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d ~ s ~ ~ ~ e d  in this report c o ~ ~ ~ ~ u e s  an i n ~ e s ~ g ~ ~ o n  of 
~ e a ~ ~ n t  ~ o n d j ~ o ~ s  ori the flow rates of boron an 

m o x ~ ~ e ~ n a ~ r ~ - ~ ~ - ~ r e ~  b o r o ~ ~ ~ i c ~ t e  glass melting furnace. A previous 
I ~ o ~ ~ ~ e ~ ~  sand Ottesen, 2001) described the results of a study of the effect 

gas ratio at tire burners on the boron and sodium flow rates in 
the furnace and at the exit from the electrostatic ~ ~ ~ c i ~ i ~ ~ ~ ~ ~ .  

e focus of the present work is on the ~ ~ u e ~ c ~  of the caustic soda ~ n ~ 5 ~ ~ c e d  into &e 
flue gas on the now rates of boron arid sodium leaving the precipitator. 

P ~ ~ ~ l ~ t e  matter formed from the vapor of boron and sodium species v o ~ ~ t ~ l i ~ e ~  
lass (Beerkens and van Limpt, 1998), plus my batch dust, slag 
s carried over from the melting furnace crtn be rernaved with 

particulate control. technology, such as nxl electrostatic 
ork  acids are sufficien?tly stable in the vapor phase md 

temperatum in a precipitator high enough that so 
ipitator as vapor (Slade, 1996; J. T. Curtin, person 

to particuIatc matter ~ e t ~ ~ n e d  using US EPA 
ns, 3996), especiaIly to the condensable f r ~ ~ i ~ ~ .  
ion plant, caustic soda solutioa. (aqueous sodium 
in a spray tower upstre from the e ~ ~ ~ u s t ~ t ~ ~  

~ r ~ i ~ i ~ ~ ~ ~ ~  20 pramote ~ ~ ~ v ~ r ~ i ~ n  of boric acid vapors to solid sodium borates 
B and van Ljrnpt, ZOSl), which are collected by the p ~ e ~ ~ p ~ ~ ~ ~ ~  with high 

ose of the present i n ~ ~ s ~ i ~ a t i ~ ~  was to determine the effmts of 
spray tower conditions, in particular ehe solution c ~ ~ c ~ n ~ a t ~ o ~ ,  flow 

rate, and spray quality, on the collection of boron in the electrostatic precipitator, with a 
view to 
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tions varied ~ ~ ~ ~ ~ o n ~ l y  during the tests were the caustic soda flow 
ensity, and the caustic s a atomking air pressure, The ~ e ~ ~ ~ ~ n ~ s  

stic soda now rate demity were done on August 4 and 5;  the 
~ ~ a s ~ r ~ ~ ~ n t s  with ~ ~ i a t i o ~  oE atomizing air pressure on A ~ ~ u s t  6. 
~ ~ ~ ~ e ~ ~ ~ r e ,  which v.asie ~ ~ r o ~ ~ ~  the course of a day, also tmed out to be 
variable. 

cedure ww to set the caustic soda flow rate, density, mci 
s, then wait for a ~ ~ r ~ x ~ ~ ~ ~ e ~ ~  30 minutes for the sys 
ng the average of the spectra from 1 

~ l ~ g ~ ~ ~ y  under two ~ ~ ~ ~ ~ s ,  so colkction md storage of six l ~ - s h o t  a ~ ~ ~ a ~ ~ s  
and another six for sodium took a p p r ~ x ~ ~ ~ e l y  30 minutes. While this was being done 

member of &e team rworded &e process data in the control room, on the c ~ ~ s ~ c  
soda spray tower, and at the flue. The typical time required for a c ~ m p l e t ~  nm was I 
hour. A total of 37 mns were done, at the conditions given in Appendix A, Tables Al, 
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horizontal €he, temperatures at the inlet and oudet ~f %e e~ec~os ta t~c  
gas opacity (1 and 3 min running averages), and 

stic soda and its spray c o ~ d i ~ ~ n ~  
e re, relative ~~~~~~ and were also 

ty was needed to calculate the flow rate of water vapor e n t e ~ ~ ~  the 
r. These data are afl listed in Tables and A3. A 

ng tiae period ~ a t ~ r a ~  gas in the pi~eline serving 
rovided by &e supplier, is ~~~~~~ as A ~ ~ e ~ d i x  €3. 

ost process ~ ~ ~ ~ i t ~ o ~ s  were similar to those during the tests a ye 
puU rate was &e s m e  as it had been before and &e o x y g ~ ~ - t o - ~ ~ ~ r ~ - ~ ~  

to that at the bar: c o ~ ~ t i o ~  of &e p r e v ~ o ~ ~  tests, 
as a reduction in the density of the caustic soda ~ ~ ~ u ~ o ~  fed t 
i ~ ~ j ~ a t ~  value of 1.09 gM., in August 
sts in A ~ ~ ~ t  2001. The flow rate of the solution 
that at the base condition of the present tests, 1 ,O g d h i n .  Based on 

e ~ ~ i ~ ~ ~ t i ~ ~  of tbe density meter, to be described later, and ~ s ~ ~ i n ~  that there: was nu 
c h ~ ~ e  in the  rat^^^ during the year between the tests, it is estimated that the feed 
rate of sodium (exprck-essed as fhe element, Ha) in August 2UUO was 22.9 Ibkow, 
~ o ~ ~ ~ e d  with a rate of 8.62 fbh in A ~ ~ ~ t  2001. 

peratures at the inl 
re we shown as 

d outkt of the e ~ ~ ~ ~ s ~ a ~ c  p ~ ~ i ~ ~ t a ~ o r ~  and 
on of the clock h e  on each day of testin 

in ~ p p e n ~ x  C ,  Figure C1. The furnace and flue gas ~ e ~ p e ~ a t ~ s  itre held fixed withi 
clast= toleraces by a ~ t a ~ a t ~ c  catltrol. The ambient ~ r n ~ ~ a ~ r ~ ~  which will he 

o be of some ~~#~~~~~~ follows an expected trajectory with a ~~~~~ at 
hours. The days of A ~ ~ s t  4, 5, and 6 became progressively warmer. 

~ ~ ~ ~ r a ~ r e s  at the inlet and outlet of the electrostatic ~ ~ c i p i ~ ~ ~ o r ~  which would 
~~~~1~ be expected to show a ~ ~ s ~ ~ a ~ i c  ~ e ~ ~ ~ ~ o n s h i ~  to the ~ ~ i e ~ ~  temp 
here ~ o n f o ~ m ~ ~ ~  w i ~ ~  the changes being made to the flow rate of caustic soda 
t ~ ~ e ~  during the cuurse of the tests. 

e natural gas flow rate to the urners, oxygen-to-gas ratio, quench water flow 
rate to &e flrue, and NOx e ~ s ~ ~ ~ ~ ~  are cornpad with the ~~~~ ~ ~ ~ e r a ~ e ~  in 

caustic spray tower, such as &e 
o x y g ~ ~  to nataral gas ratis, quench water flow rate, and temprature in the horhontali 
flue, s ~ o ~ ~ ~  any marked change or periodic belravior over the entire four days of tests. 
The n a t ~ ~ ~  gas flow rate did decrease slightly during the course of each day (by 
a p ~ r o ~ ~ ~ t e ~ ~  3% from 8 am, to 6 p,m.) and the NOx emissions showed a sli 

one uE the conditions upstream from 

about 30 1bph to about 32 lblh over the s m e  period). 

In c o n t ~ s ~  with the other ~ o m d i ~ ~ n s ~  the in-stack opacity, s vvn in Fipres G3a 
(1 -minute ~ v ~ r a ~ ~ s ~  and C3b ~ ~ - ~ n u t e  averages) e x ~ i ~ ~ ~  a syste~atic behavior, 

~ ~ ~ u c i ~ l e  from. day to day. "he 3-minute averages, which are less noisy slnd therefore 
gure C?b), decrease during the perkd Erom 8:30 to about 13:W hours, 
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The plan fur the tests ~ ~ n ~ a i ~ e ~  three variables related to the caustic soda: 
~ ~ ~ s ~ t ~ ~  flow rate, and Stir pressure at the spray nozzle. The den~ity and RQW rate were 
read from the monitors in the control roam and the air pressure from the gauge ~~~~t~~ 
on the lance at the top of e spray tower. The density was. varied by ch 
of Lhe metering pump in the caustic soda mixing room; the flow rate was 
~ ~ a c ~  o p ~ r ~ t ~  in the control room; and tbe ~ t o r n i z i ~ ~  air pressme was 
~ ~ e s s ~ ~ e  regulator at the top of the spray tower, Samples of the ~ ~ ~ ~ ~ n ~ t ~  (50 wt%) 
caustic socfa from the st~rage tank and three samples of ~1~~~~ cmstic soda from the tee 

zed later, w i ~  
the results shown in AFpe~dix D. For a short time, during runs 21 to 24, no caustic soda 
was ~ n ~ r ~ ~ ~ c e d  at all, so the c o ~ e ~ ~ o ~ ~ i ~ ~  density reading in the control room, when 

was flowing through the system, provides another compa.rison of the density 
y the control system with a known value. 

delivery line (ne% the pa rd  rail on the ~ ~ n ~ e ~ ~ ~ e  platfa 
the vertical flue joins the f - t o ~ z ~ ~ t ~  flue) were c~11ec;;teci and 

The specific ~ r a ~ i ~ e s  at 60/60°F (ratio of the mass of a given volume of the 
OF to the mass of tke same volume of water at &e same temperature) o 
a ~ ~ l ~ ~  naeasured by the laboratory, plus the value for water, axe pl 

d on the monitors in the control room in ~~~~~~x D, E 
density the  at^^ reading is ~ o ~ s ~ d ~ r ~ ~ l y  higher th 

actud specific gravity, but the enor decreases with increasing density. The e ~ u ~ ~ ~ ~  wi 
~~~c~ the j n ~ ~ c a t ~  vdues cm be corrected i s  show in the figure. The ~~~~~~t~~ also 

