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THERMAL EFFECTS IN ANION EXCHANGE RESIN- 

NITRIC ACID SYSTEMS 

INTRODUCTION 

During the past s eve ra l  yea r s  a i?umber of instances of p r e s s u r -  

ization and f i r e s  have occurred  in chemical process  sys tems f o r  purifi- 

cation of plutonium nitrate,  P u ( N O ~ ) ~ ,  in ni t r ic  acid, HNO solutions by 3' 
anion exchange. Incidents have occurred in laboratory and plant s ca le  

equipment and in accumulations of ni t rate-  bearing anion exchange res ins  

that were  both unconfined and confined within process  equipment. 

The  anion exchange process  has been successfully applied for  

seve ra l  yea r s  in the United States and Europe f o r  recovery, purification, 

and concentration of plutonium. Variations of the  basic  process  have 

been developed and used fo r  s imi l a r  t reatment  of other  heavy elements, 

such a s  neptunium and thorium. However, evidence exists indicating that 

undesirably rapid chemical reactions can occur  in the anion exchange 

sys tem.  

One seve re  incident, which has been descr ibed in detail, (1) 

occurred  November 6, 1963 in the  233-S Building of the  Redox plant of 

the Hanford Atomic Products  Operation. A continuous counter- 

cur rent  anion exchange contactor us  ed for  the purification of P u ( N 0  ) 3 4 
in concentrated HNOQ solution was involved. The  contactor consisted of 

a loop of 4 in. s ch  10 SS pipe approximately 26 ft  tall .  The reaction in the 

contactor dgtured process  sc reens ,  blew gaskets ,  expanded par t  of the 

loop piping, and forcibly ejected res in  f rom the contactor by internal 

p r e s s u r e s  that may have exceeded 1500 psig. Although the  reaction may 

have been initiated by an external heat source,  most  of the  evidence sug- 

gest ed that it was t r iggered  internally by high operating tempera ture  

and/or  the  introduction of a s t rong oxidizing chemical.  

Consequently, this  study was undertaken to define unsafe operating 

conditions, to specify appropriate safety precautions, and to clarify the 

causes of some  of the  previous incidents by character izing the  heat and gas 

producing chemical effects for  the  anion resin-ni t r ic  acid sys tem.  



SUMMARY 

An analysis of the instability conditions when operating with 

Permut i t  S K ~  anion exchange r e s i n  in 7M - HNOQ has been made. The react ion 

kinetics for  the sys tem were  investigated by externally heated pipe p r e s -  

surization t e s t s  and by ca lor imeter  experiments.  The chemical and physical 

propert ies  of the sys tem were  correlated by mathematical models f o r  batch 

and flow c a s e s  to predict  the conditions that permit  self-accelerat ing chemical 

react ions.  Uncontrolled react ion conditions a r e  favored by: 

Increasing vesse l  radius  

Low vesse l  wall  heat t ransfer  coefficients to the surrowndings 

Low thermal  conductivity of the vesse l  contents 

High ambient and operating tempera tures  

ChrorniumIVI) loaded on the r e s i n  

The relations between these variables  for  the chemical sys tem a r e  

graphically presented. The theory, based on the concepts originally pro-  

posed by Frank-Kamenetskii ,  '2' is generally applicable to cylindrical 

shapes which generate heat with an exponential dependence on tempera ture .  

The Redox 233-S incident is d'lscussed briefly in t e r m s  of this analysis .  

STATIC SYSTEMS 

Experimental  

Much of the damage in addition to the contamination r e l ease  during 

the Redox incident was c a s e d  by the effects of the accompanying f i r e .  It was 

possible the f i r e  could have s ta r ted  the chain of events by supplying enough 

heat e i ther  to pressur ize  the contactor directly,  o r  to  t r igger  a gas-  

producing chemical react ion in the contactor.  Pressur iza t ian  t e s t s  were  

c o n d ~ c t e d  to deterrnlr-ie external heat might cause such an effect. 

The t e s t s  used a 4-in. -diam sch  40 pipe, 4-ft long, equipped with 

a 4-in. rupture disk flange and heated by an 8- in.  ID clam she l l  tube 

furnace (F igure  1). A flanged dummy pipe was welded to  the bottom s f  the 

capped 4-in. tes t  section to provide 2 strong detachable support fo r  a s imi lar ly  

flanged pipe welded to  a 2-in. tlhick support plate. The tube furnace was  zlso 

mounted on the support plate. F igure  2 shows the t e s t  equipment ready for  

a p res su re  relief t e s t .  

@ Permut i t  Company, New York, N ,  Y. 
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FIGURE 2 

Purex Prototype Equipment for  Pressurization Test  1 2  



Test  instrumentation was 200 ft away, shielded by the corner  of a 

l a rge  bunker. The instrumentation included a 1 6  point tempera ture  recorder ,  

a tempera ture  controller, and a p res su re  recorder .  The instrumentation 

monitored and recorded four centerline and eleven wall tempera ture  points 

and the internal p r e s s u r e  in the  test  vessel.  One additional wall thermo-  

couple was linked to the single point recorder-control ler  to supply auto- 

matic on-off control of the vesse l  wall temperature.  Manual adjustment 

for  heating r a t e  and controller overshoot was provided by a 220 V variable 

autotransformer.  

The pressurization t e s t s  were  conducted with Permuti t  SK 20-50 

mesh  nitrate- form res in  in equilibrium with HNO solutions. The test  3  
conditions and resul ts  a r e  summarized in Table I. 

The general procedure was to  f i l l  the tes t  vessel  section with the 

selected res in  preparation, mount the pipe on the tube furnace test  stand, 

and sea l  with the rupture disk and flange. Any other piping to be included 

in the t e s t  (for example, the prototype contactor p res su re  relief Tes t s  1 2  

and 13) was then assembled on the top o r  discharge end of the pipe test  

assembly. The experimental procedure was conducted from the safety of 

the instruments location, and the furnace and pipe assembly was not 

approached again until disk rupture o r  sufficient cooling made the assembly 

safe .  

The  f i r s t  t es t  was run with a gradually increasing wall temperature.  

La ter  t e s t s  were  made with the  wall temperature raised to a predetermined 

level and held constant. Figure 3 i l lustrates  the thermal and p r e s s u r e  

behavior for  a typical experiment (Test  3 )  that resulted in a rapid p res su re  

r i s e  r a t e .  The centerline temperature exceeded the wall temperature af ter  

1. 5 h r  because of internal heat generated by resin decomposition. The run 

was terminated by a tempera ture  excursion caused by internal heat gener-  

ation at a grea ter  r a t e  than the removal r a t e  through the vessel  walls. The 

gas and s team pressu re  generated by the  temperature r i s e  finally burst  the 

rupture disk. Figure 4 shows the appearance of that tes t  (photographed by 

a , remotely operated camera)  a fraction of a second after the disk burst .  



TABLE I 

SI IMMA I{Y Ob' VESSEL l 'KI?SSUKIZATION TESTS 

Kesin l ' r c l ~ a r a t ~ o n  Test  Conditions Resu l t s  

Equi l ibra ted with 7M HN03 300 psig rupture  disk, rapid  ht,ating, Disk ruptured,  burning s t a r t e d  due to  t h e  r e s in  drying via t h e  r e s t r i c t ed  

and d r a ~ n e d .  r e s t r i c t ed  venting. vent .  Burning continued f o r  30 to 90 min .  

T e s t  - 

1 

Screen installed t o  r e s t r a i n  t h c  r e s in .  T h e  r e s t r a in ing  s c r e e n  w a s  ruptured,  bent,  and blackened with c h a r r e d  

r e s i n  and P y r o l y s i s  p roduc t s .  

Equi l ibra ted with 7IvJ HN03 300 ps ig  rupture  disk, slow external  Disk ruptured at a  130 OC wall t e m p e r a t u r e .  No burning. 

and drained.  heating. 

Equi l ibra ted with 7M HN03 300 ps ig  rupture  disk  Stable  heat generat ing conditions obse rved  a t  ves se l  wall t e m p e r a t u r e s  of 

and drained.  113 OC and lower .  Higher  t e m p e r a t u r e s  caused  runaway and disk rup tu re .  

No burning.  See F i g u r e  3. 

Equi l ibra ted with 7M HN03 300 ps ig  rupture  disk  

and d ra ined .  

Equi l ibra ted with 20 g l l i t e r  300 ps ig  rupture  disk 

sodium dichromate ,  0 .  5 M  

HN03, d ra ined  

S a m e  a s  T e s t  3 .  

Insufficient p r e s s u r e  to  rup tu re  t h e  disk .  Vesse l  cooled without incident.  

Slight t e m p e r a t u r e  r i s e .  

Not completed due to P o w e r  supply f a i lu re  

Disk ruptured - r e su l t ed  f r o m  a  wall t e m p e r a t u r e  of 125 OC Equi l ibra ted with 7MHN03 ,  300 ps ig  rupture  disk  

dra ined,  and a i r  d r i ed  fo r  15 h r .  

Equi l ibra ted with 7 E  HN03, Vented, 300 psig rup tu re  

d r a ~ n e d  disk 

No spontaneous  cen te r l i ne  t e m p e r a t u r e  r i s e  observed,  d ~ s k  rup tu red  only 

a f t e r  e x t r e m e  ex te rna l  heating to a  v e s s e l  wall t e m p e r a t u r e  of 205 OC. 

Equi l ibra ted wlth 1. 0 g i l i t e r  300 ps ig  rupture  disk, r e s t r a in ing  Exothermic  react ion obse rved  a t  143 OC, d i sk  ruptured when the  in t e rna l  

sodium d ich romate  in 7bJ sc reen .  T e s t  v e s s e l  contained an t e m p e r a t u r e  r eached  160 OC. Resln  a lmos t  complete ly  dissolved.  

FINO3 excess  of the  solution. 

Equi l ibra ted with 7 g  HN03 300 ps ig  rupture  disk  

and drained.  

Equi l ibra ted with 7 M  HN03, No rupture  disk, r e s t r a in ing  

drained.  s c r e e n  was in place .  

Vesse l  wall mainta ined a t  135 OC caused  disk  rup tu re  

No cen te r l i ne  t e m p e r a t u r e  r i s e  was  obse rved .  The  r e s t r a in ing  s c r e e n  

was  e jected and des t royed  when t h e  v e s s e l  wall r eached  170 OC. 

C h a r r e d  r e s i n  was  found. 

12 Equi l ibra ted with 7NJ HN03 

and drained.  

P u r e x  prototype s imulat ion.  

(See F igu re  2)  160 l b  rup tu re  

disk, initiated by s e v e r e  

external  heating. 

Vented control lably  when t h e  v e s s e l  wall r eached  210 O C  

C h a r r e d  r e s i n  found. 

13 Equi l ibra ted with 7M HN03 

and drained 

I - in .  platinum rup tu re  disks ,  

1- in .  p r e s s u r e  r e l e a s e  l ine .  

Vented without incident,  c h a r r e d  r e s i n  found. 

14 Loaded with tho r ium f r o m  

7M - HN03 solution. Thor ium 

concentra t ion on the  r e s in  

was  78.3  g l l i t e r .  

300 ps ig  rupture  disk, 4 In. 

c r o s s o v e r  t o  a  catch tank with 

exhaust f i be rg l a s s  f i l t e r .  

Vented a s  expected, no contamination r e l ease ,  no c h a r r e d  r e s in  

produced.  P e a k  p r e s s u r e  in t he  catch tank was  67 ps ig .  
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FIGURE 4 

T e s t  Sys tem Immediate ly  After  Disk Rupture  
i n  P r e s s u r i z a t i o n  T e s t  3 



Figure  5 shows an internally located hold down s c r e e n  used in Tes t  9, 

compared to  a new piece of the  s a m e  screen .  Note that the sc reen  assembly 

has been severely darkened although the  maximum tempera ture  before disk 

rupture was only 160 OC. The  oxide color was formed by contact with HN03 

and dichromate solution for  l e s s  than t t empera tures  below 160 OC.  

Similar  darkening of s ta inless  s tee l  h n observed in a pilot contactor 

operating with dichromate-containing leeds at tempera tures  below 60 OC. 

The  darkened s tainless  s tee l  sections in the 233-S contactor af ter  the 

incident were  caused by dichromate at the 87 OC operating tempera ture  and 

not by much higher tempera tures  assumed previously. The  res in  of Tes t  9 

was almost completely dissolved by the  HNO and Na2Cr207 solution present .  
3 

A syrupy blue liquid was ejected when the rupture disk failed. 

F igure  6 shows the s a m e  hold down sc reen  af ter  Tes t  11, in which the 

s c r e e n  was forcibly ejected f r o m  the tes t  vessel .  The damage to the assembly 

occurred  when it hit the  protective canopy. The  expelling fo rce  on the sc reen  

assembly was calculated to  have been a s  high a s  3500 lb based on the 300 psig 

rupture disk rating. 

Observations made during the  t e s t s  lead to the  following general  

conclusions : 

The  reaction of the  anio: n exch 
. A,.- ,.- 

ange res in  in 7M HNO shows a s t rong - 3 
exponential tempera ture  u ~ ~ ~ l l d e n c y .  

A vesse l  wall tempera ture  of 120 O C  is sufficient to t r igge r  a rapid 

exothermic reaction in a 4-in. - diam resin- fil led pipe. However, 
0 a 100 C vesse l  wall tempera ture  will not cause  a chemical excursion. 

Thorium loaded re s in  exhibits a tempera ture  r a t e  of r i s e  curve that 

duplicates the  unloaded re s in  curve within the  experimental accuracy.  

Rapid p r e s s u r e  r e l ease  abruptly lowers  the  tempera ture  of moist  

r e s in  to  the  atmospheric boiling t empera tu re  of the solution and 

effectively quenches the  exothermic reaction.   his "safe" p r e s s u r e  

r e l ease  point can be a s  high a s  200 psig.  

