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ABSTRACT 

F-vaporator decontamination factors were studied as functions of 
boil o f f rate, volume reduction, and feed pH. A bench-scale vert ical 
tube evaporator operating on simulated intermediate level nuclear 
wastes was used. Decontamination factors were not found to be strong 
functions of volume reduction or boi l o f f below vapor velocit ies of 
25 l b / f t 2 - h r . At higher vapor f luxes, splashing was encountered. 
Foaming occurred at a feed pH of 6 but not at higher values. The 
presence of radioisotopes in the feed had no ef fect on evaporator 
performance. 
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1 . SUMMARY 

The performance of a nuclear waste evaporator was characterized as a 
function of bo i l o f f ra te , feed pH, and the extent of volume reduction. 
The e f fec t of radioisotopes in the feed and the e f fec t of physical prop-
er t ies of the evaporator thick l iquor on performance were also evaluated. 

Entrainment of small l i qu id droplets by the r is ing vapor, d i rect 
splashover of large l i qu id parcels into the condenser, and foaming l i m i t 
evaporator decontamination performance. Physical and chemical properties 
of the feed, evaporator geometry, and the degree of turbulence in the 
bo i ler are known to a f fec t these phenomena. 

A bench-scale, semi-batch evaporator system simi lar to the fu l l - sca le 
models, used at nuclear f a c i l i t i e s was employed. The feed used was typical 
of intermediate level nuclear wastes containing Na+, NH4+, C a + 2 , Sr+2, 
Cs+ ' , N O 3 - , and SO4-2 ions. Ten runs of approximately 12-hr duration were 
made in which each parameter studied was varied independently. 

Results show that bo i l o f f rate has l i t t l e e f fec t on decontamination 
performance in the range of 4 to 25 I b / f t ^ - h r . Higher boi l up rates pro-
duced splashover. This behavior is not in agreement with the correlat ion 
given in Perry's Handbook (18). Sodium decontamination factors (concen-
t ra t ion of impurit ies in feed/average concentration of impurit ies in con-
densate) at various boi l o f f rates compare favorably with data from the 
Cessna and Badger (2) study using sodium chloride feed. Overall decontami-
nation factors (DFsJ were somewhat lower (VlO3 versus 104 fo r Na+) probably 
due to the presence of unstable compounds, e .g . , NH3OH, and par t icu lates, 
e . g . , CaC03, i n the th ick l iquor . 

Increasing the volume reduction factors (volume of feed processed over 
volume of thick l iquor) up to s ix ty had no adverse ef fects on decontami-
nation. Typical average system decontamination factors were on the order 
of 103. Entrainment apparently decreases as the volume reduction factor 
(VRF) increases, since i f i t did not, the greater concentration of impurit ies 
in entrained droplets at high VRFs would lower the decontamination factor . 

The e f fec t of pH was studied by adjusting i t s value of 11 i n the or ig -
inal feed with n i t r i c acid. A feed pH of s ix produced severe foaming while 
pHs of 8 and 11 did not. Sudden changes in the th ick l iquor pH and surface 
tension corresponded to the onset of foaming. An abrupt change in part icu-
late loading in the l iquor may have caused these e f fec ts . The presence of 
radioisotopes 137cs and 8 5Sr had no e f fec t on decontamination performance. 

Dif ferent decontamination factors were obtained for d i f fe ren t chemical 
species during the same run. Calcium DFs were s ign i f i can t l y lower (1-2 
orders of magnitude) than sodium DFs. However, strontium DFs were more 
comparable to sodium which suggests that the entrainment mechanism is com-
ponent dependent. 
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The rat io of volume of l iquor to volume of vapor in the evaporator 
was found to be a c r i t i c a l parameter in evaluating evaporator performance. 
Further study of this variable is recommended. More intense study of the 
chemistry of the typical waste and the inuchanism of entrainment is also 
recommended. Physical de-entrainment devices should also be evaluated. 

2. INTRODUCTION 

With the exponential growth in demand for e lec t r i c i t y and increasingly 
stringent a i r pol lut ion control leg is lat ion, nuclear power looks at t ract ive 
for the future. Disposal of l i qu id radioactive wastes must be accomplished 
safely and e f f i c i en t l y before nuclear power can be f u l l y u t i l i zed to meet 
future energy demands. Evaporation is ons step in concentrating radioactive 
waste and reclaiming a large percentage of the water for recycling. 

The effects of bo i l o f f rate and feed pH were studied to optimize con-
dit ions for evaporating typical nuclear ins ta l la t ion wastes. The extent of 
volume reduction which is permissible was also examined. To accomplish 
these objectives, a simulated waste was evaporated at various vapor f luxes, 
feed pHs, and to various volume reduction factors. 

The performance of an evaporator is characterized by a decontamination 
factor. Four DFs have been used to describe semi-batch operation: 

1. Instantaneous equipment DF, 

_ thick l iquor concentration at any time 
ei ~ condensate concentration at that time 

2. Instantaneous system DF, 

(DF)sj = feed concentration at any time 
condensate concentration at that time 

3. Average equipment DF, 

(DF) - average thick l iquor concentration 
^ 'e ~ average condensate concentration 

4. Average system DF, 

,-gjfv _ average feed concentration 
* 's ~ average condensate concentration 
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The volume reduction factor is defined as: 

a volume of feed processed 
volume of thick liquor 

(UF)e is related to (DT)S as follows: 

i W } e = + VRF) 

The OF of greatest interest to the nuclear industry is the average 
system DF because i t gives the most precise measurement of actual conden-
sate qual i ty . 