is a more usehl 
mass fiacdan of 

samples for the weight percent NaOM, wh 
ravity for our present purposes. A plot of 

in the d ~ l ~ t e d  caustic soda versus the indicated density i s  shown in 
oe more piece of ~ ~ ~ o r m a t i ~ n  is n w d d  to calculate the mass flow rates of 

the spray tower: the densities of the solutions at the temperature of the flow meter. 
t ~ ~ p ~ r ~ ~ ~ ~  was ~ ~ ~ ~ ~ ~ e d  as roughly 3OoC (86OF) and the dependence of 
mass fraction of NaOR at this temperamre was obtained from data. provided by the Bow 
~~~~~~ C o ~ ~ ~ ~  (2001). A plot of the Dow data is shown in Figure D3. I%e 

for ~ ~ ~ c ~ a ~ ~ ~ ~  the mass flow rate of Na wiils,  st^^^ with the 
first ~ e t e ~ ~ ~ e  &e mass &action of NaOH (Fi DZ), then the den 

s o ~ ~ ~ i o ~  (Figure D3). The product of the mass fraction sity, solution flow m&, and 
the ratio of the ~ t o ~ c  weight of Na to the formula weight of NaUH with the 
~ o ~ v e r s ~ o ~  factors for time, volume, and m a s  gave the feed rate of sodium 
tower. The data and results are given in Table A2. 

e c ~ ~ c ~ ~ ~ ~ ~ ~  of &e tests, the pressure gauge on the caustic soda 
was r e ~ Q v ~ d  and replaced with new one. The gauge used durhg the tests was c ~ ~ b ~ a ~ ~  
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duet to ~ e t e ~ ~ ~ e  the gas veIocity profill: was not possible. Tbe ~ ~ c ~ ~ a t ~ o n s  were done 
the a s s ~ r n ~ t i ~ ~  of a ~ l ~ ~ - d ~ y ~ ~ o ~ ~ ~  ~ r ~ ~ l e ~ t  flow profile at the R 

A longer probe was o ~ ~ i ~ e d  for the present tests and &avt=rses of the duct were 

~ ~ ~ r a ~ e  mass flux of flue gas. A point at which the flux w a  
a x l a  then chosen as a reference loeation, at which &e gas 

ng most muns. The same ratio 
age velocity was assumed to appIy und 

made dong tvvo 
~ o n ~ ~ o ~  to dete 
dose to the ave 

dicular paths under the plant's ~ ~ ~ e ~ t  ~ t ~ d ~ ~  o 

velocity at &e r 
f the conditions 

ired for the c ~ c u ~ a ~ ~ ~ n  of gas velocity, were recorded 
presswe difference, static pressure in the duct, bar 

The ~ ~ ~ I o w j ~ ~  data, 
most mas: Pitous 

at the ~ ~ ~ u r g ~ ~ n t  point. The values are given in TrtbIes 
culm weight of the flue gas, also needed for the c~cu~a t ion  

by an iterative c ~ ~ c u l ~ t i o ~  procedure in which the amount 
of air in the Rue gas wa.. varied uatil the total volumetric flow rate calculated from the 

atud  gas, batch gases, batch fuel oil, quench water, caustic soda feeds, and air, 
~ s ~ ~ n g  complete ~ o ~ b ~ ~ t i o n ,  agreed dosely with the Row rate calculated from the 

p r e ~ ~ ~ r ~  diEerence, using the average molecular weight based on h e  feeds. 
ter code used to perform these c ~ ~ ~ l a t ~ o ~ ~ s  is attached as Appendix E. The 

c ~ c ~ ~ a t e d  v~~~~~~~~~ flstv rate during each m is given in Table A3. The totd range of 
vazkition in flow rate over di runs wits only -1-3.392 of the average. The typical vdue is 
70% larger tharll that ~ ~ t i ~ a t ~ ~  during the tests of August 2000. 

There was a. series of runs (no's. 8 throxtgh 14) during which the ~ ~ t o ~ s t ~ ~ ~ c  
ressure ~ i f ~ e ~ e ~ ~ ~  was not recorded, because the inclined oil ~ a n ~ ~ e ~ r  had been blown 

out. The Bow rate of flue gas was e s ~ i ~ ~ a t e d  for these mns by constructing a plot of flow 
rate versus the static ~ r e ~ s ~ r ~  in &e flue for dl the other mas, shown in A~~~~~~~ D, 
Figure D5, then using the line f?t to these data by the method of Ieast squares to  ate 

e u ~ ~ w ~  flow rates. These results are listed in Table A3 enclosed in p ~ ~ a ~ e s ~ § .  
Their u n ~ ~ ~ ~ ~ t ~  is a ~ ~ ~ o ~ ~ ~ ~ t ~ l y  the range of the points shown in Figure D5, &I. 1 mVs. 

A sample wadj collected from the electrostatic p ~ ~ c i ~ ~ ~ ~ ~ ~ ~  on the morning of 
1, and later sent to a lab for analysis. The results are attached as Appendix 

F. The Bx03, NazO, K20, and SO3 contents of the dust were 29.50, 29.78, 5.59, and 
22.55 wt%, respectively, compared with 24.8, 35.7, 5.61, and 17 wt%, respectively, a 

er. The change in composition reflects the decrease in sodium feed to the 
m y  tower ~ ~ t w e ~ ~  the two tests. 
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The values of the key test conditions and the results for boron and sodium %e 
given in Table 1, B the ~ ~ ~ ~ e ~ ~ ~ ~ ~ o ~ ~ ,  direct from the LmS ~ e a ~ ~ ~ e ~ e n t s ,  and the 
mass flow rates of n and sodium, equal to the product of ~ o ~ c ~ ~ t r a t i o n  and the 
volumetric €low rate of flue gas (from Table A3) are shown, expressed in terms of the 
masses of the e ~ ~ ~ ~ ~ ~ ,  not as their oxides ox other chemical c ~ ~ ~ ~ n ~ ~ ~ r r .  The total flow 

of ~ o ~ ~ e ~ ~ a ~ ~ ~  species, a ~ ~ ~ ~ i ~ ~ ,  for example;, that the form of boron after drying 
e contents a% the back half of the US EPA Method 5 sapl ing  train is ~~~~~c acid, 

would &e found by ~ ~ l t i p l y i n g  the boron mass flow rate by the ratio of the ~ o l ~ u l ~  
to the atomic weight of boron, 43,82110.81 1 = 4.1. The s ~ ~ d ~ ~  

in Table 1 are those of the values for concentration and flaw rate derived 
le (usually six) l ~ ~ - ~ h ~ t  average LBS i ~ ~ ~ n s i t y  ~ e ~ ~ r e ~ e ~ t s .  The 
, the more a~~~~~~ of the two elements, will be discussed first, followed 

by the results for so 

The mass flow rates of boron in the flue o 
~ u ~ ~ ~ i ~ n  of the time of day in Figure 1. On the 
only one run, at 
a ~ ~ e ~ ~ : .  

ur days sf testing are shown as a 
ay of testing, August 3, there was 

hours. The following features of the data are ~ ~ ~ ~ d i a t e ~ y  

I into two distinct groups, one having boron flow rates in the r a g e  from 
There was an 0.015-0.3 ibA a 

 ab^^^ shift from 
5. 

other having flow rates of roughly 0.4 to 0.5 
wer to the higher boron flow rates at about 14: 

2. There is a perio ic behavior that is r~marka~ly similar from day to day. The most 
r e p ~ ~ u c ~ b l ~  feata s a ~ ~ ~ r n ~ ~  in the boron flow rate in the afternoon, a little before 

hours, c o ~ ~ c j ~ ~ ~  with the peak in ambient temperature (Figure Cl). 

The abmpt increase in boron flow rate near f4:OQ hours oar August 5 has been the 
subject of much dis~ussiorr and prompted extensive examination of the data It has not 
been possible to ~ e ~ e ~ ~ ~ e  whether the change was associated with the ~ e ~ ~ ~ ~ c ~  of 

S ~ q ~ i ~ ~ e n t  or to m actual change in boron c ~ n ~ e n ~ ~ ~ ~ o n  in e flue. No change 
in laser pulse en detector ~ e i ~ $ i ~ v i ~ ~  optical alignment, c ~ ~ i ~ ~ ~ ~ j o n ~  etc. was 
absenred before er the apparent change in c ~ n c e ~ ~ r ~ ~ i ~ n  or from &e beginning to 
the end o€ the tests. A significant increase in the opacity occurred at the same time as the 
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own spectrc~scopy (LIES) and the volumetric flow rate of Rue 
gas  et^^^^^ from ~ ~ ~ ~ ~ e ~ ~ n t s  of the gas velocity using a Pitot/static probe. 

-11-  



increase in boron ~ ~ ~ c e n ~ a ~ o n  (Figure C3b), but the increase was followed by a decline 
A plot of boron 

~ ~ ~ ~ e ~ ~ ~ ~ t i o ~  versus opaci in Figure C4, shows tfoat the boron ~ ~ ~ ~ r e ~ e n ~  fall into 
data in Figure I clearly do, but &at &ere is no s i ~ ~ ~ c ~ ~  

co~centra~on with opacity. The absence of such a ~ o ~ e ~ ~ ~ o n  
e fact that other streams are mixed w 

ility that boron may stili1 be Iarg 
is cooled on mixing with ~ b ~ e n t  air in the plume. None 

e athes process data (Tables AI, A2, and A3) provide any evidenc~ for a change in 
tay the boron ~ e ~ s ~ ~ e ~ ~ ~ ~ s  fa31 into two groaps. Since 

we have no basis for d i ~ ~ ~ ~ i n ~  any of the data, dL of it is retained for the analysis &at 
follows, beuin in mind fiat, with the i ~ € o ~ ~ t i o n  ~ v ~ ~ a b ~ e  to us, ctianges in the a 
boron coslcentr ian and the ~e~~~~~~ of &e LBS i ~ s ~ ~ e ~ t  are equalfy likely. 
cause of tbe largest 
series of tests r e ~ ~ n s  

at was not reflected in the boron ~ e ~ u ~ e ~ e n ~ s .  

&e flue g= b 
in the farm of 

nt change in boron c o ~ c ~ ~ ~ a ~ i o ~  observed during the entjre 

The c o ~ ~ ~ ~ o ~ ~ e ~ c ~  between the ~~~~~~ in boron flow rate and the  urn 
in ~ ~ i e ~ t  t e m ~ e r a ~ r e  suggests that temperature in the e ~ e c ~ o s t ~ c  precipitator has a 

ificant iafluence on boron capture. The flow rate of boron 3s shown as a function of 
~ ~ e ~ a t ~ r e  at tk outlet from the precipitator in Figure 2. "he high-boron group of 

data shows a s y s t ~ ~ a ~ c  decrease in boron Row rate with increasing e ~ e ~ t r ~ s t a ~ ~ ~  
~ ~ e c j ~ i t a ~ o r  outlet t ~ ~ ~ ~ r a t ~  , ~ ~ u ~ t ~ n g  to a ~ p r o x i ~ ~ ~ ~ ~  a 15% decrease aver the 
rage  of te~peratures from 4 to 487 OF. Any such bend in the ~ o w - ~ ~ o ~  data is 
obscured by the changes that were being made in the sodium hydroxide feed to 
caustic spray tower, discussed below. 

* 

emture in b e  horizontal flue betureen the vertical flue at the furnace exit 
and the caustic spray tower i s  very closely controlled (within about f 2 O F ,  Figure Al,  
second panel from top) by adjustment of the quench water flow rate. The ~ e ~ ~ r ~ ~ ~ ~  at 

et from the p ~ c i p i t ~ t o r  is d e ~ ~ ~ ~ n ~  by the caustic soda solution flow rate, the 
bient te~pera tur~ ,  surd &e intensity of solar radiation striking the ductwork, spray 

tower, and ~ ~ e c ~ p i ~ ~ t u ~ ~  The influence of the caustic soda flow rate, shown in Figure €25, 
i n ~ ~ a ~ e ~  that the ~ e ~ ~ ~ r ~ ~ u r e  at the inlet to the ~ r e ~ ~ p i ~ a t Q ~  decreased by a ~ ~ r ~ x i ~ a t ~ l ~  

te of caustic soda solution. Much of the scatter in these data, 
e to differences in the ambient ~ ~ ~ p e ~ a ~ ~ ~ ~  and its influence on the 

