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ABSTRACT 

The con t ro l  problems associated w i t h  the  continuous evaporator 
f o r  the waste c a l c i n a t i o n  P i l o t  Plant  are  reviewed. Data given f o r  
the con t ro l  system were developed exper imental ly  and s i m p l i f i e d  
expressions for  necessary p ropor t i ona l  ac t ions  and c h a r a c t e r i s t i c  
response times are  presented f o r  comparison. 
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The specifications on an evaporator for service in the pot cal- 
cination process include the following: 

1 .  The decontamination factor from liquid to vapor should be very 
high. The decontamination factor for this evaporator is the 
decontamination factor for the entire process. 

2. It should provide a high concentration feed for the pot as the 
pot demands it. The pot demand will vary from several liters a 
minute to a few liters per hour. 

3. It must be able to operate while receiving condensate from the 
pot at varying rates and varying acid concentrations. 

4.  It must maintain the free acid concentration within the eva orator 
to some specified value (about 5 tl) by the addition of wate ! . 

The streams then that are not subject to control include the product 
withdrawal rate and the pot condensate return. The streams that must be 
controlled include the feed addition rate, the water addition rate, i ~ n d  
the steam to the steam chest. 

The system variables which may be observed include: 

1 .  The liquid level. 

2. The density. 

3 The liquid temperature. 

4 .  The vapor temperature. 

5. The electrical conductivity of the evaporator condensate. 

Subsidiary variables which should be observed include the pressure 
in the steam chest and the pressure in the evaporator. It is theoretically 
possible to measure the feed rate, the water addition rate, and, probably 
by heat balance, the rate of pot condensate return and the product with- 
drawal rate; but due to the inherent erratic nature of these streams and 
the undesirable physical properties of several of them, this is not thought 
practical. 

RECOMMENDED METHOD OF CONTROL 

After attempting to operate with several modes of control the system 
found most satisfactory was: 

1 .  Control liquid level by feed addition rate. 

2. Control evaporator condensate electrical conductivity by water 
addition rate. 





3. Control b o i l u p  r a t e  by dens i ty  measurement. 

This con t ro l  scheme i s  depicted i n  F ig .  1 .  

l NTERDEPENDENCE OF VAR l ABLES 

I t  i s  impossible i n  t h i s  system t o  c lean ly  separate the e f f e c t s  o f  
the cont ro l  loops from each o ther .  One o f  the most serious cross e f fec ts  
i s  the  dens i t y -so l i ds  concen t ra t i on -n i t r i c  a c i d  concentrat ion e f f e c t .  
Figure 2 shows t h a t  f o r  the Purex system the dens i ty  i s  a funct ion  of  both 
the so l i ds  concentrat ion and n i t r i c  a c i d  concentrat ion.  S im i la r l y ,  the 
v o l a t i l i t y  o f  n i t r i c  a c i d  i s  increased by h igh concentrat ions o f  s o l i d s ,  
The system works because the dens i ty  i s  increased more by increasing the 
so l i ds  concentrat ion than by increasing the ac id  concentrat ion and the 
composition o f  the vapor i s  dependent upon t o t a l  n i t r a t e  concentrat ion,  
An operat ional  upset o f  e i t h e r  va r iab le  produces a t rans ien t  i n  the o the r .  

An e f f e c t  o f  some s ign i f i cance  which was observed i s  the dependence 
o f  vapor composition upon b o i l u p  r a t e .  In  a thermosiphon evaporator 
appreciable evaporat ion can take p lace between the time tha t  the l i q u i d  
enters the tube bundle and i t  i s  discharged i n t o  the disengaging space. 
The vapor then i s  not  i n  e q u i l i b r i u m  w i t h  the b u l k  of  the l i q u i d  but  i n  
e q u i l i b r i u m  w i t h  the l i q u i d  leaving the tube bundle. A t  h igh  b o i l u p  ra tes  
where the f r a c t i o n  o f  the  l i q u i d  evaporated i s  h igh  the concentrat ion o f  
the vapor can be s i g n i f i c a n t l y  above the bu lk  e q u i l i b r i u m  concentrat ion.  
Since t h i s  i s  most important dur ing  a t rans ien t ,  i t  i s  des i rab le  t o  
stab1 ize  bo i l up  r a t e .  

