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es from gas 

f u e l s ;  many earns i n  such 

oxides  i.n s t i o n  t o  i n t e r  

P eanup operat discharge li 

gaseous NO2 2 concent ra t  
.k 

two times i.ts e colic en tr a t  i 

u t e  H N 0 3  and t a t i o n  reaction Q 

one method o cmoval. Such an 

companied by t h e  i t r o g e n  oxides w i t  J 
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very exothermic; a1 scrubbers  g 

t h e  column. 
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have coo l ing  c o i l s  i n  t h e  f r o t h  o€ each column stage.  

absorber uizder development is intended f o r  ope ra t ion  in. a r a d i o a c t i v e  

environment,  thc  des ign  s f  t h e  scrubber  should minimize t h e  need f o r  

addi t iona l .  ii.zcoming prsce,as streams and bc as simple as possible t o  

f a c i l i t a t e  maiiitemance. 

t hose  requircments. In  t h i s  system, d i l u t e  H N 0 3  is r e c i r c u l a t e d  through 

t h e  column; t h e  water inpu t  is provided by the  condensing steam, "The 

column under development is designed Eo-m: h igh  liquid flow rates  which 

provide cool ing  f o r  the gas and I iq i i id  phases. 

should provide  f o r  easier  maintenance than a traditional bubble-cap 

Because t he  

'rhe scrubber  system under i n v e s t i g a t i o n  meets 

The sieve-plate design 

p l a t e .  Heat a s s o c i a t e d  with t h e  abso rp t ion  react ions and cotidensing 

steam i s  renxcnved from t h e  scrubber l i q u i d  i n  h e a t  exchangers located. 

outside t h e  column. The desmibed  system appears t o  meet p ~ s e e s s  

requi rements ;  however, soine r e sea rch  and development. will be  necessary 

to optimize t h e  equipment design. 



Clcl J I  

g l  + X-I2Q(U -F (7) 

(1) through c ~ i . b e  the abs 

gaseous NO c 

s moderately 

t i o n s  (1) th 
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abso rp t ion  process. 

r e a c t i o n s  make t h e  absorption a h i g h l y  exothermic process. 

The heats of  r e a c t i o n  a s s o c i a t e d  wi th  thcse  

I e THE N 0 2 - N 2 0 4  E Q U I L I B R I U M  

Rodenstein' s t u d i e d  reactiaiz (1) a t  tempera tures  from 282  t o  404 K, 

Data are  expressed i n  t h e  f o l l o w i n g  equat ion  f o r  the  l a g  o f  t h e  pressure 

equ i l ib r ium cons tan t  : 

log  K 2 - ..__l_ 2692 + 1.75  l o g  T +- 0.00483T - 7 . 1 4 3  x 1OW6T2 + 3.062 P J  '1' 

($1 

where 

Vcrhoek and Dani.els2 also i n v e s t i g a t e d  reaction (1) bu t  var ied  t h e  

temperature from 298 t o  318 K .  

d a t a  f o r  t h e  l o p  of  t h e  pressure equ i l ib r ium constant: 

The fo l lowing  equation expresses t he i r  

3198 log  K 9.8698 - - P J  "r 

Hoftyzer  and Kwanten3 g ive  the EaIlowing correlation f o r  K 
PJ 

without  tempera ture  rest~ictions , which was der ived  from cons idera t ions  

of  t h e  work of  Verhoek and Daniels2 and t h e  JANAF ThemochemicaZ 



IT. THE ABSQRPTI 
ACCOMP 

y s i s  of  N2Q4 i s  t y  irreversible i f  t h e  

i n  this report9 sub jec t  i s  we 

t i o n s  a t  298 tted-wall. COT 

strengths were 

es i stance i s  

e the r a t e  o f  

atures o f  2 

.Q M .  They as (7)  descr i  

4 and water. 
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equat ion  in accordance wi th  t h e  theory  r ep resen t ing  t h e  process  o f  

absorp t ion  combined with chemical reaction: 

The experimental  va lues  f a r  the terms i n  t h i s  cquatism are given i n  

Table  4.. These i n v e s t i g a t o r s  concluded tha t  chemical r e a c t i o n  (7’) i s  

t h e  r a t e - c o n t r o l l i n g  s t e p ,  Analysis  of  t h e  gas  phase was accomplished 

by using a c a l i b r a t e d  pho toce l l .  

A wetted-wall column was a l s o  used by Caudle and Denbigh” t a  
* 

exper imenta l ly  measure t h e  r a t e  o f  NO2 absarpt- ion from ni t rogen  i n t o  

water and d i l u t e  I-INO3. The v a r i a b l e s  examined were gas composi t io~i ,  

temperature ,  and gas arid l i q u i d  flow r a t e s .  The hydro lys i s  of  N 2 0 4  i s  

s a i d  t o  occur e s s e n t i a l l y  a s  reaction ( 3 ) .  No e f f e c t  o f  l i q u i d  flow 

r a t e  was observed over  a range of  l i q u i d  Reynolds numbers [Re(&)] from 

140 t o  600; no e f f e c t  a f  gas flow r a t e  was found over a range o f  gaseous 

Reynolds numbers [Ke(g)] from 3500 t o  12,000 except f o r  t h e  l o c a l  

eddying and mixing e f f e c t s  i n  t h e  l i q u i d  phase t h a t  appeared t o  be 

func t ions  of t h e  gas flow rate .  The absorpt ion r a t e  of  NO2 can be 
* 

c a l c u l a t e d  a s  a l i n e a r  func t ion  of  the  p a r t i a l  pressure of  N 2 0 4  and 

k2’HeN20 4 can 
N z 0 4  ,E.I20 can be expressed by Equation ( 1 2 ) .  Values of  6 

be obta ined  from Table 1. 

Caudle and Denbigh” suggested t h a t  t h e  hydro lys i s  of  N 2 0 4  occurs 

at. t h e  gas - l iqu id  i n t e r f a c e  because (a) t he  absorp t ion  ra te  i s  
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propor t iona l  t o  t h e  i n t e r f a c i a l  area i n s t e a d  o f  the volume of  bulk 

phases;  and (b) NO i s  l i b e r a t e d  p-rirraarily i n  the column, w i t h  a small 

amount being evolved from the e x i t i n g  l i q u o r ,  when N204 i s  absorbed 

i n  the colunm. The absorp t ion  r a t e  was determined by photometric gas 

analysis e 

Wenidel and Pigford” s tud ied  t h e  absorp t ion  o f  NO: i n t o  water us ing  
* 

a wetted-wall  colinniin and n i t r o g e n  as t h e  d i l u e n t  gas. 

pn*essurc was v a r i e d  up t o  0.20 atm, 

‘Phe NO;! p a r t i a l  

l‘he range of  gas ra tes  covered 

Re(& from 170 t o  350; water ra tes  were va r i ed  t o  allow con tac t  t i m e s  

between gas and l i q u i d  from 0.03 t o  0.3  sec;  and temperatures  of 298 

and 313 K were used, No e f fec ts  of  gas o r  l i q u i d  flow rates  o r  of  

contac t  t i m e  on t h e  two reaction ra tes  were observed,  The ind ica t ed  

r a t e - c o n t r o l l i n g  step was the  hydro lys i s  of  N z O , + ,  expressed by r e a c t i o n  

( 7 ) .  The absorp t ion  r a t e  d a t a  were c o r r e l a t e d  v i a  Eqtmaticrni (12) .  

Experimental va lues  are  given i n  Table 1. 

The resu l t s  were i n t e r p r e t e d  by us ing  the pene t r a t ion  theory and 

assuming t h a t  r e a c t i o n  ( 7 )  occurs i n  the l i q u i d  film, Table 1 shows 

a pseudo- f i r s t -o rde r  r a t e  cons tan t  f o r  r e a c t i o n  ( 7 )  and a I-lenry’s law 

constant  f o r  N 2 O 4  i n  water ,  bo th  o f  which were c a l c u l a t e d  from t h e  

experimental  da ta ,  

peters and ~ o l m a n ’ ~  used bot11 n i t rogen  and a i r  as tlie di- luent  gas 
JF 

in t h e i r  wet ted-wall  column experiments on the abso rp t ion  of  NO;! i n t o  

water and NaOH s o l u t i o n s ,  and found no s i g n i f i c a n t  d i f f e r e n c e s  i n  

r e s u l t s .  The NO2 p a r t i a l  p re s su re  was maintained a t  9.048 atnz; a l l  runs 
* 

were made a t  atmospheric pressure and a t  temperatures  ranging  from 301 
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0 1” 

The ionization of  N2O4 not  s n l y  supports the kinetic and chemical 

equilibrium data, but  a l s o  provides s i g n i f i c a n t  corroboration f o r  t h e  

argument that a purely gas-phase react ion 19etween N 2 0 4  and water vapor 

is an  unlikely occurrence. 

Dekker, Snoeck, and Kramers14 investigated NO; absorption in a 
k 

wetted-wall col.unan f o r  contact times of  0 .2  t o  0 .4  sec ,  i n l e t  NO:! 

partial pressures o f  Q,03 t o  0.15 atm, and opera t ing  temperatures of 

298 t o  308 K. The absorption. r a t e  da ta  were correlated with an equation 

similar t o  Equation (12); contact time had l i t t l e  e f fec t  on absorption 

rate, The experimental results, presented i n  Table 1 (page 7 ) ,  are 

fairly consistent with the fol lawing model: 

1. In the gas phase, NO2 and N2Ob are :in continuous equilibrium 

with each o t h e r ,  

2, A t  t he  gas-liquid interface, only N20k i s  dissolved in watwe 

5. The d i f f u s i o n  o f  N~OL, i n t o  water is accompanied by a rapid 

pseudo-first-order chemical reaction between N2O4 and water. 
-k 

Absorption of  NO2 was measured by photometric analysis Q E  t h e  gas phase 

and t i t r a t i o n  of  t h e  liquid ac id  phase f o r  both H N 0 3  and kINQ2. 

