Cards 14 through 1.6 comtain ZmLD(I), the interpoiaticn table used t o  
obtain the interpar t ic le  void fract ion (DFXA). These DEI3 ~a' iues  are 
obtained from INEAR as functlms of axial distance (2) as in the  Z T E A  
table discussed above. For t h i s  table  there should Be 8. f o k l  of 
(NfiFZ) Z's ana (I@FZ) DELA's. The table is  sdt up ab f o l 3 . 0 ~ ~ :  

14 This card Le exactly the stme as c a d  8. 

15 These cards are  exactly the same as zsrds 9. 

16 These cards contain %he DELA values which correspond t o  the 
Z's l i s t ed  or, card;: 15. Biough cards should be used t o  con- 
t a i n  N@Z values of DELA b t  the ra te  of ten per card. 
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Sttput Des cr ipt ian . 
&&L& from the one-dimensional st ady-state program is ent i re ly  i n  

pritxmt tom. 
2m = C, Iniludes sU printing n0naSll.y dons during execution of any repre- 
aentatxce &%a caae, time messages which pertain t o  calculations which do 
not f&ow the n o m 1  pttem in a typical run, and one error  meesege which 
is fellowed by program temhmtion,  Non-s.kanaard output is printed i n  addi- 
tim to the steu?dan3 output whm PRllW = 1. This non-standard output includes 
adil i t ioml cf&xlafed vrtlues and ccmments whfch perkin t o  intermediate ml- 
C;&ai;bns. 
is generated a- describee below. 

Standard output, which is Frinted out when input option 

.. 
The pr in t  statemmts assochted with each routine i n  a c k  output 

2. Axial psit ion,  (a i ) ,  temperature, (!E!@), enthalpy, (a), and rate of 
change or enthalpy ni.9;b &&I distance, (DEDZ), for each axial position 

I ^  3.n the liquid regilaaa . . -  

1. 

2. 

3 .- 

Axial posititm, (Z), temperature, (TEW), pressure (PFES), enthalpy, 
(H), end coacentrations of hydrogen, (cI), nitrogen, (E), mmnia, 
(C3), and hydrazine, (Ck), at each axial pasition i n  the vapor region. 

Eiole fractions of hydrogen, (I.IF.WCI), nitrogen, (MFRAC~), ammonia, 
(MFPAC3), and hydrazine, (MFF&C4), and the fractional eissociation of 
timraonis,' (FRAC3D), at each exal position in the vapor region. 

A l l  axial positions, (Z values), in the vapor region l isted consecu- 
t ively and N3AR and G values at  the end of the reactor f o r  u8e i n  pre- 
paring input t o  the transient model computer program. 

23 



For a l l  cases inv$.ving a non-zero embedded injector feed rate, a check 
is made on the 2 step s ize  after each calculati.cn. If the increment 
proves too large t o  yield satisfactory results, it is halved and re- 
checked. The procedwe continues u n t i l  a satisfactory interval s ize  
is found, and the above message is then printed. 

5. czm IS A PUDDI;E $IF @LD H'IDRAZINE AT TBE LIQUID-VAFOR/VAFOR 
nmmmrn. --- TRY USING a LAI~GER VALUE F ~ R  GO" 

. -  

When wing a buried h j e c t o r  scheme it is possible t o  "flood" the 
region surrounding thz injector  t i p  with cold, liquid hydrazine. 
sudden drop i n  axial. temperatures at the liquid-vapor/vapor interface 
indicates that tMs -as ocewi-ed, an13 in such cases the above message 
is printed and no further calcula%ions are made. 

A 

: 

XT) represeats an approximation of the rad ia l  distance t o  which hydra- 
zine penetmtes the catalyst  psrticle before being dissiptited. It is 
determined through an i t e ra t ive  procedure, and i n  some instances i n i t i a l  . 
guesses do not yieM s&tisfactory results. In  this case, corrective 
measures-to yield abetter approximation t o  XO are inst i tuted and %he 
procedure repeated. This message indicates only that corrective cal- 
culations to.impmve on the accuracy of XO are being ini t ia ted.  

2. "UNABI;E !I$ C!$NVERGE dN CPS EN 50 !!XiES --- CP(X/A) = .xIwM - + XX" 

If subroutine SGME cannot calculate a "converged"va1ue f o r  CPS a f t e r  
50 iterations, the f i n a l  value for & at the par t ic le  surface is used 
t o  approximate CPS. 
program caiculations continue WLth the above message being printed. 

This is a good aiproximatiarm t o  CPS, however, and 

If after four corrective attempts t o  appraximate XO the procedure still 
does not yield satisfactory results,  t h h  meeoage along with all unaccept- 
able values f o r  XO is printed and further, calculations are stopped. An 
octal  dimp of core accompanies the program stop. 

24 



1. l t ~ m m ~  G H ~ ~ C E  TH@UGH ~ R I G I ~ '  IS @d LARGEII 

When i terat ing t o  find R satisfactory approximation t o  the radial  &pth 
of penetration of hydrazine i n  a catalyst  particle (XO calculation), an 
iriitial guess is the par t ic le  raaius itself. 
unsatisfactory choice, the above message is printed and a different 
i n i t i a l  guess is used, 

"SATISFAC@RY S-NG CXlRVE F&NB AF1TER XX TRAIL;i. 
B (ID) IS .XlCI8WC + XX" 

If this pmves to be an 

- 

2. !EE VALUE $F 
- - 

Tnis message indicates that a satisfactory appmximtion t o  the r a d i a l  
depth of penetration of hydrazine 5n a catalyst  particle has been found, 
and appears frequently i n  calculations involving the liquid region of 
the reactor. 

Vhen calculating a concentration vs radial position profile withan the 
catalyst particle, 
linear. prof i le  from the center 0f the par t ic le  t o  the surface. It can 
happen tha-b this appears t o  be a satisfactory first guess, but ulti- 
mately yields umatisfactory res-alts for the f inab "converged" values 
of CPA. In such instances the above message is printed and the iter- 
ation pmcedwe is repeated using a new i n i t i a l  guess. 

i n i t i a l  guess at  the profile is used assuming a 

4. '2rnMTI6N = xx 

X/A CPA V A  CPA X/A CPA X/A CPA 
xxxx xxxx ~ ~ 1 C ) Q I x  xxxx :uxx )(xxx 

- x x x x  )Elcxx y x w [ ~ l w M  x l c K x x x x x ~  . . . s . . . . . . 
Mcxx xwcx x x x x ~ x x x x  x x w [ x x x x x x x x  
THE S@pE C@TBRGES !I$ ,XXXXXXX - + XX" 

When a converged value for %he slope of the concerrtmtihfi profile cume 
at the catalyst  particle surface has beerr calculated, the ebove "concen- 
t ra t ion profile" nil1 be printed. 

[i-' ' 
i 

I\ , 
$ f  ' 

The wore "ITEIIATI~N" refers t o  the 



i t e ra t ion  count at the time of cmyekgence; XJA, is .%he nonwlized 

, / I , .  -. - . L .  

(c j  ;., <&* (&3-CpS) ,.-, + S t '  ~- 
1 x. , , I  -- .:: , .  ~ 

, ~ * $  -3 . , 
. .- . -  . ,  -1 . -. i __- 1 , --,--- . 

'6 , , 
, 3- - 

. -  
Irk&(T-m) 7 ':m.',-$...xp I 

, T .  -"' 
, .  
. , / .  

@asage (a) iadick%es the nuniber of i terat ions that were needed .-! 

to- S'iula 9 converged *ue for the concen&ation ., gradtent. 

Grticle e w a c e  (cp)s -. :- 
. . .~ . .  

, '  

,: .':.:~-. 

. ..Print messige (bj g h e s  the convesged v a h e  for the concentration at the 

- . . .  . -. . - 
- .  Printjtueesages ,(.c) and (a) give calculated values where KC3 is the. . - -  

m k s  tmhsfer co&ficIent for ammonfa, C13 is, the i n t e r s t l t i a l  con- . 

c&ktmtion of ammonia et the catalyst  surface, HC is the  heat^ trans- 
fer coefficient'; T is .the interstitial temperature, and TPS is the 
temperatuie a t  the surface of ' the  catalyst. 

Frint,merjsages (a), (b), (c), -and (a) -apgcar a t  each axial position 
in  the vap?jy region. 

. '  . 

.- 



3. "S4!CISFAC%)RY 

When calcul&,ing an ammnnia concentration radial profile'within a 
catalyet particle it.is necessary to determine the radial depth of 
penetration of amimia. me approximate radial position of "ziro11 
concentrstion is referred to as XI3 in .subroutine SGRAD, and wher-'%e 
iterative procedure employed has successfully determined 
XU, the abwe message, with iteration count, is printed. 