Theoret ical  Analysis 

A theoretical analysis of a cylindrical vesse l  has  been made. An 

expression describing the  dependence of the  cr i t ical  wall tempera ture  on the  
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container dimensions and reaction kinetics, fo r  a static,  packed heat-  

generating bed, is given in Appendix A.  It was initially assumed that the  

heat generation in the  r e s in  could be  adequately described by the  zero o r d e r  

Arrhenius r a t e  expression: 

3 
Q = Ql exp ( -AE IRT)  c a l / ( c m  ) ( m i d  (1) 

where AE is the  activation energy of the heat generating reaction and 

Q1 is an experimentally determined proportionality constant. The  derived 

expression defines the  c r i t ica l  vesse l  radius a s  a function of the  the rma l  

conductivity of the r e s in  bed (k), the  wall tempera ture  (Tw) and t h e  reaction 

kinetics. 

a 2 = 2 8  - T exp (AE/RT~) 

A related expression gives the  centerline tempera ture  a s  a function 

of subcri t ical  wall tempera tures .  

T h e  unknown data constants were  found for  these  equations in 

seve ra l  ways. Thermal  conductivity was measured  directly.  (3) The 

activation energy and the  heat generation factor were  calculated f rom 

the  vesse l  pressurizat ion t e s t  r eco rde r  charts ,  as  follows: 

A graph of log (dT/  d 8) ver sus  1 / T  shows that a portion of the  
e 

curve is l inear  f o r  points corresponding to  the knee ( see  F igure  3 )  of the 

vesse l  center l ine tempera ture  record.  It was assumed and l a t e r  verified 

by computer analysis that this  portion of the curve represented an 

adiabatic condition in the  res in  zone immediately around the  sensing 

thermocouple. Therefore,  if neglibible reactant i s  consumed during this  

t ime, the t ime- tempera ture  r eco rd  is a t r u e  exponential curve  and the  

ze ro  o r d e r  Arrhenius equation assumed in the cr i t ical  t empera tu re  theory 

derivation applies.  

The  semilogari thmic plot of the data is a s t raight  l ine and the  slope 

is equal to  - A  EIR.  The  intercept is (log, Q1 - loge cBulk), 

AT 
Q Z i i e  ' ~ u l k  = Q~ exp (- A EIRT)  
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Several recorder  charts  were analyzed in this way and the activation 

energy and heat generation factor were calculated f rom them. 

Estimating the crit ical radius with finite heat t ransfer  coefficients 

is more  complicated than Equation (2)  and must be done by t r ia l  and 

e r r o r .  (5)  (Also s e e  Appendix A). Consequently, a computer program 

(PROFIT) was written to calculate the crit ical ambient temperature a s  a 

function of vessel radius. Figure 7 presents the boundary of unsafe con- 

ditions fo r  static beds of this res in  a s  a function of bed radius,  ambient 

temperature,  and contactor wall heat tkansfer coefficient. 
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Ambient Temperature, OC 

FIGURE 7 

Cri t ical  Radius a s  a Function of Ambient Tempera ture  
f o r  Two Wall Heat T rans fe r  Coefficients Vesse ls  

Containing Submerged o r  Drained Resin with 7M - HNOQ 



The  transient c a s e  must  also be  solved by machine calculation if  it  

is des i red  to  account f o r  reactant consumed. A FORTRAN I1 computer pro-  

g r a m  supplied by G.  S. Nichols of Savannah River Laboratories (') ( see  

Appendix B) was used to  predict  the  t ime- tempera ture  behavior of cylin- 

drical  and spher ica l  r e s in  beds of ni t rate- form Permut i t  SK res in .  The  

p rogram verified the calculated values of the experimental data by dupli- 

cating the behavior observed in the pipe tes t  up to  tempera tures  just p r io r  

to  disk rupture.  At these  tempera tures ,  fast  production of gases  caused 

convective heat t r ans fe r  inside the pipe, a behavior not considered in formu-  

lating the computer program.  Since these  actual effects increased  the  

effective heat t r ans fe r  r a t e s  in the  pipe, the computer predicted slightly 

f a s t e r  tempera ture  r i s e  r a t e s  and shor t e r  t ime to  initiation than were  

actually observed just before disk rupture.  

The  tempera ture  profiles of F igure  8 show how the  cr i t ical  ambient 

tempera ture  depends on the  vesse l  wall heat t r ans fe r  coefficient. The  

curves  a r e  for  a 4-in. -diam vesse l  with sett led res in  in stagnant 7M - 
HNOQ. Each curve is also a subcri t ical  tempera ture  profile of the  ves-  

s e l  with a higher heat t r ans fe r  coefficient. With a heat t r ans fe r  coefficient 
2 of 0. 02 c a l l  (cm )(Oc)(min),  which is typical of uninsulated vessels ,  the 

0 
cr i t ica l  ambient tempera ture  is 99.  5 OC with a wall t empera tu re  of 108 C 

and a centerline tempera ture  of 110 OC. If t he  heat t r ans fe r  coefficient 

is made v e r y  high, the cr i t ical  ambient tempera ture  increases  to 116. 5 OC 

with a wall tempera ture  of 116.5  OC and a centerline tempera ture  of 131 OC. 

F igure  9 shows the computer-calculated t ime  to initiation ve r sus  

vesse l  sur face  wall tempera ture  fo r  two types of 4-in. -diam packed beds, 

s ta r t ing  f r o m  60 OC initial bed tempera ture .  The  vert ical  asymptotes f o r  

these  curves  correspond to the c r i t ica l  tempera tures  for  a 4-in. -diam bed 

predicted in F igure  7 .  The  interaction of r e s in  bed thermal  conductivity and 

wall heat t r ans fe r  coefficient is relatively complex. F igure  10 i l lus t ra tes  the  

radial  tempera ture  profiles calculated for  severa l  elapsed t imes  af te r  applying 

a 130 O C  wall tempera ture  to the 60 OC bed. This  situation might be  caused by 

an external f i r e .  The initial slow tempera ture  buildup which gradually accel-  

e ra t e s  to  a ve ry  rapid r a t e  nea r  the  bed centerline is quite evident, 
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Radial  T e m p e r a t u r e  P ro f i l e s  a t  Severa l  Elapsed T i m e s  
f o r  a 4- in. -d iam Drained Resin Bed in  Response 

t o  a Step Wall T e m p e r a t u r e  Change f r o m  60 t o  130 OC 



DYNAMIC SYSTEMS 

Simulated Contactor T e s t s  

This  s e r i e s  of exper iments  was conducted to  l e a r n  how a packed bed 

with liquid flow could produce t empera tu re s  of 120 to  130 OC, leading to  still 

higher t empera tu re s  and self p ressur iza t ion .  

Although heat effects known to  accompany ion exchange p roces ses  a r e  

usually smal l ,  (7 )  i t  has been predicted that t he  peak t empera tu re  of a moving 

t empera tu re  front can inc rease  indefinitely. (8) The subject has a lso been 

discussed (" O' in m o r e  detail f o r  burning carbon in solid catalyst  bed 

regenerat ion.  An improper  choice of f lowrate and gas  s t r e a m  oxygen 

concentration can cause  high bed t empera tu re s  within relatively sho r t  bed 

lengths. 

Experiments  were  done in a 6 ft long by 4-in. -diam Pyrex  g lass  

contactor equipped with inlet, outlet, and five equally spaced center l ine  

thermocouples .  Several  exper iments  were  per formed to  explore the pos-  

sibil i ty of any heating effect in the  r e s in  filled contactor.  F igu re  11 

i l lus t ra tes  the  centerl ine t empera tu re  profiles generated by the  f i r s t  of the  

experiments .  
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The  inlet liquid was 7M - ni t r ic  acid containing 1 .  7  g / l i t e r  of sodium 

dichromate at  0 . 9 1  l i t e r / m i n  and 55 OC. The  curves of F igure  11 rep re-  

sent  the temperature- length relationship at 29 min af ter  flow star ted,  and 

af ter  the flow had been stopped fo r  5 min. The chromium-loaded bed was 

then drained, cooled, vented, and remained undisturbed overnight. The  

reddish-brown of the chromium-loaded stagnant bed was almost entirely 

changed to  the intense blue color of crC3 within the next 24 h r  in a frontal  

reaction which moved f rom the bottom outlet end of the  t e s t  section upwards 

in a continually lengthening blue zone. The higher heat generation r a t e  at 

the thermocouple located one foot down the bed, where chromium loading was  

relatively high, was evident 5 min af te r  stopping flow. 

The  second and third experiments were  s imi l a r  to  the  f i r s t  except 

that in the  third,  the dichromate feed was continued longer.  The  upper 

6 to  1 0  in.  of r e s in  bed became s o  degraded and softened that the p r e s -  

s u r e  drop a c r o s s  the column increased, and throughput dropped drastically, 

ending the  t e s t .  Washing the r e s in  revealed that t he  degraded mne was 

colorless  and translucent in contrast  to  the  normal  opaque brown appearance 

of the res in .  The  beads had swelled to  severa l  t imes  the i r  normal  s i ze .  

La rge  quantities of gas  were  evolved in a l l  t h ree  of these  tes t s ,  both NO2 

and somet imes  a c l ea r  gas alone. 

Although s o m e  self heating and excessive gassing were  observed 

in these  tes t s ,  the  effects were  relatively mild. The  fourth experiment, 

however, demonstrated a possibility of bridging the gap between the 87 OC 

Redox contactor XAF inlet tempera ture  and the higher tempera tures  needed 

to cause  a self-sustaining exothermic reaction. The  instrumented 6 ft r e s i n  

bed was partially loaded with chromium f rom a 1 . 8  grams-chromium(V1) 

p e r  l i ter ,  room tempera ture  7M - HNO solution at 0. 87 l i t e r /min  and 3 
22 O C .  After 160 l i t e r s  of the  solution passed through the  bed, the feed was  

changed to 7 M  - HN03 at 1.1 l i t e r /min  and 80 OC. F igure  12  i l lus t ra tes  the  

magnitude of the  heating effect soon af ter  hot acid flow s t a r t ed .  It is evident 

that cr i t ical  tempera tures  (for the  unloaded resin,  about 150  O C  and higher) 

could have been reached if  only a few m o r e  feet of Cr(V1) loaded re s in  bed 

had been present .  
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F I G U R E  1 2  

Tempera ture  Behavior in Flow Experiment 4 

These  experiments demonstrated how dichromate ion in ni t r ic  acid 

solution could be hazardous, but gave no means for  predicting the heating 

effects. A quantitative estimate for  reaction constants of the resin-ni t r ic  

acid- dichromat e reaction was provided by a subsequent s e r i e s  of calor imeter  

measurements .  

T h e  fifth experiment was conducted to  investigate the heat effect 

resulting f rom conversion of chloride to  ni t rate  f o r m  res in  with 0 .75M - acid. 

The  tempera ture  peaking effect was the resul t  of the ra ther  sma l l  nitration 

heat effect being intensified by the  flow r a t e  and heat capacities combination 

of the  r e s in  and liquid. (Figure 13) .  The effect demonstrated in this experi- 

ment might cause an unexpected incident during a routine anion exchange 

contactor operation. 

Calorimeter  Measurements 

The  s t i r r e d  ca lor imeter  in F igure  14 was used to make the t e s t s .  The 

measurements  a r e  r e fe r red  to  the  sett led volume of ni t rate  form res in  in 

equilibrium with 7M - HN03. 
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P e a k  T e m p e r a t u r e  V e r s u s  Bed Length During Nitrat ion of Chlor ide  F o r m  
P e r m u t i t  SK Resin,  0. 7M - HN03, 0. 95 l i t e r l m i n ,  48 OC, 4-in. -d iam 
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FIGURE 14  

S t i r r ed  Ca lo r ime te r  



A measured  volume of res in  was t rea ted  with 7M HXO 11M Na2Cr207,  - 3'  - 
for  predetermined t ime  periods to  achieve the  des i red  range of r e s in  loadings. 

P r e m a t u r e  reaction of the  res in  and dichromate ion was prevented by loading 

The ca lor imeter  heat l o s s  was measured over  the experimental  

t empera ture  range before adding the loaded r e s in  and was assumed to  obey 

the s a m e  tempera ture  relationship during the  r e s t  of the experiment.  

After ca lor imeter  calibration, the loaded res in  was rapidly drained 

and washed seve ra l  t i m e s  with room t empera tu re  7 M  - HN, drained well, and # ~ 0 3  - 
added to  t he  ca lor imeter .  The  heat generation in the  =meter was observed 

fo r  20 to 40 min, and then the total ca lor imeter  heat capacity was measured  

by adding heat energy fo r  a measured  t ime  at  a known ra t e  via the heating coil .  

Power to  the  precisely  known res i s tance  of the  heating coil was supplied f rom 

a s tab le  dc power supply. The  result ing tempera ture  change was recorded 

and corrected,  fo r  heat l o s s  and continued heat generation by the res in ,  to 

give total  heat capacity in ca lor ies  p e r  Kelvin degree.  

T h e  heat generation ra te ,  in gram-ca lor ies  p e r  cubic cent imeters  pe r  

minute, fo r  the r e s in  was calculated f rom the ca lor imeter  total heat capacity 

and the  init ial  r a t e  of t empera tu re  i nc rease  when the  r e s in  was added to  the 

hot acid in t he  ca lor imeter .  

where Ct i s  the  total  heat capacity, and VR i s  the  initial res in  volume. 

The  amount of chromium initially loaded on the  r e s in  was determined by 

combining the  chromium in the supernatant acid solution in the ca lor imeter  

and the chromium eluted f r o m  the  res in  af ter  the  experiment.  The combined 

solution was concentrated and the chromium reduced completely to  Cr(II1) by 

suga r .  This  solution was compared spectrophotomet r ical ly  to a s tandard 

Cr(II1) solution to give the  concentration of the  unknown chromium solution, 

and the  initial Cr(V1) concentration of the  r e s in  tes ted in the  ca lor imeter .  
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The graph of the data fo r  these experiments with Permut i t  SK is 

presented in F igure  15, log ve r sus  1 /T .  The slope and intercept 
e [Cr l  

of this curve give values of the Arrhenius equation constants f o r  the res in-  

dichromate-acid reaction: 

9 3 Q2 = [Cr(VI)] x ( 3 .  05 x 10 ) ca l / ( cm )(min) 

The Cr(V1) concentration i s  in g r a m s  p e r  cubic cent imeter  of resin.  The 

total heat available f r o m  the reaction was estimated f r o m  the ca lor imeter  

data and measured C r  ('I' concentrations to  be: 

AH -- 400 [Cr 3 (V1)lcal /cm of resin.  