Koval and Peters15 examined the absorption of  NO: f-ll-om feed-gas 
k 

rnixtures of N02-NO-N2 i n t o  water a t  304 K i n  a long wetted-wall column 

a t  atmospheric pressure. 
* 

The NO2 partial pressure?.e was varied up t o  
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1 2  

Hoftyzer and Kwantcn3 i n v e s t i g a t e d  the abso rp t ion  of N 2 0 4  by us ing  

laminar j e t s  . 
t h e  p a r t i a l  paressure o f  N 0 2 ,  0.05 t o  1.90 atm; temperatur@, 276 t o  348 K ;  

In  t h e i r  works , t h e  fo l lowing  v a r i a b l e s  were s tud ied :  
* 

and a c i d  inu lar i ty .  Data were correla . ted us ing  Equation (12) .  The 

i s  given i n  
k 2 / H e N 2  0 4 

exper imenta l ly  deterniined va lue  of  fiN204yH20 

Table 1 (page 7 )  f o r  298 K ,  and t h e  fol lowing c o r r e l a t i o n  represent% 

t h e i r  data  Ear temperatures fr*..am 276 t o  348 K :  

?- sl 

decreased wi th  inc reas ing  ac id  mola r i ty .  This  decrease was a t t r i b u t e d  

t o  t h e  i n c r e a s e  i n  the Zkewry’s law cons tan t  (IIe) with  inc reas ing  i o n i c  

s t r eng th .  They s ta ted  t h a t  t h e  va lues  o f  He c ~ i ~ l d  be co r rec t ed  by 

us ing  t h e  f a c t o r  exp(-0.075 I ) >  wlaexx? I i s  t h e  i o n i c  s t r e n g t h  def ined 

by : 

Detournay and Jad0-t’ proved the existence of  a homogeneous gas- 

phase r e a c t i o n  between N 2 0 9  and water vapor with a second-order reaction 

r a t e  cornstant of  8.13 kg*rnale m m 3  sec - 1  at 333 K .  When t h i s  r a t e  

constant  i s  compared wi th  t he  ra te  cons tan t  Ea-r t h e  l iqii id-phase 

hydro lys i s  of N 2 0 4  es t imated from t h e  work of  ~ e ~ l t d e l  and P ig fo rd , ”  

96.0 kg*rmsle m m 3  sec , the contrki’sution sf a gas-phase rcaetion of  

N z O b  and water vapor t ( ; 9  NQ 

- 1  

rzmoval appears t o  be negligible. 
X 
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** * *  
Andrews and HansonZ1 sti.zdied the absorption of  NO2 from air-NO2 

** 
and air-NQ2 -NO gaseous mixtures into dilute I-INQ3 u s i n g  a recirculating 

acid stream and a small single-sieve-tray column at 298 K. The 
** 

concentration o f  NO2 in the gas mixture is defined as t he  sum o f  the 
* 

NQ2 and the N203 and (1/2)HNOz concentrations. The p a x t i a l  pressure 

o f  NO2 was varied lap t o  0.10 atm. For NO2 concentrat.isns greater than 
* %  ** 

0.01 atm, the predominant absorption mechanism is the solution of N 2 0 4  

into t h e  liquid followed by i t s  rapid hydrolysis t o  H N 0 3  and HNQ2. 

These investigators developed t he  following model f o r  plate efficiency 

t h a t  correlates well with t h e i r  experimental data: 

where I<* is a combination o f  equilibrium, k i n e t i c ,  and transfer 

constants, The data are presented i n  Figure 3. Pla t e  efficiencies 

increased slightly f o r  NO2 

pres su res  of  0.05 atm and h ighe r  and when the NO;! partial pressure in 

**  
absorption when NO was present  a t  p a r t i a l  

**  

the  gas phase was less than  0.03 t o  0 .04  atm. 

Kramers, B l ind ,  and S n o e ~ k ~ ~  used a laminar water jet t o  s tudy 
* 

the absorption of NO2 from an inert carrier gas into water at 293 and 

383 K .  They determined the absorption r a t e  by chemical analysis of  t h e  

liquid phase f o r  HN02 and H N 0 3 .  The absorption r a t e  data  were 

correlated with Equation (12); experimental resu l t s  are given  in 

Table 1 (page 7 ) .  
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111. REACTIONS I N V O L V I N G  AQUEOUS €IN02 

Abel. and others2 performed several experiments to i nves t . i ga t e  the 

kinet i.cs of the forination and decomposition of aqueous km02. 

ear ly stages o f  nitrous a c i d  formation, the rate o f  reaction was found 

to be: 

During the 

where the reac t ion  was assumed t o  be:  

Equation (26) describes t h e  disappearance of HNQ2 dur ing  t h e  e a r l y  

stages of the decomposition: 

Abel suggests that the decomposition occurs as fo l lows:  

A t  equilibrium, 

(26) 

( 2 7 )  

The experimental values of k3, k-3, and K are given i n  'Table 2 .  
P J  
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The stoichiometry of  Abel's chemical reaction e 

indicate a liquid-phase equilibrium of N 2 0 4 .  

conclusions concerning the  ionic natwe of dissolved N204, i t  is 

p o s s i b l e  t o  write Abell's equation representing t h e  decomposition of 

HN02 in the liquid phase as follows: 

I-Iowever, using Carberry's' 

If a riaolecule of  IINO2 is subtracted from both  sides o f  the preceding 

equat ion,  the stoichiometnoy becomes the  same as that of Abcl s chemical 

equation f o r  the formation of I-lN02 in the liquid phase. Thus, the 

apparent  discrepancy in Abel's use of ~ W Q  sets of stoichiometry f a r  

thc formation and decomposition of  MNOz in t h e  liquid phase seems t o  

be resolved, 

Andrew and Hanson2' calculated and verified t he  following 

equilibrium constant a t  298 K: 

The decomposition o f  liquid HN02 at concentrations o f  0.004 to 

0.04 kg-mole/m3 was studied at 273 t o  295 K by Kobayashi, Takezawa, Ilara, 

N i k k i ,  and Kitano, 24 who used conditions that. included both "agitation" 

and "nonagitation." 

of  reaction (6a) or (Gb) f o r  t h e  aqueous solution and a stoichiometry 

between the former two chemical equations and the forward reaction o f  

Equation ( 3 )  for acid salutioras e 

They determined the stoichiometry t o  be t h e  reverse 
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~4 k4PNOPo2 2 . 
24 

( 3 3 )  

Rate constants are given i n  Table 3. 

Under cond i t ions  comparable t o  those used by Bodenstein, Hasche 

and Patrick26 examined t h e  kinetics of  the gas-phase reaction of  NO and 

oxygen at 273 and 303 K and found t h a t  a third-order reaction occurs 

consistent with Equation (33). The reacti.on appears t o  be catalyzed 

by the presence o f  glass wool. Reaction r a t e  cons t an t s  are presen ted  

in Table 3. 

Treacy and also found a t h i r d - o r d e r  rcac t ion  consistent 

with  Equation (33)  in t h e i ~  analysis of  gas-phasc reaction kinetics o f  

NO and oxygen at 273, 298, and 338 K. The NO partial pressure was 

varied from 0.006 t o  0.02 atin, and the oxygen partial pressure was 

varied from 0.024 t o  0.006 atm. Reaction r a t e  c o n s t a n t s  are listed 

in Table 3 ,  

28 The r e a c t i o n  rate constant o€ Morrison, Rinker, and Coxoran, 

who investigated t he  gas-phase oxidation of  NO at 300 K, is also 

presented i n  Table 3. 

75 ppm; the oxygen concentration ranged from 0.03 t o  0.25 atm. 

reaction appeared t o  proceed a t  third-order kinetics, consistent with 

Equation (33) .  

The  NO concentration was varied from 2 t o  

The 

Greig and used similar parameters  t o  investigate the 

gas-phase oxidation of NO. In their work, temperatures of 293, 3 2 2 ,  

3 5 2 ,  and 372 K were used; the partial pressure of  NO varied from 0.05 

t o  0.11 atm, and the partial pres su re  o f  oxygen ranged from 0.01 t o  
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0.28  atni. These workers a l so  confirmed t h i r d - o r d m  k i n e t i c s  c o n s i s t e n t  

with Equation (33). Rate cons t an t s  are presented  i n  Table 3. 

V .  REACTIONS INVOLVING N 2 0 3  

Verhoek and Daniels2 s tud ied  t h e  equi l ibr ium r e a c t i o n  

and c a l c u l a t e d  va lues  of  1.67, 2,83, and 4.53 f a r  the cqui1ibriu.m 

cons tan t  K ( l /a tm) a t  298, 308, and 318 K ,  r e s p e c t i v e l y .  A t  

temperatures  of  ambient and above, t he  equi l ibr ium concent ra t ion  o f  

N 2 O 3  i s  very low, 

P 

Wayne and Y 0 s t Y 3 '  who s tud ied  r e a c t i o n  (6a) a t  298 K ,  found t h a t  

t h e  forward r e a c t i o n  f o r  t h e  gas-phase hydro lys i s  of  N 2 O 3  i s  ca ta lyzed  

by water and proceeds a t  thi .rd-order k i n e t j c s  wi th  a ra te  cons tan t  of 

1.1 x l o 5  atmm2 see- ' .  

water and proceeds as a t h i r d - o r d e r  r e a c t i o n  with a r a t e  cons t an t  of 

6 . 4  x atmm2 sec-l. The d i s soc ia t ion  r a t e  of N 2 0 3 ,  reaction (S ) ,  

proceeds with  a f i r s t - o r d e r  ra te  o f  150 sec-l .  

'I'he backward r e a c t i o n  i s  a l so  ca ta lyzed  by 

V I .  MULTIPLE-PLATE AND PACKED ABSORBERS 

Current ly ,  l i t t l e  publ ished information e x i s t s  on r e sea rch  involv ing  

t h e  absorp t ion  o f  gaseous NO 

engineer ing-sca le  absorp t ion  columns. However, information i s  a v a i l a b l e  

concerning performances of  engineer ing-sca le  and l a r g e r  columns r e l a t i v e  

t o  t he  abso rp t ion  of gaseous NO i n t o  nnsndilute HNO3 s o l u t i o n s .  T h i s  

compounds i n t o  water o r  d i l u t e  HNO3 i n  
X 

X 
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Figure 4 .  Effect of  NO2 concentrat ion i n  en te r ing  gases on p l a t e  

efficiency with a three-plate bubble-cap column obta ined  by Peters.  