A sample listing of the output for a typical one-dimensional 
data case is shmn iz Figs, through 3f. 

a value of 

steady-s tate 
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Common O$escrtionetl Froblens 

Many different data cases have been run with the one-dimensional steady- 
state csmpater pmgran. During these m s ,  most of' the problems which have 
developd hwe been eliminated through prograni modification. Eazever, tm, . 
pmbleme which may still occur are noted .below, together with .apprclpriate 
techniques for SOlV-g %hem. , 

1. 'w FIND SEWABLE ID w3pTERE@WRTRfEs 93'25 IS?ES4"4DXS EMX 
PlqmAH S@P mmm" 
73 a sa%isfaetary value fcr 1[0 cannot be Pound after four attempts, 
this mssage is printed arid program execution is terminated. 
appmprZ8te solutfsn to thSs gml~lem would be to try differeat  valws. 
for fi IXq. (1-11) in discussion of. SGMD, Appendix XI . 
ues CCuM be gmabr o.%. % make th56 change, subroutine 
SORAD would have t o  be recampiha using the new values of Pi. 

Iln 

Bese Val- 

2. "THESE rs A xmx.. $F cq!m mmzm AT m LIQ~D-V.R/VAE$R 
IlWERFACE =-- 91Ry USIK A LARGER VALT.J3 F$R GO" 

when *mpng a h u r i e d  indector scheme it is possible t o  "floofi" the 
region SurraundXng the dajee tor tPp  wi%h cold, liquZd hydrazix, 
A eu&3en drop in axial temperatures at the liquid-vasr/vapor inter- 
face baicates that thie hae occurred, and in such casetj the above 
mssage In pr%n%ed and no fur ther  calculations are made. 
pr ia te  eolu'tion t o  thia problem would be to %ry CL lbrger input value for 

appro- 
- 

, ,QSO ma rem the program iafth %he revised input, 



m-Dbmensional Steady-State Model 

The following is a description cf the necessary inpu% for the two-dimensional 
steady-state conputer pmgram. !&e input f o m t  is given in mble 11. The 
coding of the semple data case for this program Se shown in Figs. 4a and 4bJ 
end o. llSt,fng of the inQut data pwcb cards correspondiw t o  th ie  semple data 
case is shown in Figs. sa ma 3. The ststemtnt nunibers in the text below refer  
t;O the czcd mviibem (f irs t  column) of Bble ZI. For each run there will be only 
one card amber one. cgpds tm thmugh twen%y-one should be included f o r  each 
data case to  Be FW. 
- 

1. The first card containe the n-er NCASE. This number indicaxes t h  
number of data cases with each run. 1L XCASE 5 999. 

2. The GecOnd c W i  is the tftle card ueed fur %.ndtriduel data case idw.4 = 
+ , i f i C t % t i O n .  

3. !I& third c ~ r d  contains the indicators NIENGS and MFZ. NRINGS indfcates 
the number of WeZily spaced radi8P stations at which calculations are to be 
&e %ere radtalst8tion rtumber o?re is that one nearest the center of the 
reactor radial  station number (NKCNGS) is that s.t;~%ioa nearest the 
reactor %=ll. For typical rum, IVRINGS = 10 wa6 found adequate to insure . 
g c W Z ~ S u l t S .  Increasing tbis nuniber would al low more detailed radial  
analysis, but it would also bzrease computer nul t i m e .  NdFZ is the nuniber 
of 'B&$al station6 (5's) t o  he used In the th&e tables input on cards 30 

Caw four con-in the values of F(S), (Cne mces of feed of hydrezine 
from buried fnjectora (Ref, 1 )  in%o the system i n  1b/ftg-aac). 
of F for e8Ch radia3. station (total nuniber of radial stattons = NRINGS) 
should be jnput. !&in F.umbers are allowed t o  a card. For the euggested 
NRINGS of' 10, there would be one csrd with ten valuee of F. 

C.mdi3 five csBtain the vslues of' W(X), (the i n l e t - m e s  flow mtee ,in 
Ib/fi2-sac) for each radial station. %n nunibere are allowed t o  I'a 
card. 
ten vahes of GO. ALL v a l w  OS GO aut be greater than zero. 

The title my be my slpha numeric infannation desired. 

through 21. 

4. 
One value 

. .  ' 
5, 

F@T the 6ugges'ked NRIElGs OS LO. there WUd be one cral'd Mth 

6 .  Gards a,Px contain the valuee of ZO(I), (the axial diatmce to the end 
of a b u ~ e d  UJector in ft) for each radial station, Ten numbers are 
allowed to>-ae-rd. For the suggested IIRXNW 09 10, there would be one 
card wl%h ten vahes of ZO. 

me seventh card contains th eight constante AGF)IA3, m, R, ma4, 7. 
IW3, MI23 W, mdAL3lfA1b 



AU3W is the preesrponential factor  i n  tine rate  equation f o r  the 
thermal aeconposition of k i r a z i n e .  It e?c&~ls 2.14X1018sec-? 

IIF is the enthalpy of l i \ p i d  hy&%sine entering the bed i n  deg R. 

IR is the gas constant. It eqmJ.s 10.73 (psla-ft3)/(l?wnole- 
deg R). ~ -+ 

ME12 is the moleculeLr weight of nih-ogen. 
mole. 

It equals 28,016 lb/lb 

Eo12 .1 is the molecular weight of hydrogen. It equals 2.016 lb/Lb 
mole . 

ALPHA?- is the peexpanential factor  irk the rete equation f o r  the 

catalyst  it equais @Osec-l. 
- ca%kLytic decomposition of hydrazine. For *he Shell k05 

8. The eighth csrd contains the eight consteats ALPEtl2, AGM, BGM, KP, !El?, 
w, m m ,  =a P I .  

ALPHA2 is the preexponential factor  i n  the rate eqmtfon for the 
catalyt ic  decamposition of sumro2nia. For the Shell It05 cata- 
l y s t  it equals l~ueec- ' .  

AGEa i e  the ac t tmt ion  enerey for the cataPytic decomposition of 
hydmzine,divided by the gas constan?. For the Shell 405 
catalyet it equals 2,500 deg R. 

I 

i s  the activation energy for the catalytic decomposition of 
~ o n i a ~ d l v ~ d e d  by the'gas constant. For the Shell 405 
cstalyat it eqr!sle 50,000 deg 8, 

i a  the effective t h e m 1  cmdiictivity of' the porous cat lyat  
particle. For the Shell 405 erataly~t i t -equals  0.4x10a 
B.t;u/ft-aec-deg R. \ 

is the tempmature of liquid hydrazine entering the bed i n  de$ R-- 

t 

- - -  
~ -__ 



m is the  specific heat of liquid hydrazine. It equals 0.7332 
Btu/lb-deg R. 

is the constant used t o  determine the s ize  of axial s ta t ion  
increments in the l iquid region. It equals 200. Increasing 
this  number would renult 3n a decrease in size  of axial. sta- 
%ion increinents (ma an iccretlse in computer run t i m e ) .  

i a  the constant used t o  determine the s ize  of axial s+.ai;iozl 
increments i n  'the liqufd-mp6r region. It equals 40. In- 
creasing t h i s  rimer would result i n  a decrease i n  s i z e  of 
axial stet ion increments (and an increase i n  ccmputer run 

NE"rllx1 

NMAx2 

time). 

9. The ninth card cc@xPns the i n l e t  value of P and f ive wnstants ZEND, 
IXlN2H4, IjorJIl3, SM, and RADIUS. 

P 

ZIEm 

is the M e t  chaniber preseum i n  psia. 

ie the c8talyst bed length in  feet .  

KBX?H4 3,s the diffwion &efficient o hydrazine i n  the gas phase 
at STP. It equals 0.ggx.10- 4 5  ft /see.- 

mm3 is the diFPlision coefficient of ammonia i n  the gas phase a t  
. STP. It equal8 0.17xlQ'3ft2/sec. 

C&Y is the activation eneqy for the thermal decomposition of 
hydrszine,divided by the gas constant. It equals 33,009 Beg R. 

RzbDIUS is the  radiua'of the catalyst bed in  feet. 



GAm NO. 

10 *This car6 contains the fwr table  descriptors used by UNBAR. 
The first descriptor s ign i f ies  the table nlmber. 
program it equals 0.0. -The second descriptor s ignif ies  the 
location in the array at which the tablz  starts; the tables  
in t h i s  program are d a d  i n  such that this number eqwls  2.0. 
The third descriptor for a bivar ia te  table such as this one 
is the  fiuriiber of elements i n  the first set of independent 
variables i n  the table ( in  this  Osee, the number of Zls ) .  

ber  of elements i n  the second set of independent variables 
in the  table (in this  case, the nuniber of' RAD'S). 
ber  equals NIU%GS. 

For this  

. ?his number equals N@FZ. The fourth descriptor is the nwn- 

This nu., 

11 These cards contain the monatonically increasing 2 values. 
Ebough cards should be used t o  contain h$FZ values of Z at 
the rate of ten per card. For example, if N6FZ = 12, 12 val- 
ues of Z should be inyut using 2 cards with ten values on the 
first cbrd and the 2 remaining values on the second card. 

12 These cards contain the mnatonically increasing RAD'S. 
Enollgh cards should be used t o  contain NRINGS values of RfU) 
at the rate  of ten per card. 

13 9hese cards contaiu the values %or &(z, r ) .  
are input a t  each z value f o r  a l l  KAD's (i.e., (NRINGS) V a l -  

ues of A f o r  each z) a t  the rate of t en  per card. 