0.0029 0.0030 0.0031 0.0032 

1 / ~ ,  ( O K ) - ~  

FIGURE 15 

Calorimeter  Data, loge [Q/(Cr)] Versus  1 / T  

The ca lor imeter  precision has been estimated to  be  h 1070 f o r  the 

magnitude of res in  heat generation r a t e s .  The ca lor imeter  data actually 

shows a precision of about * 300/0, and the discrepancy between this  



precision and that calculated fo r  the  calor imeter  is caused by test- to- test  

variation in the chemical composition of the loaded res in .  An activation 

energy and heat generation factor  were  also calculated f o r  the upper l imit  

of the data (the dotted l ine in F igure  15). These  conservatively higher values 
12 3 

of Q2 = [Cr(VI) l ( 9 . 7 7 ~  10 ) and n E / R  = 8.721 x 10 were  used in a l l  the  

calculations presented. The  comparison between the  heat generation r a t e  

for  dichromate loaded and unloaded Perrnutit SK re s in  is il lustrated in 

F igure  16. At 100 OC, the heat generation r a t e  fo r  r e s in  loaded with 0. 1 

g ram Cr(V1) p e r  cubic cent imeter  of sett led res in  is 2700 t imes  the  ra te  f o r  

unloaded resin.  

2 0  40  60 80 100 120 140 

Temperature. ' C  

FIGURE 16 

Heat Generation Rates in 7lbJ HNO3 and Dichromate 
a s  a Function of Tempera ture  



Theoret ical  Correla t ions  

The  reaction kinetics for  the  res in-acid-dichromate sys t em have 

been characterized,  and the  exact relation for  t ime,  t empera ture ,  dimensions,  

flowrate, and physical  p roper t ies  fo r  t he  contents of an operating anion 

exchange contactor can also be calculated. Two different computer p rog rams  

were  writ ten to  predict  the  behavior of operati-ng contactors with the assump-  

tion that t empera tu re s  a r e  uniform a c r o s s  the  column c r o s s  section.  

HOTBED ( s e e  Appendix B ) ' ~ ~ )  per forms  a complete heat and m a s s  

balance over  an en t i re  contactor section repetitively in t ime,  to  duplicate i t s  

t ime- tempera ture- space  behavior. The  p rog ram accounts fo r  the  reactants  

available in t h r e e  f i r s t  o r d e r  Arrhenius- type reactions,  calculating the  

effect of chemical heating, contactor wall heat t ransfer ,  radioactive heating, 

and liquid heat t r a n s f e r .  

A second program,  G- J BED, integrates  a derived expression ( s e e  

Appendix A) fo r  t he  liquid holdup t i m e  in a contactor with countercurrent  

liquid and solid flow and steady s t a t e  tempera tures  
m 

3 F o r  a given liquid flowrate L (cm /set), and inlet liquid t empera tu re  T I ,  

t he  bed length X which gives a liquid outlet t empera tu re  T 2  can be  de te r-  

mined a s  a function of the  specific heats  C and CL of t he  res in ,  the  R 
liquid r e s in  t o  liquid flow rat io  R '  / L, and QNEl the  net heat gain of the  

flowing s t r e a m s  p e r  unit vo lume p e r  unit t i m e  proceeding along the  column 

f r o m  the  liquid inlet. Internal heat generation by chemical reactions and 

radiolytic heating and heat l o s se s  to the  surroundings may be  included in 

QNET, and the  c a s e  of a s ta t ionary packed bed with liquid flowing through 

i t  may be analyzed by sett ing the  ra t io  of the  solid t o  liquid flowrate to  ze ro .  

Tempera tu re  T 2  is found by the program at the  point of rapid reaction 

by tes t ing f o r  convergence to  z e r o  of the  t e r m  inside the integral  of Equation 

(6). 



Since the G-  J BED P r o g r a m  assumes  ze ro  o r d e r  reaction kinetics 

(no reactant consumed), its resu l t s  will always predict  a shor t e r  t ime  to  

contactor pressurizat ion although agreement between the two computations 

is usually excellent. In some borderline cases ,  however, G - J  BED will 

predict  an instability which cannot actually occur  because of insufficient 

reactant availability. F igure  1 7  presents  the dependence of cr i t ical  holdup 

t ime upon inlet tempera ture  fo r  a r e s in  bed in contact with 7M - HN03. 

F igure  18  shows how the  tempera ture  peak develops in t ime  and distance f o r  

a typical c a s e  calculated by the  HOTBED Program.  
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FIGURE 1 7  

Holdup T ime  fo r  Resin Instability in 7M HNOy 
Comparison of Two Computer P r o g r a m s  
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F o r  a bed initially at 60 O C  with an inlet liquid flowrate of 0. 95 

l i t e r /min  at 130 O C  inlet temperature,  the cr i t ical  conditions for  a self-  

accelerating reaction occur  at a bed length of 8. 5 f t  about 30 min af te r  

the liquid has been introduced. F igure  1 9  gives the G-J BED computer- 

calculated cr i t ica l  holdup t imes  a s  a function of inlet tempera ture  f o r  

unloaded res in  in a 4-in. -diam contactor. The influence of heat l o s ses  

to  the surroundings by convection in increasing the cr i t ical  holdup t ime  

i s  most  strongly felt at low tempera tures  with low internal heat generation 

r a t e s .  In addition, the G- J  BED program may be used to der ive s imi-  

l a r  curves fo r  other  contactor d iameters  and conditions. F o r  example,  

Figure 20 i l lus t ra tes  the relation between cr i t ical  holdup t ime and liquid 

inlet t empera tu re  with curves of constant Cr(V1) loading for  an experi-  
2 mentally determined value of h = 0. 018 c a l / c m  -OC-min. 

The  effect of seve ra l  hypothetical levels of radiolytic heating a r e  

shown by Figure  2 1  fo r  a 4-in. contactor with no Cr(V1) content and the 

s a m e  heat t r ans fe r  coefficient used in F igure  20. 

I I I I I 
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FIGURE 19 

Critical Holdup Time a s  a Function of Inlet Temperature 
and Contactor Wall Heat Transfer  Coefficient 
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FIGURE 20 

Cri t ical  Holdup T i m e  as a Function of Resin Chromium 
(VI) Loading and Inlet Tempera tu re  
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Effect of Radiolytic Heating 
on Contactor Operating St ability 
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Discussion of t he  Hanford Incident 

The  high internal  p r e s s u r e s  c rea ted  in the  233-S L-18 contactor (1) 

were  undoubtedly caused by a runaway exothermic gas producing reaction.  

The reaction mus t  have been forced into an unstable s t a t e  by e i ther  an 

external heat s o u r c e  o r  an abnormal  exothermic chemical reaction in the  

r e s in  bed. 

If the  incident was t r iggered by an external heat source ,  F igure  9 

(solid curves)  may be  used to es t imate  the  duration range of heating t imes  

at  an assumed ambient t empera tu re  required to have caused the pressurization.  

The event could have been produced by an ambient t empera ture  of 110 OC 

0 f o r  40 to  100 min o r  by an ambient t empera ture  of 130 C fo r  only 12 to 

5 0  min. These temperaturescould easily have been reached by a smal l  f i r e  

within an enclosed hood. 

Most of the evidence suggested that the contactor pressur izat ion 

preceded the f i r e ,  and that an internal reaction caused the pressur izat ion.  

This reasoning is supported by the presence  of dichromate ion in the con- 

t ac to r  feed. Conversely,  it i s  improbable that an accidental f i r e  would 

occur  simultaneously with the accidental introduction of a s t rong  oxidizing 

chemical l ike dichromate ion. 

F igu re  2 0  shows that average dichromate loadings, a s  chromium, on 

the res in  would have to  reach  at l eas t  0 .05  g / c m 3  at  inlet t empera tu re s  in 

excess  of 92 O C  t o  cause  a runaway reaction.  However, at a chromium con- 

centration of 0. 3 g /  cm3. initiation would occur  at 23 min liquid holdup t i m e  

with a 70 OC inlet t empera ture .  Holdup t imes  p r io r  t o  the  incident in t he  L-18  

contactor s c r u b  section were  about 22 min, and about 11 min in the  feed 

(extraction) section.  That chromium concentration would cause  pressur izat ion 

a t  about 5. 2 rnin with the recorded 87 O C  feed inlet t empera ture .  Resin 

analyses following the  Redox incident indicated spot chromium concentration 
3 reached at l eas t  0 . 3 3  g / c m  . 



The presence  of plutonium on the  r e s in  may have fur ther  lowered 

the cr i t ical  operating tempera ture .  This factor  (not studied he re )  has  

been investigated by ~ u l l a m ' ~  2, with dr ied resin.  

Saf etv Precaut ions 

The  mathematical analyses and supporting machine computational 

aids developed h e r e  allow rapid, accurate  evaluation of the thermal  hazards  

associated with f i r s t  o r  zero o r d e r  exponentially tempera ture  dependent 

reactions in ion exchange sys tems.  The  analysis may be applied to  s torage  

containers containing resin,  idle beds under s ta t ic  conditions, packed beds 

with flowing liquid, and operating countercurrent contactors.  The data 

required for  the analysis can be obtained by relatively easy and s t raight-  

forward experiments.  

High contactor wall heat t r ans fe r  coefficients a r e  desirable,  as  

F igure  1 9  emphasizes, but each c a s e  should be analyzed separately s ince 

under some  conditions, the res i s tance  to heat t r ans fe r  inside the res in  is 

enough to produce dangerously high tempera tures .  A water- jacketed 

contactor (high wall heat t r ans fe r  r a t e )  may be helpful in some applications 

where l a rge  diameters  and moderately elevated tempera tures  a r e  necessary.  

A well-designed water  jacket will also guarantee c loser  process  tem-  

pera ture  control than is realized in present  contactors.  At the other  extreme, 

perfectly insulated, stagnant cont ac tors  a r e  inherently unsafe, pressurizing 

eventually at some  finite s torage  t ime  if  the  reactant is not used up. 

Strong oxidizing agents o r  oxidation catalysts should be avoided in 

organic ion exchange res in  applications. Dichromate ion, in par t icular ,  

even at low temperatures ,  rapidly degrades organic r e s ins  with the evolu- 

tion of heat. Although the  heat generation r a t e  in s t rong HNO alone is much 3 
l e s s  than fo r  dichromate at comparable temperatures ,  the s torage  of r e s in  

in s t rong HNO should be avoided wherever  possible.  The  s torage  of the  3 
r e s in  in water  o r  dilute HN03  i s  prefer red .  Conversion of ni t rate- form 

res ins  to safe  fo rms  (such a s  the chloride-form) before s torage  would lessen  

the  hazards if high tempera tures  should occur  because of external heating. 

Storage containers and idle contactors should have the i r  contents vented and 

the res in  covered with solution. 



The runaway reaction in moist  r e s in  can be instantly quenched by 

venting the  container o r  contactor at relatively low p ressu res  (200 psig o r  

l e s s ) .  Evaporation provides the cooling and quenching effect i f  the res in  i s  

moist .  P r e s s u r e  relief valves se t  at lower p res su res  (e. g . ,  50 psig) would 

safely replace the  rupture disk used in the t e s t s  reported here .  

Dry ni t rate- form res in  i s  inflammable and potentially explosive, 

and reaction quenching of dry res in  cannot be achieved by p r e s s u r e  relief.  

Gas accumulations in operating contactor res in  beds have l i t t le 

effect on operating safety. Large  d iscre te  gas  pockets a r e  short  lived in 

operating contactors, and smal l  bubble accumulations in processing res in  

beds do not significantly change the safe  operating l imits .  Even la rge  

discrete  gas  pockets could not affect the thermal  conductivity of the bed 

enough to cause a self-accelerating reaction unless the contactor was already 

operating dangerously nea r  the cr i t ical  conditions. Figure 7 shows that the 

cr i t ical  ambient tempera ture  (heat t ransfer  coefficient, h = 0. 018) fo r  a 

stagnant 4-in. -diam (5.  08 c m  radius) vessel  containing the resin is lowered 

l e s s  than 2 CO by draining the intersti t ial  acid f rom the resin.  The  dif- 

f erence in cr i t ical  ambient tempera tures  caused by changing the external 

heat t r ans fe r  coefficient f r o m  infinity to  a typical value, 0. 01 8, is 13 to 

18 cO, however. Gas accumulations should be avoided, not because of 

thermal  effects, but because they can produce channeling of the process  

s t r e a m s  through the packed bed with resultant lowered operating efficiency 

and product purity. 
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NOMENCLATURE 

Vessel radius,  cm 

A function of a and defined in Appendix A, Equation (16) 
dimensionless 

3 
Specific heat capacity, ca l l  (em )(OK)  

3 Bulk heat capacity, ca l / (cm ) ( O K )  

Liquid heat capacity, c a l / ( ~ m ~ ) ( ~ ~ )  
3 Resin heat capacity, ca l / (cm ) ( O K )  

Total calorimeter  heat capacity, cal/OK 

Activation energy f o r  resin decomposition by the i
th reaction, 

cal /g ram mole 

A function of e defined in Appendix A, Equation ( 8 ) ,  
dimensionless 

2 
Vessel-to-ambient heat t ransfer  coefficient, ca l / (cm )(min)(%) 

Heat of reaction, ca l lg ram mole 
0 

Bulk thermal  conductivity of the resin bed, cal / (cmL)(min)  
(OK)j(cm) 

3 
Liquid flow ra te ,  c m  /min 

3 
Volumetric heat generation ra t e ,  ca l / ( cm )(min) 

Qw Volumet ic heat generation ra te  at the wall temperature T 4- cal / (cm )(min) 
w ' 