SQUTC~: M .  S .  Peters, Un<versity of X'lZinsis Engineering Experiment 
Report no. 14 ,  USAEC-CQO-1015 (1955) e 
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Bowman, Kulczak, and S h ~ l m a n ~ ~  t e s t e d  a 0.76-m-ID scrubber  packed 

t o  a he igh t  of  1 . 5 2  m. Removal e f f i c i e n c i e s  f o r  NOv v a r i e d  from 18 t o  
* 

3'7% f o r  NO2 feed gas concen t r a t ions  o f  '358 tc:, 3758 ppm a t  300 K .  Other 

ope ra t ing  cond i t ions  were vari.ed and, i n  genera l  , NO removal e f f i c i e n -  

c ies  inc reased  wi th  decreas ing  ternpemture and dec reas ing  gas flaw rates .  
X 

VII. LITERATURE S 1 . 7 W R Y  

* 
The  predominant mechanism f o r  n i t r o g e n  oxide  abso rp t ion  a% NO;! 

par t ia .1  p r e s s u r e s  g r e a t e r  than  0 .01  atm appears  t o  be t h e  s o l u t i o n  and 

hydro lys i s  o f  N204 t o  HNO2 and H N O 3 .  However, i f  t h e  g a s - l i q u i d  con tac t  

time i s  extended, o r  i f  high concen t r a t ions  o f  gaseous NO are p r e s e n t  

dur ing  g a s - l i q u i d  contac t ,  t h e  s o l u t i o n  and hydro lys i s  of  N 2 0 3  and/or  

t h e  s o l u t i o n  of HN02  t end  t o  act  as compet i t ive  abso rp t ion  mechanisms 

The d i s s o c i a t i o n  o f  l i q u i d  HNO2 cannot n e c e s s a r i l y  be assumed t o  occur  

r a p i d l y .  In  a r e c i r c u l a t i n g  system, a s t e a d y - s t a t e  H N 0 2  corncentration 

i n  equi l ibr ium wi th  t h e  gas phase has  been r e p o r t e d .  The gas-phase 

ox ida t ion  of NO p rogres ses  r a t h e r  s lowly,  r e q u i r i n g  s u f f i c i e n t  gas 

space and r e l a t i v e l y  cool. t empera tures  t o  proceed. 

r e a c t i o n s  are very cxothermic, and abso rp t ion  gcnerally dec reases  w i t h  

i nc reas ing  t eniperature . 

The abso rp t ion  

Cur ren t ly ,  a void  e x i s t s  i n  the l i t e r a t u r e  i n  t h e  a r e a  of  apply ing  

t h e  a v a i l a b l e  k i n e t i c  d a t a  f o r  n i t r o g e n  oxide  systems t o  t h e  o v e r a l l  

des ign  of  l a r g e - s c a l e  equipment f o r  t h e  abso rp t ion  of  gas^^^ NO i n t o  

water o r  d i l u t e  H N 0 3  e The fol lowing charac te r i . e ; t i es  a r e  d e s i r a b l e  f o r  

NO abso rp t ion  equipment : (a)  d i s c x e t e  and opt imal  g a s - l i q u i d  con tac t  

X 

X 
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CHAPTER 111 

DEVELOPMENT OF THE MODEL 

‘FhG o v e r a l l  chemical reactions involved i n  the s t e a d y - s t a t e  

absorp t ion  o f  NO 

adequate ly  r ep resen ted  as follows: 

compounds i n t o  water QT d i l u t e  HNO3 appear t o  be  
X 

A review of  the literature i n d i c a t e s  t ha t  t h e  following g e n e r a l i z a t i o n s  

about t h e  o v e r a l l  reactions m y  be made: 

1. The NO:! and N 2 0 4  are in cont inuous gas-phase 

equi l ibr ium.  

Reaction o f  N 2 O 4  wi th  water proceeds by means o f  a 

pseudo-f i r s t -order  l iqu id-phase  r e a c t i o n .  ’ ” ’ *“’ 
The IiNO2 decomposes as descr ibed  by Ab&* 

1 Y 2 9 3 9 1 4 Y 2 1  

2 ,  

3 .  

4 .  Oxidation of  1\90 occurs as a th:i.n*d-order gas-phase 

r e a c t i o n .  2 5 - 2 9  

The fol lowing r e p r e s e n t s  a mathematical. s imula t ion  of  t h e  abso rp t ion  

sf NOx i n t o  d i l u t e  HNO3. The NO2-NzO4 equi l ibr ium and the  absorption 

3 2  
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4 i n t o  water 

n t o  an e q u a t i  

. The d i s s o c i a  

ion  of  gase 

on, a mathema an be deve l  

t h i s  r e a c t i o n  between t h e  

u a t i o n s  a r e  c e ra11  mathe 

1 i n  a m u l t i s  

ON OF THE 
M 

I .  A 

i b r  ium between be def ined  by 

r e p r e s e n t s  t c i a t i o n  o f  M2 

p a r t i a l  pres NO2 i n  terms 

and 

e between N 2 0 4  expressed as: 
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This  equi l ibr ium equation may be rearranged i n t o  

" 0 ,  
p , 3 P  - p,34 

2PN0;c12 + K  

which i s  a second-order polynominal i n  a. 

obtained by t ak ing  the  p o s i t i v e  soot  of  t he  quadratic formula,  

The s o l u t i o n  f o r  a may be 

(431 

11. THE LOCAL ABSORPTION RATE OF N204. I N T O  WATER 

* 
Using the two-film model f o r  t h e  t r anspor t  of  NO2 across bath films 

i n  a s t e a d y - s t a t e  process, t h e  fol lowing equat ion can be w r i t t e n :  

Assuming I-Ienry's law i s  obeyed, 

and based 011 t h e  sum a f  resistances approach, 



ears t o  be t 

cal absorpti t e n  as:  

species of 

pendix A t o  

uid-phase ma 

s def ined  as 

rption ra te  m d as: 

i b u t i o n  of  1 hase resista 

g i b l e .  The 
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It, i s  shown i n  Appendi-x A tha t  C 

t h i s  term reduces the l o c a l  absorp t ion  r a t e  equat ion  f o r  NO2 i n t o  

i s  negl ig i .b le .  E l imina t ion  o f  
N 2 0 4  B * 

water t o :  

111. A MODEL FOR N 2 0 4  ABSORPTlCON I N  THE FROTH 
ON THE SIEVE PLATES 

The mathematical express ion  f o r  N 2 Q 4  absorp t ion  i n  t he  f r o t h  on t h e  

s i e v e  p l a t e s  u t i l i z e s  t h e  cquilibrizmm r e l a t i o n s h i p  between N201, and N O 2  

and the local absorption r a t e  equat ion  of  N 0 2 ,  as shown i n  Equation ( 6 3 ) .  
* 

The assumptions used i n  developing the  model include : 

1. The f r o t h  on t h e  sieve p l a t e s  i s  well-nzixed. 

2 .  NO backmixing occurs  i n  t he  gas t r a v e l i n g  through the, s i eve -  

p l a t e  f r o t h .  

3 .  The process  i s  e s s e n t i a l l y  isothermal ( see  Appendix D ) .  

4 .  The change i n  the gas flow r a t e  through t h e  f r o t h  i s  

n e g l i g i b l e .  

5. 'l'he gases  behave as i d e a l  gases .  

The s t e a d y - s t a t e  performance equat ion  f o r  NO2 removal b y  t h e  
* 

absorp t ion  of  N 2 O 4  i n  an element o f  volunze i n  t h e  s i e v e - p l a t e  f r o t h  may 

be written as:  

Input ~7 Output + Disappearance by absorp t ion  . (54) 

;k 

The feed r a t e  of N O 2  may be represented by GP 

considered as a ashole, t he  fol lowing equat ions  may be der ived:  

'k/RT. I f  the  p l a t e  i s  
NO2 
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* 
NO2 G ( P  * 

NQ2 ? 

* 
0 2  by r e a c t i  dV f 

f these terms ce equat ion f 

= G ( P  * + d 
NQ2 

It" Equation ( 58) and srlh 

result i n :  

t o  P * it 
N 0 2 '  

* (1 - a)  NO2,  i n  

f Equations ( Equation ( G O  

02 * in and re s y i e l d :  
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Equat ion (44)  f o r  ca lcu la t ing  a is s u b s t i t i l t e d  t o  produce 

rFR dV 

S u h s t i t u t i - n g  t h e  d e f i n i t i o n  o f  P 

dei-xom i xiat o r  yield : 

* and combining terms i n  the 
NO 2 

dV 

(64) 

l[ntcgrationz of  the lef t -hand s i d e  of  Equat ion ( 6 5 ) ,  m u I I  iplicatiun o f  

both  s i d e s  by Kp , 34/4PNo: , in , and some rearrarrgciiacnlt y i e l d :  



where 

39 

d e f i n i t i o n  

C X  

2/@)YdY . 

t i o n  of t hese  
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iyF - ( 2 / C )  Y d Y  R . H . S *  

Multiplication sf numerator and denominator by C and some rearrangement 

y i e l d :  

which i s  integrable" i n  the form a f  

Y d Y  

6 + yY + & Y 2  
R.1-I.S. = -2  

YO 

where 

@ = C A  - D B ,  

y = - C ,  

& " D ,  

and 

Y = @ + y Y + & Y 2 .  



on is depend he quantity 

q =  - Y2  9 

negative, or c ubstitution for 

- D B ) D  - (4) 

c 

a t i o n ,  where 9 the i .ntegr 

O as fallows: 

which i s  i n  t h e  form 

where 

Y 1-1 = - 
2 E  
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Equation (88) i s  as :  

(92) 

o r  equat ion i n  terms of  X i s :  
NO 2 

A n  insertion o f  t he  limits g i v e s :  

Complet i.ng t h e  s u b s t i t u t i o n  o f  o r i g i n a l  variables yields : 

(p = 4PN0* 2,in'Kp,34 

* 
The equation f o r  NO2 absorption i n %  the s ieve-p la te  f r o t h  is now: 

(95) 
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Input  of NO = GPNO,  i n  /(RT) ; 

* 
(1 - XHNO,) ; HN02 , i n  Output of I-INO;! = LC 

+ APNO)/R’I’ . N O ,  i n  Output o f  NO = G(P 

The NO produced on t h e  sieve t r a y ,  hPNO, may be r e l a t e d  t o  t h e  

decomposition of  l i q u i d  HN02 by 

which upan f u r t h e r  rearrangement y i e l d s :  