The A values 

E%ample 1: 
contain f ive  A values corresponding t o  the f ive  RAD'S on card 12 
f o r  z(1); the  second card would contain the f ive  A va1uea COP 
responding t o  the f ive  RAD'S fo r  Z(2); ... etc.  ...; t h e  10th 
card would contain %he f i ve  A values correeponding t o  the f ive  

if N@Z = 10 and NRINGS = 5, the first card would 

RAD'S fo?? Z(J0). 

Example 2: 
contain 10 A values corresponding t o  the first ten RAD'S '(on 
card 1%) f o r  z(1); the aecond card wo9ld contain the two 
remining A"s corresponding t o  the last two RAD'S (on cwd l2b) 
for z(1); the t h i r d  card would contain the 10 A ' s  corresponding 
t o  the f irst  ten  IIAD's f o r  z(2); the  fourth card would contain 
the 2 remaining A s  s for Z(2j  j . . .- e t c r  . . ; the  19th card would 
contain the ten A'@ corresponding t o  the f i r s t - t e n  RAD'S a t  
Z(10); the  20th card muld contain the two A's corresponding t o  
thy last two RAD'S at Z(10). 

if NjdFZ = 10 and NRINGS = 12, the first card would 



11. Cards 14 through 17 contain AFVSZ(I), the bivariate interpolation table 
used t o  obtain the catalyst  par t ic le  surface area, @(z,r)*, 
values are  Qbtained from TJNBAR ars fmcL.Kons  of axial distance, Z ,  and 
radial  distance, RAD, a6 i n  the AVSZ table diseussed above. For this 
table there ahould be a tstal of ($$FZ> Z's, {NRlNG?) Mts,  sir.< (P'yfE'Z - -  
x IVRIXGS) AP's. 

These AP 

The table is act up a~ follow&: 

CARD NO, 

14 This card is eme t ly  the 8ame 83 card 10. 

15 n e a e  cards are exactly the s8me as cards 11. 

16 

17 

These cwds are exactly the same as cards 12. 

!Pheee cards .contain the values f o r  AB(z,r). These values are 
input at each2 value f o r  all M's a t  the rate  of ten values 
por card. 
IS  the table setup is the same.) . 

. .  . !' > 

(See ewMples i n  the discussion of the AVSZ table 

- 
$a, &wd~ 18 through 21 contain DELYSZ(Ij, the bivariate interpolation 

%@le med t o  obtain the interpar t ic le~ void fraction, DELTA (z,r)*. 
-%we DEW values ,are obtained from UNBAR as' functions of axial  dis-  'wep E,  md *dial distance, RAD, as i n  the AVSZ table discussed 
. ~ ~ ~ ~ ~ ; - , ~ ~ ~ p B a , t ~ i s  table,.there should be 8 , to ta l  of ( M g h )  2 8 ,  (NlUNGS) 

~.- 
I -  

~ ,4 -.- 

--.' biAD'u, ;d=:(@@.x N T h K S )  DELTA'S. Tine table is s e t  up 88 follows: 
4 

.~ .. . 
- ,,. ,.. . , *  

g*.,--2.''., . ._I 
6 - - -  . 

. -  

. . . 18 .. mi8 cad 38 e&ctly the ,sa,~~& a8 carG 10. 

These carde aye exac t ly the  6me as ca1fl3 21. . .  19 

20 Them easda are  exactly the same as cards 12. 

21 meset cards contain the values for DEL!!% (z,r). These values 
are input a t  each Zmlue  fo r  a l l  RAD'S rat the rate of ten 
values peer cars. (See examples i n  the discusaian of' the_AVSZ 
tablh a8 the table aetup is the artme). 

MOTE:: Tne values fo r  the ordem of the 8eeompeitiola reactions (called EN1, 
EN2, and EN3 i n  the oase-d3.menslonal w d e l )  are included i n  the equatxons' 
in the two-dimensional model and therefore are not input, \ 

\ -- 
mis variable ig not subscripted Fn the pm$rw, This notation is used t o  
show that  the variable is a function of both &ial distance and radial  d i s -  
tance and t o  clarify the my the table $8 se t  up. 
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Output Deecription '. 

Output fmm the two-dimensional eteady-state program is ent i re ly  i n  print- 
out fmu. 
all printing deilcribed below is "standard" and could possibly occur with eaeh 
d e h  ce8e mn. 
belaw; they include all prLnting nsrmalXy done during execution of any repre- 
sentative caae, error ztesiigeq and certain comments pertaining t G  CSIAU- 

Pat ims  which do not f3lI.w the n s m l  pattern iE a typical  run. 

There is n3 pr int  option as i n  the one-dimensional program; therefore, 

!he pr in t  statements geneaited fron: each routine are detlmibed 

1. A csnplete l i s t i n g  3f the punch card input with appmpriate t;ee?din@ 
and F @ ~ I T ~ ~ A N  variable titles f9r ell input variables. 

2. Axial g%&tims,  (Z), ana temperatures, (T), i n  each annular region, f o r  
b3th l iquid and l j , g u i d - ~ ~ r  regime. 



, 

ic.. X O X ~  fsactiora of hydrazine, (wRAc~),  w m ~ a ,  ~ M F R A C ~ ) ,  nitrogen, 
(%FNC2 1, and hydrogen, [MFRACl), W A - ~  the equivalent Practior.al ammsaia 
dissocisat;ton, (EQWIAXBN? FRACJD), for each annular ring at every axial 
incremein%, 

5. l r m m . ~ ~  A m ~ m  b~ ~ L D  IIDIWINE AT m SXQUID;YAI$R/VA@R INTER- 
FACE --= my ~ I N G  A LARGER V A L ~  ~ g 4 ~  rx1" 
Wr,n ueitq~ a buried injector eohene it is poeraib2:e t o  "flood" the region 
summabg the InJector ti9 with C03d, 1+quid hydmebe. A sudden d ~ o p  
ir, axial tempemturea at; the liquid-vapor/vapor interface in w y  annular 
rXng i6dPcstee that thie ha6 occurred, and in auch cases the above mem- - - - 

- we ie printed and no further calcuiatfons are made. 
_ -  

6. "THE PMGRAM HAS CALCUAXW A NEGATIVE PREBSURE --- FUWURN AM, TERMiNATZ" 

If a negative pressure I s  calculated a t  Bone mal station, further 
calculationrr for the current d a b  case a m  stopped and thie message 
i s  printed out. 

7. "!El! &GRAEI RAS m3&CU?.Am A h W 3 E  TEMI3lWURE XN RING XX --- RETUFU? 
AM, m m m "  

12 a negative tempemturn is ca3u&tea in  any ennular region at any 
axis1 atstion, further calculatione are stopped and this message, 
including the current annular ring, is printed. 

a 

x13 repxpssentrs an appwxhation of the raMal diatrurc2 t o  which hydrazine 
penetrates the catalyst pasticle before being d,:seiw&ed. It i s  deter- 
mined t&rough an iteratbre procedure, and in ~ o m e  instancee &.itial 
gucs~es do net yield eatiefmtory raeults. In th is  cpe,  ~ormc%ive 
l i l t ? ~ ~ w a  t o  yield a better appmximtion t o  XO 8re lnatituted and tk;c 
p4oocedure remstsd.  his meirssge indiestee only that  corrective cb-1- 
culations t o  inaprove on the accuracy o f  XO are being init iated.  

.- 

. . I  



3. ?JNABLE @ @NVE]ROE $N CPS IN 50 m s  -a- CP(X/A) = ,ICKXKX 9 + xi1' 
If aukroutine SCSRAD dannot calculate a "convergedt1 value for CPS afBer 
50 ikm%tiOX18, the final value, for CP at the partztcle surface I s  used 
t o  approximate CPS.. %!his i s  a good approximation to CPS, however, and 
progm calculat3ons continue with the above naassage being printed. 

A listing o f  t y p i c a l  output for the two-dimensional sample data cam is 
shown in Fige, 6a through 6i. 

50 



691046140 
TWO-DIM 

I 
I '  



I I -  

I .  I I 

I 

i 

' I  
.< . .  I 

.rl 
a 
b 

r- e 
3 
? 

- I  1 _- 

I, 
n. -!I ?I 



FIG. Bc 30463-30 

i 



-;3 
c 

..... 

G91Q461-30 FIG. 6d 

I i 
I 

I tL 
Y 4 

n m n  
0 0 0  + + +  
c o o  
0 0 0  
0 0 0  
N W ( U  
4?9 

nnn 
0 0 0  
1 1 1  

ION9 
-ism 
r t n m  
464 

?!?? 

! 

i b cu '* 



G9 10461 -30 

d a  

. * . e o  

9FcD60 
d 

I 

. .  
. e . . .  



, G910461-30 FIG, 64 
i 

, :  

* * * * * * * * ' *  * * * * * * * * * * + 
ff * * * * 

2 

'3 w 
E 

0 

U > 

a 
n 

* * * * * 
0 * 
it * 
it * * * * 
it * * 
4t * * * * * * * 

oc3ooc 
o o o c c  
0 ~ 0 0 0  
~ 0 c ) O C  
0 0.0 0 0 . ... 
o a o o o  o o o o c  
o o o c o  
o e o o o  
O O O d O  ..... 
0 9 3 0 0  c o o c c  
0 0 3 ~ Q  
0 0 0 0 0  
-30003 . . .*.  