ray tower aid ductwork. The ~ e ~ ~ e ~ a ~ ~ e  drop across the 
90 to 130 OF and was largely determined by the ~ ~ ~ ~ n t  

rature, as shown in Figure C6. A source of the scatter in these data is the variation 
~ o s i t i o ~  of the sua relative to the pr~ci~itator during the course of a day md the 

~ a r i a ~ ~ o ~  in intensity of s o h  radiation from day to day. The sum cef the two t e ~ p ~ r a ~ ~ e  
changes  en^^^^ by caustic soda spray plus e l ~ ~ o s t a ~ ~  precipitator), is 
~ ~ ~ r o ~ i ~ a ~ e l y  160 suming a caustic soda flaw rate of 1 ~ ~ ~ ~ ) ,  and a c c ~ u ~ ~  for 
~ o ~ e ~ ~ a t  less th of the 355 OF drop in ~ ~ ~ e r a ~ r e  between the ~ ~ ~ ~ ~ n c e  to 
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re 2, Mass flow rates of boron at the sutlet from the electrostatic precipitator versus 
~ e i ~ ~ ~ ~ a ~ ~ ~  at the outlet from the electrostatic precipitator. 
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ue and the oudet from the precipitator (825 to - 470 OF) .  The rest of the 
drop i s  due to the convective losses from the flues a d  spray chamber. 

Ey$ecr ~~~~~~~~ F@ed 

ecause the sensitiv of the boron flow rate at the outlet fromi 
erature is not too 
ami~ed in the absence of a si;i,hficmt influence of 

~ e ~ ~ ~ ~ a ~ ~ e  by d i v i d ~ ~ ~  the data into two groups: (1) those having ~ ~ c ~ ~ j ~ % t o r  outkt 
res in the range from 452 to 469 "E; and (2) those having ~ r e ~ ~ ~ i ~ a ~ o ~  outlet 

ratures in the range from 473 to 487 *F. The dependence of the boron flow rates in 
the s ~ ~ i ~ m  feed rate (pounds of the dement Na per hour) to the caustic spray 

d taw ranges of ~ r ~ c i ~ i ~ % ~ o ~  outlet t ~ ~ p ~ ~ ~ t u ~ ~  are shown in Figures 

(pipre 21, &c 

3a and 3b, ~ ~ ~ ~ e ~ ~ ~ e l y .  

e ~ e ~ u r e ~ e n ~ s  at low ~ ~ ~ ~ ~ ~ ~ a t o ~  outlet temperature on August 3, 4, and 5 
(Figme 3b: aterisk, circle, and trimgle symbols, respectively) show a slight bur 
~ ~ s t ~ m ~ ~ ~  becr~ase with increasing s ~ d i u ~  feed. A s imi lar  trend is shown by the high- 
boron goup of data at high precipitator outlet temperature (Figure 3a: square and 
triangle symbols at upper left}, The slopes of the two lines drawn through the points in 
Figure 3 for high stnd law precipit.&tor outlet temperatures are - 0 . ~ ~ 4 5  and - Q.00372 Ib 
borodb sodium, respectively, far an average value of ~ . ~ 0 3 5 ~  pounds of b ~ r o n  removed 

per pound of sodium fed to the spray tower. Dividing 'by the ratio of the 
ts of boron and sodium (20.8U22.99 = 0.47) to convert to a molar basis, we 

.that &e ~~~~~~~t ~ n ~ r ~ ~ ~ n ~  effect of sodium on the removal of boron is only 
of boron per atom of sodium injected into the caustic spray tower. It is 
ficant that no high boron flow rates were observed when &e sodium fscd 

rate was above about 8.5 lbh .  

ssure of air s ~ p p ~ i ~ d  to the caustic soda spray nozzle, with other 
s the mass flow rate of the atomizing air and the ratio of the air 
ch shifts the droplet size disrsibution to srnLztler sizes. This 
per unit mass of the sodium hydroxide residues left when the 
odd  be expected to increase fhe e f f ~ t i v ~ ~ e s s  of the sodium 

On the other hmd, smaller droplets are 
the spray mixes with s ~ ~ ~ u ~ ~ ~ g  gas, so shift to smaller 

~ r o p ~ e ~  sizes may have the ~ ~ a d v ~ ~ ~ ~  that the spray is less well mixed with tfne flue gas 
stream. A good discussion of sprays and the effects of atomizing conditions on mcm 

sulfur capture. 

et size may be f5und in the book by Lefebvre (1989). 

The results from the experiments in which the atomking air pres 
s 4a and 4b, divided into two groups according to axe shown in Fi 

outlet ~ ~ ~ p e r a ~ ~ ~ ,  as in Figures 3a and 3b. The symbols in Figure 4 represent: different 
caustic soda flow rates, not different days of testing, as they did in previous figures. 
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Figure 3. Mass flow rates of boron at the outlet from the electrostatic precipitatar versus 
the feed rate of sod; (as &e element, Na) to the cstusci~ soda spray tower. 

tator outlet temperahucs in the range &om 473 to 487 OF. 
itator outlet t e ~ ~ ~ t ~ r ~ s  in the range from 452 tu 469 OF. 

Feed rates of s~~~~ h y ~ r ~ x i d ~  may be found by ~~~~p~~~~ the sodium feed rates by 
the ratio of the formula weight of NaOH to the atomic ~ e i ~ h t  of sodium 

l ~ ~ b ~ 0 1 ~ / ~ ~ 2 . ~ ~  ~~~~~~~) = 1.74. 
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Figure 4. Mass Elow rates of boron at the outlet from the ekctrostatic precipitator versus 
e ~~~~~~e of the caustic soda atomizing air. 

a. ~ ~ ~ ~ ~ s ~ ~ ~ c  ~ r ~ c i p i ~ ~ o r  outlet temperatures in &e ran from 473 to 483 OF. 
b, E l e ~ ~ o s t ~ t i c  ~ r ~ ~ i ~ ~ ~ ~ t ~ r  outlet temperatures in the range from 454 to 468 O F .  

ext to the data points give the t e ~ p ~ r ~ ~ r ~  at the electrostatic p r ~ ~ j ~ ~ ~ ~ t ~ r  
sodium feed rate to the caustic soda spray tower during each run. The 
and inverted trim& symbols here indicate different c.aust.k soda flow 
different days of testing, as they did in Figures 1-3. 
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spray tower during the ~ e a s u ~ e ~ e ~ ~  were in the range from 6. 
e &feet of the atanlizing air pressure is e v i ~ e ~ t ~ y  weak, 
ame md sodium feed rate are specified next to each data point, 
e ~ o ~ ~ ~ t i o n s  may be taken into consideration when e x a ~ i ~ ~ n ~  
art: from fhe h ~ ~ ~ - ~ o r o n  group of  re^^^^^^ in the v i ~ ~ n i t ~  

A slight decrease in boron Row rate with increasing air pressure is shown by 
measur soda flow rate (Figure 4b: circles), but the effect 3s 
small. at the caustic soda flaw rate of 1.25 gaYIlnin are not 
e n ~ u ~ h  to e s t ~ b I ~ s ~  a tread. Just the opposite behavior is shown by the data in Figure 4a, 
but &e effect of the air pressure is again very weak, especially for the more reliable of the 
two data sets, at a flow rate of 0.5 galfmin, for which there are three data 
points ~ i ~ v e ~ e ~  ever, for these three ~ e a ~ ~ ~ e ~ e n t s  there is a s y s t ~ ~ a t i c  
decrease in the ~ r ~ ~ ~ i t a ~ Q r  outlet temperature with increasing ~ ~ ~ ~ i ~ g  air pressure, 

ay have masked or of€set the effect of the pressure alone. The 10 O F  decrease in 
Id cause an increase of a p p r o x ~ ~ ~ t e ~ ~  0.02 lblh in the boron flow rate, 

n through the high-baron points in Figure 2. Accounting for 
ase the slope of the line for the 0.5 gaVmin case in Figure 4a. We 
dence of boron capture on the caustic soda a t ~ ~ i ~ ~  air pressure 

is the weakest of the effects i ~ v e s t ~ g ~ ~ e ~  and that even the direction of tbe effect cannot 
~ e t e ~ ~ ~  from the data. The practical ~~~~~~~t~~~ is that the atomizer might 
run at pressures toward the low end of the manufacturer's recommended range 

since ~ ~ c r e ~ ~ ~ g  pressure increases gas and liquid velocities and the rate oE a t o ~ ~ e r  
wear, The condition of the attomiser tip has a strong influence on spray quality. 

The o ~ y ~ ~ ~  tu miturd gas ratio during the present tests was 1.86, dose to the base 
case value of 1.85 during the tests in Augsst 2000. The boron flow rate at the outlet from 
the e ~ e c ~ o s t ~ ~ c  ~ r e c ~ ~ i ~ t ~ ~  during the August 2000 tests, under the base test condition, 
was reported as 0.065 2 0.003 Iblh. However, the flue gas v o l u ~ e t r i ~  flow rate 
~ e t ~ ~ i n ~ d  by the traverses of the duct in ABgust 2001 is a factor oE 1.3 greater than the 
estimate used to calculate the mass flow rates a year earlier. ~ ~ n g  dkis correction 
increases the borm flow rate in August 2000 to 0.1 1 A 0.01 Ibk. The base case run 

repeated six times over the course of the tests (runs 1, 2, 
average boron flow rate of 0.33 A 0.13 lbh,  a significant 
rate under tfie base condition of a year earlier, when the 
soda ~ o l ~ t i o n  was 1.09, compare to densities in the range 
ase condition during the present 

During the ~ ~ ~ ~ r e ~ ~ ~ ~ s  downstream from the electrostatic precipitator in 
0, the ~~d~~~ feed rate to the caustic spray tower was 22.9 lbifi, assuming the 
f the density meter did not change during the yea between the tests, and the 

eratare at the outkt from the p r e c ~ ~ i ~ ~ t ~ r  was in &e rmge from 
ng to Figure 3b in the present report, whose tern 
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the equation for the fine shown in the figure (Boron flow ratc in lbh  = 0.268 - 
72 x Sodium feed rate in Ibh) we find a boron flow rate of 0. I8 lbh,  c u ~ ~ ~ e d  with 

e flow rate of 0. Z f lblh a year ago. 

The effect of e ~ ~ t r o ~ ~ ~ ~ ~  ~ ~ ~ ~ i ~ i t a t o r  t e m p e ~ a t ~ e  on boron capture (Figure 2) 
parent 
to gas 

furnace observed in August 2000 and presented in Figure 10 of the report by 
tesen (2001, p. 23). The data ~ s w e ~ n ~  this question axe attached 
ror~ Row rates from August 2000 are shown as a ~ n c t i o n  of the 
a along with the oxygen to gas ratios, shown in Figure Glb. The 
w rate ~ r o ~ ~ ~  the day, which peaks shortly after 16: 

quite different from the pattern shown by the data in Figure 1, in which there i s  a 
~~~~u~ near that time. Comparison of Figure Gfa with Figure Glb shows that the 
pattern of the baron flow rates p ~ ~ ~ l y  reflects the pattern of the o x y ~ ~ ~ - t o - ~ a s  ratios, 
as conclu~ed in the report of the t 2000 test. A plot of &e boron flow rates versus 
the temperature at e l e c ~ ~ s t ~ t ~ c  ~ ~ e ~ i ~ i ~ a t ~ r ,  shown in Figure G2, 
confirms that there was no systematic effect of the precipitator outlet temperature on the 
results. It is still possible that an effect of temperature is embedded in &e data but 
obscured by the effects of the changes in oxygen-to-gas ratio. 