Qi Heat generation factor in the Arrhenius equation, defined in 
Appendix A ,  Equation ( I ) ,  cal/(cm3)(min) 

QL Convect've heat loss  f rom a resin bed per  unit volume of bed, 5 c a l l  (c m ) (min) 

QNET Net heat gain ~f a resin bed proceeding f rom the l i  uid inlet, 93 defined in Appendix A, Equation (20), cal / (min)(cm of resin 
bed) 

Qs Volumet ic heat generation ra te  due to radioactive decay, i- ca l / ( cm )(min) 

r Radial position, c m  

R Gas constant, 1. 987  ca l / (gram mole) (O~)  

R '  3 
Resin flow ra te  c m  of wet sett led resinlmin 

T Temperature,  OC 
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Centerline temperature in a cylindrical, self-heating res in  
bed, OC 

Temperature of liquid entering a resin bed,  OC 

Temperature of liquid leaving a resin bed, OC 

Ambient temperature,  OC 

Vessel wall temperatare ,  OC 

Ion exchange contactor bed length, c m  

= ha/k, Nusselt number ,  dimensionless 

RT &k 
W 

The cr i t ical  value of B 

RT 'k 
W 

The cr i t ical  value of 6 

F i r s t  o r d e r  ra te  constant f o r  resin decomposition, p e r  min 

Proportionality constant in definition of x ,  per  min 

Resin bulk density, g / c m  
3 

Time,  min 
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APPENDIX A 

DERIVATION O F  EQUATIONS 

BNWL-  114 

The correlations derived in this section a r e  based on the assump- 

tion that a s e r i e s  of simultaneous chemical reactions generate heat a t  a 

r a t e  given by 

where LEi i s  the activation energy fo r  a reaction, R is  the gas  constant, 

and Q. is a proportionality constant. The heat generation ra te  Q fo r  a 
1 

single chemical reaction is related to the chemical reaction ra te  by Q = 

pnAH where p is the density of the res in ,  AH is the heat of reaction, and u 

i s  the f i r s t  o rde r  ra te  constant for  the chemical reaction. In this t rea t-  

ment, it is assumed that a negligible fraction of the resin reac ts  in gener-  

ating the heat to attain cr i t ical  conditions. With this assumption, the ra te  

of heat generation is ze ro  o rde r  regardless  of the mechanism of the reac-  

tions. The fo rm of the temperature dependence of the heat generation rate  

follows directly f r o m  an expression f o r  the reaction ra te  constant of the 

0 
( i:), which i s  often encountered in chemical kinetics. If fo rm u. = u exp - - 

only one res in  decomposition reaction i s  present ,  the experimental deter-  

mination of Q a t  two temperatures  will allow the fixing of Q and AE f ~ r  a 
1 1 

specific chemical system. 

F o r  a sys tem to exhibit a runaway exothermic reaction, heat must 

be generated internally a t  a r a t e  g rea te r  than it can be t ransfer red  away by 

conduction, convection, o r  radiation. In 1928. Semenoff (12) considered the 

case  for  which the external resis tance to heat t ransfer  i s  controlling and 
(2)  the internal temperature i s  uniform. In 1939, Frank-Kamenetskii con- 

s idered a constant wall temperature with the internal thermal  conductivity 
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of the medium controlling the heat t ransfer  to the wall. Semenoff's condi- 

tion will be used here  for  flow sys tems,  and Frank-Kamenetskii 's  will be 

applied for  s tat ic  systems.   horna as'^) has analyzed the static sys tem with 

a constant heat t ransfer  coefficient to the surroundings. Others have also 

analyzed self-accelerating reactions in which a fraction of the reactant i s  

used up, (14-16) but numerical methods a r e  usually necessary to solve the 

equations, and the results cannot be expressed in concise form. 

STATIC SYSTEM 

The wall temperature of a long, cylindrical column of ion exchange 

resin is held constant at T The resin is being decomposed by a single W' 
chemical reaction which generates heat at  the rate  

At steady state ,  heat i s  being generated throughout the cylinder and con- 

ducted toward the wall according to the equation 

d 2 ~  1 dT Q + - - - I - - =  0 
d r  2 r d r  k 

where k is the thermal conductivity of the resin bed, and the baundary con- 

ditions a r e  

To solve the problem analytically, it is necessary to assume that the abso- 

lute value of the temperature does not vary appreciably f rom the wall to 
(17) 

the centerline nea r  crit ical conditions. Reviews by Thomas and 

parks(18) find this assumption reasonable since the variation is about 5% 

for  most cases.  This gives an expression f o r  Q a s  follows: 
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where Qw is the heat generation r a t e  a t  the wall temperature T The w ' 
mathematical problem has  been solved fo r  the heating of dielectrics(19) and 

fo r  self -heating chemical O) to give 

where 

and 

The steady-state centerline temperature is given by 

F o r  conditions a t  which G ceases  to be a rea l  number,  no steady- 

s ta te  solution exists and the temperature increases  without l imit .  The 

threshold of this region i s  given by fl = 2 .  Thus the cr i t ical  conditions a r e  

given by 

and the centerline temperature difference a t  the threshold of instability i s  

The crit ical  diameter  (2a) may then be  plotted versus  operating wall 

temperature.  Once the values of Q /k and AE a r e  determined for  the sys -  
1 

tern, a single curve will suffice to predict the cr i t ical  conditions. 
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F o r  infinite s labs the cr i t ical  value 3f /3 i s  0. 86, and fo r  spheres  it 

i s  3. 32.  (5) Analytical solutions which allow calculation of temperature pro-  

fi les for  cr i t ical  and subcrit ical  conditions a r e  available for  the slab, (5 ,  20) 

Although no analytical solutipn has been found for  the sphe re ,  a complete 

description of the sys tem can be obtained with the aid of known tabulated 

functions. (5 ,21 ,22)  

FINITE HEAT TRANSFER COEFFICIENT 

F o r  a cylinder with a finite convective heat t ransfer  coefficient to 

the surroundings,  Equation (5) is  replaced by 

With the new boundary candition the cr i t ical  value of P i s  l e s s  than 2 and 

i s  a complex function of the boundary conductance parameter  ha /k  and the 

other  var iables  of the system. F o r  convenience, an analogue of 8 based on 

the ambient temperature T was used by Thomas (5)  
0 

the cr i t ical  value of 6 is given by 

where 

If the diameter  is given, the value of bc is calculated f r o m  Equations 

(15) and (16), and Equation (14) is solved by t r ia l  and e r r o r  f o r  T o (the 

cr i t ical  ambient temperature) .  The wall temperature i s  found f r o m  

CI 



Since Equations (7) ,  (8),  (9),  and (10) a r e  st i l l  valid, the internal t empera-  

t u r e  profiles may then be calculated f o r  the new cr i t i ca l  conditions. F o r  

subcr i t ical  conditions the most useful relationship between the wall and 

ambient t empera tures  i s  

FLOW SYSTEMS 

An energy balance on a differential volume element (dX) of a cylin- 

dr ica l  countercurrent  ion exchange contactor a t  steady s ta te  with liquid flow 

r a t e .  L ,  and res in  flow r a t e ,  R' ,  and generation and heat l o s se s  to the s u r -  

roundings by convection gives the following relationship: 

where CL and CR a r e  the liquid and res in  specific hea ts ,  respectively,  and 

where the net heat gain of the flowing s t r e a m s  p e r  unit volume of column 

p e r  unit t ime proceeding along the column f r o m  the liquid inlet i s  given by 

The f i r s t  t e r m  in Equation (20) is the heat generated by chemical react ion,  

the second t e r m  i s  the heat loss  to the surroundings,  and the third  t e r m  i s  

the  heat generated by radioactive decay. 

Integration of Equation (19) f r o m  the liquid inlet gives the liquid 

holdup t ime a s  a function of the liquid inlet and outlet t empera tu re s ,  T I  and 

TZ , respectively.  
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The cr i t ical  holdup t ime fo r  spontaneous ignition is found by putting in an 

a rb i t r a ry  value f o r  the outlet temperature T that makes 1 / Q  
2 NET 

negligible. If the res in  flow ra te  R is se t  equal to zero ,  the resul ts  give 

the liquid holdup t ime in a fixed bed. 

If QNET, the net heat gain p e r  unit volume of column, is ze ro  o r  

negative at  T the column i s  always safe ,  no matter  how great  the holdup 
1 

t ime is. The integral can be rigorously evaluated only by numerical meth- 

ods. However, fo r  the case  with only one heat generating t e r m ,  no radio- 

lytic heating and no heat l o s ses ,  a c lose approximation to the exact answer 

i s  given by 

Q~~~ ' Q1 exp (-2); Qlexp (- t1 2) 
where 

AE , 

F o r  only one heat generating t e r m  and constant heat l o s ses  QL c a l l  
3 ( sec) (cm of res in  bed): 

and 
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APPENDIX B 

IBM 7090 COMPUTER PROGRAMS 

1. NICHOLS I1 

This FORTRAN I1 program, provided by G. Starr  Nichols of the 

duPont Savannah River Laboratories, repeats an otherwise laborious 

Schmidt calculation to quickly generate time-temperature-position descrip- 

tions of cylindrical o r  spherical packed beds of a f irst  order heat generating 

chemical. The thirty quantities of input data a r e  entered with a 7E10. 5 for-  

mat on five cards,  preceded by an alphanumeric'card for  case identification. 

The input data is identified in the following tabulation. A compatible system 

of units must be used. 

Variable 
Na m e  Definition Units 

R Geometrical radius cm 

AN Number of increments of radius, limited dimensionless 
to 21 in the program a s  listed 

H Height (for the finite cylinder, an untried cm 
case by u s )  

AK Number of increments of height, limited dimensionless 
to 2 1 o r  l ess  

DELT Length of time increments 

A L F  Thermal diffusivity 

min 
2 cm /min 

THCON Thermal conductivity 
2 

(cal)(cm)/cm 
(min)(OK) 

HT Top heat t ransfer  coefficient 
2 

cal / (cm )(min)(OK) 

HI3 Bottom (finite cylinder) heat t ransfer  
2 cal /(cm )(rnin)(O~) 

coefficient 

HS Side heat transfer coefficient 
2 

cal / (cm )(min)(OK) 

TSTART Starting bed temperature OK 

TT Topside bath temperature "K 
TB Bottom side bath temperature OK 

TS Side bath temperature "K 
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Variable 
Name Definition - Units 

FPH Steady rate volumetric heat source 3 cal /(ern )(min) 

CH Chemical heat energy available for the cal / cm 3 

first chemical reaction 

EACT 

TLIM 

CHLIM 

PRINT 

TSI 

GEOM 

TYMLIM 

HT 

TSTOP 

TSBOT 

CHGNO 

Arrhenius equation frequency factor, 
(CH x S = Q1) 

Activation energy for  the first Arrhenius 
equation, AEIR 

Maximum temperature allowed, program 
concludes when this temperature i s ,  
reached anywhere 

Total chemical heat energy available 

Number of calculations before tempera- 
ture profile printout 

Varying bath temperature coefficient 

Geometric mode 

Iteration (computed) time limit 

Control number to fix the locations of 
infinite heat transfer coefficient 

Chemical heat energy available for.the 
second chemical reaction 

Frequency factor for  the second 
Arrhenius equation 

Top sink temperature 

Bottom sink temperature 

Array change signal 

min - 1 

cal / cm 3 

dimensionless 

dimensionless 

dimensionless 

min 

dimensionless 

cal / cm 3 

min - 1 

dimensionless 

The program a s  listed incorporates some modifications. A 

SAVE subroutine was added to allow the program to be discontinued a t  a 

predetermined time limit,  producing a set of binary res tar t  cards to allow 

continuation of the case if  desired. Other minor modifications were neces- 

sa ry  to allow the program to run OE the Hanford IBM 7090 computer. 

The program source listing i s  reproduced below. 
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C  T H I S  P R O B L t l 4  L O L V t S  T H t  H t A T  D I F t U S I O N  t O U A T I O N  I N  C Y L I N D R I C A L  
C  GEOMETRY I N  O l v t  013 TWO D l l y l t N 5 I O N 5  W I T H  A N  t 5 S E N T I A L L Y  C O N S T A N T  ( I N  
C  T I M E )  H E A T  b O U H C E  F P H *  AND TWO H E A T  SOURCE5 ,  C H  AND C H 2 s  T H A T  
C D I b S I P A T t  T H k M S E L V t 5  W I T H  TWO D I S T I N C T  R A T t L r  T H t  UNKNOWN I N  T H E  
C  P R O B L E M  I S  T H t  T  A R R A Y *  T H E  T E M P t R A T U R E .  T H E  L X P L A N A T I O N  OF THE 
C I T L M S  ON T H t  R t A D  I N  L I L T  I S  G I V k N  I N  T H E  O 5 R  FORM FOR I N P U T  D A T A 6  
C  THE A R R A Y S  A *  8 ,  C 9  D, E  A R E  C O E F F I C I k N T  O F  T E M P E R A T U R E  TERMS I N  
C  THE I T E R A T I O N  E Q U A T I O N e  T H E  F P H A ,  C H L *  AND C H L 2  A R R A Y S  A R E  T H E  
C  H E A T  5 O U R C E  A R R A Y S  I F  GEOM I 5  0.0 A  TWO D I M E N S I O N A L  P R O B L E M  I N  
C  ( R v Z )  S P A C E  I S  D O N t - - I F  1.0 A  ONE-D  R A D I A L - -  AND I F  2.0 A  ONE- D 
C S P t i t R I C A L  I S  D O N t r  k AND 6 A R R A Y S  F O R  R A D I A L  U I R E C T I O N e  
C C  A N D  D  A R R A Y S  FOR THE A X I A L  D I R E C T I O N  