The l i q u i d  l eve l  i s  a l so  dependent upon bo i l up  r a t e  since the e f f e c t -  
i ve  l i q u i d  leve l  observed includes vapor bubbles, and the observed leve l  
i s  increased by increasing b o i l u p  rate.  In an attempt t o  con t ro l  l i q u i d  
l eve l  by b o i l u p  ra te ,  t h i s  e f f e c t  coupled w i t h  the  e f f e c t  o f  adding c o l d  
feed t o  the system set  up a wide o s c i l l a t i o n .  

D i f f i c u l t y  was a l so  encountered i n  attempts t o  use vapor temperature 
as an index t o  vapor composition. Because the s o l u t i o n  i s  h i g h l y  sal ted,  
the vapor leav ing the b o i l i n g  l i q u i d  i s  superheated. As i t  passes through 
the disengager and i n t o  the vapor l i nes ,  some o f  the  superheat i s  l o s t  
and eventua l ly  some o f  the vapor tends t o  condensate. Since the vapor i s  
a b ina ry  system, p a r t i a l  condensation r e s u l t s  i n  a lowering o f  the temper- 
ature.  Were i t  poss ib le  t o  cool the vapor t o  i t s  dew p o i n t  p rec ise ly ,  
t h i s  could be an exce l len t  method for  determining vapor composition. How- 
ever, due t o  the wide v a r i a t i o n  i n  b o i l u p  ra tes  and the smooth v a r i a t i o n  
of  temperature from superheated vapor t o  p a r t i a l l y  condensed vapor, i t  
was found impract ica l  t o  do t h i s .  An important system va r iab le  i s  the 
evaporator pressure. Adequate con t ro l  o f  t h i s  var iab le  was achieved on ly  
a f t e r  considerable development. The important aspect appears t o  be pro-  
v i s i o n  f o r  adequate off-gas capaci ty  and t h r o t t l i n g  con t ro l  t o  mainta in 
the desired pressure. In  our system the pressure-sensing element was i n  
the evaporator i t s e l f .  Pressure f l u c t u a t i o n s  can again in f luence vapor 
temperature and aggravate attempts t o  use i t  f o r  c o n t r o l .  
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Fig. 1. Calciner Evaporator Control System. 
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Boiling Point vs Density as Function of Acid and Metal Salts 
at Atmospheric Pressure for Purex Waste. 

Fig. 2. 



In  Un i t  Operations experimental work i t  was found des i rab le  t o  use 
a cascade system for  the steam chest pressure, The dens i ty  s igna l  was 
sent t o  a c o n t r o l l e r  which sets the setpo in t  on the steam chest pressure 
con t ro l l e r  which ac t iva ted the steam valve. While t h i s  arrangement 
operated s a t i s f a c t o r i l y ,  i t s  necessi ty  probably arose from inadequate 
steam supply. The s t a t i c  header pressure was 100 ps ig  but  the steam 
chest pressure r a r e l y  exceeded 30 ps ig .  Where header l i nes  are adequately 
sized, a cascaded pressure con t ro l  system should not  be needed. 

CONTROL SETTINGS USED 

The evaporator used fo r  study had 22 sq f t  of heat t rans fe r  area 
and a holdup of 22 l i t e r s  a t  l i q u i d  leve l  se tpo in t .  The l i q u i d  l eve l  was 
measured i n  a 10-in.-dia sect ion which comprised the base o f  the d i s -  
engaging sect ion.  The 1 i qu i d  leve l  s ignal  ranged from 0 t o  10@ as the 
evaporator was f i l l e d  from 10 t o  30 l i t e r s .  The dens i t y  s igna l  was ob- 
ta ined from a f l o a t  type c e l l  w i t h  a d i f f e r e n t i a l  transformer output tha t  
ranged from 0 t o  1 0 6  as the dens i ty  ranged from 1 t o  2 g/cc. Vapor com- 
pos i t i on  was obtained from the e l e c t r i c a l  conduc t i v i t y  of the evaporator 
condensate, The e l ec t r on i c  system used put  ou t  a 0 t o  10@ s igna l  as the 
acid normal i ty  increased from 1.0 t o  3.0 normal. The previous method f o r  
measuring vapor composition depended upon a temperature measurement which 
y ie lded a 0 t o  1 0 8  s ignal  as the vapor temperature increased from 100 t o  
125 OC. This was equivalent  t o  a vapor-acid normal i ty  from 0 t o  16 nor-  
mal. A l l  o f  these s ignals except the vapor temperature vs concentrat ion 
were essen t i a l l y  l i near .  