raises the ~ ~ e s ~ o ~  whether changes in t ~ ~ ~ e ~ ~ r e  might have i n ~ ~ e n ~ ~ d  
of the boron flow rate at the outlet f i ~ n ~  the precipitator on the o 

The variation of ~~~i~~ flow rate at the p r e c ~ ~ ~ ~ ~ ~ ~ ~  outlet with time o€ day during 
all of the tests is shown in Figure 5, ~ u ~ ~ ~ s ~ ~ ~  a tendency €or sodium in the flue to 
increase as the day gresses, a di@erent behavior from that of boron (Figme I>. The 
mude of o c c ~ ~ e ~ c e  sodium is dso quite different from that of boron. Wbereas boron 
is typically observed in 50% or more of the laser sparks, indicating that it is uniformly 
~ ~ ~ b ~ ~ ~ d  ~ t s  vapor or fine particles, sodium is observed only rarely but at high 
c o ~ c e ~ ~ ~ t i o ~ ,  i ~ ~ i ~ ~ t i n ~  that it is pxesent as large particles or agglomerates at low 
number c Q n c e ~ ~ ~ t i Q n .  The mechanism of ~ ~ n e ~ a ~ o n  of sodium through the precipitator 
is evidently by r ~ - e n ~ a ~ n ~ e ~ ~ .  Since Qe ~ ~ h ~ i ~ ~ $  by which boron arid sodium pass 
~ ~ r o ~ ~ ~  the ~ r e c i p ~ ~ t o ~  are entirely different, there is no correlation between the boron 
and sodium flow fates, The sodium data also do not fall into two distinct groups, as f k z  
boron ~ ~ ~ u ~ e ~ ~ ~ t ~  

ficant feature of the sodium ~ e ~ ~ ~ e ~ ~ ~ ~ s  is that the average flour 
. The low frequency with which sodium is observcd and its low 

average c ~ ~ c ~ n ~ ~ t ~ o n  acneeaunt for the large values of the standard deviation of the 1000- 
shot averages, i ~ ~ c ~ t e ~  by the enor bars in Fi re 5. When sodium was observed in a 
laser spark, it was not u n ~ o ~ ~ o n  for its e o ~ c e n ~ ~ ~ o ~  and the ernkslon i ~ t e n s i t ~  to be SO 
high that the detector was saturated. This would cause the intensity, and therefore the 
SO&W ~ o ~ ~ ~ ~ ~ a ~ ~ ~ ,  to be u ~ d e r e ~ ~ a t e d ,  so the actual average sodium flow rates may 
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ass flow rates of sodium at the outlet from the electrostatic precipitator 
versus the time of day. The length of the enor bars is one standard deviation of the 
results from ~~~~~~~ ~ ~ s u ~ l ~  six) 1000-shot average LIES s 
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e ~ o ~ ~ ~ ~ a t  higher than the ~ p o ~ e d  values (Table 1 arid Figures W), but probably not 
by more h n  a factor of two. 