N T T = 3  
W H I T E  O U T P U T  T A P E  N T T 9 6 4  

3 N T = 2  
6 0 0  R E A D  I N P U T  T A P E N T 9 6 8  

W R I T E  O U T P U T  T A P E  N T T 9 6 8  
7 7  R E A D  I N P U T  T A P E  N T * ~ , R , A N , H * A K , ~ E L T ~ A L F P T H C O N * H T * H B *  

~ H S I T S T A N T , T T ~ T B ~ T ~ * F P ~ ~ C H * S * E A C T ~ T L I M ~ C H L I M ~ P R I N T  
2 r T S l t G E O M , T Y M L I M 9 H T X ~ C H 2 9 S 2 ~ t A C T 2 ~ T S T O P ~ T S B O T * C H G N O  

C  CHGNO I F  Z t R O  NO C H A N G E S  I N  T H E  8 A R R A Y S  
C  I F  N O N  Z E R O  E X P E C T  SOME C H A N G E S *  

I F ( R - 1 . E - 7 )  7 7 7 9 7 7 7 ~ 7 7 6  
7 7 7  C A L L  E X I T  
7 7 6  I H T X = H T X  

I H T X = I H T X + l  
DO 5 9  N = 1 * 2 7  
DO 5 9  K = 1 * 5 3  
C H L ( N , K ) = O * U  
C H L 2  ( N , K ) = O * O  
F P H A ( N , K ) = O * O  
A ( N * K ) = O * O  
B ( N , K ) = ( J e O  
C ( N * K I = u * U  
D f N * K l = O * O  
E ( N , K I = O * O  

5 9  T ( N * K ) = O * O  
MG=G E  OM 
M G = M G + l  

1 F O R M A T ( 7 E l O e 5 )  
I F ( M G - 2 ) 1 2 0 * 1 0 9 , 1 U 9  

109 A K = O * O  
1 2 0  I F ( A N 1 2 t  1 0 3 9 2  

2  D E L R = R / A N  
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1 0 3  C O N T I N U E  
I F ( A K ) l U 2 , 1 ~ 4 r 1 0 2  

1 0 2  C O N T I N U E  
D E L H = H / A K  

1 0 4  C O N T I N U E  
X=DELR*DELR 
Y=DELH*DELH 
NM=AN 
N N = N M + l  
KM=AK 
KK=KM+2 
W K I T E  OUTPUT TAPE N T T , ~ ~ K , A N ~ H , A K ~ O ~ L T ~ A L F P T H C O N B ~ T ~ H B ~ H S *  

~ I ~ I A R T ~ ~ ~ ~ T B ~ ~ ~ ~ F P H ~ C H ~ ~ ~ ~ A C ~ P T L I ~ ~ I ~ C H L I M ~ P R I N T  
2 r T 5 1 ~ G E O M ~ T Y M L I M ~ H 1 X ~ C H 2 t ~ 2 ~ E A C T L ~ l S T O P ~ J S ~ O T  

4  F O R M A T ( 1 H  5 E 1 5 . 5 )  
DO 10 N = l , N N  
DO 1 U  K = 2 r K K  

C  HMULT I b  A  V 0 L b 1 v l t T l i I C  W t I G H T  I-ACTOK I N  THE Z D I H t C T I O N  
H M U L T ( K ) = l m O  
EN=N 

C  T H t  F O L L O W I N G  GO TO 5 T A T t M E N T  P R O V I D E 5  FOR D I F F t R L N T  V O L U M E T R I C  
C  FACTORS I N  THE A,B*C,AND D  ARRAYS FOK T H t  THREE D I F F E R E N T  GEOMS 

GO TO ( 1 1 0 , 1 1 0 , 1 1 1 ) t M G  
110 G M = 2 t O  

E N 2 = 4 *  0  
t N l = O m  25 
GO TO 1 1 2  

111 G M = l r O  
E N 1 = 0 6  08 33 
E N 2 = 6  0 

1 1 3  EN=ENi*EN 
1 1 2  C O N T I N U E  

I F ( N - N N )  1 1 9 1 2 9 1 1  
C EQN5 FOR OUrERMOST R A D I A L  P O I N T  A R t  O I F F t R t N T  THAN O T H E R 5  

1 2  A ( N , K ) = ( 2 e O * D E L T * H 5 ) / ( A L F * D E L R )  
b ( N + K ) = ( ( l . U - l e U / ( G M  * ( t N - l e d ) ) ) + 2 r O + T H C O N * D E L T ) / ~ A L F * X )  
T ( N + l r K ) = T S  

C  RMULT I S  THE R A D I A L  VOLUMETRIC k E I G H T  FACTOR 
R M U L T I N ) = E N  
GO TO l u  

11 I F ( N - l ) 1 4 t 1 5 * 1 4  
C E Q U A T I O N S  FOR THE CENTRAL P O I N T  ARE D I F F k R E N T  THAN OTHERS 

1 5  A ( N , K ) = ( E N 2 * T H C O N * D E L T ) / ( A L F * X )  
B ( N , K ) = O m O  
R M U L T ( N 1  = E N 1  
GO TO 1 0  

1 4  X Y = ( T H C O N * D E L T ) / ( A L F * X )  
A ( N , K ) = ( l . O + l m U / ( G M  * ( E N - l . d ) ) ) * X Y  
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d ( h , K ) = ( l e b - l e O / ( G M  * ( i N - l r O l ) ) * X Y  
R M U L T (  N ) = 2 * 0 * E N  

1 0  C O N T I N U E  
6 8  FORMAT ( 5 5 H  

K J = K K + l  
N J = N N + l  
GO TO ( 1 0 5 , 1 0 7 , 1 0 7 ) , M G  

1 0 5  DO 2 0  N = l t N N  
DO 2 0  K = 2 r K K  
I F ( K - K K ) 2 1 , 2 2 r 2 1  

C  t O U A T I O N S  FOR t5OTTOI4 P O I N T  A R t  L I F F t H t N T  THAN OTHERS 
2 2  C ( N , K ) = ( 2 e U * H B * U E L T ) / ( A L F * O t L H )  

D ( N , K ) = ( Z e O * T H C O N * D E L T ) / t A L F + Y )  
T ( N , K + l ) = T B  
H M U L T (  K ) = O 4 5  
GO T O  2 0  

2 1  I F ( K - 2 1 2 3 t 2 4 t 2 3  
C  E Q U A T I O N 5  FOR TOP P O I N T  ARE D I F F E R E N T  THAN OTHER5 

24 C ( N , K ) = (  2 e U * T H C O N + D t L T ) / ( A L F + b Y )  
D ( N , K ) = ( 2 e O * H T * D E L T ) / ( A L F * D t L H )  
T ( N , K - l ) = T T  
H M U L T (  K 1 ~ 0 . 5  
GO TO 2 0  

2 3  C ( N , K ) = ( T H C O N * D E L T ) / ( A L F * Y )  
D ( N , K )  =C ( N t K )  
H M U L T (  K )  = l a b  

2 0  C O N T I N U E  
1 0 7  C O N T I N U E  

6 3  FORMAT ( 1HU ) 
64  FORMAT ( 1 H l )  

I F ( C H G N 0 ) 5 0 5 r 5 0 6 , 5 0 5  
5 0 5  DO 9 0 3 5  I T E = 1 9 4  

C THE FOUR R k A D b  I N  T H I S  LOOP R t A D  I N D I V I D U A L  V A L b t S  H t b P t C T I V E L Y  O F  
C  A ( N t K )  9 t5 (N ,K)  r C ( N , K )  ,HND D ( N , K ) e  
C 
C  I F  NO I ~ V D I V ~ U U H L  C H A N G t  I S  d A ~ t  FOR A P A R T I C U L A R  ARRAY, A  t jLAlLK 
C  CARD S I G N A L 5  T H I S  FACT. WHEN CHHNGt.5 AHk  M A D t r  CARD R k A D I N G  FOR 
C  THAT ARRAY C t A S t S  WHtN THE F I R S T  L k R O  I N D t X  I S  ENCOUNTERED 
L 

K t A D  I N P U T   TAP^ l \ T * 9 U 3 1 , ( N l ( J ) , K l ( J )  t X A ( J ) * J = 1 # 5 )  
9 0 3 1  F O R M A T ( 5 ( 1 2 t I 2 , E 1 0 * 5 ) )  

DO 9 0 3 2  J = l r 5  
I F ( N l (  J ) ) 9 0 3 3 t Y U 3 5 r Y O 3 3  

9 0 3 3  I W = N l ( J )  
I V = K 1 (  J )  
GO TO ( 9 0 3 4 , 9 0 3 6 , 9 G 3 7 t 9 b 3 8 ) , I T E  

9 0 3 4  A ( I W r I V ) = X A ( J I  
W R I T E  OUTPUT TAPE N T T $ 9 U 5 1 , I W , I v , X A ( J )  
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GO TO YO32 
9 0 3 6  B ( I W , I V ) = X A ( J )  

NRITE  OUTPUT TAPE N T T T ~ u ~ ~ , I ~ ~ I V , X A ( J )  
GO TO YO32 

9 0 3 7  C ( I W t I V ) = X A ( J )  
WRITE OUTPUT TAPE N T T * 9 U 5 3 , I k , I V , X A ( J )  
GO T O  9 0 3 2  

9 0 3 8  D ( I W , I V ) = X A ( J )  
WRITE OUTPUT TAPE N T T , 9 0 5 4 , I W * I V t X A ( J )  

9 0 3 2  CONTINUE 
9 0 3 5  CONTINUE 

NN= I W 
KK= I V 
KJ=KK+1 
NJ=NN+l  

9 0 5 1  FORMAT(1OH A(N,K)  , I 3 r I 3 , E l l * 5 )  
9 0 5 2  FOKMAT(1UH B(N,K)  , 1 3 t I 3 t E l l r 5 )  
9 0 5 3  FORMAT( l u H  C t N s K )  , 1 3 , 1 3 , E l l e 5 )  
9U54  FOKMHT(1OH D(N,K)  ,13 ,13,E11*5)  

5 0 6  DO 3 0  N = l t N N  
DO 3 0  K = 2 t K K  
CHL2 ( N,K )=CH2 
C H L ( N p K ) = C H  
FPHA ( N  9 K  )=FPH 
~ ( N , K ) = A ( N , K ) + B ( N * K ) + C ( ~ \ I ~ K ) + U ( ~ \ ~ P K ) - ~ ~ O  
T ( N t K ) = T S T A R T  

3 0  CONTINUE 
IF (CHGNOJ5V7 ,5Ut i r507  

5 0 7  DO 8 0 3 5  I T E = 1 * 4  
C i H t  FOUK READ5 I N  T H I 5  LOOP K t A O  I N U I V I U U A L  VALUES RE5PECTIVELY OF 
C F P H A ( N , K ) , C H L ( N , K ) t C H L 2 ( N t K ) r T ( N , K ) .  
C  
C  I F  NO I N D I V I D U A L  CHHNGt I S  M ~ u t  FOR A PARTICULAR ARRAY* A  BLANK 
C CARD SI~INHL~ THI.5 FACT. WHtN C h ~ N b t 5  A R t  MADE, C A R D  R t A D I N G  FOR 
C THAT ARRAY CEASES WHEN THE F I R S T  ZERO INDEX I S  ENCOUNTERED 
C 

READ INPUT T A P t  N T I S U ~ ~ , ( N ~ ( J ) , K ~ ( J ) , X A ( J ) * J = ~ P ~ )  
DO 8 0 3 2  J = l r 5  
I F ( N l (  J )  ) 8 0 3 3 , 8 0 3 5 , 8 0 3 3  

8 0 3 3  I W = N l ( J )  
I V = K l (  J 1 
GO TO ( 8 U 3 4 t 8 0 3 6 ~ 8 U 3 7 , 8 U 3 8 ) , I T t  

8 0 3 4  F P H A ( I W , I V ) = X A ( J )  
WRITE OUTPUT TAPE N T T , ~ u ~ ~ , I W , I V , X A ( J )  
GO TO 8 0 3 2  

8 0 3 6  CHL( I W , I V ) = X A ( J )  
WRITE OUTPUT TAPE N T T , ~ U ~ ~ , I W , I V I X A ( J )  
GO T O  8 0 3 2  



8 0 3 7  CHL~( IW, IV)=XA(J)  
WRITE OUTPUT TAPE h T T * 9 0 5 7 , I W t I V , X A ( J )  
GO TO 8 0 3 2  

8 0 3 8  T ( I W I I V ) = X A ( J )  
WRITE OUTPUT TAPE N T T I ~ U ~ ~ , I W * I V I X A (  J )  

8 0 3 2  CONTINUE 
8 0 3 5  CONT INUE 
9 0 5 5  FORMAT(1UH F P H A ( N * K ) , I 3 , 1 3 , E l l & )  
9 0 5 6  FORMAT(1OH CHL(N,K)  , 1 3 , 1 3 , E l l e 5 )  
9 0 5 7  FORMAT(1OH CHLZ(N ,K) , I 3 ,13 ,E11 ,5 )  
9 0 5 8  FORMAT(1UH T ( N t K )  , 1 3 , 1 3 , E l l e 5 )  

C SUM THE TOTAL tNERGY CONTtNT OF GH 
508  SlJMl=OeO 

DO 9 0 3 0  N = l * N N  
DO 9 0 3 0  K=Z,KK 
SUMl=SUMl+ R M U L T ( N ) * H M U L T ( K ) * C H L ( N , K )  

9 0 3 0  CONTINUE 
SlJMl=SUM1*CHLIM 
TESTsOeO 
TIME=OeO 
SUM2=SUMl/CHLIM 
GO TO 6 0  

C  PCOUNT I S  T H t  INDEX TO T t L L  WHEN TO PRINT  THE ARRAY OF TEMPERATURE 
7 9  PCOUNT=l rO 
78 TIME=TIME+DELT 

TMAX2=OeO 
TMAX=O.O 
SUM2=O l 0  
DO 4 0  N = l i N N  
DO 4 0  K=ZrKK 
I F ( N - N N )  1 0 0 9 1 0 1 , 1 0 0  

C LETS T  BATH BE FUNCTION OF TIME 
1 0 1  T ( N + l , K ) = T S + T S l * T I M E  
1 0 0  I F ( K - Z ) 5 0 0 , 5 0 l r 5 0 0  
5 0 1  T ( N v l ) = T T + T L T O P * T I M t  
5 0 0  I F ( K - K K ) 5 U 2 r 5 0 3 t 5 0 2  
503  T  ( N , K + l )  =TB+TSBOTsTIME 
5 0 2  CONTINUE 