The con t ro l  valves used f o r  the evaporator feed and water had maximum 
capac i t ies  o f  4 and 10 1 i ters/min, respect ive ly ,  and had square funct ion 
charac te r i s t i cs .  The evaporator bo i lup  r a t e  ranged t o  a maximum o f  about 
6 1 i ters/min and was roughly propor t iona l  t o  the square root  of the steam 
pressure i n  ps ig .  The ca lc ine r  feed ra te  had a maximum value o f  about 2 
1 i ters/min and the  ca lc ine r  condensate re tu rn  was usua l ly  less than 1 
l i t e r /m in .  The cont ro l  se t t i ngs  found most des i rab le  are g iven i n  Table 
1 .  The conduc t i v i t y  measurements i n  the evaporator condensate were used 
f o r  on ly  the l a s t  two runs. A l l  other se t t i ngs  i n  the t ab l e  are the 
r e s u l t  o f  numerous tes ts .  The vapor temperature con t ro l  was found work- 
able but  troublesome. 

At  the onset o f  the experimental program w i t h  a continuous evaporator 
the d i f f e r e n t i a l  equation thought t o  describe the con t ro l  system were 
solved on an Analog computer. Subsequent experience w i t h  the experimental 
un i t revealed, however, tha t  inherent non 1 inear i t ies and cross dependence 
o f  var iables made the computer so l u t i on  o f  l i t t l e  value. Further attempts 
a t  system analys is  are planned. For the purpose of t h i s  memo i t  should 
be s u f f i c i e n t  merely t o  look as the magnitude o f  normalized con t ro l  func- 
t i ons  f o r  a l i n e a r  s imp l i f i ca t i on  and cha rac te r i s t i c  times. 
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PROPORT l ONAL ACT l ON 

Neglect ing reset  ac t ion  fo r  the moment, the con t ro l  equations are 
o f  the form 

where U, y, and r are the input  con t ro l  s igna ls  ranging from 0 t o  1 f o r  
the l i q u i d  leve l ,  the vapor a c i d i t y ,  and the density, respect ive ly ;  and 
f, w, and s are the output  c o n t r o l  s ignals,  ranging from 0 t o  1 f o r  the  
evaporator feed valve, the water a d d i t i o n  valve, and the pressure s e t t i n g .  
G i s  the propor t iona l  ac t ion  ( lOO/proportional band). 

Define: 

F = evaporator feed r a t e  ( I i ter/min) 

V = evaporator l iqu id  volume ( l i te r )  

W = water r a t e  ( 1 i ter /min)  

Y = b o i l u p  r a t e  ( 1 i ter /min)  

C = c a l c i n e r  condensate r e t u r n  r a t e  ( l i ter /min)  

P = product withdrawal r a t e  ( 1 i ter/min) 

P = dens i ty  (g/cc) 

a = a c i d  concentrat ion (N 
From instrument c h a r a c t e r i s t i c s  

U = - lo , v = 20U + I0 
20 

a - l  
Y " -  2 , a = 2 Y + 1  

From valve and con t ro l  c h a r a c t e r i s t i c s  



Combining the above equation t o  e l iminate  the cont ro l  s ignals 

Using the top o f  the normal range f o r  the f low variables, and pu t t i ng  
i n  the proport ional  ac t ion set t ings,  

- =  dW 2.25 ( 1 i ter/min/un i t norma 1 i ty) 
da ( 14) 

These set t ings are cha rac te r i s t i c  o f  the p a r t i c u l a r  evaporator used, 
w i t h  i t s  r a t i o  o f  capacity t o  holdup, and were sa t i s f ac to r y  not  on ly  f o r  
the top o f  the normal range, but  a lso f o r  t rans ients  which exceeded t h i s  
by a reasonable amount and f o r  the low demand associated w i t h  the end o f  
the runs. They could be appl ied d i r e c t l y  t o  any s im i l a r  evaporator i n  
t h i s  serv ice and should be a good guide t o  cont ro l  o f  an evaporator w i t h  
s l i g h t l y  d i f f e r e n t  r a t i o s  o f  capacity t o  holdup. Some adjustment would 
probably be desirable. 

SYSTEM CHARACTER l ST l CS 

As has been pointed out, the system var iables are h i gh l y  interdepend- 
ent and analysis i s  not  simple. It i s  i l l umina t ing ,  however, t o  consider 
the much s imp l i f i ed  equations tha t  r e s u l t  from considering separately the 
cont ro l  loops f o r  the three in te res t ing  variables. From these, character- 
i s t i c  times can be calculated. 

A mass balance around the evaporator gives the equation 

where C = ca lc iner  condensate re turn .  