Using  t h e  equili.brium cons tan t  f o r  reac t ion  (37) as expressed by 

Equation (28) and the i n d i c a t e d  assumptions and t a k i n g  i n t o  c o n s i d e r a t i o n  

tha t  IINO;! i s  a weak a c i d ,  

After  rearrangement ,  



45 

V .  A MODEL F THE GAS SP 
TES 

f o r  NO oxid  olume betwe 
9 

d on t h e  & h i  

s used i n  de are 2 

as is  well m i  lme betwee 

r e a c t i o n  of  

S .  

hanges in t h  ough t h e  f r e  

ase5 behave i 

or" NO oxidat" 

u t p u t  -+ Disa i o n  . 

m is  represe i.ng equat ion  

ace is taken 

f NO =: GPNO,i 

NO by r e a c t i o n  
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where 

T = V  / G  gas space 

The reac t ion  r a t e  is expressed as: 25-29 

Or"  

( I  1.4) 

(11.5) 

These terms a r c  introduced i n t o  the performat-acc equation for NO 

o x i d a t i o n :  

Coinbi n i n g  terms and rearranging yie 1 d : 

- 'NO,iar  NO + k 3 8 P ~ ~ , i n  P 02,in (1 - XN0)2(1 - (%JXN0)[ = 0 . (111) 

Division by P and combination o f  terms resu l t s  in: NO,in 



4 7  

positive an 

af NO i r i  th 
X 

i y ui d t e i m p  e 17 a t h e  n i t r i c  a 
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and 

thosc l eav ing  t h e  gas  space o f  s t a g e  j o r  e n t e r i n g  s tage  j+l are  

ind ica t ed  by: 

and 

- (1 - XN0)/(l - E” x ) , PNO,j+l ,k=l  - ‘N0,j , k = 2  k = 2  NO 

(122) 

‘The p a r t i a l  pressures o f  the gas components as well as t h e  gas f low 

rates are  c o r r e c t e d  f o r  bulk removal. o f  the gas-phase components. 

c o r r e c t i o n  may be made by  d i v i s i o n  o r  m u l t i p l i c a t i o n  by (1 - E ’ ) ) ,  

where E’* i s  t h e  f r a c t i o n a l  voluine change due t o  reiiioval o f  t h e  gas 

components (k = 1 f o r  tlie f r o t h  and k = 2 f o r  t h e  gas  space).  The 

AP and XNo a r e  Eound u s i n g  Eqs. ( 9 7 ) ,  (104),  and q u a n t i t i e s  X 

(118) .  S o l u t i o n  o f  E q .  (104) reqi-ai-res p r i o r  s o l u t i o n  o f  E q .  (106). A 

m u l t i s t a g e  column may b e  modeled by l e t t i n g  j assume va lues  from one t o  

t h e  number of  r equ i r ed  s t a g e s ,  provided t h e  b a s i c  removal mechanisms 

remain v a l i d ,  

T h i s  

k 

k 

NO:’ N0,j’ 
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Figure 5 ,  Flowsheet o f  equipment used in NOx scrubbing experiment. 
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Other items of  equipment. used i n  the  experiment. i nc lude :  a scrubber  
* 

l i q u i d  holdup t ank ,  pump, r"atameteq and heat exclianger; a gaseous NO2 

supply systcrn; and p-roccss a i r ,  steam, and water supply systems. The 

gas-phase equipment inc ludes  a N02-air rotameter, an e f f l u e n t  gas  holdup 
* 

t ank ,  an h f - r a r e d  analyzer t o  detenni.ratr3 t h e  concen t r a t ions  o f  NO in. t h e  
X 

f e e d  and e f f l u e n t  gas streams, a ca l ib ra t j -on  gas supply system, and an 

cwhaust gas system. 

The system i s  normallly opera ted  b y  pumping t h e  scrubber  l i q u i d  from 

the  scrubber 1 iyui.d holdup t a n k  and meter ing i t  through heat exchangers 

t o  t h c  column. Upon l eav ing  the colz~mn, t h e  e f f l u e n t  l i q u i d  stream 

flows by g r a v i t y  t o  the retznri? tank, Gaseous NO2 i s  supp l i ed  to t h e  

system by vapor i z ing  l i q u i d  N 8 2 ,  o f  coininercial pixr:i.fy obtained from 

k 

k 

Mathecssn Gas Products ,  i n  a ~ e m p e r a t u r e - ~ e g u P a t e d  water ba th .  Process  

a i r  i s  metered along with the NO2 by a rotameter and blended w i t h  steam 
* 

i n  a corninon fced stream t o  t h e  C Q ~ U I I I ~ .  Steam flows are c o n t ~ ~ . a l l e Q  by 

main ta in ing  a cons t an t  d i f f e r e n t i a l  pressure across a c a l i b r a t e d  

c a p i l l a r y  tube.  The system i s  allowed to reach s t e a d y - s t a t e  cond i t ions  

be fo re  d a t a  are taken .  The system i s  sa id  t o  be a t  s teady s ta te  when 

a l l  gas  and l i q u i d  flow ra tes ,  csluiiin temperatures ,  and NO concen t r a t ions  
X 

i n  the feed and e f f luen t  streams have shown no change over  a 30-min 

i n t e r v a l .  The gas stream i s  sampled before  and a f t e r  l eav ing  each stage. 

The streanis, wi th  t h e  except ion of  t h e  f e e d  stream, are passed through 

a sample holdup tank t o  provide  s u f f i c i e n t  time f o r  most of  t h e  NOx 

gases t o  reach t h e  NO2 s t a t e  f a r  a n a l y s i s  (see Appendix C > .  The sample 
* 

streams arc then  metered t o  an i n f r a r e d  ana lyze r  (L i r a  Model. 202  
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Experimental resu Lts us ing  t h e  apparatus  prev ious ly  descr ibed 

( s tagcs  are  numbered from bottom t o  top)  have beeai ob ta ined  f o r  thc 

fol lowing parameters and a r e  given i n  ' l 'ablcs 4 arid 5 :  (a) scrubber 

l i q u i d  f l a i ~  r a t e ,  (b) l eed  gas flow rate, ( e >  partial p r e s s u r e  of NO2 
-$; 

( c )  amount o f  stcam i n  the feed gas ,  and ( f j  effect  of sparging of 

t h e  l i q u i d  holdup t a n k .  Some work involving a nunrec i rcu la t ing  'I iquid-  

phase systein i s  shown i n  'i 'abPw 4 and 6.  The pe r iod  o f  time required 

t u  reach stcady s t a t e  has been i n v e s t i g a t e d  and i s  repor ted  i n  'l 'able 'I. 

Some experiments us ing  a s i n g l e  colurrn p l a t e  a i d  a norirecirculaS- i i-ng 

scrubber  l i q u i d  have hcen p e r f o m c d ;  t h e  results of  thcse  experincnts 

arc pesented i n  Table 8. 

The nominal run c o n d i t i o n s  w e ~ e :  

1. Scrubber l i q u i d  flow r a ~ e ,  0.17s x o r  0.350 x 

n13/sec s 

2 .  Combined a i r  and NO; flow r a t e s ,  2 ,c )  x m3/se(3, 

3. 

4 .  Inlet  scmbber tempcraturc, 298 K. 

Steam flow r a t e ,  3.7 kg o f  steam per  m 3  o f  a i r  and YO;. 

5 .  kccd gas teinpcrature, 363 x.  
6 .  Scrubber m P a r i t y ,  $2,1). 

54 
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Table 8 .  Stea 

T ~ ,  i n  
CK) 

293 
294 
294 
294 
294 
294 
294 
294 
294 
294 
294 
294 
294 
294 

293 
294 
294 
295 
295 
29s 
29s 
295 
295 
295 
295 
295 
295 
294 
294 
294 
294 
299 
297 
294 
294 

34 8 
355 
362 
365 

368 
359 
369 
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R 
7 .  Feed gas p a r t i a l  pressure o f  N 0 2 ,  0.31 atm. 

8.  Tota l  pressure, 1.1 atm. 

These cond i t ions  were subjec t  t o  v a r i a t i o n  f o r  t h e  purpose o f  t h e  s tudy .  

Increas ing  t h e  f law r a t e  a f  t h e  scrubber  l i q u i d  decreases  t h e  

internal column temperatures .  The decreased column temperatures r e s u l t  

i n  a h ighe r  o v e r a l l  NO 

term X i s  the  p a r t i a l  pressure of  the  absorbed NO 

p a r t i a l  p re s su re  of  NO 

conversion,  XNo , as shown i n  Figure ' I .  'The 

d iv ided  by the 

en te r ing  a stage o r  column corrected f o r  any 

X 
X 

x 
NoX 

X 

volume change. Within t h e  column, t h e  response t o  increased l i q u i d  flow 

rates  i s  most apparent  an the f i r s t  p l a t e ,  where the temperature  decrease 

i s  most pronounced, The increased  NO conversion on the f i r s t  p l a t e  
X 

seems t o  be t h e  major factor  i n  g r e a t e r  o v e r a l l  NO conversion w i t h  
X 

increased  l i q u i d  flow rates .  Th i s  i s  c o n s i s t e n t  wi th  t h e  i n c r e a s e  

i n  absorp t ion  ra tes  w i t h  decreased t e q i e e a t u r e  rcportcd i n  t h e  

2 5 - 2 9  a t  red~iced temperatures  + 

The e f fec t  o f  higher  gas flow rates  i s  a decrease  i.n NOx conversion 

throughout the c.olumn (see Figure 8 ) .  T h i s  e f fec t  i s  probably the 

r e s u l t  of h ighe r  column temperatures and a reduced gas  r e s idence  time 

i n  t h e  f r o t h  f o r  absorpti.on and i n  t h e  gas  spaces between the p l a t e s  

f o r  NO ox ida t ion .  
k 

The r e s u l t s  of  var ied  NO2 p a r t i a l  pressures i n  t he  gas feed stream 
9s- 

i n  Figure 9. The increased C O ~ V ~ T S ~ O ~  of NO w i t 1 1  h igher  NO2 
X 

p a r t i a l  p re s su res  i n  the feed gas i s  c o n s i s t e n t  wi th  increased  absorption 

o f  NO2 and ox ida t ion  of  NO due t o  h igher  d r i v i n g  force concentrations 

o f  NO2 ami NO,  r e s p e c t i v e l y .  