S Z = E X P F ( - E A C T Z / T ( N * K ) )  
S Z Z = C H L Z ( N t K I * S 2 * S L  
Z = F X P F ( - E A C T / T ( N + K )  I 
ZZ=CHL ( N  ,K I *Z*S 
Q(N,K)=(FPHA(N,K)+ZZ+SZZ)/ALF 
C H L ( N , K ) = C H L ( N t K ) - Z Z * D E L T  
C H L ~ ( N * K ) = C H L ~ ( N I K ) - S Z Z * D ~ L T  

C THIS  GO TO STATEMENT PERMITS T H t  EFFECT OF AN I N F I N I T E  HEAT XFER 
C C O t t F I C I t N T  AT VAHIOtJb f3OUNDAKItS AS FOLLOWb--1 FOR TOP* 2  FOR 
C BOTTOM*3 FOR SIDE,  4 FOR TOP AND BOTTOM* 5  FOR TOP AND S IDE,  



C 6 FOR o O i r O M  AND s I O t 9  AN0 7  F O K  TOP* bOTTOM, AND S I D E  
G 0 1 0 ( 2 ~ 1 ~ 2 0 2 r 2 0 3 ~ 2 0 4 ~ L 1 0 ~ 2 1 1 ~ 2 1 2 ~ 2 2 3 ) , I H T X  

2 0 2  I F ( K - 2 ) 2 0 1 , 2 0 6 r 2 0 1  
2 0 6  F ( N , 2 ) = T ( N , l )  

GOT0117 
2 0 3  I F ( K - K K ) 2 0 1 , 2 0 7 r 2 0 1  
2 0 7  F ( N t K K ) = T ( N t K + l )  

G O T 0 3  17  
2 0 4  I F ( N - N N 1 2 U l r 2 0 8 r 2 0 1  
208  F ( N , K ) = T ( N + l t K )  

GOT0 11 7 
2 1 0  I F ( K - 2 ) 2 0 3 , 2 2 0 , 2 0 3  
770 F ( N t Z ) = T ( N , I  

GO TO 2 0 3  
2 1 1  I F ( K - 2 ) 2 0 4 , 2 2 1 , 2 0 4  
221  F I N t Z ) = T ( N , 1 1  

GO TO 2 0 4  
2 1 2  I F ( K - K K ) 2 0 4 ~ 2 2 2 , 2 0 4  
222  F I N , K ) = T ( N , K + l )  

GO T O  2 0 4  
2 2 3  I F ( K - 2 ) 2 2 4 , 2 2 5 , 2 2 4  
2 2 5  F l N t 2 ) = T ( N t l )  
2 2 4  I F  ( K - K K )  2 0 4 t 2 2 6 9 2 0 4  
2 2 6  F ( N , K ) = T ( N t K + l )  

GO TO 7 0 4  
2 0 1  I F ( M G - 2 )  1 1 5 t 1 1 6 t 1 1 6  

C  THIS  I S  THE ITERATION EQUATION I N  ONE DIMENSION 
1 1 6  F ( N , K ) = A ( N ~ K ) * T ( N + ~ ~ K ) + B ( N , K ) ~ T ( N - ~ $ K ) - E ( N ~ K ) * T ( N B K )  

1 + Q ( N t K l * D E L T  
GOT0117 

C T H I S  I S  THE ITERATION EQUATION I N  TWO DIMENSIONS 
1 1 5  F ( N , K ) = A ( N t K ) * T ( N + l ~ K ) + B ( N ~ K ) * T l N - l ~ K ) + C l N t K ) * T ( N t K + l )  

l + D ( N , K ) * T ( N s K - 1 ) - E ( N , K ) * T ( N t K ) x D E L T  
117 CONTINUE 

SUM2=CHL(N ,K ) *KMULT(N) *HMULT(K )+SUM2 
I F ( N - 1 ) 3 0 0 , 3 0 1 , 3 0 0  

3 0 1  I F  ( F ( N , K ) - T M A X 2 ) 3 0 0 , 3 0 0 , 3 0 2  
C GETS TMAX I N  T H t  CtNTEK OF THL C Y L I N D t R  I F  TWO DIMLNSIONAL 

3 0 2  TMAXZ=F(N,K) 
3 0 0  CONTINUE 

I F ( F ( N t K ) - f M A X 1 4 0 ~ 5 1 t 5 1  
C  GETS MAXIMUM TEMPERATURE I N  SYSTEM 

5 1  TMAX=F(N,K) 
4 0  CONTINUE 

D0130N=l ,NN 
D0130K=2  ,KK 

1 3 0  T ( N , K l = F ( N , K )  
C t N D  PKOBLtM I F  T I M t  t X C t t D S  INPUT DATA T I M t  L I M I T  
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I ~ ~ T l M ~ - T Y b l ~ 1 ~ ) 2 0 0 ~ 5 4 , 5 4  
C I F  PCOUNT EQUALS THE PRINT FREQUEhCY, GO TO PRINT  

200 I F ( T M A X - T L I M ) 5 3 9 5 4 , 5 4  
C END PROBLEM I F  ANY TEMP I S  GREATER THAN TMAX 

5 3  I F ( S U M 2 - S U M 1 ) 5 4 9 5 6 9 5 6  
5 6  I F ( P C O U N T - P R I N T ) 5 0 r 5 2 s . 5 0  
5 0  PCOUNT=PCOUNT+leO 

GO TO 7 8  
C 5 I N C E  P R I N T I N G  INSTRUCTIONS ARE ESSENTIALLY A SUBROUTINE, TEST I S  
C SET UP BEFORE ENTERING THE PRINT  INSTRUCTIONS TO KNOW WHETHER TO 
C END THE PROBLEM OR GO BACK TO DO MORE COMPUTING 

52  TEST=QdO 
GO TO 6 0  

5 4  T E S T x l r O  
GO TO 6 0  

6 0  Z=(SUM2*CHLIM/SUMl)*lOOeQ 
WRITE OUTPUT T A P E N T T P ~ ~ ~ T M A X ~ Z ~ T I M E ~ T M A X ~  

6 1  F O R M A T ( l H 0 4 E 1 5 e 5 1  
DO 70 K=l ,KJ  
DO 7 1  N=l ,NJ 

7 1  N T M P ( N ) = T ( N * K )  
C PRINT  TEMPERATURES 

7 U  WRITE OUTPUT TAPE N T T t 6 2 t 1 N T M P ( J ) * J = l , N J )  
C FORMAT STATEMENT CHANGE RESTRICTS UIMENSION 2 7  TO 2 1  

6 2  FORMAT( 1HOt  2 1 1 5 1  
I F ( K J - 2 6 1 7 2 , 7 2 9 7 3  

7 2  WRITE OUTPUT TAPE NTT963 
GO TO 7 4  

7 3  WRITE OUTPUT TAPE NTT964  
7 4  DO 7 5  Kz2,KK 

DO 7 6  N r l t N N  
Z = ( 1 0 0 * 1 * C H L ( N 9 K ) ) / ( C H )  

7 6  N T M P ( N ) = Z  
C PRINT  PER CENT OF CHL ENERGY REMAINING* 1 0 0 1 1  I S  USED INSTEAD OF 
C 100.0 FOR ROUND OFF PURPOSES 

75 WRITE OUTPUT TAPE N T T 9 6 Z t ( N T M P ( J )  r J = l , N N )  
DO 3 2  K * 2 r K K  
DO 3 3  N = l $ N N  
Z ~ ( l O O b l + C H L 2 f N , K ) ) Y C H 2  

33 N T M P ( N ) * Z  
C PRINT  PER CENT OF CHL2 REMAINING 

3 2  WRITE OUTPUT TAPE N T T , 6 2 i ( N T M P C J ) 9 J = l , N N )  
I F ( T E S T 1  5 3 3 3 , 5 3 3 3 9 6 0 0  

5 3 3 3  I F  (SENSESWITCH 1) 5344,79 
5 3 4 4  CONTINUE 
5 3 5 3  WRITE OUTPUT TAPE 3 9 5 3 5 5  
5 3 5 5  FORMAT(lH0,13HRESTART CARDS) 
5 3 5 4  CALL SAVE(O1 

5356 GO TO 7 9  

* END 
DEBUG 

N 
5 4  DUMP 1 9 2 9  B S U M ~ P S U M ~ ~ T E S T  

5 3 3 3  DUMP 1,123 S U M ~ ~ S U M ~ P T E S T  
5 2  5  6  DUMP 1 , l S  SUM19SUMZtTEST 



2. HOTBED 

HOTBED, a FORTRAN IV routine, was programmed by 

R. L. Engle from finite differences equations describing the heat and mass 

transfer behavior of an ion exchange contactor with liquid flowing through 

a static bed. The program makes the calculations repeatedly, to produce 

a time-temperature-length analysis for  the fixed bed contactor. Reactant 

consumption is also calculated to enable the program to accurately describe 

the effect of the f irst  order chemical reactior,. 

Although the source program listing reproduced below is self- 

explanatory, the effect of the variable DELT may cause trouble. It is the 

time interval which the program uses to calculate the successive 

temperature-location arrays .  DELT will cause undue inaccuracy i f  too 

large,  and excessive machine time if  too small. A value of 0. 1 was found 

to be near optimum for the cases of interest. 
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l D E N T  C U S 4 4 8  XD W J V A N  S L Y K E  3 2 1  B L D G  300 AREA PHONE 3 4 8 1  
B J O B  
$EXECUTE I B J O B  
S I B J O B  
S I B F T C  D l  L I S T w R E F  
C  M A I N  PROGRAM TO C A L C U L A l t  T E M P t R A T U R t L  I N  A  P A C K E D  C Y L I N D R I C A L  B E D  
C  
C  
C I N P U T  C O N S I S T S  O F  1 C A R 0  OF A L P H A N U M t R I C  I N F O R M A T I O N  W H I C H  I S  
C  U S E D  A 5  A C A S t  T I T L E ,  F O L L O W t D  BY 4 CARDS C O N T A I N I N G  2 6  F L O A T I N G  
C  P O I N T  V A K I A B L E S ,  U S I N G  A  ( 7 t 1 0 1 6 )  FORMAT*  THE 2 6  V A R I A B L E S  A R E  
C  NAME D E S C R I P T I O N  U N I T S  
C  
C  C R O L  C  RO L I Q U I D  PRODUCT C A L / D E G C *  CCM 
C  C  ROS C  RO S O L I D  PRODUCT C A L / D E G C e  CCM 
C E P S  B E D  P O R O S I T Y  
C  D E L  T  T  I M E  I N C R E M E N T  M I N U T E S  
C  R A D I U S  R A D I U S  O F  B E D  CM 
C  U  VOLUME FLOWRATE CCM / M I N  
C  C l g C 2 t C 3  R E A C T A N T  A V A I L A B L E  FOR EACH R E A C T I O N  C A L  / CCM 
C  CO T O T A L  R E A C T A N T  A V A I L A B L E  C A L  / CCM 
C  S l r 5 2 9 S 3  P R O P O R T I O N A L I T Y  C O N S T A N T S  FOR A R R H E N I U S  CAL /CCM M I N  

t l * E Z * t 3  D E L T A  t ( 1 9 2 r 3 )  / K 
H  H E A T  TRANSFER C O E F F I C I E N T  
T  A  A M B I E N T  TEMPERATURE 
T I  I N L E T  TEMPERATURE 
T S  5 T A R T I N 6  B t D  T t M P L H A T U R E  
A  T O T A L  B E D  L E N G T H  
B  L k N G T H  I N T E R V A L  O F  REAOOUT 
M  C O N 5 T A N T  R A T E  H E A T I N G  C O E F F I C I E N T  
T H E T A  T I M E  I N C R L M E N T  O F  READOUT 
TMAXT MAXIMUM ALLOWABLE TEMPERATURE 
H I T H t T  M A X I M U M  I T T t R A T I O N  T I M E  

DEG K  
C A L / S C M  M I N  D E C K  
DEG K 
D E G  K 
D E G  K 
CM 
CM 
C A L / C C M  M I N  
M I N  
DEG K 
M I N  

I T E R A T I O N  WILL B E  STOPPED F O R  THE F O L L O W I N G  REASONS 
1. T H t  I T t R A T I O N  T I M t  L X C t t D S  T H t  M A X I M U M  ( I N P U T  H I T H E T )  
2 0  A  C A L C U L A T E D  TEMPLRATURE E X C E E D S  M A X I M U M  A L L O W A B L E  ( I N P U T  T M A X T )  
3 .  THE O U T L E T  TEMPERATURE D E C R E A S E S  A F T E R  I T  H A S  ONCE 

I N C R E A S E D *  

I F  T H E  I N P U T  V A K I A B L t  H I T H t T  I S  0 9  A  M E S S A G t  I S  W R I T T E N  TO THE 
OPERATOR TO S t T  b t N S t  S W I T C H  1 DOWN A F T t R  THE STOP T I M E  
S P t C l F I t U  ON T H t  A P P L I C A T I O N  C A R D *  T H I b  M t L S A G t  S H O U L D  A L S O  
B E  W R I T l E N  ON THE A P P L I C A T I O N  CARD UNDER COMMENTS* THEN WHEN 
S E N S t  S W I T C H  1 I S  5 t T  DOWN, MEMORY I S  S A V E 0  ON T A P E  U N I T  B L  BY 
S U B R O U T I N t  K E P R *  T H I S  T A P t  MAY T H E N  6€. R E L O A D E D  BY PROGRAM 
L O A D *  AND I T E R A T I O N  WILL C O N T I N U L  WHERE I T  L E F T  O F F  F O R  THE 
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C T I M t  I N D I C A T E D  ON THk SECONU A P P L I C A T I O h  CARD* A TAPE L A B E L  
C AND LOCAT ION SHOULD B t  SUBMITTED WHEN T H I S  FEATURE I S  USED*  
C 
C 