If i t  i s  assumed that  the volumes are add i t i ve  

The ac id  balance gives 

If, f o r  con t ro l  of the l i q u i d  level ,  a l l  streams remain constant 
except the feed, eq, ( 17), by d i f f e ren t i a t i on ,  becomes 

Using r e l a t i o n  ( 13) , 

This has the general so lu t ion  

where T i s  the cha rac te r i s i t c  time, and i s  

I 
T = - -  

0 -572 
- 1.75 min 

In t r ea t i ng  the densi ty cont ro l ,  assume tha t  the l i q u i d  leve l  i s  
maintained dur ing increased bo i lup by the appropriate add i t i on  o f  feed 
(dY = dF, dV/dt = 0). Equation (16) becomes 

Using r e l a t i o n  ( 15) 

For t yp ica l  values, V = 22 l i t e r s ,  ( p f  - p) = 0.2, the cha rac te r i s t i c  
time a t  zero product withdrawal i s  13.6 min, and w i t h  a h igh product r a te  
o f  1.2 1 i ters/min, the cha rac te r i s t i c  time i s  7.8 min. 

The treatment of the ac id  cont ro l  requires an equ i l i b r ium re l a t i on .  
In the operat ing range of the evaporator, the vapor concentrat ion ( a  ) i s  
re la ted  t o  the t o t a l  n i t r a t e  i n  the l i q u i d  (a,) approximately by daeY= 
3day. I f  i t  i s  again assumed tha t  the l i q u i d  leve l  i s  maintained by 



proper l y  a d j u s t i n g  the feed r a t e  as wkter i s  added t o  ad jus t  the  acid, 
dF = - dW. D i f f e r e n t i a t i n g  equation (18) and making the ind ica ted sub- 
s t i t u t i o n s  gives: 

Using af = 6 N, Y = 3 l i t e rs /m in ,  P = 1.2 l i t e rs /m in ,  and V = 22 l i t e r s ,  
the c h a r a c t e r i s t i c  t ime i s  3.3 mln. Again, the c h a r a c t e r i s t i c  t ime in -  
creases as P and Y decrease. 

These c h a r a c t e r i s t i c  t imes are s i g n i f i c a n t  i n  two aspects: they 
g ive  a bas is  f o r  the  reset  ra tes  on the  c o n t r o l l e r s ,  and they g i v e  c r i -  
t e r i a  f o r  t he  to le rance i n  dead times and l a g  times i n  instrument response 
(which should be an order  o f  magnitude less  than the  c h a r a c t e r i s i t c  t imes).  
The reset  t imes given f o r  a l l  th ree c o n t r o l l e r s  were 10 min. The char- 
a c t e r i s t i c  t ime f o r  the  dens i t y  con t ro l  had a hidden reset  t ime i n  the 
cascade c o n t r o l  o f  pressure which increased the  e f f e c t i v e  reset  t ime t o  
about 16 min. Th is  i s  probably f a s t  but was necessary i n  order  t o  accomo- 
date changes i n  load imposed by the o ther  var iab les .  

It i s  t o  be emphasized t h a t  the  gross s i m p l i f i c a t i o n  o f  t h i s  ana lys i s  
destroys i t s  u t i l i t y  f o r  d i r e c t  a p p l i c a t i o n  t o  the  system, and i t s  purpose 
was on ly  t o  form a r a t i o n a l  bas is  f o r  p resent ing  exper imenta l ly  der ived 
numbers i n  a form tha t ,  a t  l eas t  i n  par t ,  separates them from the pecu l i a r -  
i t i e s  o f  the  p a r t i c u l a r  instruments used. 

The p o s s i b i l i t y  o f  us ing d e r i v a t i v e  c o n t r o l  on some o f  t he  c o n t r o l l e r s  
was considered and found t o  be unnecessary. 

BATCH EVAPORAT l ON 

I n  the  U n i t  Operations s tud ies  the c o n t r o l  system f o r  the batch 
evaporator which was used, and the one which i s  recommended cons is t s  o f  
us ing the  dens i ty  s igna l  t o  c o n t r o l  the  b o i l u p  r a t e  and the  a c i d  concen- 
t r a t i o n  o f  t he  vapor t o  con t ro l  t he  water a d d i t i o n  ra te .  Since an e n t i r e  
batch was added t o  the  evaporator a t  the  s t a r t  o f  the run, i t  was no t  
necessary t o  c o n t r o l  the l i q u i d  l eve l .  The batch was i n i t i a l l y  concen- 
t r a t e d  t o  the  desi red densi ty ,  and as the  condensate from the  c a l c i n e r  
po t  being run a t  the  same t ime was introduced t o  the  evaporator, water 
adequate t o  e f f e c t  proper d i l u t i o n  was au tomat i ca l l y  added and the  b o i l u p  
r a t e  au tomat i ca l l y  increased. The s e t t i n g s  fo r  p ropor t i ona l  band and 
reset  r a t e  were the same as used i n  the  continuous runs. Because o f  the 
la rge capacitance o f  the  system and the  fewer number o f  var iab les ,  t h i s  
i s  a much simpler system t o  c o n t r o l  and e labora t i on  i s  n o t  f e l t  warranted. 