0 0 0 0 0  
3 C J 3 0 3  
Q Q C J 0 0  
0 0 0 0 0  
e.... 

0 0 0 0 ~  
C O O 0 3  

c ) @ C O C  
0 ~ 0 0 3  

o e o o m  ..... 

3 u 
- 0  ao 
% Z  

0 . 
3 u 
a0 

E O 

N 
Y O  a a  
U O  
X O  

0 

I 

1 

* * * * * * * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * 
Y * * * * * * * 
)r * * * * * * * * * z * * * * * * * * * 
i+ * 
E * * * 
(I 
$4 * * 
4k * 
PC * * * 

w o o  
I 0 0 
00 
0 3  
00 . <  

w o a  
z c c  
9 3  
w o  
0 0  

0 .  

,n 
X O Q  
203 
3 V  
00 
0 0  . .  

j 
- 0 3  
N O 3  
7 0 6  

CaD 
0 0  

-I- 

0 .  

0 
5 0 0  
W O C 3  
l--00 

0 0  
0 0  .. 

00 
W O O  
00 
00 
0 0  .. 

z 4 Y  
c( 
a 

! 

4 
0 
I 

c l o o v u  
0 3 3 3 G  
o c 5 o c m  
0 0 0 0 3  

O O O ~ D  

..... 
.4 
0 
I 

c l o 3 3 n  
o c o o r l  
3.330s 
0300.4 
noo3ln .... . 

3 
a 
I 

o'T33.7P- 
5 ? ' 3 0 ( r  
3.39 3 N  
a a .=I TJ LC) 
ooco .4  ..... 

P) 
3 + c 0 ' 3 c m  

9 c J o o m  
00006 
O C O O ~  
0 0 0 0.5. 

0 . .  

rrl 
3 
1 

0 3 0 0 3  

3 0 3 Q j  
30330 0 c ) o o w  

osn 

b.... 

CC 



a c e c c  
3 9 3 0 0  
00033 
O O O U O  
o w o o c l  

0 . 0 . .  

0 0 0 0 ~  
30559 
. 2 3 3 3 ) 3  
0 0 0 0 0  
0 0 0 0 0  ..... 
c 3 o c o  
rJooc)3 
0 0 0 0 3  
3 O O J C  
O O C I Q C  ..... 
0 0 . 3 , 3 > h  
o a o a s  
0 3 0 0 3  

JrJ.333 ..... 

.... 
ooe 
0 0 0  

* * * * * * * * * * * * * 
I) * * * * * * * * * * 
0 * 
M * * 
Y * 
Y 
Y * 
9 * * * * * 
it * * 
Y * 
* * * 
r) 

* * * 
M * * 
it * * * * 
it * * 
* * * w * * * 
It * 
0 * * 

*, 

P O 0 0 0 4  
D B 0 0 0 4  
D O 0 0 0 4  
DC)OCJO4 
D O 0 0 0 4  ..... 
O d O O O <  
000001  
O O O O Q I  
0 0 0 0 0 ~  
oaoooc ..... 
0 0 B 0 0 4  
0 0 0 0 0 ~  
0 0 0 3 3 4  
080004 
0 0 0 0 0 ~  ..... 

0 0 0 0 0 ~  
D0OCTe)l  
0 0 3 0 0 (  
D Q O P O ~  
D O O O O C  ..... 

4 4 4  
0 0 0  
1 1 1  
3 0 0  

0 0 0  
22% 
"14s 
0 0 0  
0 0 0  
I l l  . r m n  

I 
! 

f 

! 
i 

I 

t 
1 
1 
i 
f 

h 

4.4 

3 0 0 0 0  bF 
36030 01 
1 0 9 0 6  0 0  
3 0 m o o  cu(u 
3.9939 1Bi ?? 

0 0  
0 0  
I I  

3 o o o m  
3 o o c o  

* 
x * * * * * * * * * * * * 
it * * * * 
Y * * 
4 t  * * * * 
it * * * * * * * * * * * * * * * 
it * * * * 
it 
0 * * * * 
It * * * 
it * * * * * * * 
it * 

FIG. 69 

I 
I 



G910461-30 

* .  e 

4 

4 

. 

I 
I 

I 

. 

. 

, 

~ 

. 

I 

. 

I 

~ 

t- z 
LLI 
J 
4 
> 
Y 
3 
Q 
W 

...,. 

i 

FIG. 6h 

.... 



G9 10461 -30 

0 .  ..... 

c 

..... 

..... 

.. 

* * 
* e * * 
* * * * ., * * * * * 
0 * * 
0 * * * * 
* 
* * * * * 
& ., * 
* 
* * * * 
I) * * ' *  
* * * * * * * 
* * * 
0 
0 * * * 

e 

t s 
t 
2 * * * * * 
9 * 
Y 

* * * * * 
6 

W 
l- 
W 
J a 
T 
0 
(3 

In z 
0 

c < 
I u 
0 
0 

* * 
Y * * 

U 

i 



Common Operational Probiems 

The two-dimensional steady-state computer program has been run with a 
large variety of data cases. 
developed were eliminated by modifying the program. 
s t i l l  remain; these problems are outlined below together with appropriate 
teChniqUe6 f o r  solvitiilg them. 

During these runs, most of the problems which 
However, a f e w  problems may 

1. ??THE PQ~GRAM ms CALCULATED A NEGATIVE ~ m s m - - - m m m  AND TERMINATE" 

If' A, negative pressure is  calculated at  some axial  s ta t ion  i n  the vapor 
region, fur ther  calculations f o r  the current data case are stopped and 
t h i s  message is printed out. This diagnostic statement indicates t ha t  
a physical l imitation of the reactor system has been exceeded. There- 
fore, t h i s  particular case cannot be run. 
a higher feed pressure should work. 

A lower mass flow rate or 

2. '?THE PdGRAM HAS CALCULATED A NEGATIXE TEMPERATITRF: I N  RING =--- 
~ T U R N  AND TEMNATE'~ 

If a negative temperature is calcualted i n  any annular region at  any 
axial s ta t ion  i n  the vapor region, fur ther  calculations are stopped 
and t h i s  message, including the current annular ring, i s  printed. An 
appropriate solution t o  this  problem would be t o  increase the n W e r  
of r ad ia l  regions into xhlch tne reactor is divided. 

3. t%mm qd FIITD s u ~ m m  xo AFTER F ~ U R  TRIES #F 25 ITERATI~NS EACH --- 
PMGRAM S@P F ~ L ~ W S "  

If a satisfactory value f o r  XO cannot be found a f t e r  four attempts, 
this message is printed and program execution is terminated. An . 

appropriate solution t o  t h i s  problem would be t o  t r y  different values 
f o r  f i  [ Eq. (1-11) i n  discussion of SGRAD, Appendix I 1. These values 
could be greater than 0.95. To make t h i s  change,subroutine SGRAD 
would have t o  be recompiled using the new values of fi. 

4. lfmm IS A PUDDLE $F C#LD HYDRAZINE AT THE LIQUID-VAF$R/VAF$R INTER- 
FACE --- TRY USING A LARGER VAX;UE F#R GO" 

When using a buried '?jector scheme it is possible t o  "flood" the re- 
gion surrounding the injector t i p  with cold, liquid hydrazine. A 
sudden drop in  axial temperatures a t  the liquid-vapor/vapor interface 
i n  any annular ring indicates tha t  t h i s  has occurred, and in  such cases 
the above message is printed and no fur ther  calculations a re  made. 
appropriate solution t o  t h i s  problem would be t o  t r y  a la.?ger input 
value f o r  GO, and rerun the program with the reviRed input. 

An 
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a 

AP 

ci 

CP 

CF 

c, 

Di 

DO 

DP 

f i 

F 

gC 

G 

h 

H 

kC 

k0 

KP 

LIST OF SYMBOLS 

Radius of spherical particle, ft 

Total external surface of catalyst particle per unit volume of bed, 
ft-1 

Reactant concentration in interstitial f hid, lb/ft 3 

Reactant concentration in gas phase within the porous particle, lb/Tt3 

Specific heat of fluid in the interstitial phase, Btu/lb - deg R 
Average specific heat of fluid in the interstitial phase, Btu/lb - 
deg R 

Diffusion coefficient of reactant gas in the interstitial fluid, 
ft2/sec 

Diffusion coefficient of reactant gas in the interstitial fluid at 
STP, &/,e, 

Diffusion coefficient of reactant gas in the porous particle, ft2/sec 

Weighting factor in Eq. (1-11) 

Rate of feed of hydrazine from buried injectcrs into system (Ref. .l), 
lb/f t3-sec 

Conversion factor, (lbm/lbf) ft/sec2 ! 