* 

* 
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Figure 8.  Overall NO, rcmawal i n  threc-stage si-eve-plate column 
f o r  va r i ed  feed-gas f low ra tes ,  
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* 
'I'he equilibrium nature of NO;! absorption can be neglected at low 

HNO3 concentrations. However, the Henry's law constant f o r  N204 is a 

slight inverse function of the ionic strength. The decreased overall 

NO absorption with increased acid molarity (shown in Figure 10) is 

probably caused by a reduction in the respective solubilities o f  N 2 0 4  

X 

with increased acid strengths a 

The effect of  varying the ratio of  the steam f low rate to the air 
* 

and NO2 flow rate in the feed  gas is shown in Figure 11, Am increase 

in the steam concentration in the feed gas appears to irrcrease NO 

conversion up to approximately 3.5 kg of stem per cubic meter o f  NO2 

X * 

and a i r ;  above this proportion, however, the effect appears t o  be a 

decrease in NO conversion. 

presence of  steam enhances the absorption. of  NO;! by increasing the 

One explanation f o r  this could be that thc 
X * 

gas-liquid interfacial area and reducing the oxidation rate of NO by 

increasing the column operating temperature. 

An interesting experimental observat.3-on was the relationship 

between NO conversion and HI102 liquid concentration, The attainment 

of  steady-state operation appeared to be closely connected with the 

X 

attainment of  a steady-state HN02 liquid concentration. This 

relationship is illustrated in Figure 12, which summarizes the data 

f o r  an experimental run  from start-up to steady state. Increasing 

the a i r  sparge r a t e  of  the iiquid holdup tank resulted in a greater 

o v e r a l l  NO conversion, as shown i n  Figure 13 ,  The a i r  sparge aE the 

liquid holdup tank probably d r i v e s  the equilibrium reaction of H N 0 2 ,  

X 

Equation ( 3 7 ) ,  t o  the dissociation o f  HNQ2* This insight seems 
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Figure 13. Overall NO, removal i n  three-stage s i e v e - p l a t e  column 
f a r  va r i ed  sparge ra tes  of  t he  liquid holdup tank. 
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* 
increased  with inc reas ing  NO2 p a r t i a l  p r e s s u r e s ,  1awe.r gas flow r a t e s ,  

h igher  l i q u i d  flow r a t e s ,  and t h e  presence oE steam. The presence of  

steam i n  t h e  gas feed stream inc reases  t h e  s t e a d y - s t a t e  absorp t ion  o f  

NO t o  an approximately cons tan t  conversion of 85% f o r  t h i s  se t  o f  

experimental  cond i t ions ,  as shown i n  Figure 16. 

of  l i q u i d  flow inc reases  t h e  NO absorp t ion  from air-steam-NO gas 

streams (see  F igure  1 7 ) .  

Chapter V I .  

X 

An i nc rease  i n  t h e  r a t e  

X X 

The remaining data are  f u r t h e r  examined i n  
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Figure 17’. Effect of increasing liquid flow rates on NO, absorp t ion  

when steam is present in the feed gas in a single-plate column. 
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Figure 18. Experimental and model-predicted NO2 absorption versus 

the partial fressure of NO; entering the tyay at a t o t a l  gas flow rate 
of 1.4 x 10- m3/sec in a single-plate column, 
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Figure 20. Experimental and model-predicted NO2 abso rp t ion  ve r sus  
the p a r t i a l  p r e s s u r e  of  NO2 en te r ing  the  t r a y  a t  a t o t a l  gas flow r a t e  
of 2.33 x l o m 4  m3/sec in a s i n g l e - p l a t e  column. 
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11. THREE-STAGE COLUMN DATA 

The purpose o f  t h e  model i s  t o  p r e d i c t  t o t a l  NO removal, The 
X 

3E 

model performance ve r sus  NO2 absorp t ion  has  been shown i n  t h e  prev ious  

chapter .  However, NO removal on a s i e v e  p l a t e  depends n o t  on ly  on 

the  absorp t ion  a f  NQ2, bu t  a l s o  on the deso rp t ion  o f  NO from t h e  
X * 

d i s s o c i a t i o n  of l i q u i d  HN02  and the  gas-phase ox ida t ion  of  NO.  

equi l ibr ium cons tan t s2  

i.xz t he  s i e v e  p l a t e  f r o t h .  

Abcl 's  

were used t o  d e s c r i b e  t h e  decomposition of  I IN02 

The ra te  cons t an t s  f o r  t h e  ox ida t ion  o f  NO 

2 9  used i n  the  model were those  o f  Greig and H a P P .  

The gas - l iqu id  i n t e r f a c i a l  area f o r  t h e  f i r s t  p l a t e ,  when steam is 

p resen t  i n  t h e  feed gas ,  was taken from a c o r r e l a t i o n  o f  t h e  i n t e r f a c i a l  

areas presented  i n  Table  8 (page 59) as a function o f  scrubber  l i q u i d  

and steam Elow rates .  Otherwise,  t h e  model i s  used as has been 

descr ibed .  

The model-predicted gaseous NO removal e f f i c i e n c y  i s  compared wi th  
X 

t h a t  calculated.  from t h e  experimental  d a t a  o f  run  53 i n  Table  9 .  There 

was no steam i n  the  feed  gas f o r  t h i s  experiment.  'The model-predicted 

Ternoval e f f i c i e n c i e s  are very  c l o s e  t o  t h e  exper imenta l ly  determined 

e f f i c i e n c i e s .  'The s t e a d y - s t a t e  HNO2 concen t r a t ion  c a l c u l a t e d  by t h e  

model i s  s l i g h t l y  lower than  t h a t  determined exper imenta l ly .  The 

c a l c u l a t e d  p a r t i a l  p re s su res  of t h e  gaseous component are given f o r  

each p l a t e  (i) and f o r  p o s i t i o n s  e n t e r i n g  t h e  f r o t h  ( j = l )  and leaving  

t h e  f r o t h  ( j 2 2 )  i n  Table  18. 

Experimental ly  determined NO rcmoval e f f i c i e n c i e s  a r e  compared 
X 

with those  p red ic t ed  by t h e  model i n n  F igure  22  f o r  two d i f f e r e n t  feed  
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Table 5. Calcu la ted  p a r t i a l  p re s su res  o f  gaseous components 
f o r  s t a g e ,  i, and p o s i t i o n ,  j ,  where j = 1 en te r ing  

f r o t h  and j = 2 leav ing  f r o t h  f o r  experiment 53 

'NO: P 
0 2  

(1911 0.317 0.000 0.165 0.618 

(L2) 0.09s 0.086 0.193 0.726 

(231)  0.135 0.051 0.163 0.751 

(292)  0.051 0.083 0.172 0.794 

0.143 0.819 (3911 0.087 0.051 
( 3 9 2 )  0.039 0.080 0.147 0.837 
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gas  rates with no steam i n  feed  gas .  The NO removal e f f i c i e n c i e s  
X 

p red ic t ed  by t h e  model a r e  then  compared wi th  those  experimental ly  

determined f o r  vary ing  scrubber  l i q u i d  flow ra tes ,  feed  gas flow ra tes ,  

NO p a r t i a l  p r e s s u r e  i n  feed  gas ,  and steam coinpaneiit i n  feed gas a t  

o therwise  r e fe rence  cond i t ions  i n  Figures 23-26. In  almost a l l  cases, 

t h e  model used t o  p r e d i c t  NOx removal e f f i c i e n c i e s  i n  s i e v e  p l a t e  

X 

columns i s  conserva t ive  wi th  r e s p e c t  t o  abso rp t ion  e f f i c i e n c i e s ,  

However, t h e  s t e a d y - s t a t e  p red ic t ed  concen t r a t ions  of  WNO2 (usua l ly  

about 0 . 1  kgamole/rn3) are  always lower than  t h e  experimental  va lues .  

An e x e r c i s e  t o  vary  t h e  equi l ibr ium cons tan t  f o r  r e a c t i o n  (37) i n  

an a t tempt  t o  o b t a i n  a b e t t e r  f i t  between t h e  model-predicted and the 

experimental  d a t a  was oE l i t t l e  success .  Some r e sea rche r s  have 

consol ida ted  t h e  forward ra tes  of  Equation (57) and Equation ( 3 6 ) ,  

producing one - th i rd  mole o f  NO f a r  one mole of NO;, absorbed. 
* 

This  was 

s imulated and f o r  t h e  s t e a d y - s t a t e  case there i s  no apparent  BiEEereabce 

i n  t h e  r ev i sed  model and t h e  one descr ibed  i n  t h i s  t e x t ,  Elowewer, t h e  

use  o f  such a s to ich iometry  does not  account f o r  t h e  bui ldup  of  l i q u i d  

H N 0 2  i n  t h e  system o r  f o r  t h e  reduced NO removal e f f i c i e n c y  t h a t  
X 

r e s u l t s  from i t s  presence i n  t h e  scrubber  l i q u i d  as shown. The model 

c l e a r l y  demonstrates  t h e  observed phenomenon t h a t  t h e  presence of HNQ2 

i n  t h e  scrubber  l i q u i d  impairs  t h e  o v e r a l l  NO scrubbing e f f i c i e n c y  o f  

t h e  system (see  F igure  2 7 ) .  

X 
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Figure 2 4 ,  Experimental NOx removal e f f i c i e n c i e s  versus those  
predicted by the madel far vary ing  feed gas f low rates  a t  otherwise 
re ference  conditions f a r  steady-state three-stage column operation. 
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Figure 26. Experimental NOx-removal efficiencies versus those 
predicted by the model for varying steam flow rates at otherwise 
reference condi t ions  f o r  steady-state three-stage column operation. 
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CHAPTER V I 1  

C O N C T J S  IONS AND RECOMMENDATIONS 

I. CONCL1JSIONS 

The following conclusions can be drawn from the results of this 

study: 

1. The model adequately represents the experimental results f o r  

the experimental system over the range of variables studied. 