me d e of the flow rate of sodium at the outlet from the precipitator on 
the feed rate 7. The data m 
divided into two groups according tu the temperature at tfne precipitator, 
as was done for boron in Figure 3. The sodium leaving the ~ r ~ ~ j p i t a t o r  has no 
~~~~~a~~~ ~ ~ s ~ ~ ~ a t i c  d e p e ~ d ~ ~ ~ e  on Its feed rate. This is consistent with its source 
heing ~ ~ - ~ ~ t ~ ~ ~ ~ ~ ~ t ,  in which case i ts p ~ ~ ~ a t i ~ ~  wouid not depend so much on the 
amount of s Q d ~ ~ ~  collected as OR other fxtors such as the rapping frequency. 

to .the caustic spray tower is shown in Fi 

Not s ~ ~ ~ r ~ ~ ~ n g i ~ ,  in view of the results for boron md sodium $ready c o ~ ~ i ~ e r ~ ,  
no s y ~ t e ~ a ~ ~ ~  ~ e ~ e ~ ~ ~ ~ ~ e  of the sodium flow rate at the precipitator outlet on 
soda a t o ~ ~ ~ ~ ~ ~  air pressure is visible in the data, shown in Figure 8. 
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6.  Mass flow rates of sodium at the outlet from the electrostatic precipitator 
v e ~ ~ ~ s  ~ ~ ~ ~ ~ a ~ r ~  at the outlet from &e ele@&ostatic precipitator, 
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Figure 
versus 

a. ~ l ~ ~ ~ ~ ~ ~ a ~ ~  ~ r ~ ~ ~ ~ t ~ t o ~  outlet t ~ ~ ~ ~ ~ a t ~ ~ s  in the range from 473 to 487 OF. 
b. ~ l e ~ ~ o ~ t a t i ~  ~ r ~ ~ ~ i t a ~ ~ r  outlet ~ ~ ~ ~ e ~ a ~ ~ ~ s  in the range from 452 to 469 OF. 

s flow rates of sodium at the outlet from the electrostatic pr~ci~itato~ 
rate of sodium (as the demerit, Na) to the caustic soda spray tower. 
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ass flow rates of sodium at the outlet from the electrostatic precipitator 
versus the pressure of the caustic soda atomizing air. 

a. Electrostatic precipitator outlet temperatures in the range from 473 to 483 O F .  

b. ~ ~ ~ t r a ~ ~ ~ ~ ~ ~  ~ r ~ i ~ i t a t ~ ~  outlet temperatures in the range from 454 to 468 O F .  
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The mole frwtions of the major gaseous components of the flue gas were 
~ ~ l ~ ~ ~ ~ ~ e d  using tfie same code ~ A ~ p ~ ~ ~ x  E} used to deternine the average molecular 

t of the gas in khe c ~ c ~ ~ a t ~ o ~  of its flow rate, taking into c ~ n ~ i d e r a t i ~ ~  the gas md 
~ ~ ~ p o s i ~ ~ ~ ~ ,  oxygcn composition, batch gases, ihe ail used to wet the 

of &re, the ~~~i~~~~ of the air, quench water, and water i ~ ~ ~ ~ ~ c e d  into 
tower. The concentrations of boron, sulfur, and ~ ~ t ~ s i u ~ ~  were 

estimate of the typical sate of dust collection in the ~ ~ E ~ t ~ o s ~ a t ~ c  
the base case conditions (115 Ib/h, i ~ ~ l u ~ i n g  11.62 l~~ of Ma20 

cd from &e: caustic soda) and the composition of the dust smple ~A~~~~~ F). The 
~ ~ ~ ~ e ~ ~ ~ t ~ u ~  of Na was varied to examine its effects. The ~ I e ~ ~ ~ t ~  considered in the 
~ ~ ~ i ~ ~ b r ~ ~ ~  c a ~ c ~ ~ ~ ~ u ~ s  werc Na, K, B, S ,  €I, 0, C, and N. 

~ ~ c o ~ ~ ~ g  to the NASA CEA Code and its database of t ~ e ~ ~ ~ n ~ i ~  p~uFe~ jes ,  
the ~~~1~~~~ Na, K, B, and 5 species are the only ones present at ~ i ~ i ~ ~ ~ t  
~ ~ ~ c ~ ~ ~ a ~ ~ ~ s  under the conditions of cornposi*tloii, pressure, and t ~ ~ p ~ r a ~ r ~  in the 

sent, but only at concentrations negligible with respect to 

by Beerkens and van Lirnpt (2001), was not i ~ c l ~ d ~  in the NASA 
abase when the c ~ l ~ u ~ a ~ o ~ s  were first u ~ ~ ~ ~ ~ e ~ .  

the initial calculations and the experimental results suggested that 
t ~ ~ ~ ~ ~ n e n t  of the dust. Bonnie J. McBside, o€ the NASA 

Gl~nn  Research Center, responded very quickly to our request for ~e~~~~~~ 
fur sodium ~ e ~ a b o ~ ~ t e ~  so it could be added to the database for the ~ ~ c ~ l ~ t i ~ ~ s  descr 
below. 
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~ o ~ ~ ~ l ~ z ~ d  sodium and potas~iu~n, sulfur dioxide from batch decomposition and fining, 
iurn ~ ~ ~ r o x i d e  added at the spray tower can be generally s u ~ ~ ~ e ~  as follows: 

1. All of the potassium 
2. The r ~ ~ ~ n i n ~  su 
sodium first foms solid sodium tetraborate, NazB407,4. E there is not e ~ o ~ ~ h  sodium to 

the boron, the excess boron €oms ~ ~ o ~ o ~ i c  acid, H3B03, plus a small ~ o u ~ t  
of the ~ e t a b ~ ~ c  acid trimer, H ~ B J Q ~ ,  which are gases at the t e ~ p e ~ a t ~ ~ e s  in the 
~ ~ ~ i ~ i t ~ t ~ r ,  5. Tf Ihere is more sodium than needed to react with the boron, 
form solid sodirsrn c ~ b o ~ a t e ,  Na2CQ3, below about 490 O F ,  6. Above 490 O F ,  excess 

dium forms s ~ ~ ~ u ~  m ~ t ~ b o r a t e ~  Nd302, at the expense of sodium ~ ~ ~ ~ ~ o r a ~ e *  and 7. 
Even when there is a 1 
is not complete, ~ 1 1 0 ~  

traces of boron from the flue gas. 

ars in the ~ r ~ i ~ i ~ t 5 r  dust as solid p o ~ ~ s i ~ ~  ~ ~ ~ f ~ t ~ ~  K2$ 

xcess of sodium, the reaction of sodium with o 
small ~ o ~ c e n ~ ~ ~ ~ n  of H3B03 to remain in th 

i s  relatively small ~ ~ ~ u ~ t  of vapor is the source of the difficuIty in re 

g tu this picture, the chemical system in the elcctfostatic p r e c i ~ j ~ ~ t o r  can 
be ~ e ~ c ~ b ~ ~  as having two regimes, depending upon whether the total of the sodium and 
~ o t ~ s i ~ ~ i  ~ ~ n c e ~ ~ ~ t ~ o ~ s  is greater or less than the c o ~ ~ ~ ~ t r ~ ~ o ~  

~ e ~ ~ ~ o ~  with boron and sulfur species to fonn K2SO4, 
The parameter ~ i s t i n ~ i s ~ ~ g  the two regimes is the malar ratio, 

BeZS), which can be evaluated by andysis of the precipitator dust, assuming 
that the fraction of any af these elements not captured in &e precipitator i s  small. l’he 

e expressed ia terns of the relative numbers of moles of the oxides of the 
elements In the dust, (k . Ja20~~~0) / (~~203”)’SQ3) ,  if this is more convenient. We refer to 
this quantity as &e “alkali to bor~n-p~~s-su~fur  rdtio,” arid proceed to an e x ~ ~ ~ ~ o ~  of 

e q ~ ~ ~ ~ b ~ ~ ~  c o ~ ~ o s i t i ~ ~  of the system in the precipitator as a function of this 
meter asld t ~ ~ ~ ~ ~ ~ ~ ~ e .  The alkali to b ~ r ~ ~ - p ~ ~ s - s ~ l f ~ r  fatjo will be changed by 

the sodium c o n c ~ ~ ~ ~ t ~ o ~ ,  keeping the potasslum, boron, and sulfur 
~ a t j ~ n s  Axed at values ~ o ~ ~ s ~ o n d i n ~  to the dust analysis given in A ~ ~ e ~ ~ ~ x  E;. A 

aXi to b ~ ~ o ~ - ~ ~ u s - ~ ~ l f ~  ratio smaller than I contains less sadium ~ y $ ~ ~ ~  having an 
than needled to convert a11 of the boron to sodium tetraborate and vice versa. 

From the analysis of the dust sample taken from the electrostatic p ~ ~ c ~ ~ ~ t a ~ o r  
under the base run c ~ ~ ~ ~ Q ~  ~ A ~ ~ n d ~ x  I?), we find the f o l l o ~ i n ~  numbers of moles of 
i R ~ i v ~ ~ ~ ~  elements in 100 g of dust: K, 0.1187; Na, 0,9610; S ,  0.2817; C, 0. 

Mg, 0.0079. The alkali to b o r o ~ - ~ ~ u ~ - s ~ ~ f ~ r  ratio in the dust is 
want to refine this argument a bit by accounting for the capture 

of some sulfur as calcium and ~ a ~ e ~ i ~ ~  sulfates. This could be done by subtracting the 
nurnbcrs of moles of calcium and r n a ~ ~ e s ~ u ~  from sulfur. The alkali to baron-plus- 
sulfur ratio would then be ENa~~~II’/2B~2(5-Ca-IMg)j. For the dust analysis given above 
the vdue of th is  ratio is 1.144.) We consider the results of ~ u i l i b ~ ~ ~ - c ~ c u X a ~ i o n s  €or 
four eases, ~t~~~ at a low alkali to ~ ~ r ~ n - p l u s - s u l ~ r  ratio and p ~ o ~ e ~ ~ ~ ~ ~ l ~  increashg 
the sodium ~ o n ~ e ~ ~ ~ t ~ o n  to the level corresponding to the observed composition of the 

sulfar ratio, ~ ~ a ~ K ) / ( ~ ~ ~ 2 S ~ .  
le. We use the simpler, approximate, definition of the alkali to boron 
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The first case is one in which the sodium concentration is significantly smdler 
t required to miimize capture of boron by sodium, i.e. o\Ta+K>/( 
fractions of the most ~ ~ ~ ~ d ~ t  stable species under this cond 

eratue in Figure 9. The range of temperatures was chosen to 
span &e entire to have been present in the electrostatic F r e c i ~ ~ ~ t o ~  during 
the tests, from the lowest oat1 t ~ ~ ~ e r ~ t ~ r e ~  452 OF, to the highest inlet t e ~ ~ ~ ~ a t ~ r e ~  605 