Mass flow rate, lb/ft2-sec 

Enthalpy, Btu/lb 

Heat transfer coefficient, Btu/ft -sec-deg R 2 

Heat of reaction (negative for exothermic reaction), Btu/lb 

YISS transfer coefficient, ft/sec 

Reaction rate constant, equals a d Y  

Thermal conductivity of the porous catalyst particle, Btu/ft-sec-deg R 



M 

M 

n 

Nr 

- 

P 

qr 

%et 

Qhom 

r 

%et 

rhom 

R 

T 

Tvap 

wi 

X 

xo 
2 

20 

a 

Molecular might,  lb/lb mole 

Average molecular weight, B / l b  &ole 

Order of decomposition reaction 

Radial mas6 flux, lb/ft*-sor: 

Chamber pressure, psia 

Radial heat f l u ,  Btu/f t2-sec 

Activation energy f o r  (heterogeneous ) chemical reaction on the 
catalyst surfaces, Btu/lb mole 

Activation energy f o r  (homogeneous ) chemical reacti.cn in the inter- 
s t i t ial  phase, Btu/lb mole 

Radial distance from the center of the cylindrical. reaction chamber, f t  

Rate of (heterogeneous) chemical reaction on the catalyst  surfaces, 
lb/f t3-sec 

Mt;e of (homogeneous ) chenslcal reaction i n  the i n t e r s t i t i a l  phase, 
lb/f t 3-sec 

Gas constant, equals 10.73 psis  -, ft3/lb mole - deg R, or, 
Radius of reactor 

Temperature, deg R 

Vaporization temperature, deg R 

Weight fraction of reactant i n  i n t e r s t i t i a l  phase 

3adial distance from the center of the spherical catalyst particle, f t  

Defined i n  Appendix 1 (Discwsion of Subroutine SGRAn) 

Axial distance, f t  

Axial distance t o  the end of buried injectors, f t  

Preexponential factor i n  Pate equation 



Y Equals Q&et/R 

6 Interpar t ic le  void fract ion 

f Eddy diffusivity,  ft2/sec 

A Eddy conductivity, Btu/ft-sec-deg R 

CL 

Pi 

Viscosity of i n t e r s t i t i a l  f lu id ,  lb / f t  - sec 

Density of i n t e r s t i t i a l  f luid,  lb/ft3 

Subscripts 1,. 

F Refers t o  feed 

i Refers t o  i n t e r s t i t i a l  phase 

P 

S 

Superscripts 

J Refers t o  chemical specie& 

‘L 

V 

Refers t o  gas within the porous catalyst  par t ic le  

Refers t o  surface of cataIyst  par t ic le  

- 

Refers t o  l iquid a t  vaporization temperature 

Refers t o  vapor at vaporization tem?era*ure 



Description of Subroutines 

The following is t i  l is t  end brief deecription of the subroutines which 
conprise the UNIVAC 1108 computer progrums describing the one- and two- 
dimensional steady-state models of e hydrazine catalytic reactor. S-ibroxtine 
SGliAD, since it is the key subroutine in each program is described i n  detail .  
The flow charts f o r  the main programs and msjor subroutines are included ime- 
diaSelg after th i s  list in  Figs. 1-1 t hmwh 1-8. 
next t o  any block on the flow charts indicetes the appmximate statement number 
i n  that routine at which tha t  p r t i c u l a r  opelation owur8,  

The number outside of and 

MAIN (Fig, 1-11 

SL0PF, (Fig. 1-1) 

MP (Fig. 1-2) 

LW2 (Fig. 1-21 

VAFdR (Figs. 1-3 & 1-41 

PARAM (Fig. 1-5) 

ControL2 Input and calcuiates concentrations and tem- 
peratures in the liquid regicn of the reactor. 

Calculates concentration a d  temperature profiles within 
the catalyst  particles f o r  the liquid and l iquid vapor 
regions of the =actor. This subroutine is similar t o  
%RAD which is described i n  detail  later i n  t h i s  section. 

Calculates enthalpy during the liquid vapor region of 
the reactor (concentration of N2H4 and temperature 
remain constant). 

Calculates hydrazine concentration, enthalpy and tem- 
peratures during the liquid-liquid vapor region of the 
reactor (concentration of hydrazine varies) 

Calculates concent.mtions, tenperatures and pressures 
i n  the vapor region of the resctor. 

Ca$culates psremeters needed f o r  calculations done i n  
subroutine SLdlPE. 

Calculsutea reactant concentra-tions a t  the liquid vapor- 
vapor interface of the reactor. 

Interpolatioh mutine use6 t o  obtain values from a 
table. 

!kble6 Of:, 

!I) t e m p r s t u e  w. viscosity 
;~1! temperature vs. vapor pressure 



SGRAD (Fig. 1-5) 

Two-Dimensional Model 

MAIN (Fig. S-6) 

SUPE (Fig. 1-6) 

LQW (Fig. 1-6) 

DELW.  (Fig. 1-8) 

@RDER (Fig. 1-8) 

UNBAR 

BUCK M'I!A TABLES 

SGRAD (Fig. 1-8) 

.(3) temperature vs. heats of reaction 
(4) temperature vs . specific heat 
( 5 )  vapor pressure VS. temperature 
(6) enthalpy VS. temperature 

This routine is the same as it is i n  the two-dimensional 
model. For a detailed description, see thesec t ion  des- 
cribisg two-dimensional subroutines. 

Controls input and ca3.culates concentrations and tem- 
peratures i n  the l iquid region of the reactor f o r  a l l  
annular regions. 

Calculates concentration and temperature prof iLes WithiE 
the catalyst  particles f o r  the liquid and liquid vapor 
regions of the reactor f o r  a l l  annular regions. 
subroutine is similar t o  SGRAD which is described i n  
de t a i l  l a t e r  i n  t h i s  section. 

This 

Calculates enthalpy during the 1iquid.vapor region of 
the reactor f o r  a l l  annular regions (concentration of 
~ 2 ~ 4  and temperature remain constatit ) . 
Calculates concentrations,temFratures and pressures i n  
the vapor region of the reactor f o r  all annualr regions. 

Calculates axial  increments for  %he vapor region. 

Arranges an array of numbers i n  ascending order 

Interpolation routine used t o  cbtain values from a 
table. 

Tables of: 

(I) temperature vs . viscosity 
(2) temperature vs. vapor pressure 
(3) temperature VS. heats of reaction 
(4) temperature vs. specific heat 
(4 )  vapor pressure vs. temperature 
(6) enthalpy VS. temperature 

Detailed description follows; 



SGRAD (Fig. 1-8) 

The purpose of subroutine SGRAD is  t o  solve the implicit integral  equations 
describing reactant concentration and temperature profiles i n  the porous cata- 
l y s t  particles and t o  calculate the slope of the reactant concentration gradient 
a t  the surface of the catalyst  particles.  This routine is used for calculations 
i n  the vapor region of the reactor only. 
system, ammonia concentration profiles are  calculated but the subroutine is  very 
general and can be used f o r  many other reactants. The key equation t o  be solved 
is an implicit integral  equation of the form (Refs. 2 and 9): 

In  the hydrazine catalyt ic  reactor 

where cpm3(x) is the reactant (ammonia) concentration as a function of x (the 
radial  position within the catalyst  particle),  cim3 is the i n t e r s t i t i a l  reac- 
tan t  concentration and a is the radius of the spherical catalyst  particle.  
To solve thie  eqpation, a two-phase i te ra t ive  scheme is used. 
t ia l  estimate f o r  cpm3(x) is  found through an i t e ra t ive  method of calculating 
successively better approximations. 
found i n  the first phase, a s*lar i te ra t ive  method is used t o  arr ive a t  con- 
verged values of the actus1 cp 3(x) distributioii. 

F i r s t ,  an ini -  

Second, using the good i n i t i a l  estimate - 

Phase I 

It was found through hand calculation that  solutions of Ea. (1-1) were 
very l ike ly  t o  diverge if the i n i t i a l  estimate waz not a very good estimate. 
Therefore, i n  the first phase of t h i s  subroutine the i te ra t ive  scheme is used 
t o  find t h i s  good first estimate. 
Fig. 1-9 was found t o  be a f a i r l y  close approximation t o  the actual concentra, 
t ion distribution. 

A l inear  function of the type shown i n  

The point a% which the reactant concentration profile 

The f i n a l  solution t o  Phase I is a dlstribution of t h i s  type. 



I te ra t ive  Procedure: Phase I 

1. F i r s t  a guess is rade a t  a value f o r  the reactant concentration a t  the suv- 
face of the cztalyst  par t ic le :  (cP),Nh:3 = ci*3/2. 

%. Using th i s  vil.ue, a value is found f o r  the slope of the concentration pro- 
file at the s o f a c e ,  p k c  NH3/dx] x=a* 

where kCm3 is calculated from an equation $hen ia Ref. 1 and 
%m3 is calcixlated from Eq. (1-3). 

3. The temperature at  the par t ic le  surface, (Tp)s, i s  calculated from 

where T i  and c i  N2H4 are input t o  the subroutine, #zH4 and p 3  are taken 
from tables i n  the compute:? program, andhC and kcN2% are calculated 
according t o  the equations in  Ref. 1. 

4. Using the point "31 and the slope bcpm3/dx 1 X=Q, a l ine  i s  
established and t o  the cpm3 = axis l ine,  intersecting the 
axis l ine  a t  X, (as i n  Fig. 1-9). 