COMMON T ( 3 7 5 U l * C 1 ( 3 7 3 U ) r  C L L 3 7 3 U ) s  C 3 ( 3 7 5 0 ) ,  D I S T ( 3 7 5 0 ) g  
1 T M A X ( 3 7 5 0 1 ,  B L U R B ( 1 0 ) t  N ,  COc B 

REAL M 
9 FORMAT ( 1 0 A 6 )  

1 0  FORMAT ( 7 E 1 0 0 6 )  
11 FORMAT ( 4 2 H 1  TEMPERATUKES I N  A C Y L I N D R I C A L  PACKED BED, 1 0 X t l O A 6 /  

1 4 ( / / 1 X t l P 7 E 1 2 * 4 ) )  
1 2  FORMAT ( l H l , l P E l l e 5 t L L H D E G  TEMP C A L C U L A T t b  AT, E 1 3 * 5 , 3 3 H  CMa FROM 

1 I N L t T e  t L A P S t U  T I M t  I S ,  t 1 3 r 6 ,  3 7 H  M INe  E X C t t D 5  MAXIMUM ALLOWAB 
2 L E  TEMP / 6 H  CASE , 1 0 A 6 t  1 7 H  HAS BEEN STOPPED) 

1 3  FORMAT ( 1 9 H 1  TEMPEKATURES FOR 9 l P E 1 2 a 5 ~ 5 H  MINI, 1 0 X  1 0 A 6 )  
1 4  FORMAT ( 3 6 H 1  MAXIMUM T tMPERATUKt  FOR T H I S  CASE t 1 0 A 6  / l P E 1 4 1 5 ,  

1 l u H  D t G  C t N T  r t 1 7 . 5 ,  7 H M I N U T t 5  t 1 7 . 5 ~  1 5 H  CMo FROM I N L E T  / 
2 4 4 H  OTHER TEMPERATUKES CALCULATED AT T H I S  T I M E )  

1 5  FORMAT ( 3 9 H 1  SENSE SWITCH ON AFTER I T E R A T I O N  AT r l P E 1 2 r 5 ~  1 0 x 9  
1 1 0 A 6 )  

1 6  FORMAT ( 5 9 H 0  PAUSE TO RESET SENSE SWITCH 1 UP BEFORE START ING NEX 
1 T  J O B )  

1 7  FOKMAT ( 40HO RESET SENSE SWITCH 1 UP FOR NEXT J O B )  
1 8  FORMAT ( 5 7 H u  PLEASE MAKE SURE SENSE SWITCH 1 I S  UP, THEN PRESS STA 

1KT  / 1 1 7 H  THEN I F  THL EXECUTION T I M E  S P t C I F I E D  ON THE A P P L I C A T I  
2 0 N  CARD I S  EXCEEDED, SET S E N S t  SWITCH 1 DOWN - BUT DO NOT STOP / 
3 7 5 H  SHORTLY A F T t K  S E N S t  SWITCH 1 I S  SET DOWN, T H I S  PHOGRA 
4 M  W I L L  B E  TERMINATED)  

1 9  FORMAT ( 14HU NUMBtK DEL 2 ,  1 6 9 3 6 H  t X C E t D S  MAXIMUM, T H I S  CASE BYPA 
1SSED 1 

2 0  FORMAT ( 3 4 H 1  OUTLET T t M P  D t C R t A S I N G  FOR CASE ~ 1 0 A 6 )  
P I  = 3 6 1 4 1 5 9  

50 READ ( 2 9 9 1  BLURB 
READ ( 2 r l U )  CROL, CROS, EPS, D E L T *  RADIUS,  U , C l ( l ) , C 2 ( 1 1 ,  C 3 ( 1 ) ,  

1 CU, 5 1 9  S 2 9  539 t l ,  E29  E 3 9  H, TAP T I *  TS, A, B, M, THETA, TMAXT 
2 H I T H E T  

C DELZ = D ISTANCE I N C R t M t N T  I N  CM* - N u NO OF INCREMENTS 
I F ( H I T H E T 1  6 0 t 6 0 9 7 0  

6 0  P R I N T  1 8  
PAUSE 
CALL  SSWTCH ( 1, J 
GO TO ( 6 0 9 7 0 ) t J  

7 0  DELZ = U * DELT / ( P I * R A D I U S * R A D I U S + E P S )  
R P T T I M  = T H t T A  
W R I T t ( 3 ~ 1 1 ) b L U R B ~ C K O L ~ C R O 5 ~ E P S ~ D t L T ~ ~ A D I U S ~ U ~ C l ~ l ~ ~ C 2 ~ l ~ ~ C 3 ~ 1 ~  

1 ,CU, S 1 9  52 ,  5 3 9  E l r  €2 ,  € 3 9  H, TA, T I ,  TS9 A *  B, Mc THETAtTMAXT 
2 i H I T H E T  

N = A / D E L Z  
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9 U  D I S T ( 1 )  = 0. 
00 1 0 0  1 = 2 t N  
D I S T I I )  = D I S T ( 1 - 1 ) +  D E L Z  
C l ( 1 )  = C 1 ( 1 1  
C Z ( 1 )  = C 2 ( 1 )  
C 3 ( 1 )  = C 3 ( 1 )  

100 T ( I )  = T S  
T ( 1 )  = T I  
P L R S T T  T I N )  
LARGER Q 
CKOB = t P b  * CROL + ( 1 . - E P S I *  CROS 

C I N I T I A L I Z E  
T I M E  01 
TEMMAX O r  

110 T I M E  = T I M E  + D E L T  
C  C A L C U L A T E  R t A C T A N T  D I M I N I S H I N G  W I T H  T I M E  FOR L A C H  R E A C T I O N  
C A N D  TEMP FOR E A C H  D I S T A N C E  I N C R E M E N T  

T P R E V Z  = T  ( 1 )  
H I T E M =  T I 1 1  
I H I  = 1 
DO 1 5 0  I = Z t N  
X L = S l * D E L T  J C O  * E X P ( - E l / T ( I ) )  
X 2 = S Z * D E L T  /CO * E X P ( - E 2 4 T ( I l l  
X 3 = S 3 * D E L T  /CO * E X P ( - E B J T ( 1 ) I  
T P R E V l  = T (  I )  
T ( 1 )  = ( t P S *  T P R E V 2 *  CKOL + ( 1 . - E P S ) * C R O S * T ( I )  + Cl(I) * X 1  

1 + C 2 ( I )  * X 2  + C 3 ( I )  * X 3  + M* D E L T  + ( T A - T I 1 1 1  * 2 r *  H * D E L T  
2 / R A D I U S  I J CROB 

C l ( 1 1  = C l ( 1 1  - C l ( I I * X l  
C 2 ( I )  = C 2 ( I )  - C 2 ( I ) * X 2  
C 3 ( I )  = C 3 ( I )  - C 3 ( I ) * X 3  

C F I N D  M A X I M U M  TEMP FOR T H I S  T I M E  
I F  ( T ( 1 ) - H I T E M l 1 5 Q r 1 4 5 , 1 4 5  

145 H I T E M =  T (  I )  
I H I  = I 

1 5 0  T P R E V 2  = T P R E V l  
C  C A L C U L A T E  MAX TEMP FOR E N T I R E  C A S E  

I F  ( H I T E M  - TEMMAX)  1 6 5 , 1 6 5 9 1 6 0  
1 6 0  TEMMAX = H I T E M  

H I D I S T  = D I S T 1  I H I )  
T I M A X  = T I M E  
DO 1 6 1  I = l , N  

161 T M A X ( 1 )  = T ( 1 )  
1 6 5  I F  ( H I T E M  - T M A X T )  2 0 0 ,  2 0 0 , 1 7 0  

C M A X I M U M  A L L O W A t 3 L t  T t M P  t X C L t D t D  - H t P O R T  AND THEN S T O P  P R O C E S S I N G  
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1 7 0  W K I T E ( 3 , 1 2 ) H I T E M ~ D I S T ( I H I h  T I M E ,  B L U R B  
C A L L  R E P T  ( T t T I M E l  
GO T O  5 0 0  

2 0 0  T I M E  = T I M E  + D E L T * O o 0 0 1  
L  = T I M E  / D E L T  
F L  = L  
T I M E  = F L  * D E L T  
I F  ( T I M E  + D E L T  - R P T T I M )  2 0 5 1 2 0 5 t 2 1 0  

C  REPORT 
2 0 5  I F  ( T I M E -  H I T H E T )  2 3 0 r 2 0 6 * 2 0 6  
2 0 6  I F ( H I T H E T ) 2 3 0 , 2 3 O t 2 1 0  
2 1 0  W R I T E  ( 3 , 1 3 1  T I M E v B L U R B  

R P T T I M  = R P T T I M  + T H t T A  
C A L L  R E P T  ( T I T I M E )  
I F  ( T I M E  - H I T H E T )  2 3 0 , 2 1 4 , 2 1 4  

2 1 4  I F ( H 1 T H E T )  2 3 0 , 2 3 0 9 2 1 5  
2 1 5  W R I T E  ( 3 , 1 4 1  B L U R B *  TEMMAX, T I M A X *  H I D I S T  

C A L L  R E P T ( T M A X * T I M A X l  
GO TO 5 0 0  

2 3 0  C A L L  SSWTCH ( 1 P J )  
GO TO ( 2 4 0 ,  2 5 0 )  P J  

C  S A V E  CORE 
240 W R I T E  ( 3 , 1 5 1  T I M E *  B L U R B  

C A L L  R E P T  ( T I T I M E )  
P R I N T  1 7  
C A L L  K E P R  
P R I N T  18 
P A U S E  
W R I T E  ( 3 9 1 3 )  T I M E *  B L U R B  
C A L L  R E P T  ( T r T I M E )  
GO T O  1 1 0  

2 5 0  IF(T(N)-PLASTT)300r270r260 
C  O U T L E T  TEMP I N C R E A S I N G  

260 LARGER = 1 
2 7 0  P L A S T T  = T ( N )  

GO T O  110 
C O U T L E T  TEMP NOW D E C R E A S I N G  STOP P R O C E S S I N G  

3 0 0  I F ( L A R G E R 1  1 1 0 , 1 1 0 ~ 3 1 0  
3 1 0  W R I T E ( 3 * 2 0 ) B L U R B  

C A L L  R E P T ( T 9 T I M E I  
P L A S T T  a T ( N )  
GO T O  2 1 5  

500 C A L L  S S W T C H ( 1 , J I  
GO TO ( 5 0 1 ~ 5 0 2 ) * J  

5 0 1  P R I N T  17 
P A U S E  

502 R F T U R N  
END 
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$ l B F T C  02 L I S T g R E F  
C SUBROUTIN TO WRITE TEMPERATURE ARRAY 

SUBROUTINE REPT (TEMP* T I M E )  
DIMENSION T E M P ( 3 0 0 0 )  
COMMON T ( 3 7 5 0 ) , C 1 ( 3 7 5 0 ) ,  C 2 ( 3 7 5 0 ) *  C 3 ( 3 7 5 0 ) ,  D I S T ( 3 7 5 0 ) r  

1 T M A X ( 3 7 5 0 ) +  B L U R B ( l O ) *  NI CO* B  
1 FORMAT (18HO CM FROM I N L E T *  3X13HDEGREE K E L V I N * 6 X 7 H C l  / CO, 
1 9X 7HC2 / CO, 9X7HC3 / C O / )  

2 FORMAT ( 1 X  5 ( 1 P E 1 6 * 6 ) )  
3  FORMAT ( 1 H l r  2 0 X 1 0 A 6 )  

N L I N E S  = 5  
WRITE ( 3 9 1 )  
RPTDIS  = 0  
DO LOO I = l * N  
I F  ( D I S T ( 1 ) - R P T D I S )  1 0 0 t 2 0 9 2 0  

20 C1R = C l ( 1 ) J C O  
C2R = C 2 ( I ) J C O  
C3R C 3 ( I ) / C O  
W R I T E ( 3 9 2 )  D I S T ( 1 ) r  T E M P ( 1 ) t C l R e  C2R9 C3R 
R P T D I S  a RPTDIS  + B  
N L l N E S  = NL INES +1 
I F  ( N L I N E S  - 4 5 )  1 0 0 * 1 0 0 t 3 0  

3 0  WRITE ( 3 9 3 )  BLURB 
WRITE ( 3 9 1 )  
N L I N E S  = 3 

1 0 0  CONTINUE 
RETURN 
END 
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3.  C-JBED 

G-JBED, a l so  written in the FORTRAN IV source  program language, 

integrates the analytical expression derived in Appendix A ,  Equation (211, 

to compute the more  important resu l t s  calculated by the HOTBED program. 

It uses  a zero  o r d e r  expression to descr ibe the f i r s t  o r d e r  c a s e ,  a n  approxi- 

mation which ordinarily causes negligibly smal1 e r r o r .  The machine ca l -  

culation rapidly and eff~eier,tl:i computes the t ime to deflagration, in t e r m s  

of the inlet t-emperatures,  flow ra t e s ,  ar),d chemlcal and radioactive decay 

heat generation ra tes ,  The use of a finlte heat t r ans fe r  coefficient may 

c a w e  a decreasing temperature in the contractor ,  and the p rogram indi- 
1 1  cates  this by printing out, Tbzls sys t ems  shows a net heat l o s s ,  always 

safe", Provision has  been made in the Input data (KTU, KTINT) f o r  scan-  

mng a variable range of liquid l r le t  tempera tures ,  and the maximum oper-  

ating tempera ture  may be found to the neares t  degree Kelvin. 