O F .  The mole fract~on~ are 

r of moles of each component per male of 

As s ~ u w ~  in Figure 9, there is no significant dependence of the &SO4, I\;Ja2S04, 
0 3  mule fractions on ~ e ~ ~ ~ ~ a t ~ r e  when the sodium c ~ ~ ~ e n ~ ~ t i o ~  is 

e amount required for complete reaction with boron. Because there is 
too little s o d i u ~ ;  a rat'nex large concentration of orthoboric acid, H3B03r r ~ ~ ~ i ~ ~  
~ ~ r e a c t e ~  in the vapor phase and would be expected to pass t~~~~~~ the precipitator. Its 
c o ~ c ~ n ~ a ~ ~ ~ ~  58 mol ppm, corresponds to a flow rate of 1.0 Xb/h of boron (as the 
element, €3) leaving the ~ r ~ c i ~ ~ t a t o ~ ~  more than twice the highest measured Bow rates 
(Figure 1). 

The results fox a case in which sodium is closer to, but still ~ l i g ~ ~ l y  below, the 
~ t o i ~ h i ~ ~ e ~ ~  ~ o ~ ~ ~ ,  ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ 2 ~ ~  = 0.98, are shown in Figure 18. Compared 
with the previous case, the additional sodium has converted ~ Q X G  H$03 to the sodium 

~ ~ ~ o ~ o ~ ~  acid vapor is ROW 29 mol ppm, corresponding to a boron flow 
rate uf 0.5 %bh leaving the precipitator, near the upper limit of the measured Bow rates 
(Figure 1). Above 510 OF, the concentration of H3B03 inaeases with i n ~ ~ ~ ~ ~ i ~ ~  
~ ~ ~ ~ ~ a ~ r ~ ,  ~ ~ i ~ ~ i ~ ~ ~ g  with the appearance of Na13Qz, whose c o ~ c ~ ~ ~ ~ ~ ~ n  increases 
exactly in parallel with that of €3@03.  The total of the increases in N&Q and NaE3.0~ 
corresponds exactly, male for mole, to &e decrease in Na2B407 with increasing 

since there are 4 bozon atoms in each Na2B407). There is no 
or Na2S04 with ~ ~ ~ e ~ a t u r ~  and no change from their values in 

Figure 9. ~ s ~ u ~ i ~ ~  that e NASA CEA database contains all of the sulfzur c ~ n t p ~ n d s  
that are ~ t a b l ~  under these conditions, there is evidently no otber place where sulfur 
would like to go (the small mounts of CaU, MgO, and other species in the p ~ e c ~ ~ ~ ~ a t o r  

t react with SO2 were not included in the calculation). 

The result of another increase in sodium, to the s t o i ~ ~ o ~ c ~ ~  ~ o ~ n t  for 
~ ~ ~ ~ e ~ s i ~ ~  Qf sulfur and boron to KzS04, Na2S04, and Na&4&, ( ~ a ~ ~ ~ ~ { ~ ~ ~ 2 S )  = 
1.00, is shown in Figure 11. In spite of  the increase in sodium, there ape only slight 
decreases in the I313 e fractions compared to the previous case, in the t e ~ ~ ~ r a t ~ r e  

e 510 O F ,  the H & Q  ~ o ~ ~ e n ~ ~ t i o ~ s  are identical to hose in 
t reacting with boron is seen to be present bs Na2C03 below 

at higher temperatures. The concentrations of WJBO~ vapor 
are now ai the lowest levels that can be achieved by addition of sodium to the system, 
over the entire range of t e ~ p e r ~ ~ e s  shown. The temperature dependence of H3B03 is 
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Tern pe rat u r 

Figure 9. Results of c ~ c u l ~ t i ~ n s  using the NASA Chemical ~ ~ ~ i ~ ~ ~ r i ~ ~  
A p p ~ i c a ~ o ~ ~  {CEA) Code and ~ e ~ o ~ y ~ ~ c  property database (Gordon and McBn 

e and Gordon, 1996; 
urn, potassium, and s 

ride, 2002) showing the predicted mole f r ~ ~ o ~ s  
species at full chemical ~~~~~i~~~~ in the range 

ratures present in the electrostatic precipitator during the tests (lowest outlet: to 
and with an &ab to boron-plus-suffix mole ratio of 0.96. The 

relative ~ ~ u n ~ ~  of borun, ~ o t ~ ~ ~ u r n ,  and sulfur in the system were chosen to reflect the 
dust sample ~ ~ ~ ~ ~ s ~ t i u ~  ~ A ~ p e ~ d i x  F) md the sodium wa~j  adjusted to give the specified 

o ~ ~ ~ - ~ ~ u ~ - ~ ~ ~ f ~  ratio. 



I 

0 460 480 500 520 540 560 580 600 620 

Figwe 10, Ressults of calculations of equilibrium chemical composition in the 
electrostatic p ~ ~ ~ i p i ~ ~ t o ~ ,  similar io those shown in Figure 9, but with the sodium 
increased ta give an alkali to boron-plus-sulfur ratio of 0.98, As a result of the increased 
sodim content, fttce mole fractions of Na2B407 are higher, and the H@Q3 vapor mole 
~ ~ c ~ ~ ~ s  lower than in Figure 9. Xn &is case, excess sodium over the amount needed to 
reduce &e H~BQs mole fraction to its lowest possible level forms N&02 at temperatures 
above about 5 IO OF. 
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Figure 11. Results of calculations of equilibrium chemical composition in the 
electrastatic p ~ e ~ i ~ ~ ~ t o r ~  similar to those shown in Figures 9 and 30, but with the sodim 
i.ncreac;ed to give an alkali to b Q ~ o ~ - p l ~ s - ~ u I f ~  ratio of 1.00. The sodium content of the 
system is now in excess of the amount sufficient to reduce H3B03 to its minimum 
possible level over the whole raBge of temperatures shown. Excess sodium form sodium 
carbonate at ternperatores below about 490 O F  and reacts with sodium tetraborate to form 
sodium ~ e ~ ~ b ~ r ~ ~ e  at temperatures above 490 OF. 
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is no change in tither M2S04 or Na-904 from their fixed mole fractions of the 
previous two examples. 

As ~~o~~ above, the d k d i  to b o ~ o n - ~ ~ u s - s ~ ~ f u ~  ratio in the dust sample from &e 
~ ~ ~ ~ o s ~ t i ~  ~ ~ ~ ~ i ~ ~ ~ t ~ ~  at the base case test c ~ n d ~ ~ ~ ~ ~  ~ A p p ~ ~ d ~ x  I;> was 

result of ~ ~ c r ~ ~ i ~ g  the sodium ~ o ~ ~ ~ ~ a t i o n  to this level 
out 485 OF, all of the additional sodium above that in the 

previous case retlcts with COz to form Na2C03. Above abaut 495 O F ,  

~ o d ~ u ~  reacts with Na2B407 to form NaBOz, as in Figure 11. However, in 
~ ~ b o ~ a t e  and sodium ~ ~ ~ ~ ~ o ~ ~ ~ e  ~ o ~ ~ ~ ~ ~ a t i o n $  are now much higher, due to the 
~ l a t i ~ e I ~  excess of sodium. There is no change in the H3B03 vapor mole fractions, 
compared with &e case shown in Figure 11. Therefore, above the Ievel of sodium 
n e ~ ~ e d  for complete capture o f  sulfur and reaction with boron to fom Na2B407, Qere 

eiirs to be no benefit, from the point of view of s u ~ ~ r ~ s s ~ n g  H3BQ3 vapor, to be 
er sodium addition. 

vapor c o ~ i ~ e ~ ~ ~ ~ ~ o n s  from Figures 9 and 10 are sbow on an 
igure I?, along with c ~ c u ~ a t ~ o ~ ~  for other alkali to ~ Q ~ Q ~ - F l ~ s - ~ ~ ~ f ~ r  
1-25} = 5.95, 0.97, and 0.99. The curve shown Tar the mole ratio of 

o those for the ratios of 1 .OO In Figure I 1 md 1.094 in Figure 12, 
added to take the system from ( ~ a ~ ~ ~ / ( ~ ~ ~ 2 S ~  = 0.99 to 1.08 and 
carbonate or sodium r n e ~ ~ ~ o r a ~  and has no effect on the H3B03 

vapor c a n ~ ~ n ~ a ~ ~ o n .  The conditions at which to operate asf electrostatic ~ ~ ~ i p i ~ ~ t ~ r  to 
~ ~ i ~ ~ z ~  boron pen ion are those lying near the minimum in the curve in Figure 13 

s its lowest values, is. ( ~ ~ ~ K ~ / ( ~ ~ ~ ~ ~ ~  greater than about 0.98 
and t e ~ ~ ~ r a ~ r e  near 490 OF. 

S )  ratio is shown in Figwre 14 for a t e ~ ~ e r ~ t ~ e  of 485 O F ,  near the 
me of figure 13. On the left in Figme 14, when the flue gas i s  

orthoboric acid c ~ n ~ e ~ ~ ~ t i ~ n  decreases ~ ~ e ~ ~ y  with a d d i ~ i o ~  of 
0, is reached, at ( ~ ~ ~ ~ l / ~ ~ ~ 1 - 2 ~ ~  just slightly above 
ljon of sodium has no effect on the H3B03 vapor 

~ o ~ ~ e ~ ~ ~ ~ i o ~ .  To maintain the lowest possi le and most stable baron c ~ ~ c e ~ ~ ~ a ~ ~ n  in 
the gas 'leaving the ~ ~ ~ ~ ~ p ~ ~ a ~ ~ ~ ,  one would add enough sodium lo keep the: alkali to 
~ o ~ o ~ - p ~ ~ - ~ ~ ~ f ~ r  ratio above the minimum value of 0.98 in the face of nomal 
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12. Results of calculations of ~ q u ~ l i b ~ ~ ~ ~  chemical c o ~ ~ o s i ~ ~ o ~  in the 
static ~ ~ ~ c ~ ~ i ~ t o ~ ,  similar to those shown in Figures 9, 10, and 21, but with the 

i to b o r u ~ - ~ ~ u s - s u ~ f ~ r  ratio of 1.094, the value indicated 
itator dust (Appendix F). Because of the large e 

III carbonate and sodium metaborate mole fractions are much 
t the increase in sodium has no effect on the mole fmcti 

H3BQ3 vapor, which arc= the same as in Figure 1 I. 
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re 13. Calculated mole €ra&ons of orthoboric acid ("!&,BO3) vapor as functions of 