5. The value f o r  X, is calculated from 

Since the region of pl*imary interest  is the par t ic le  surface, it is  at  this  
point tha t  convergence on a value f o r  cpm3(x) is tested. To t e s t  fo r  con- 
vergence, a new (c ) m3 is  calculated and compared t o  the previous ( ~ , ) ~ * 3 .  
The new value f o r  f ~ i ) ~ * 3  can be calculated from Eq.(I-a by noting that,  a t  
the catalyst  par t ic le  surface, where X=Q, the second integral  term i n  Eq. (1-1) 
drops out leaving 



As can be seen i n  Fig. (1-9) i n  distributions of th i s  type a l l  values of 
c NH3(x) between 0 and X,, are  zero. 
a l l  points between 0 and X, can be ignored. 
normalized by dividing by a, Eq. (1-6) reduces t o  

Therefore, in  evaluating the integrals, P 
If t h i s  is  done and if x is 

where a l l  t:-;nc. have been previously determined except 
lated from 

which is calcu- 

'het Nth = k o  (ci 

where n, ko, y, and 6 are defined in the L i s t  of Synibols. 

A new value f o r  (cp)sm3 is calculated using Eq. (1-7) where the integral  
i s  evaluated numericRlly using the trapezoidal method. 

6. 

7. A new value f o r  [ d c ~ a :  I x=a is calculated from Eq. (1-3) using the 

8. New values are calculated f o r  (Tp)s, ap"H3, y ,  8, G. 

newly calculated (cp 

9. The following convergence tests are made: 

7 
0 . 0 5  

If these tests are both sat isf ied,  the value of X, calculated i n  Eq. (1-5) 
is  saved and the program moves on t o  Phase XI. 

If both t e s t s  are not satisfied,  an averaged value of ( ~ ~ ) ~ ~ 3  is calculated 
using as many as three averaging techniques t o  insure rapid convergence. 



Using t h i s  new value of (cp)sm3, steps 2 through 9 are repeated up t o  a 
maximum of twenty-five times. 
f ive i terations,  a "weighted" estimate of % is tried: 

Ef no convergence is reached a f t e r  twenty- 

X, = fi (16) previously + (l-fi) (16) l a s t  (1-11) 
calculated calculated 

Steps 1 through 9 are rzpeated up t o  twenty-five times. 
0.80, 0.85, 0.90, and 0.95 are t r ied  u n t i l  convergence is reached. If con- 
vergence st i l l  is not reached and therefore a satisfactory X, i s  not found, 
a program termination with an appropriate error  message follows. 

Succeeding values f i  = 

Phase I1 

Using as an i n i t i a l  approximation the straight l ine  determined by the con- 
vergent X, and [dcpm3/.K] x=a found i n  Phase I, an i t e ra t ive  scheme similar 
t o  that  i n  Phase I is now employed t o  f ind convergent values f o r  the entire 
cpM13(x) distribution within the catalyst  particle.  It was found through hana 
calculations that  the convergent values of cpm3 x) ear the surface were not 
changed by more than 5 percent when the values 0: cpH3(x) between 0 and 
w e r e  not considered i n  the i te ra t ive  procedure. 
range are ignored. 

Therefore, the points i n  th i s  

I terat ive Procedure: Phase I1 

The values of cpm3(x), (T?)!, kom3, pm3, ym3, etc. found i n  the l a s t  
i terat ion in  Phase I are .the i n i t i a l  input t o  the following i teration. 

(1-12) 

As before, the l i m i t s  of the integral have been normalized by dividing by  
Q. The integrals are evaluated numerically using the f i n i t e  sum approxi- 
mation described below. 

To evaluate the integral  terms in  Eq. (1-12) the following procedure, using 
a f i n i t e  sum approximation, is used: 



(a) the interval %/a < x/a < 1 is divided iw 24 equally spaced subdivi- 
sions, and an average value for %et 
each of these divisions. 

[cP 3(X/a)] is calculated for 

€ a  b 
( d t  = 

(b) treating (cpm3(x/a)] as constant over each of these subdivisions, 
Eq. (1-12) can be approximated by 

I$ 02 
- 2  2 
- _ - -  

a 

where k = 1, 2, . . i, 24 

'' CONSTANT . c2d,[ = CONSTANT * - 3 

b 

CONSTANT 
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(a) rearranging and integrating term by term in  Eq. (1-13) yields the f i n i t e  
sum approximation f o r  cPNH3(x/a) a t  each subdivision of the interval 
from %/a t o  1: 

(1-14) 

the values fo r  cPm3(x/a ) I 
where one or  the other of tEz%tegral term i n  Eq. (1-12) vanishes. 
Evaluation follows from a simple reduction of Eq. (1-14). 

and c m3(x/a ) I X=a are special cases P 

2. A new value f o r  [ dcTm@ I xzQ is calculated from Eq. ,(I-3) using the 
newly calculated (cp . 

3. A new value f o r  (Tp)s i s  calculated from Eq. (1-4). 

4. Convergence tests are made (as they were i n  Phase I) using Eqs. (1-9) and 
(1-10). 

(a> If the convergence t e s t s  are both satisfied, the quantities GRAD and 
TGRCLD are calculated according t o  Eqs. (1-15) and (I-16), and the 
program returns t o  the point from which the subroutine was called. 



(b) If the tests are not both satisfied, a new cpm3(x) distribution is 

y, p, etc. are also calculated. Then 
calculated using one of various averaging techniques. Corresponding 
[dcpm3/dx] X=Q, (TP),, ko, 
steps 1 through 4 are repeatad up t o  a max imum of 50 times. If con- 
vergence c r i t e r i a  are not met after 50 i terations,  approximations t o  
acceptable values of GRAD and !IGRAD a1.e made using the results of the 
Phase I i terat ive procedure, an appiupriate message is printed, and 
the program ret.urns t o  the point from which the subroutine was called. 

Distributions of the type shown i n  Fig. (1-10) are typical of those found 
in  th i s  i terat ive procedure. 

(1) converged l inear  
approximation from 
Phase I 1 

I r------- ci r---------- I 

(2) cume calculated from 
curve (1) using Eq. (1-11) 
(Phase 11, s tep  1) 

0 xo U 
(3) averaged curve calculaked 

from curves (1) and (2) 
(Phase 11, step 4b) X 
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ONE- D; MENSIONAL STEADY-STATE COMPUTER PROGRAM 
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FOR LIOUIO REGION 

I 

CALL LW2 Q 
1 
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ONE-DIMENSIONAL STEADY-STATE COMPUTER PROGRAM 

SUE3@UTINES LQVP ond LQV2 : Flow Diagrams 
. .  

su~nou 
LO VP 

FIG. 1-2 
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t 

SUt?f?#UTINE 
UNGAR I CALCULATE 
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I PARA M 
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RE TURN 0 
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SUBRQUTINE VAP@R : Flow Diagram 
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RED I . ./5 INCf?€ME&Ts 

IN 7oTA4 

A 

- - ,- I---- ------- 
(CONTINUED ON PAGE 82) 
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SUBR@UTlNES PARAM, C$NC, and SGRAD : Flow Diagrams 
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FIG. 1-6 

J 

INITIALIZF PARAMTEAS 
F M  RING J 

i 

TWDIMENSIONAL STEADY-STATE COMPUTER PROGRAM 
MAIN PROGR AM 

R O W  DIAGRAM 

START 0 

J =  J+? $-f5 
M I N t  OUT AXIAL POSITION 
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89 

I 

SUBRWflff€ 
LOW 

i 
INC'ffEAtENf AXIALLY 
ALONG RING J UNTIL 
LIQUID -LIQUID VAPOR 
Iff T€ffFACE IS REACHED 

I 
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TWO- 0 IMENSIONAL STEACY-STATE COMPUTER PROGRAM 

"' INITIALIZ€ PARAMUERS FOR 
?ACH RING AT LIQUID VAPOR- 

VAWR INT€RFACE 

SUBRdU TINE 
BRDER 

23 EXAMINE AXIAL POSITIONS AT LIO. 
VAPOR - VAPOR INTERFACE FOR 
EACH RING.. . . . . . S€T /MI TIAL I AXIAL INCREM€NT f D I I  

30 DETERMINE RADIAL MIXING 
\ c STATUS OF EACH RING. .... . SET 
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. 
DZ FOR RtNG J 

64 DO PlpoGRAIw CALCULATIONS OF 
T€MFERATURE, CONCENTRATIONS SUBRBU TINE 
6 MOLEFRACTIONS AT WRRENT SGRAD 
AXIAL POSITION FOR RING J 

1 
599 1 PRINT OUT AXIAL MSITION, 

T€MKRATURES, CONCENTRATIONS, 

1 I 8 

80 
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TWO-DIMENSIONAL STEADY-STATE COMPUTER PROGRAM 

Flow Diagrams 

SUBRfbWTINES DELTAZ, SGRAD, and gRDER 

SUeRdUTlNE DELTAZ 

SlJeMUTlNE SGRAO 

/ SUBRBUTINE QlROER 

ORmff R I M §  ACCORDING TO 
AXIAL LEMGtH OF EACH 
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ONE-DIMENSIONAL STEADY -STATE MODEL 
c I*4+**Lf*C,~*r*******r********************4*****4*~*****4*4******~4****~** 
c 
r ...... 
b U L  *.. 3Lli 

87 







86 



87 



140 
150 
160 
170 
1n0 
190 
2(j0 
210 
220 

240 
z5(1 
200 
27(1 
212P. 
29P 
3U0 
31 0 
3211 
339 
340 
350 
3 e Ot, 
370 
58 0 
3'30 
41:0 
4 1 0  
420 
430 
440 
451) 
460 
470 

230' 





50 
bo 
70 
8 I: 
3 9  

llJ9 
1 1 C! 
120 
131: 
14C 
f'>f: 
1 f) 0 
170 
l i \G  
190 
2uo 
210 
22!) 
230 
24!) 
250 
260 
210 
260 
290 
3 11 I1 
310 
32C 
3313 
340 
350 
360 
370 
3t30 
39fl 
4llO 
41 0 
420 

440 
430 

-#e 
460 
470  
460 
490 
5t10 
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. .. 