The model predicts a buildup of I-IN02 in t h e  scrubber liquid 

and a corresponding decrease in scrubbing efficiency, This 

was verified in the experimental work. 

The proposed model can lead t o  the conservative design of 

NOx scrubbers. 

2. 

3. 

I I. WECOflDfENDATEONS 

The following recommendations are  made: 

1. The described model. should be expanded t o  consider o the r  

possible NOx absorption reactions or mechanisms. 

The study should be continued, with the objective of  examining 

other absorption devices such as packed columns. 

The mathematical model described in this report should be 

used for a conservative design of NOx scrubbers. 

2. 

3. 

90 
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A P P E N D I X  A 

THE REACTION REGIME OF THE HYDROLYSIS OF N 2 0 4  

Froin t he  literature i t  appears " c h a t  the hydrolysis of N 2 0 4  meets 

the criteria f o r  a fast reaction. A f a s t  r e a c t i o n  is said t o  occuz" in 

the surface elements o f  t h e  fluid.39 In orde r  t o  meet the miteria for 

a fast first-order reaction, t h e  absorp t ion  rates must be: 

1. proportional t o  the gas-liquid interfacial area, 

2. independent of  liquid holdup, 

3. independent of  kL ,  

4. proportional to the square root of  the r eac t ion  rate 

expressed in terms of kg*mules / (m3 scc] ,  and 

5. proportional to t h e  first power o f  t h e  driving force, 

Mathernat i cally, the conditions f o r  a f a s t  first-order reaction are that 

<< 

Since depletion of  the bulk water concentration i s  negligible, Equation 

( A . l )  reduces t o  

1 c / ? .  

Here, t he  diffusion time according t o  t h e  penetration theory  i s  

td = d /v b b '  



t o  calculate  

calculation 

as bubble Eo 

the bubble is  

e three s i e v  
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With g' = 9.81 m/sec2y t h e  r a d i u s  of  t h e  bubble may be obta ined  as 

follows : 

The equat ion  

0.25 
v b = l . l 8 ( e )  

is a p p l i c a b l e  i f  t h e  fol lowing cond i t ions  a r e  s a t i s f i e d :  

3 . 1 ~ ; ' ' ~ ~  < Reb 

and 

5.75 < G 2  y 

where 

and 

- 'FVbRb Reb - 
% 

Y 

(A.  10) 

(A.  11) 

( A .  12) 

( A .  13) 

(A.  15) 

The assumption i s  made t h a t  t h e  s u r f a c e  t ens ion  of  HNO3 a g a i n s t  

a i r  approximately equals  t h a t  a g a i n s t  a mixture  of a i r ,  N02, N204, and 

NO. The v a r i a b l e s  are def ined  a d 0  



ubble r i s e  v ubble r ad ius :  
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The cons t r a in ing  equations are now es t imated  t o  be s a t i s f i e d :  

3 .1  G;o*25  =: 11235 < Re b = 5460 

and 

5.75 < G 2  r= 2208 . 

(A .25)  

(A.  26) 

The r i s e  v e l o c i t y  i s  now c a l c u l a t e d :  

5=: 0.186 m/sec. (9.81)(6.9 x l o c 2 )  

(A.27) 

0.25 
v = 1.18 6;‘) --- = 1.18 [---- 

1.1 x i o 3  b 

Reca lcu la t ing  dimensionless  bubble groups y i e l d s :  

(A .  28) 

and 

r t 4 3  
g’KbvbpF - ( (9 .81 ) (0 .91  e x 10-2]4(0 .186)4(1 .1  -- x 1 0 3 ) 3  --I= 326.0 G 2  

o3  (6.9 x 1 0 - 2 ) 3  
(A.  29) 

A check o f  t h e  cons t r a in ing  equat ions  

3.10G-0*25 = 1235 < Reb = 3385 

shows t h a t  t he  c a l c u l a t e d  v e l a c i t y ,  

( A .  30)  

(A.  31) 

v b = 0.186 m/sec , (A. 32) 



i s  s t i l l  valid. The diameter of the bubble is calculated by t h e  

fa l lawing  express ion:  

d = 2Rb = 2 ( 0 , 9 1  x I O m 2  m) = 1.82 x IOw2 IL . (A.  33) b 

y t may now be  c d 

= 8.098 sec. * 
- db - l . 8 2  x m 

0.186 m/sec " - 7 -  
b 

(A.  34) 

The mat 1 criterion for a f t f i r s t - o r d e r  reaction i s  sa t i s f ied  

(A.  36)  

T lysis o f  N 2 0 4  at  29 rs  t o  be i n  the  f a s t -  

he range o f  normal a t i n g  temperatures , 297 t o  

cause the  va lue  t 

the reaction re 

ures. By u t i l i z  

reaction arid t h e  p e n e t r a t i o n  

abso rp t ion ,  we arc a * t h a t  this react ia  

time of the  surface e l e  of the liquid, T 

f N 2 0 4  in the b ase will be negli 



APPENDIX B 

LOCATION OF THE RESISTANCE TO ABSORPTION OF N 2 0 4  

i t  appears  t h a t  t he  r e s i s t a n c e  t o  mass 7 '22  From t h e  l i t e r a t u r e  

t r a n s f e r  i s  loca t ed  i n  t h e  l i q u i d  phase.  

t h a t  

Therefore ,  it should be correct 

I t  i s  assumed t h a t  l i t t l e  accuracy will be l o s t  by us ing  a median 

operating t empera ture  f a r  t h e  fo l lowing  c a l c u l a t i o n .  A t  303 K 2 2  

and 

SO t h a t  

L d 

= 0.72  x l o m 3  m/sec . ( B  5) 

* 
The s o l u b i l i t y  of  NO2 i n  d i l u t e  W N 0 3  a t  normal opera t ing  tempeu"atures i s  

p r i m a r i l y  t h e  s o l u b i l i t y  of  N 2 0 4 .  

f o r  a Henry's law constant  f o r  N 0 2 ,  i t  may be def ined  as:  

Although scant informat.ion i s  a v a i l a b l e  
JC 

102 



D *  

By using the definitions 

P = (1 - a)PN0;/2 
4 

Or 

P * = 2 P  /(I - a) NO2 N 2 0 4  

2 

* 
the y ' s  law constant Eo e expressed as: 

The dissociation of N 2 O 4  may be calculated by: 

( B  9) 

(B. 10) 

(B .  11) 

pressure equilibr t is calculated by3 

(-3198/T + 9.8698) = (-3198/303 + 9.8698) K = 10 = 0.21 0 (B.12) p,34  

* 
the NO2 partial pre is fairly low, 0.15 

( B .  13) 
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Then, HeNO* may be calculated as:  
2 

( B .  1 4 )  

kG Sharma and Guptag r epor t  gas-.side mass t r a n s f e r  coefficients, 

ranging from 0 . 1  t o  0 .45  kgeirnolc/(m2-~ec-aem> f o r  var ious  designs of  

si-eve p la tes  and va r ious  f r o t h  depths .  

may lie c a l c u l a t e d  u s i n g  the sinalles k 

The gas-side iiiass transfer g r o i ~ p  

values  as: G 

He *k = ( 7 . . % ) ( Q e l )  = 0.74 m/sec . ( r a .  I S )  NO2 G 

The liquid-phase mass t r a n s f e r  group i s  calculated as: 

( R ,  16) 

I t  may now be shown t h a t  

q o 4 9 H 2 0  ) k S 6  = 0-72 x l o n 3  m/sec << HeNO*k = 0 .74  m/sec . (B.17)  
2 G  

Thus, t h e  c o n t r i b u t i o n  of  t h e  gas-side resistance t a  mass transfer may 

be neglected. 



APPENDIX C 

TPON OF TUBULAR IEQUIREU FOR OX 

OF NO I N  THE GAS ST THE INFRARED ANA 

A packed tubular rea the oxidation of NO in t h e  

tain air, NO, and N 

ing development o f  

The reactor is to be designed under the following conditions: 

T = 3 2 3  K , 

PT 1.0 atm , 

d = 0.076 m , 

ks8 = 16.0 atn? sec-' (ref.  2 5 )  

= 0 . 1 3  atm, P = 0.19 atm , 
'NO, in 0 2 ,  in 

XNo = 0.96 , 

and 

G = 2.84 x rn3/sec or v = 6.26 x m/sec . (C.  7 )  
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The volume o f  a p lug  flow r e a c t o r  i s  given by:43 

NO dXNO 

= @NO i n  NO 
0 

The r e a c t i o n  r a t e  i s  de f ined  a s :25  

and Equation ( C .  8) becomes: 

- -  G ['NO 

' N O J n  

2 p ~ 2 ,  i n  
(1  - XN0)2 1 - 'NO) 

P 7 v =  
k 3 8 P ~ ~ , i n  02,i.n 

I n t e g r a t i o n  of  t h e  above equat ion  y i e l d s :  

D 

( C .  10) 

b 

Thus, f o r  96% conversion,  t h e  r e a c t o r  volume i s  as fo l lows:  

0.13 
2(0.19) L -  2.84 x i o m 5  1 

(16.0) (0.13) (0.19) lrz 1 - 0.96 V =  

= 3.05 x i o m 3  m 3  . ( 6 : .  12) 

The r e a c t o r  l eng th  i s  c a l c u l a t e d  as: 

= 0 . 7 1  m V/E'  I ( 3 . 0 8  x 1Om3)/O.95 

rrd2/4 T ( 0 . 0 7 6 )  / 4  
2,=-----.---- ( C "  13) 
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dence-time-distribu urves for columns 

ing at conditi 

and Sharon44 c 

with  present d 9 

plug flow assu 

d. Experimental data f rsion have be 

ng Reynolds nu 

ynolds number 

idt number b 

Re (C  e 14)  

and the radius of  the packing i s :  

2(1 - €’) r =  . a 
W P ( C .  15) 

For e packing used in it i s  reported4 

a =  l o 3  rn-l and E’ = g radius may b 

by: 

W 

T ameter is calculated as 

d = 2r = 1.0  x lo-’  m . 
P P 

For ial gas velocity of  x m/sec, 

( e .  16) 

(C.17) 

(C.18) 

concentratio entration) is 
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Ms1.e f r a c t i o n  

0.157 
0.714 
0.065 
0.061 
0.002 

The d e n s i t y  of  t h e  above mixture  a t  t h e  d e s i g n  tcmperature is 

1.74 kg/m3. The average v i s c o s i t y  o f  the mixture of  n components can 

be c a l c u l a t e d  by t h e  I-Iernirng-Zipperer method: 4 6  

1 1 =  
' 'm (C  * 19) 

The v i s c o s i t i e s  f o r  oxygen, n i t rogen ,  NO, and N O 2  at t h e  des ign  

conditions are ,  r e s p e c t i v e l y :  2 . 2  x i f 5 ,  1 .9  x l o e 5 ,  2 , 0  x 

and 1 . 7  x k g / @  see)  . 
as fa l lows  by the Bromley and Wilkey 

The v i s c o s i t y  o f  N20,+ can be c a l c u l a t e d  4 7 9 4 0  

p = 0.00333[MTc)o*5f1 (1.33 "r>/Vc 0.667 (C 20) 

For N 2 0 4 ,  M = 92, T 

= 0.99? 