erature for alkali to boron-plus-sulfkr mole ratios of 0.95,0.96, U.973 0.98, md 0.99. 

The relative amounts of boron, potassium, and SUI& in the system are &e same as in 
res 9 to 12. The sodium content was adjusted to vary the alkali to b ~ r ~ n - p ~ u ~ - s u ~ ~ r  

ratio. The cawes for ~ a ~ K ~ / ~ ~ ~ ~ ~ S ~  = 0.96 and 0.98 are identicdl to those fur H3B03 
in Figures 9 and 10, respectively, but on an expanded scale. The curve f5r 
~ ~ ~ K ~ / ( ~ ~ t ~ ~ ~  2 0.99 is identicdl to those fur &BO3 in Figures 1 1 and 12. 
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The e q ~ i ~ i ~ ~ i ~ r n  mole fractions of H$Q3 vapor for caxs having excess sodium 
to ~ n ~ ~ i z ~  the vapor concentration (curve; for ~ a ~ ~ ~ / ~ ~ ~ ~ 2 ~ ~  2 
in the temperature range from 450 to converted to boron 
mpared with the r n e ~ ~ r e ~ ~ e n ~ s  in Fi 1s (dashed curve). The 

e ~ ~ i l i b ~ ~ ~  calculation of the o ~ o b o ~ c  acid c o ~ ~ e ~ t r ~ ~ o n  is seen to ~ ~ o v i d e  quite a 
good estimate of the upper limit of the borun flow rates observed at the pre~ipitato~ outlet 
and sapports the a ~ s ~ r v ~ t ~ o ~  that boron mncen&atiofi and flow rak decrease slightly 
with increasing t ~ ~ ~ ~ a ~ r e  over this range. The ~~~~~u~ in the orthoboric acid 
~ o n ~ ~ n ~ a t i o n  occurs a i  a ~ ~ r ~ x ~ ~ a t ~ ~ y  490 T. Above this temperature, the trend reverses 
and the boron c o ~ c e ~ ~ ~ t i ~ ~  increases (see Figure I?). Since the sensitivity of boran to 
t ~ ~ p ~ r ~ ~ u ~ e  Is greater at t e ~ ~ e r ~ t u ~ s  above 490 O F  than it is daw, a temperature 
490 O F ,  or perhaps s ~ i g h t ~ ~  higher, is a good choice for the upper limit on gas t e ~ p ~ r a t ~ e  
at the precipitator outlet. 

0 OF) 

Because the ~ ~ p e ~ ~ e ~ c e  of the orthoboric acid c Q ~ c e n ~ a t i ~ ~  011 t ~ m p ~ r ~ t ~ r e  is 
(~ccordi~g to the upper set of ~ e ~ u r ~ ~ e ~ ~  in Figure 2 or 15, a ~ ~ ~ e ~ ~ ~  rather we 

~~0~~ a 15% decrease over the range from 454 to 487 O F ) ,  it may not be 
consider adjustment o€ the precipitator temperature to take advantage of its 
is fairly clear, however, is that any ction in the ~~ec ip i~a to r  outlet ~ e ~ p e ~ ~ r ~ r ~  below 
about 480 O F  is likely to increase the boron ~ o ~ c e n t ~ a t ~ o ~  in the exit gas rather than 
decrease it, the latter being the trend one would expect if the boron vapor ~ ~ n c e ~ ~ a ~ ~ n  
were controlled by a simple v ~ ~ r - ~ ~ ~ i d  or vapor-solid equilibrium. 

~ u i l ~ b ~ u ~  calculations with the measurements, plott 
austic spray tower, are shown in Figure 16. "he 

p r e d ~ c t i ~ ~ s  of &e shown as dashed lines, were derived from 
~ ~ C ~ I ~ t i ~ ~ s  of the &k3a, 'vapor mde fraction versus alkali to ~ ~ r o ~ ~ ~ ~ ~ s - s u ~ € ~ r  ratio, 
sa& as those shown in Figure 14. The temperatures used for the calculations were 
chosen in the middle of the ranges ~ d i ~ ~ t ~ d  at the upper right in each figwe: 480 and 

s 16a and b, respectively. According to the caiculations, which are 
stimate of the tatdl dust flaw rate to the eiectrostatic precipitator, the 
a p r  c ~ n ~ ~ n ~ ~ ~ o ~  should have been ~~~~n~ at sodium feed rates 

down to a p ~ r o x ~ ~ ~ e ~ ~  5.7 Ibh, where the dashed fines rise steeply on the left. Thss is a 
flow rate approxi ately 3 lbk  lower than the feed rate at the base run condition (8.62 
lbh). However, the predi steep rise in boron for sodium feed rates below about 
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Figure 15. C o ~ ~ ~ s ~ ~  of the ~ e a s ~ r ~ ~ e n ~  of baron flow rate at the precipitator outlet 
with the calculations of boron expected at equilibrium using the NASA CEA Code 
(dashed curve), shown as functions of temperatwe. The curve is derived from the mole 
frmtions of HJ3Q vapor shown for ~ ~ a ~ K ) / ~ ~ ~ ~ 2 S ~  2 0.99 in Figure 13. 
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( I  b/ho ti r) 
son of the ~ ~ ~ ~ ~ e ~ e ~ t s  of boron flow rate at the ~ r ~ c i p i ~ a t o r  outlet 
of boron expected at equilibrium using the NASA CEA Code, 
the sodium feed rate to the caustic spray tower. The equilibrium 

vacpar mole fractions versus 
the alkali to b a ~ o ~ - ~ ~ ~ s - s u I ~ ~  ratio, such as those shown in Figure 14. Based on the 
estimated dust flow rate and its chemical analysis ( A ~ ~ n d ~ x  F), a sodium feed rate of 5.7 
ibh is predicted to have been required to reduce boron.& the precipitator outlet to the 
lowest ~~~~v~~~~ level. The r n ~ ~ ~ e r n e ~ ~  do not agree, showing no dramatic increaqe 
in boron flow rate even at n 

derived &om calculations of 

ipjble sodium feed y&s. 

8. ~ ~ c ~ a t i o ~  for electrostatic precipitator outlet temperature of 480 O F .  

b. C ~ c u l ~ ~ ~ ~  for electrostatic precipitator outlet temperature of 460 OF. 
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were needed to achieve e ~ ~ i ~ u ~  ~ ~ ~ n t  of 
may have been needed at af, may be 
tion rate or to che ~ i ~ c ~ l ~ y  of 
rnpasition and c o n c e ~ ~ a ~ o ~  of the dust ch 

the ~ r e c ~ ~ i ~ t o r  as the  re drops ~~~~i~~ from 
and the dust is removed from &e gas. This w 

sition of dust falling into the hopper, 
according to the local temperature. 

e e  likely resuit 
its c u ~ ~ o s ~ ~ i o n  

A more detailed 
utian of calcium and ~ ~ ~ ~ e s ~ u ~  to sulfur capture, 

~o~~~ also move the location of the steep rise in baron Row rate in Figures 1Sa asld b 
father to the left, to Iower sodium feed rates. 

In ~ u ~ ~ r ~ ,  the la of strong dependence af the boron flow rate on sodium 
~ d ~ ~ ~ Q ~  suggests that the c ~ ~ ~ o s ~ t i ~ n  of the system, with or without sodium a d ~ ~ t i ~ ~ ~  
lies in the region where the H3B03 vapor concentration is ~ n ~ e p e ~ ~ ~ ~ t  of the alkali to 

ratio, Le. in the flat region on the right in Figure 14, where 
is greater than about 0.98. This is does not necessarily mean that 

be required to allow for 
esium, and other elements 

atch composition, furnace conditions, and v o ~ a t ~ I j z a t ~ ~ ~  and dust 
vep: rates. For example, a ~~~~t~~~ change in the sodium flow rdte leaving the 

iated with changes in the ~ ~ ~ ~ ~ n - t a - ~ a ~ ~  gas ratio durin 
dsh, johnsen* and Ottesen, 2001). A perhaps u ~ g x ~ ~ t ~ ~  

sodium Etddition is ~ ~ ~ ~ c ~ s ~ a r y ,  because a large margin 
~ ~ c ~ ~ ~ ~ o n s  in boron, sodium, sulfur, ~ o t a s s i u ~ ,  calcium, 

e q u i ~ ~ ~ ~ ~  ~ d c u ~ ~ t ~ o n ~  is the ~ ~ e d i ~ ~ a n  at the mast stable s o ~ i ~ ~ o r a ~  ~ o ~ p o ~ n d  
under the ~ ~ n d i ~ i u ~ ~  in the ~ ~ ~ ~ ~ i ~ ~ t o ~  is sodium tetraborate, which is twice as effective 
;;lt ~ ~ ~ b i ~ i ~ ~ ~ ~  boron as sodium metaborate. 

Another piece of evidence that s~dium is present in r e ~ ~ ~ ~ ~ e ~ ~  large excess over 
the ~ ~ ~ i ~ u ~  required to react with boron is the presence of carbonate in the ~ ~ ~ ~ i ~ ~ t ~ ~ o r  
dust sample ~ o ~ l e ~ t ~ d  under the base case run condition ~ A ~ ~ n ~ i ~  F, 3rd line of report). 

g of dust. A s s u ~ i ~ g  that 
this was rtJl present %LS Na2C03, it indj~ates that the e 
was 0.18, or ~ a ~ ~ ~ ~ ~ ~ ~ ~ 2 S ~  = l . l& compared w the value of 1.094 calculated from 
the sodium and ~ ~ t ~ ~ s i u r n  m a s  fractions in &e dust. Based on the cabonate analysis 
alone, we would conclude that about 5 Xbh of sodium were fed to the caustic spray tower 

nt c o ~ ~ ~ p ~ n d s  to 0.0883 moles sf carbonate per 1 

e a ~ o ~ n t  needed to c 
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m e  a ~ p ~ ~ ~ t  lack of sensicvity of the boron flow leaving &e ~ r ~ c ~ ~ ~ ~ a ~ o r  to 
changes in the a t o ~ i n g  air pressure suggests &at the atoniizing air pressure could be set 

of &e range of pressures recommended by the ~ ~ ~ f a c ~ ~ r ~ ~  of &e spray 
~ o ~ z l e ,  to ~~~~~z~ both compressed &r consumption and wear of the aaazzle. However, 
the effect of aa increilse in specific Surface area (fWb) of the sodium 
~o~~~ when the caustic soda spray droplets dry out would be expecte 