1160 
1170 
1180 
1 l 0 C  
12u0 
121G 
1220 
1230 
1246 
1250 
1763 
12711 
1 ; C i l C  
1291: 
130F 
131 C 
1320 
1339 

1540 
1350 
1360 
1579 
1399 
1390 
14u0 
141C 
1430 
1430 
14L!. C 
1430 
1460 
1470 
IQrn 
1490 
15u0 
151 0 
1520 
1530 

I. --f5tt4 
WhlTE (G14059) 1550 

W S i ,  FOttMH ttt323H z TEMP PRES 1560 
x 11 6 1  c2 c3 1570 
x c4 1 1580 

1590 
L L  L-- 3-6Trff I-* 1610 

UJHi f t  Cbr 3?+ 1520 
37 FORMAT (9&4 MFRAC 1 MFRAC2 1630 

1 WH4C3 dFRAC4 fRAC3D 1 1640 
CHITI .  (013c)) F ~ ~ A C L I F H A C ~ I F R A C ~ ~ F R A C ~ I F R A C ~ D  1650 

I F ( ~ ( L L )  ,GT.LHUUYO)GO TO 1 1670 
f F t ~ ~ o 6 T . ) 5 . A M O . J F t A G , E w . O ) C i O  TO f 1680 
INJLC r=n 1690 
60 t’u 3990 1700 

W h I T€- ( b I 4 0 50 1 L ( LL 1 P f E  MP I F’l?ES t H I C 1 I C 2  I C 3 I C4 
__LtF)_ 

I .. . I: .P 
VU ad. ad. 

E -- 
Y bl 

C bLWL dAS T U I W E ~  l l E G A T I V E  --- NEXT INCREMENTS ARE (1/3)**7,  

C 15 INCHLMENTS 1N TOTAL 
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100 
139 
2 \I I: 
21 c 
220 
230 
240 
259 

II 
12 
2 0 
30 ' 

4 I! 
50 
f, c 
7r: 
t I: 
99  

100  
1 1  0 
120 
130 
1 4 C  
1 sc 
I h O  
170 

190 

2 10 
220 
230 
240 
250 
260 
270 

180 

2U0 

94 
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1 U4!) 

1 0 5 0 
1 ~ 1 ~ ~ 0  
1070 
l ! r t i O  
1990 
11 t / f l  
1110 
1120 
1130 
1140 
115c 
11h0 
1170 

1 1 R 0 
119[! 

l Z l C  
123!1 
123C 

125q 
12f)0 
1271: 
12a0 
12?C 
13tJ0 
131Q 
1320 

1330 
1340 

12uc 

1240 

- ... . - . 

1350 
1369 
1370 
1380 



.. 

.... 



2540 
255'; * 

25h0 
2570 
2580 
-2590 
2600 
2610 .- 

_- 



r * . . e  . 
Y *I&. I I 4+ft 
K C 3  = KCF (6 t tItW t 313, AP) 451: 
KC4 = KCFtbtHHOtMUtOIYtAP) 4611 
CFdkK = (CIl*Ckl+CI2*CF2+C13*CF3+CIU*CF4)/RHO 47 0 
HC , 7 Y * 6 ~ 0 ~ ~ ( 6 / ( A P * M U ) ) * * e . 4 ~  400 

-_-_ - . .. - 

r . -- 
C 

C 

C C I i O U S t  STAHTli\lG VALUE FOH CPS TO BE 2 CI3/2.  

... 
UPS = W3F(TtDO~)rP) 490 

CPS = 613t3 .  500 
CMCPN = C13-CPS 510 

I -m - 
C rlr) CuhSTANT TOH EACH EfJTRY TO THIS ROUTINE 
C ti3 VAHXES WITH TEW A T  EACH ITERATION 

CALL UNBAR (H4TBLtltTeO,eH4eKK) 530 
CALL U W A R  11iSTf3Ctl~T~O~~H3tKK1 540  
I F  (LPl.EG.1) GO TO 6 550 

TPSP = TPS 570 
--56ft 

99 



100 



. ... ~ -.. . 

1420 
143C 
1440 

. 1Q50 . 
1460 

1470 
14190 
1490 

-. . . .. 

15b0 
1510 
1520 



_. .. 

1b50 

1670 

tb90 
17110 
1710 

1730 
1730 
i 740 
1750 

1661) 

16~n 

1760 
1770 

1780 
1790 
ltll1O 
1610 
1820 
183C 
ltr4 0 
1H5C 
1860 
1870 

1680 
1898 
19u0 
1910 
1920 
1930 
1940 
t456 

CiO 773 I=INTI p P J k M 1  1960 
p53 = P 5 i + H ~ T l I + 1 1 * ~ V A L 2 ( X A I X A D )  1970 
PS2 = YS2+H~El ( I+ l ) *EVALl (XA,XAD)  1980 
a& = XAD 1990 
XAU = XAO+uELXOA 2060 

a - e w H i w L  
H2 = PS1-CTHWPSr" 2020 
I N t l  = f N f l + 3 .  2030 
CPGX(K1 = C13-k*A/OP3*(Hl+H2) 2040 
iF (CPOA(K1 m L T o d .  1 CPOX(K)=O. 2050 
XUA = m / A  2060 

K = h+l  2080 
R l  = 00 2090 
R 2  = 00 2100 
p51 = e. 2110 
PS? = 0. 2120 
..I &*e 
0 X L - Z  XQA 2140 
Oxu = OXL+UCLXOA 2153 
*f+2 = or  2160 
DO 57H I = l t N X  2170 

DXL = 3xu 2190 

~- 

--- 

T I- a. - - 
C C P O X ( N X 1 )  IS SPECIAL CASE e o .  X=A 
- 

. 
I .- -- 

102 
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0 
10 

0 
l C  
20 

3 1: 
41: 
ti 0 
0 I: 
70 
R!? 
c?n 

llfl 
120 
131) 
l lro 
150 
16f) 
170 
1n0 
190 
2U0 
210 
220 
231) 
24 0 
250 
260 
270 
*&e--. 
290 
3u0 
310 
320 
330 
3W3 - 
350 
36 0 

-. .- 

-.- 
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11 = YOFZ6+1 1190 
12 = IWFL~+!~HYMGS 1200 
00 49 J=l P NOFZ 1230 
vJ)z L 1 t ( 6 n 46 3 1 tfft'tfSL1. I 1 v I =I 1 e I 2 1 1220 

1230 
tf4Q 

I1 = 12+1 

49  CutuTIiJclE 1250 
WHITE C6rP?+ 1260 

1290 OH = HAD IUS/FLOAT ( NHINGS 1 

* d A U ( l )  = OR/2. 13UO 
tto itft J=P,NtiiMS - 1310 
HAD1J) = RAD(J-1)tDR 1320 

f O i  €OMTf*- 1330 
C A L L  UiJUAR (VPTULI~,P,O.,TVAP,KK) 1340 
b I TJ3rl 
C A L L  LliJLJAR (DHLVST,l,TVAP,Q.rDELHL,KH) 1360 

- tM- = 4T+AP--fF+*f;f 1370 
HV = tiL+OELHV-DELHL 1380 

- ij?5 € = I++ 1390 

.* .. -- 
* G  - * 

27 FOHMAT (t1',22X~@POSIfIONS AND TEMPERATURES AT EACH A X I A L  STATION 1270 
X -0- LIdcliU A h D  LIWID-tlAPOR RE6IOMSO 1280 

-_- - 

F 

- 

LIWVP = 0 1400 

114 
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. € PttOCf€.D ON TO VAPOR HEGION 

C A L L  VAPOR (ALPHASIZLVITLV) 216C 
KOUrJT = # O W T + t  2171 
IF (KOUNTmLEoNCASE) GO TO 705 21HC 
W -219c 

107 FOtlblAT (////48X135H****** OPERATIONS COMPLETE ****** 1 22ur 
STUP 221c 
E tdd 222E 

116 



30 
40 
50 
60 
M 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
! 90 
2110 
210 
220 
250 
240 



73Q 
74 0 
750 
76 0 

~ -??U 
789 
70c 
niio 

H90 
OUO 
7 A  v 

92 0 
930 
94 0 
95 0 
060 

*, 1 .-" - r. 7 1 w  

15 Z = CtiJL 980 

IF (2-LEND) 43t43t44 990 
44 z = z w  lOU0 

UL E ZEND-ZP 1010 

43 I F  (VAPOR-!) 2 8 t 3 3 ~ 2 8  1020 

C TEST I F  fi HAVE H f A C H E t j  THE END OF THE REACTOR 

r t 1 - r -  I F  

C STILL IdITtliN REGION OF VARIOUS ANNULAR IMTfRFACES -0- NOvJ MUST TEST 
C FOH LUIMENT L EXCEEDING NEXT INTERFACE POSITION 

" l b d l  L I  

34 MM = I f N t W )  1030 
1040 
- IF ( Z - Z V O ( M M ) )  30t3nt31 

I-- 
C INTENFACE AND AOJUST 02 FOH NEXT PASS 



1050 
10hC 
1070 
1 on0 

..- 1 oflo 

11(10 
1 1 1 0  

1120 

. . .  