The source  program list ing follows. Any compatible sys t em of units 

may be used. 
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* IDENT CUS448  XU W J VAN SLYKE 3 2 1  BLDG 3 0 0  AREA PHONE 3 4 8 1  
SJOB 
SEXECUTF I B JOB 
S IRJOR 
rsIBFTC D l  L I S T t R E F , S D D  
C PROGRAM TO INTEGRATE THE JANSEN EXPRESSION FOR 
C  THE C R I T I C A L  HOLDUP T I M E  FOR A  C Y L I N D R I C A L  HEAT GENERATING BED 
C W I T H  CONVFCTION HEAT TRANSFER AT THE W A L L *  

1 FORMAT ( l H 0 1 4 7 H  T H I S  SYSTEM SHOWS A  NET HEAT LOSS, ALWAYS S A F E )  
2 FORMAT ( 7 E 1 0 ~ 3 / 7 E l 0 . 3 / E 1 0 * 3 ~ 2 1 1 0 )  
3  F O R M A T ( l H 0 , 3 1 H  INTEGRATION W I T H I N  THE BOUNDS , l P E 1 2 * 3 * 7 0 H  DEGREES 

I K E L V I N  AND THE TEMPERATURE L I M I T I N G  THE Ih lTEGRATION ERROR TO / / E l 2  
2 a 3 t 1 4 H  TERMINATED A T 1 E 1 2 * 3 * 5 6 H  DEGREES K E L V I N *  THE VALUE OF THE C 
SOMPUTED INTEGRAL I S  , E 1 2 * 3 t l O H  M I N U T E S *  i 

4  FORMAT ( 1 H 0 ~ 1 P 5 E 1 4 . 6 / / 1 P 5 E 1 4 . 6 / / 5 E 1 4 . 6 t 2 1 1 0 ~  
5 F O R M A T ( l H 0 , 3 0 H  THE CONTACTOR OPERATING WITH  t l P E 1 2 * 3 , 6 5 H  CALORIES 

l P E R  C U B I C  CENTIMETER PER MINUTE R A D I O L Y T I C  H E A T I N G  AND , 1 P E 1 2 r 3 / /  
2 7 5 H  DEGREES K E L V I N  I N L E T  TEMPERATURE W I L L  REACH A  STEADY STATE TEbl 
3PERATURE OF , 1 P E 1 2 * 3 / / 1 9 H  DEGREES K E L V I N  AT , l P E 1 2 * 3 , 2 2 H  M INUTES H  
40LDUP TIMFI 

D I M E N S I O N  DATE ( 3 ) 9  V ( 1 1 )  
7 FORMAT ( A 3 1  

READ / 2 t 7 )  (DATE  ( 1 1 9 1  = 1 9 3 )  
8 FORMAT ( l k I 1 , l O O X t  3 A 3 / / )  
9 CONTINUE 

1 3  R E A D ( ~ ~ ~ ) T U I T A I E R R ~ E ~ ~ O ~ ~ E ~ ~ Q ~ , ~ ~ , Q ~ , Q ~ C R ~ H ~ A ~ C L ~ C R ~ F R ~ K T U ~ K T I N T  
C  ~NTERPRETATION OF THE I N P U T  VARIABLES 
C FORTRAN NAME VARI  ABLE U N I T S  (COMPATIBLE) 
C  r 0 TEMPERATURE OF THE LOkER DEGREES K E L V I N  
C  I h T E G R A T I O N  L I M I T  
c T A AMBIENT TE MP ERATU RE DEGREES KELVI N 
C  ERR INTEGRATION P R E C I S I O N  L I M I T  DEGREES K E L V I N  
C  E l  ( D E L T A  E ) / R ,  F I R S T  REACTION DEGREES K E L V I N  
C (21 HEAT GENERATION FACTOR I F I R S T  CAL /  ( CM) 3*M I N *  
C  E  2 ( D E L T A  E ) / R  2ND REACTION DEGREES K E L V I N  
C  Q  2 HEAT GEN. FACTOR, 2ND C A L / ( C M ) 3 * M I h l +  
C  E  3 DELTA E/R, 3RD DEGREFS K E L V I N  
C  Q 3 HEAT GEN. FACTOR, 3 R D  C A L / ( C M ) 3 * M I N *  
C  QftCR CONSTANT RATE H t A T I N G  TERM C A L / ( C & ) 3 * M I N r  
C  H  HEAT TRANSFER C O E F F I C I E N T  CALI ( CM Z*M IN*DEG K 
C  A  HEAT TRANSFER AREA ( C k ! ) 2 / ( c M ) 3  
C  C i  HEAT C A P A C I T Y t  L I Q U I D  C A L / ( C M ) 3 *  DEG K  
C  C R HFAT CAPACITY,  S O L I D  C A L / ( C M 1 3 *  DEG K 
C  F  R S O L I D / L I Q U I D  FLOWS R A T I O  DIMENSIONLESS 
C KTU DO I N D t X  FOK T M t  U P P t R  L I M I T  OF TO 
C  K T I N T  DO LOOP TEMPERATURE INCREMENTS FOR TO 

I F  ( T O  .LT*  1.) GO T O  7 0  
C BLANK D A T A  CARD L t T 5  T H t  PKOGKAM LTOP 



DO 6 5  K  = 1 ,KTU9KT INT  
WRITE ( 3 9 8 )  DATE 

15 W R I T E ( ~ , ~ ) T O , T A ~ E R R P E ~ , Q ~ ~ E ~ , Q ~ ~ E ~ ~ Q ~ , Q ~ C R ~ H ~ A ~ C L P C R ~ ~ R ~ K T U ~ K T I N T  
f = TO 
VALUE = 0.0 

2 0  I F ( Q ~ * E X P ( - E ~ / T ) + Q ~ * E X P ( - E ~ / T ) + Q ~ * E X P ( - E ~ / T ) + Q ~ C R - H * A * ( T - T A ) ) ~ ~ P  
1 3 0 9 3 0  

C HEAT BALANCE -- NO TEMPERATURE R I S E  I S  P O S S I B L E  I F  N E G A T I V E *  
C TEMPERATURE DECREASES WITH  T I M E *  

2 1  k R I T E  ( 3 9 1 )  
GO TO 6 3  

C CALCULATE HEAT GENERATION OVER A ONE DEGREE INTERVAL  I N  
C INCREMENTS OF 0.1 DEGRLE* T H I S  INCLUDES A HEAT LOSS 
C TERM FOR CONVECTION AT THE C Y L I N D R I C A L  WALL6 

3 0  DO 4 0  1 = 1 9 1 1  

B =  I 
F = ( 0  - I * ) /  10.  
V ( 1 )  = l*/(Ql*EXP(-El/(T+F))+Q2*EXP(-E2/(T+F))+Q3*EXPt-E3/(T+F) 

1+Q4CR -H*A* (T+F -TA I  I 
40 CONTINUE 

T  = T  + 160 
C COMPUTE THE INTEGRAL OVER A ONE DEGREE INTERVAL  U S I N G  
C SIMPSONS RULE*  

VAL = CL * ( l a - ( F R * C R ) / (  C L ) ) * ( * l / 3 * ) * ( V ( l j  + V ( l 1 )  + 
1 4 r * ( V ( 2 )  + V ( 4 )  + V ( 6 )  + V ( 8 )  + V ( 1 0 ) )  + 2 * * ( V 1 3 )  + V ( 5 )  + V ( 7 )  + V ( 9 ) ) )  

C ADD THE INTEGRAL  JUST CALCULATED TO THE TOTAL INTEGRAL  
C FROM TO T O  T *  

VALUE = VALUE + V A L  
IF(Ql*EXP(-El/T)+Q2*EXP(-E2/T)+Q3*EXP(-E3/T)+Q4CR-H*A*(T-TA) 

l * L T * O * O )  GO TO 55 
C TEST TO STOP THE INTEGRATION I F  THE INTEGRAL HAS CONVERGED* 

5 0  I F  ( ( T  - TO) *VAL /VALUE - ERR)  6 0 9 3 0 9 3 0  
C WRITE THE RESULTS FOR A STABLE CASE WHERE A TEMPERATURE R I S E  OCCURSI 
C T H I S  OUTPUT OVERESTIMATES THE STEADY STATE TEMPERATURE BY NOT MORE THAN 
C 1 DEGREE, AND UNDERESTIMATES THE HOLDUP T I M E *  

5 5  WRITE ( 3 9 5 )  Q~CRITO*TSVALUE 
GO TO 63 

C WRITE OUT THE RESULTS I F  CONVERGED, START NEXT CASE* 
6U  WRITE ( 3 9 3 )  TO9ERR,T*VALUE 
63 CONf I NUE 

TO = T o  + FLOAT ( K T I N T )  
65  CONTINUE I 

GO TO 9 
70 STOP * 

END 
$DATA 
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4. PROFIT 

PROFIT uses FORTRAN IV source language to calculate tempera-  

tures for  a stagnant infinitely long cylindrical vessel  using the method 

described in the Appendix A Equations (17),  ( 7 ) .  (8), (9 ) ,  and (10). The 

crit ical ambient temperature is found by t r ia l  and e r r o r ,  starting f rom an 

initial temperature guess,  TGUESS, A poor estimate for  TGUESS may 

increase the running time slightly, o r  possibly cause program instability 
1 1  1 I signaled by the machine e r r o r  message,  Divergent, go to next case.  

Other temperatures a r e  then calculated in a straightforward manner. The 

following tabulation briefly explains the input variables.  

Variable 
Name Definition Units 

TGUESS Initial temperature guess OK 

H Vessel wall heat t ransfer  coefficient ~ a l / ( c m ~ ) ( ~ ~ ) ( m i n )  

R Vessel radius c m  

TK Bed thermal  conductivity 

E R  Activity energy t e r m ,  AE/R (OK) 

Q Arrhenius equation heat generation 
3 ca l / ( cm )(min) 

factor 

ERR Maximum temperature e r r o r  desired in OK 

calculating the ambient temperature 

Index to determine the number of dimensionless 
equally spaced radial temperatures to integer 
be calculated 

If K is  100, only the ambient temperature,  wall temperature,  and center-  

line temperatures a r e  reported. K g rea te r  than 100 causes only the ambi-  

ent and wall temperatures to be calculated, but K equal to 10 would produce 

radial temperatures at  every tenth of a radius increment,  and so  on. 

The source program listing is reproduced below. 



BNWL-  114 

* 1DENT CUS448 XD W J V A N  SLYKE 3 2 1  BLDG 3 0 0  AREA PHONE 3 4 8 1  
$JOB 
$EXECUTE I B JOB 
SIBJOB 
L IBFTC D l  L I S T t R E F t S D D  
C PROGRAM TO CALCULATE STEADY STATE STATIC RESIN BED TEMPERATURE 
C PROFILES AT THE C R I T I C A L  AMBIENT TEMPERATURE AS A FUNCTION OF THE 
C BED RADIUS* HEAT TRANSFER COEFFICIENTtAND CHEMICAL PARAMETERS* 

1 FORMAT ( 7 E 1 0 * 3 /  1 1 0 )  
2 FORMAT ( A 3 1  
3 FORMAT ( l H O ~ 5 0 X t l l H  INPUT DATA / /3X,7H TGUESS,5X,2H H t 1 2 X t 2 H  Ra 

11OXt3H T K t 9 X t 3 H  ER98XtZH Q t l O X t 4 H  ERRg8Xt 2H K / l  
4 FORMAT ( l H O t l P 7 E 1 2 e 5 t 4 X t I 3 )  
5 F o R M A T ( l H 0 t 4 5 x ~ 2 4 H  CALCULATED TEMPERATURES//13H AMBIENT TEMPt3Xa 
1 10H WALL TEMPt2Xt48H TEMPERATURES EVENLY SPACED TO THE CENTER L I N  
2E I 

6 FORMAT l l H O t ( l P 9 E 1 2 a 5 / / ) )  
8 FORMAT ( 1 H l  t 100X,3A3// I 
9 FORMAT ( l H O t 3 0 H  DIVERGENT, GO TO NEXT CASE 1 

DIMENSION T ( 1 O l ) t  D A T E ( 3 I  
2 4  READ ( 2 t 2 ) 1 D A T E ( I ) ~ I = l t 3 )  
25 READ 1 2 ~ 1 )  T G U E S S ~ H T R , T K ~ E R ~ Q ~ E R R ~  K 

I F  (TGUESSeLTeLeI  GO TO 1 0 0  
WRITE ( 3 9 8 1  DATE 
WRITE ( 3 9 3 )  
WRITE ( 3 9 4 )  T G U E S S t H t R t T K t E R t Q t E R R , K  

30 CONT INUE 
TPREV = TGUESS 
ALF n H*R/TK 
BC=(-4a+SQRT116a+4** A L F * A L F ) ) / ( Z e * A L F I  
DENOMPALOG( ( 8 a + B C / ( B C + l . ) + + Z ) * ( T K *  TPREV**2/(Q*ER*R*R))j-4a*BC4 

1 ( ALF*BC+ALF I 
TA n-ER/DENOM 

4 0  CONTINUE 
DT = ABS(TA-TPREV) 
TPREV = TA 
D E N O M P A L O G ( ( ~ ~ * B C / ( B C + ~ ~ I * * ~ ) * ( T K *  TPREV**Z/(Q*ER*R*R)1)-4a*BC4 

1 ( ALF*BC+ALF 
TA t-ERJDENOM 
IF(ABS(TA-TPREV)aGTeDT) GO TO 80 
IF(ABS(TA-TPREV)eLTeERR) GO TO 50 
GO TO 4 0  

5 0  CONTINUE 
DC=(8a*BC/(BC+1*)**2)*EXP(-4.+BC/(ALF*BC+ALF)) 
DO 7 0  J = l , l O l , K  
Z = ( 1 0 0 .  - F L O A T ( J - 1 ) ) / 1 0 0 a  
THETAR=ALOG(8a*BC/IDC*(lefBC*Z*Z)**2)) 
T(J)=THETAR*TA**2/ER+TA 

7 0  CONTINUE 
WRITE ( 3 9 5 1  
WRITE ( 3 9 6 )  TA,(T(  J )  t J t l t l O l t K )  
GO TO 25 

8 0  WRITE ( 3 9 9 )  
GO TO 2 5  

1 0 0  STOP 
END 

$DATA 
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