e effect of an increase in sodium hydroxide feed rate, i.e. little or n 
mrfzzce =ea are present. Therefore, the lack of clear trend in 

y simply reflect the fact that suf€icient sodium and surface area 
sent. E the sodium feed rate and ( ~ a ~ ~ ~ / ( ~ ~ ~ Z S ~  r d o  are adjusted to 
caustic soda ~ ~ ~ s u m ~ ~ ~ n ,  partjcle size and specific surface area may become 

more cfiticd, so it may then be worthwhile to reexL.lmine the i ~ ~ ~ ~ ~ c e  of 
air pressure. 

Tbe ~ o ~ c e ~ ~ ~ t ~ o ~  of H3B03 vapor is increased by addition of quench water and 
the water in the caustic soda solution. Consider the following reaction, relating Na2CU3, 

3, and Na&3407, in the t e ~ ~ r a ~ r e  range where sodium carbonate is stable, below 
a ~ Q u t  485 

c o ~ c e n ~ a t ~ ~ n ~  ~ ~ 0 ~ ~ 3 ~  of solids are approximately c o ~ s ~ t ,  the solid 
species in Reaction 2 do not appear in its equilibrium constant, 

Under conditions of co osition and temperature when both Na2C03 and Na2B407 are 
u n ~ ~ ~ a ~ i 5 n  is independent oE the sodium Concentration and 

only upon the carbon dioxide and water vapor c ~ ~ c e n ~ a t i ~ ~ §  (or partial 
>. However, sodium must be within the range required to satisfy the condition 

d Na2B407 be present, i.e. (Na+K)/(l/jE3+2S) greater than about 1 .Q. 
that the f13E303 vapor concentration is expected ta increase 

o x ~ ~ a ~ ~ l ~  as the 3/2 power of the water vapor concentration at a fixed temperature. 

~ ~ ~ ~ e ~ a ~ ~ ~  regime, ove 495 Of", when N&U2 and NazB4Q7 are the stable solid species, 
to ~ e ~ ~ o n  1. The cumulative effects of changes in temperature and changes 

in water vapor ~ o ~ ~ ~ n ~ ~ ~ o ~  might make it worthwhile to consider controlling the water 

s m e  ~ e p ~ ~ ~ e ~  af H~BOJ on water vapor concentration is expected in the higher 
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flow rate to the caustic spray tower in order to maintain the electrostatic precipitator 
et t ~ ~ p e r ~ ~ r e  in the vicinity of 490 OF. 

As far a one can telt, by c ~ ~ ~ ~ i s ~ n  of Figures 1-4 with Figures 5-8, 
~~spective~y, there is no ~ e l ~ t ~ o n ~ ~ i ~  hetween &e flow rates of boron and sodiam leaving 
the e l ~ ~ o s t ~ ~ c  ~ r ~ c i p i ~ ~ t Q ~ .  This is consistent with the pasage of boron oboric 
acid vapor and sodium as solid particles of so odium 
c ~ b o n a t ~ .  The a ~ p ~ ~ ~ c e  of sodium in the spectra at low frequ 
c Q ~ c ~ ~ t r ~ t i ~ n  (low c o ~ c e ~ ~ ~ ~ ~ Q n  of large particles or a ~ g l o ~ e r a t e s ~  su 
p r ~ n c i ~ ~  m ~ c ~ a ~ i s r n  for sodium penetration through the p r ~ i p i ~ a t ~ r  is r e e ~ ~ ~ ~ ~  

ng the upper limit an the sodium flow rate leaving the ~ r ~ c i ~ ~ t a t ~ r  as O.UOh 1 IbA, 
ate of 1 15 Iblh of dust entering the precipitator, and the sodium oxide analysis of the 

dust ~ A p ~ e ~ d i x  F), indicates a collection efficiency for sodium greater than 9 9 . ~ ~ ~ ~ .  
S~~~~~ and boron are expected to occur together in the most a ~ ~ n ~ a n ~  ~ ~ ~ p o ~ ~ n ~  of the 
dust under the c ~ ~ d i t ~ o ~ ~  i n v e s ~ ~ ~ e d *  ids Na2B407. Therefore, we expect the collection 
e f ~ c ~ ~ ~ ~ ~  for ~ ~ c u ~ ~ t ~  boron to be nearly the s m e  as that for particulate sodium. This 
o b s e ~ a ~ ~ n  provides ~ d d i ~ i o n ~  support for the view &rat most of the boron leaving the 
p~~cipitator is in the form of v 

Accarding to the e ~ ~ i ~ ~ ~ u r n  calculations, the dust undergoes a maxked change in 
c o m ~ o ~ i ~ o ~  over the ~ e ~ ~ e r a ~ u ~  interval from 485 to 495 O F ,  when the form of excess 
sodium changes from sodium carbonate to sodium metaborate, as shown 
is possible that a cbmge in particle size distribution, dust cake resi 
p r o ~ e ~ y  influencing collection e%ciency accompanies this change in c ~ ~ ~ ~ s i t i ~ ~ .  
There is a hint of such an effect in the large standard deviations of the sodium 
~ ~ ~ u r ~ ~ e ~ t s  near the ~ r e c i ~ ~ t ~ t o r  outlet temperature of 485 O F  in Figure 6,  but the 
c ~ l ~ e c ~ o ~  efficiency for sodium was still qnite high under this condition. 

An e€fect ~ e ~ ~ ~ i ~ ~  to be explained is the marked change in boron flow rate at 
I400 hours on August 5 Figure 1) and the resulting s e p ~ a t i o ~  of the data into two non- 
overla~F~ng groups (Fipres 2 and 3b). According to the results of the ~ ~ ~ ~ l ~ ~ ~ u ~  
calcufa~ons, large changes in H3B03 vapor co~centrat~on are only possible when tine 
dkdi to b o ~ o ~ - ~ l ~ ~ - ~ ~ l f ~ ~ ~  ~ ~ a ~ K ~ / ~ ~ ~ ~ 2 S ) ,  is less than about 0.98 (Figures 13 and 141, 
but the r n e ~ s u ~ e m e n ~  in Figures 3 and 16 indicate that sodium was present in excess, 
bwause c ~ ~ ~ g ~ n g  the sodium feed rate had little effect. There is, at least at present, no 
satisfactory g x ~ ~ ~ a ~ o n  for the separation of the data into the two distinct groups. The 
 in^ to be taken from. this is that, bough the ~ e ~ u r ~ ~ e ~ ~ s  and e q ~ ~ ~ i b r ~ ~ r n  
calculations have provided some usefa1 insight into the behavior of the 
boronlsodiunnlpotassi~~ulfur system, we stii1 have more to learn about V ~ l a t i l ~ ~ ~ t i Q n  in 
~ ~ r ~ s ~ l ~ c ~ t e  glass melting, the exhaust t ~ a ~ ~ ~ t  system, and the technique of laser- 
induced b r ~ a k d Q w ~  spectroscopy. 
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oron and sodium c o ~ ~ e n ~ t i ~ ~ s  in the flue gas from a borosilicate glass melting 
measured bur st re^ from the flue gas ~ e a ~ e ~ t  system. The treatment 

system consisted of water addition for control of ~ e ~ p ~ r ~ ~ ,  a caustic soda spay tower 
to promote conversion of boric acid vapor to solid sodium borates, and an e ~ ~ ~ o ~ t a t i c  
~ r ~ ~ ~ ~ t a t o r  for ~ ~ c u l ~ t e  removal. The objective of the work was to determine the 
~ ~ ~ e ~ ~ e ~ ~ e  of boron and sodium penetration through the precipitator on the 
~ o ~ ~ ~ ~ t r a ~ i o ~  and flow rate of caustic soda to the spray tower and the pressure of its 

zing ah. The ~ e ~ s ~ r e ~ e ~ t  technique was laser-induced b ~ ~ ~ o w ~  spectroscopy 
&BS), whose ~ ~ n c i ~ ~  advantage aver other t ~ h ~ i ~ ~ ~ s  in this a p ~ ~ c a t i ~ ~  is rapid time 

rapid ~ ~ o ~ ~ d  of results, It was possible for the team p e ~ o ~ i ~ g  the 
see ~ ~ e ~ a t e ~ y  the effects of changes in the test conditions an the boron 

~ ~ ~ c e ~ ~ ~ t i o ~ .  Mass flow rates of boron and sodium were calculated by taking the 
product of the ~ ~ ~ c e n t r a ~ o n $  determined using LlBS and ~ ~ ~ r ~ ~ e n ~  of the flue gas 
BQW rate. 

~ t ~ ~ ~ ~ ~ ~ o n  of the results was facilitated by comparison with p r ~ ~ c ~ ~ ~ s  of the 
ition of the system at ~ u i ~ i ~ r i u ~  using the NASA Ghemicd 

~ p p ~ ~ ~ a ~ o ~ s  (CEA) Code. The most important of the stable 
the ~ ~ ~ d i ~ ~ n s  of ternperamre, pressure, and elemental c o ~ p o s i ~ o ~  of 

ere predicted to be potassium 
rate, Na2B4Q7r sodium metaborate, 

&urn carbonate, Na$333. All are solids except orthoboric acid, 
ent as vapor and passes through the precipitator. The results of the 
s u m & d  as follows: At ~ ~ ~ ~ i b ~ ~ ~  under the c o ~ d ~ t ~ o n ~  
completely converted to potassium and sodium sulfates. The 
ts first with boron to form sodium tetraborate. Below about 485 

ss of &e maximum amount that will react with boron €arms 
sodium carbonate. Above about 495 OF, the excess sodium reacts with sodium teeaborate 
to f o m  sodium ~ ~ t ~ b o r a ~ ~ .  Regardless of how much excess sodium is provided, 
~ o n v ~ ~ ~ ~ ~  of o ~ ~ ~ b o ~ c  acid vapor to solid sodium borates is not complete. 

~ ~ ~ ~ i ~ i ~ g  the infurmati an provided by the equilibrium ~ ~ ~ u ~ a ~ ~ n s  with the 
actual mole ~ ~ ~ i ~ ~ s  of the elements in the dust catch suggested &at ig useful parameter 

e state of the system with respect to conversion of orthoboric 
e is the molar ratio, prwipitator. The 
was based on the ob i b ~ ~ ~  calculations 

that the most stable ~ o ~ ~ o u n d s  of R, Na, S, and B over the range a€ c ~ ~ ~ ~ ~ ~ i o ~ s  
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