= 432 K,49 Vc = 164 ~ r n ~ / g ~ r n o l e , ~ ~  and f l ( 1 . 3 3  'Yrj 
C 

The v i s c o s i t y  of N 2 0 4  i s  calculated as:: 

= 0.00333 [ (92) (432)  l o * '  (0.99) / (164) 0.667 = 2 , a g  x 10-2 cp ,  
I1N204 

o r  2.19 x l o m 5  kg/(m-sec) . ( C .  21) 

The molecular weights f o r  oxygen, n i t rogen ,  NO,  N 0 2 ,  and N 2 0 4  a re ,  

r e s p e c t i v e l y :  3 2 ,  28 ,  30, 46, and 92. The v i s c o s i t y  of  t h e  
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e may now be calculated: 

= 1.9 x lom5 kg/(m-sec) . %n 

T g Reynolds number ulated: 

( C .  22) 

Re =: = 5.7  x . ( C .  23) 
P 

The Schmidt number is defined as: 

1-1 sc = 
PDNQ ,mix 

(C .  24) 

y of NO in the de mixture can be appr 

e diffusivity 

a t  low t o  mode t he  Chapman-En 

will be used: 

9 ( C .  25) - - , A I R  

where 
c 

2 
'NO,AIK 

2 2 

2= 12.97 A2 , ( C  ., 26) 

( C .  27) 

= 95.77 , ( C  



Kr - - 
N0,AIR E 

and 

QD = 1.009 

The diffusivity 

110 

-7 

323.0 
95.44 3.37 , (T) = - L= 

N0,AIR I 

o f  NO in air is calculated as: 

= 0.214 cm2/sec o r  2 A 4  x l o e 5  m2/sec . D ~ ~ , ~ ~ ~  

The Schmidt number is calculated as: 

= 0.51 . 1.9 x 10-5 sc  = 
(1.74)(2.14 x lo - ' )  

(C. 29) 

( C .  30)  

( C "  31) 

( C "  3 2 )  

For a packing Reynolds number of: 0 .057  and a Schmidt number of  0.51, a 

slight extrapolation o f  Levenspiel's p l o t 4  is requi red  t o  yield: 

Pe = 3.0 . 
P 

The Peclet number is defined as: 

d ;  
P e  =l. 

EZ 

Another Peclet number may be def ined  as 

( e .  33) 

( C .  34) 

( C .  35) 

which is obtained by modifying t h e  packing PecPet number in the following 

manner: 
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Therefore ,  

( C  * 38)  

s ion  effects  may be considered 

( the  inverse I) 



APPENDIX D 

TEMPERATURE RISE AT THE GAS-LIQLJTD INTERFACE DUE T O  HEAT 'rfi'FEC'1'S 

ASSOCIATED WITH THE SOLUTION AND HYDROLYSIS OF N 2 O 4  

The release o f  the  h e a t s  o f  r e a c t i o n  and s o l u t i o n  near a 

gas - l iqu id  i n t e r f a c e  i s  an i n e v i t a b l e  accompaniment t o  t h c  processes  of  

gas  d i s s o l u t i o n ,  mass t r a n s f e r ,  and chemical react ion.  

because, i n  cases where the hea t  e f f e c t s  r e s u l t  i n  a s i g n i f i c a n t  

temperature  i n c r e a s e  at. the i n t e r f a c e ,  t h e  abso rp t ion  r a t e  behavior i s  

inf luenced  by the tendency toward reduced so lub i  l i  t y  of  t he  absorbing 

gas and an increase i n  t hc  reaction r a t e  cons t an t .  In  t he  case of  N204 

absorption, i t  i s  necessary t o  cons ider  t h e  a d d i t i o n a l  i n t e r f a c i a l  heat 

e f f e c t  of  reducing t h e  gas-phase concen t r a t ion  of  N 2 O 4  by shiftixag t h e  

N O a - N z O 4  equ i l ib r ium toward t h e  inc reased  product ion  of  N02. For  East 

reacti  on cond i t ions ,  these e f fec ts  a r e  r ep resen ted  by: 

This  i s  important 

wherc t h e  v a r i a b l e s  most s t r o n g l y  a f f e c t e d  by temperature  a r e  w r i t t e n  as 

func t ions  of  t h e  i n t e r f a c i a l  temperaturc. 

r eac t ion  and the  heat of  s o l u t i o n  as 5 .2  x l o 3  and 2 - 5  x l o 3  kcal /kgomole,  

r e s p e c t i v e l y .  

Mo1116 g ives  t h e  h e a t  of  

The p a r t i a l  p r e s s u r e  of  N 2 0 4  may be c a l c u l a t e d  from 

1 1 2  
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where 

The pressure equilibrium constant can be calculated by: 

(-3198/T + 9 , 8 6 9 8 )  K = 10 
P934 

. 

(13 * 4) 

A t  hC, K = 0,157, and at an a partial pressure of 

0.2 atm,, a = Q.439 and PN,,o, 
P93.1. 

rning very lit 

e , the absorpt  be calculated as: 

InL’ - s ec - atm 

s fe r  c o e f f i c i e n t  rical surface 3s a r i s  bble  

calculated from: 5 1  

- ” -  WP,1/3 
b - 2 + 0.60 Re hLdb 

k 

e e ter  and t h e  bu er are  calcu 

t o  be 1.82 x m and x I Q ~ ,  respectively.  ndt 1 

thermal conduct 

d 0 , 4  W/(mk). 

in the sieve 
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hL = 0.6[2 + O A ( 3 . 4  x 10 3 ) 0.s (6.5)0’33]/(1.82 x loe2) 

= 2218.4 W / ( m 2 K )  = 0.53 kcal/(m’---sec-K) . (D.8) 

The interfacial temperature can now be calculated from Equa t ion  ( D . 2 )  

as follows: 

= 298 + (5,2 X lo3 + 2.5 x lO3)(O.056)(8.3 X 10-4) /0 .53  Ti 

= 298.9 K . (n 9) 

The small difference in interfacial and bulk liquid temperatures 

should have a negligible effect 011 the absorption r a t e  based on bulk 

liquid conditions. 



APPENDIX E 

D NATION OF SIEVE-PLATE I IAL AREA USING 

ABSORPTION OF C NaOH SOLUTIONS 

a t e  wi th  a l o  

lumn i n  an a t  

con tac t  whil  

t h e  ox ida t ion  a t e s .  This  type  o f  

ecluded t h e  u 

e r f a c i a l  a r e a  of  t h e  

r e l a t i o n s  f o r  p r e d i c t i n g  

ev ious ly  d e s c r  t e  was determin 

r d e r  t o  evalua acial  a r e a  of  t h e  

t o  use  absor  

, t h e  abso rp t ion  of  d i l  

descr ibed  earl  

Chapter IV. The procedure is t o  t h a t  previous 

used:  a i r  co 

7.5% C 0 2 ,  and a i r  con ta in ing  s t ream was met 

S ough t h e  s i e v  abso rp t ion  was ned 

t h e  t o t a l  carbo e scrubber  l i q u i  r e  

through t h e  ana lyses  were 

c a l  Chemistry D ak Ridge Nat ional  La Y* 

below d e s c r i b  t h e  experiments 

i y. The  d a t a  are l e  E - 1 .  

115 



Tabie E - i .  Steady-state Cata f o r  the absorption of CO, i n t o  UaOll solutions i n  a sieve-plate column 

kE 1 .Aa coz He (RaV) eo:l-,out 7 DC02  ,HzO-Ot -  I‘ ‘Co3,in ‘~03,out RaV Run Gin “,r ‘eo2, i n  ,avg 

(m3/sec) (atm) (atm) (atm) (m3/sec) (kg/m’) ;kg/m3)  (kg-mole/sec) (kg-mo1e2/sec2) (kg-mole/m3) ( K )  (m’/sec) (m’) (m’atm/kg.mole) (kg-mole2/sec2) (m3/[kg*rnole sec]) 

x 10‘ x 102 x 102 x 105 x 10’ x 1014 x l o 9  x io4 x 10’ ’  x 

‘I 1 
.‘1-2 
19-3 
20-1 
21.2 
20-3 
21-1 
21-2 
21-3 
22-1 
22-2 
22-3 
23-1 
23-2 
23-3 

a 

1.40 1.16 8.00 7.24 1.75 0.118 
1.86 1.16 8 . 0 0  7.39 1.75 0.12’ 
2.32 1.16 8.00 7.36 1.75 0.125 
1.40 1.16 S.64 7 . 4 2  1.75 0.135 
i.56 1.16 8.64 7.50 1.75 0.143 
2.32 1.16 8.64 7.57 1.75 0.157 
1.40 1.16 3.64 7.24 1.75 0.159 
1.86 1.i6 8.64 7.35 1.75 0.152 
2.32 1.16 3.64 7.41 1.75 0.154 
1.40 1.16 8.64 7.76 1.75 0.126 
1 .86  1.16 8.64 7.38 1.75 0.121 
2 . 5 2  1.i6 3.64 7.99 1.75 0.12: 
1.40 i.16 8.64 7.68 1.75 0.13b 
1.86 1.16 8.04 7.74 i.75 0.143 
2.32 1.16 9.64 7.80 i.75 0.149 