GENERAL COMMENTS 

The c o n t r o l  system presented here was selected a f t e r  cons ider ing  a l l  
of  the  a t t r a c t i v e  a l t e r n a t i v e s .  Some a l t e r n a t i v e s  were d iscarded because 
they involved the  measurement o f  f low ra tes  o f  d i f f i c u l t  t o  handle streams. 
The a l t e r n a t i v e  which received the  most a t t e n t i o n  used the  b o i l u p  r a t e  
t o  c o n t r o l  t he  l i q u i d  leve l ,  and the  feed a d d i t i o n  r a t e  t o  c o n t r o l  t he  
densi ty .  The small dens i ty  d i f fe rence between the  evaporator product  and 
the  feed along w i t h  the  cross e f f e c t  o f  b o i l u p  r a t e  on apparent l i q u i d  
leve l  gave i n s t a b i l i t i e s  which could n o t  be overcome. 

S i m i l a r l y ,  the  inst rumentat ion used i n  t h i s  c o n t r o l  system evolved 
through much t r i a l  and e r ro r ,  and i s  thought t o  be adaptable d i r e c t l y  t o  
the  hot  p i l o t  p l a n t .  In most cases the  p r e c i s i o n  o f  the instruments, 
which i s  the  necessary fea tu re  f o r  s tab le  con t ro l ,  was good. The accuracy 
o f  t he  instruments was acceptable, and, w i t h  the  normal course o f  sampling 
and general observat ion o f  t he  process, should g i v e  no t roub le .  The e s t i -  
mated p rec i s ions  and accuracy a re  g iven below. 

Precis ion Accuracy 

Evaporator dens i t y  measured by 
a i r  bubblers i n  an ex terna l  chamber lk 39 

Evaporator dens i t y  by a f l o a t  device 8 5k 

Evaporator l i q u i d  l eve l  by a i r  bubbler Ik 4% 

Evaporator pressure 18 38 

Vapor ac id  concentrat ion by e l e c t r i c a l  
conduc t i v i t y  8 5k 

Vapor a c i d  concentrat ion by vapor 
temperature 

L i q u i d  l eve l  i n  the ca l c ine r  po t  by 
temperature probe Ik lo$ 

These numbers are  representa t ive  o f  t he  system i n  serv ice,  no t  
emaculate, bu t  no t  badly fouled. 

An i n t e r e s t i n g  note  on dens i t y  con t ro l  i s  t h a t  a I$ change i n  dens i t y  
represents about a 4$ change i n  so l  ids  concentrat  ion  under opera t ing  con- 
d i t i o n s .  A1 though the  f l o a t  type dens i t y  instrument ( t h e  "Mackey c e l  I") 
s i t ua ted  on a recyc le  l i n e  was used f o r  most o f  the  work, i t  i s  thought 
t h a t  an ex terna l  chamber w i t h  an a i r  bubbler  would be pre ferab le  f o r  re -  
l i a b i l i t y  and probably f o r  p rec i s ion .  The chamber used had a volume o f  
about one l i t e r .  These instruments were used i n  the  pump loop which re-  
c i r c u l a t e d  the  evaporator s o l u t i o n  t o  the  c a l c i n e r  feed valve. 



When us ing  the e l e c t r i c a l  c o n d u c t i v i t y  o f  the evaporator condensate 
f o r  con t ro l ,  p a r t i c u l a r l y  i f  the  whole vapor stream i s  no t  condensed, 
care should be taken t o  avoid excessive lag  t imes which might be i n t r o -  
duced by the  t ranspor t  o f  the  stream t o  the  instrument.  It i s  a l s o  neces- 
sary t o  avoid a f r a c t i o n a t i o n  due t o  p a r t i a l  condensation and t o  make 
some p r o v i s i o n  f o r  adequate drainage and removal o f  noncondensables. 
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