1130 

1340 
1150 

lib0 
1170 
1180 
1190 
1200 
1210 

.- l-226' 
1230 
1240 

125c 
1260 
-121tf 
1280 
1290 
1300 
1310 
1320 

r - .. 
IF ( z ( ~ o ( N N )  I 225,225,230 1330 

€ fLST l f .CWf?ENT Z EXCEEDS SMALLEST REMAININ6 20 
C Y t S  0-0 UACKSTEP TO IiJJECTOR T I P  
230 IF ( Z - Z O t t t r O ) )  225,225,226 1340 
226 DL =: Z-LOO(lrlt4) 1350 ' 

AS-&-- 
N = N+l 1370 

225 UO 211 J=lrNHIhCS 1380 
6 S t T  UF CALCbLATIOhS FOR TEMP AND CONCEH'fRATION 

€ TtzSl If tt AHE P H N I S E L ' Y  AT LAST INTERPACE 

C r\;O -0- VP INDICATOR HANDLES CASES WHERE 2 I S  GREATER 

C a t  AHE IN THE ALL-VAPOR HEGION OF THt REACTOR -0- M I X  PARAMETER NOrJ 
€ FfXfu FOK ALL RIWS 

1390 I 
w3 -- I---4- 

I F  (Z-LVO(IJHINbS)) 4 1 ~ 4 1 r 7 7  
--6--- 

77 60 TO ( 2 ? + 3 9 ~ 2 7 1 r  WP 1400 

29 M I X ( 1 )  = 3 1410 ' 
- n  - r- ---?tF4ff- 

L,O 9 1=2ttJM1 1430 
.~ 

119 



v f'7H 
IJHY = n. 1730 

WKIJ = n, 1740 
Ntwf = 8 ,  1750 
NIW = o , 1760 
mtrt3-rr- V I  -- 
NHH4 = 0 ,  1780 
-1 =- 8. 1790 
GO ~a hn 18(JO 

-- __ -___- -I- I- - 

OH1 = o *  i73a 

n 

_ _  

C STATtMkNT 57 -0- I-NWAHO MIXING ONLY 
57 IJh1 = EPSLIJt(cIl(J)-CIlP)/Un 1t5101 

-m 
iJH3 = EPSLN* (CI 3 ( J  1-C I 3 P )  /DR lb30 
PJH4 = €PSLf~*t&l4(J)-Cf4P)/DH 1840 
3H1 E LPMDA*(T(J)-TP)/DH 185C 
BHW = tI)1.?l*€f€+fJR2*CF2tNR3*CF3+NR4*CFY)*(f(J)-TP)/DR 1860 
N H H l  = 0 ,  1870 

NHK3 = 0 ,  189C 
wtt4 = 0 ,  190C 
O H H L  = n, 191C 
60 TO 60 192C 

--M 
NK? = n m  194C 

- 

L - q J b  --w * - I I  

C S T A f E M t l J I  56 1-0 OUTWARD MIXING ONLY 

120 



. ~. 

12 1 







90 
llifl 
11(? 
13C 
f 30 
141) 
130 
160 

3C 
2!: 
30 
40 
50 
6f1 
70 

-- BPI 
9 c  

1115 
1112 
120 
139 

t t t e  
150 
160 
17C 
180 
190 

210 .. 
220 
230 
240 
--e 
260 
270 
280 
290 



G910461-30 



126 



137 



13uc 

isir 
1311 

133[ 
ls41 
1351 
136r 
137f 
1 3 h  c 

14111 
1 4 3 1  
142C 

144f 
1451: 
1460 
1470 
1480 
14% 
15uc 
151c 
lS2C 
1530 

i;sar 

i43c 



Y L  , l.L I ",\,. 
32il PiihC= ( AUS ( OEH I F-HOLO 1 /DER I F  1 *10 0 

AtL=fOf+o.crAtt;OW 
GO TO 322 

c S ~ W I f f E O  E W S I W  UOfS NOT "CONVERGE" I N  99 ITEHATIONS 
C SE T ti= rn II 0 f10 0 1. *A # AND START OVER 

7n u 1  ~ - -  -_ " 
W R l T f i  (bt700) 

700 FOkMAT t /  tf4t-t lWITfAL CHOICE 7HRU t3RfGIN SEEMINGLY OK, HUT RESULTS 
x HUTTEiV AFTER 99 ITEBATIONS .../48h SET XO=.000001*A AND USE MOHE 
XHEf I NEd TECttbI I W E  1 1 

ADH=B/ADIV 

C-1 
J 3-.- -0- 

C Thib ~ O u T l l 4 L .  CALCULATES THE CONCENTRATION GRADIENT AT THE SURFACE 







Ggi0461- 30 

41 I F  (AB~tCMCPOICMCPN)fCMCPN 065)  1 3 t t 1 3 1 t 4 3  106 
C TLSi  FOt4 TEMPEHATURr LOOP 0 . 0  COMPARE LAST 3 TEMPS 

43 I F  ( A M f M ( T % t T P W t f P ! P P )  TPSW r j O t t l t 6 0  107 
6 0  IF (AMAX3(T~S,TPSPtTPSPP) ., TPSP) 46e71t46  l l l n  

71 TP5t'P = 1PSP 109 
TP5P = TP5 11u 
IMTP'O = TMTP'h 111 
TI% z (VPSP+TPSPP)/2. 112 
CALL UiiHAH (h31'HL t 1 e TPS t 0 e H3 tKK 1 113 

1 1 4  
WYP = DP3 115 
Tt l l  PlJ = T- fPS * 116 
L ) C W X  = ( t I C *  (T0TPS)-h4*&C4*CI4) / (H3*3l-'3) 1 1 7  
CPSt' = CP5 1 I t ?  

119 
b 1  3 A 12n 
C M C W  = CMCIW 

I F  (cPs.Ll.ii.  1 cPs=n. 121 
C h C W  = CXS-CP'!, 12% 
LP1 = L P l + l  123 
t = L+.t 12'4 

125 If (LP1-25) hlt61~44 

:'+ CP',, = oZ4CPS+.G*CPSP 12b 
60 TO !iS 127 

- -22 . N O 0  X dAF1*XW+*AF2tXIt 128 
CPS = C 1 3 / ( 1 . + D P 3 / ( K C 3 * A - K C 3 * X U O ) )  129 

" f 3t) 
CMCPN = CI3-CPS 131 
H3 = ts.w 132 

42 LP1 = ~ P l + 1  133 
- - t z L+f 134 

IF (LPI-35) 40t40t44 135 
-----tStr 

IF ( W A F l o C T o o 9 5 )  60 Ti) 99 137, 
wAF2 -P €-*-WAF4 138: 

#. T C  .c 
U 1 L  u 0 . .  1 L - w s - - - - - - - - - - - - - -  . 

____ ___-._- --_-..- 

-I-.- #.. _______ . - 
- b  

I- --m- .. . . -  - - 
0 .  

C CALCULATL WEIGHTEir A V E R A G E  OF PRCSEfJT AND PREVIOUS XO 

c'1 ___ ___.--_. 

- . -. - . . 

__  .. 

--, -- 

- -  - 

C NO CuMVEHbENCE WITH PRESENT WEIGHTED PVFQAGE FACTORS FOR XI ,  -0- 

- f - RkPfAT -€TfRATfOPt PROCEDURE WITH NEW . ; ' . 
GO TO 1 139  

-m 
WHITE (6,981 1 4 1  

-----98 -- - FORM47 C l l & @ h ~ ' t j d A B L E  TO FIND SUITAb ER FOUR THIkS OF 25 142' 
XITLHATIOIJS EACh --- PROGRAM STOP FOLb 143 

.- ~ W I T E  ( e r 9 6 )  ~ X B ~ L O K ( I ) ~ I = ~ P C M ~ )  1 4 4  
96 FORMAT ( / / 5 2 X t ' X O  VALUES CALCULATEO I N  SGHAD' / (10E13.5) )  145 

" - 
- 

r 

C 

C CALCULATE GHAIJIEhT 
-6 SAT'I5FAGTOHV Xi) HAS BEEN FOUND 

- €  - 
131  LP2 = 1 147 

NX1 = N X + 1  145 
NKMlt-= PIX-? 151 

291 XOA = XO/A 153: 
UW -KCSlfJP3 1529 
I N T 1  = I 

H1 = 0. 

." - 4 .  
1.A - CY tw 

1 n 
L L 



_. .- . . . __.. . . 

( ~ . - X O A ) / F L O A T ( N X )  

1550 
1570 
1580 
1590 





2630 
264 0 
2650 

135 



136 



g00 
600 
7u0 
710 
720 . 

730 
740 
750 
760 
770 
7u0 . -.. -- 

.. 

117 



12eo 