_ r  

- “ C 0 2  ,avg’HeCOZ) ”C02 ,tizO-Ott-‘OH- ,out 

0.424 
0.475 

0 . 5 2 4  
0.523 

0 . 5 8 2  
0.665 

0 .  760 

0.623 
0.666 

0.378 
0.573 
0.433 
0.476 
0.457 
2.503 

0.89 
1.02 
1.16 
i.13 
i . 2 8  
1.48 
1.35 
1.50 
i.77 

0.74 
0.91 
0.84 

0.74 

0.93  
1 .07  

0.80 
1.03 
1.35 
1.29 
1.64 
2.20 
i . 8 3  
2.25 
3 .  i2 
0.54 
0.54 
0.83 
0 . 7 1  
0.87 
1.1s 

0.248 
0.249 

n. 325 

0.243 
0.323 

0.318 
0.396 
0.421 
3.417 
, I .  106 
3 .  i n s  

n. 168 
n.171~ 
0 .  163 

0.103 

296 
296 
296 
296 
296 
296 
296 
296 
296 
296 
296 
296 
296 
296 
296 

__- 

1.72 0.8s 
:.72 0 .95  
1 . 7 2  1.01 

;.PI 0.95 
1.70 1.01 

1.70 0.88 

1.63 0 . 5 8  
1.67 0.95 
1.67 1 . 0 1  
1.77 0.58 
1.77 0,;s 
1.77 1 . 0 1  
1.75 0.88 

1.7s 1.01 
1.75 0 .95  

26.9 
26.9 
26.9 
26.7 
26.7 
26.7 
26.6 
26.5 
26.5 
27.1 
27.2 
27.2 
27.0 
27.0 
27.0 

2.15 
2.25 
2. i 9  
2.95 
3.03 
3.03 
3.45 
3.76 
3.79 
1.06 
1.09 

1.6, 
1.66 
1.61 

1 .07  

6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.96 
6.95 
6.96 



I p re s su re  of  COz i n  a i r  0.080 o r  0.886 atm 

. I6  atm. The 

The n of  co2 may b 5 2. 

prov ollowing cond 

is assunied t 

rdcr  reaction. F ti.uns are t h a t  

r 1 f  co2 Occur?? a s  

ase 

t o  t h e  absorp t ion  

he f r o t h  i n  plug f l  

gibHe, t h e  gas 

i s  well-mixed, 

i l i t y  of  C 0 2  i n  IS is  given by?- 

where 

ks = 0,149 m3/kgeion . ( E "  r;> 

n r e a c t i o n  ra te  const l u t e  NaOH solutions is 



log  kEi 13.635 - 2895/T . (E * 6) 

T h i s  r a t e  constant  essenti  a1 l y  described t h e  above equat ion  a t  hydroxyl 

i o n  concen t r a t ions  of  l e s s  t han  0 . 5  k g * i ~ n / r n ~ . ~ ~  

i n  hydroxide s o l u t i o n s  i s  given by:52 

The d i f f u s i v i t y  o f  CO;! 

p" ,O. 85 

'l'he constraining equat ion,  Equation ( A . 3 1 ,  w i l l  be ckecked based on t h e  

following parameters,  which a re  e i the r  c a l c u l a t e d ,  referenced, o r  taken 

from Table  E - 1  (page 116) a t  experimental  conditi .ons a t  low and h igh  

concentrat  i-ons of  NaOI-I: 

= 6 .97  x l o 3  in3/(kg*rmle sec )  , k E l  

- = 0.103 kg*ian/m3 (low NaOH) , OH 

= 0.4211 kg*ioxz/m3 (high NaOH) , 

k = 1.5 x l o m 4  m/sec ( r e f .  9) , L 

( E .  l o )  

( E . l l )  

( E .  12) 

(E.13) 

( E .  1 4 )  

( E .  15) 

(E e 16) 



g equat ions are sat is  

3 < 7.5  < 15.6 

a& t h e  low NaOW concent ra t ions ,  and by 

J 15.9 < 63.9 

( E . 1 7 )  

( E .  18) 

e s t  NaOII conce The i n t e r f a c i  

h i c a l l y  (see l o t t i n g  CRav) 

- . The r e s u l t i n g  

erfacial  are f r o t h  i s  determi 

r e  r o o t  o f  t h  i d ing  by t h e  f r o  

igu re  E - 2  g i v  . The resul ts  a 

rimental valu area f o r  vari. 

P i n  Figure E - 3 ,  

t h e  i n t e r f a c i  
rmination i n  a 

G a 
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ORNL DWG 77-6094 

A 

2 8  

IO 

.....I... I 1 I I 
0 IO 2 0  3 0  40  x IO-" 

F igure  E - 1 .  Correlation of experimental results of t h e  absorp t ion  
of COa into NaOH s o l u t i o n s  i n  a single-stage sieve-plate  column. 



1 2 1  

275 

2 

2 ,  Correlatio Ply determine 
ea versus gas a s i n g l e - s t a g e  



1 2 2  

ORNL DWG. 7‘7-6089 

400.6 

20 0.0 

100.0 

I X 

.Q 

/ 
I I I 1 I 

0 I .o 2.0 3.0 

Figure  E - 3 .  A comparison of  experimental ly  determined i n t e r f a c i a l  
area i n  t h e  s i e v e  p l a t e  having 0.6% p e r f o r a t i o n  wi th  t h a t  ob ta ined  by 
o t h e r  experimenters  u s ing  s i e v e  p la tes  wi th  h igher -percent  p e r f o r a t i o n .  



APPENDIX F 

MPOSITION OF H OF THE SIEVE P 

i t i o n  of  l i q u  descr ibed  by Ab d 

by t h e  r e a c t i o n  

Assuming t h a t  t h e  f r o t h  i s  well mixed, 

a t e  decomposi i d  HN02 on t h e  f i rs t  p l a t e  i s  

us ing  inform ent  5 3 :  

F mperature = 29 

= 0.29 , x€hvO 2 

= 0.095 atm , 

= 0.182 kg*mole/m3 , , i n  

= 0.129 kg* 3 
t 

(F.4)  

123 
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Abe1 . I~  r a t e  constant, k 3 , ,  a t  this temperature i s  -0.767 mgatm2/ 

(kg*m01e3 s e c ) .  The q u a n t i t y  C* includes the HN02 produced on I I N 0 2 ,  i n  
t h e  t r a y .  For a s t i r r ed  system, t h e  time required f a r  the reaction is 

given by: 

Inserting numerical va lues  yields: 

- (0.182) (0.29) ’[ CJ: 

(0.767) (0.129) 4 /  (0.095) ’ 

(F .  8) 

and 

T = 2.2 sec . (F .  20) 

‘I’he volume of f r o t h  at the experimental c ~ n d i t i a r i s  i s  appraximately 

1.0 x m3; the scrubber l i q u i d  f low rate is 2.2 x I T I ~ / S ~ C .  

Assuming a 25% void t h e  residence time f o r  the l i q u i d  on 

a t r a y  given by: 

and 

T =: (1.0 x 10-=+)(1.0 - 0 . 2 5 ) / ( 2 , 2  x 1 P )  =3 3 . 4  sec . (I?.  1 2 )  

Thcrrc appears t o  be time f o r  the reaction t a  go t o  completion and t he  

results in experiment 53 i n d i c a t e  t h a t  this is the case. ‘i’he r e s idence  

time of t h e  liquid in t h e  sieve p l a t e  f r o t h  is w r y  c lose  t o  t h e  tiriie 



a in Equations (3 been attained me 

e ecomposition are calculated. Th 

should be cons dicting NO remov x 



APPENDIX G 

COMPUTER PROGRAM 

The cornputer code, which was wr i t t en  i n  FOR'L'KAN, consisted of a 

main program and a number of subrout ines  which are given below. 

126 
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IN E P ATERNl NP v 
f *  * 

C t S S S * ( r t * t * t  *** 
t * 
c * EMPLOYING A P 
c * PATERN I S  A C E A R C H  TECWNIQ 8 

C t B Y  C.F .MOORE URRILL; l .S,U, t 
c rpr BATON ROUGE*  9r c t 

E G Y  t 

t t t * * * 9 4 t # t * * S t  
QUAL TO THE NUM 
4 LO 1 rS( 10 1 

NDSIPtfQUPl 
L E * O I G O T O L O  

I N G  OF PATTER 

T l O N  ABOUT T 
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PAGE 6 

25 

30 

3 1  
32 

33 

34 
35 

39 

c--- - A C C E L E R A T I O N  S T E P  
40 

42 

45 
46 
47 

90 
91 
99 

100 

R E T U R N  



7 
T l  L O X s 5 4  X7,E 
T i  ,'I l.X 1 4 H  I f T  
HP AR AM ETER S 5 

T ( / l X Z B H S T E P  

5HCOSX= r E  15, Y E T E R S  8 
T i  l H 1 3 5 H f N  I T  BOUNDS 

T 11OX3HNO* v 1 

T'( 1HlX3HANSW b /  
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PAGE 10 



137 

PAGE 11 
E BOUNDS (PIT 
***f**t* $**** 

* THE V A R I A B L E S  OUNOS C O N T A I N  4 
rc1 

E I N G  O P T I M I Z E  

**s ****s I**** *** *e  * *** **** t 
P ( 6 l  

.LT, O m 0 8  x 
c * C T *  0.01) 
c sLTe 0603 
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10 
11 

1 3  

1 2  
14 

15 

14 

CALL E V A L G  ( 0 1  A p X R v  F X R I  
CALL E V A C G  ( B v A I X L T F X L )  
AFXL A B S t F X l - 1  
AFXR = A B S ( F % R I  
I F l A F X L  - € P I )  2 Q 9 2 8 9 L O  
I F i A F X W  .- € P I )  21721711 
IF ( F X L  * F X R  . b T *  0.0) GD T3 12 
T Y P E  13 
F O R M A T Q S X I '  HETHOU NOT A P P k l C 4 R h E ' )  
XNO( I l z O . 0  
GO T O  2 3  
IF( XR-XI_ J 
xz = ( X b  - X R ! / 2  
CALL EVALG ( B v A V X h v F X h l  
XNQtI)=XH 
G O  T O  23  
T X C  = x c  
T X R  = XW 
NPASS = N P A S S  t 1 

149 1 4 9 1  5 
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P A G E  13 
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PAGE 16 

20 

21 
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