Three phenomena are known to cause undesirably low decontamination 
factors. The f i r s t i s the entrainment of small l i qu id droplets by the 
r is ing vapor. Small droplets form in a boi l ing l iqu id in two ways: (1) 
as a vapor bubble reaches the surface, the skin of l i qu id on top breaks 
scattering droplets whose diameters are on the order of 60 i» (8) and (2) 
the rarefaction caused by the passing of the bubble causes mucit larger 
droplets to be je t ted into the vapor space. The size and rate of ascent 
of vapor bubbles in the l iqu id largely determine droplet sizes. The 
larger droplets produced in the bubbles' wake are a major source of en-
trainment unless they f a l l back into the l iqu id . Whether a droplet fa l l s 
back into the l iqu id is determined by whether the terminal f a l l i ng velocity 
is greater than or less than the vapor velocity. At Reynolds numbers <0.3 
the terminal , fa l l ing velocity of a droplet may be calculated from Stokes 
taw; uf » gOp(pp - P)/18U. At a vapor mass velocity of 20 I b / h r - f t * the 
smallest droplet which would f a l l bacit into l iqu id waier is 280 u in 
diameter. 

For a given evaporator* bo i l o f f rate affects the size and rate of 
ascent of vapor bubbles and hence droplet size. This e f fec t i s complicated 
and poorly understood. At high boilup rates entrainment increases with 
increasing mass velocity since droplet size apparently changes wore slowly 
than mass veloci ty. The empirical correlation depicted in Fi£. 1 shows 
this e f fec t . The curve plotted is the best average of data in which there 
is considerable spread. 

In contrast, at very low boilup rates (G/ZpgU* - pg) < 10) entrainment 
increases with decreasing boilup rate, since very gentle bo i l ing allows the 
vapor bubbles more time to collapse and hence produce smaller droplets (28). 
Therefore, an optimal vapor mass velocity for minimum entrainment should 
exist between these two regimes of behavior. 

Another phenomenon affect ing evaporator performance is splashoyer, 
When bo i l ing becomes very turbulent, large parcels of l i qu id can splash over 
into the condenser. This occurs at very high boilup rates and is usually 
combated with impingement baffles covering the condenser i n l e t , or by using 
a large vapor space. 
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The th i rd phenomenon affecting DFs is foaming. Foaming is a coarse 
dispersion of a gas in a l iqu id , most of the volume being gas with thin 
fi lms of l iqu id separating the gas bubbles. Foaming lowers evaporator 
DFs by raising the effect ive l iqu id level and can be caused by surface 
tension depressing agents or f inely suspended part ic les. 

Several factors affect the s tab i l i t y and persistence of foams. High 
dynamic surface tension and viscosity make bubbles less apt to burst. For 
a given feed composition, the pH of the boi l ing l iqu id has been found to 
af fect foaming. Figure 2 shows one such correlation for a forced circu-
lat ion evaporator employing a cyclone demister. Foam is very sensitive to 
sudden changes in l iqu id surface tension and hence foam-breaking heating 
coi ls at the l iqu id surface are sometimes ef fect ive. 

3. APPARATUS AND PROCEDURE 

A bench-scale vert ical tube evaporator was used for the experiments. 
The process flow schematic diagram is shown in Fig. 3 while photographs of 
the apparatus are presented in Appendix 8.2. A simulated nuclear f a c i l i t y 
intermediate level waste (see Appendix 8.1) was fed into the evaporator. 
The feed tanks were agitated to keep solids (CaC03, SrC03, CaS04, and SrSO/j) 
in suspension. The feed was transferred to the evaporator bottom by bellows 
pumps, and the l iqu id volume was maintained approximately constant at 200 
ml for most runs. Vapor exi t ing from the dome was condensed in a shell and 
tube heat exchanger and collected in a catch tank. 

For startup an i n i t i a l charge of waste was placed in the feed tanks 
and pumped over into the evaporator to the desired level . Electrical power 
was then applied to the tubes, and the feed rate was matched to the bo i lo f f 
rate to keep the l iqu id level constant. Eleven to twelve l i t e r s of feed 
were evaporated on a typical run, and periodically the three- l i te r conden-
sate tank was emptied. At this time 100 ml of condensate was withdrawn 
from the condenser ef f luent l ine (see Figs. 13 and 14 in Appendix 8.2). 
This sample was considered to be instantaneous. A 10-15 ml concentrate 
sample was also withdrawn. Electr ical conductivity and pH measurements 
were made on a l l samples. Samples were coded and saved for later physical 
property measurements and analysis. 

At the end of a run the condensate tank was drained and power and pumps 
shut down. Evaporator concentrate and residual condensate were drained and 
a mass balance closed on the evaporator. For runs with radioactive feeds, 
a l l samples were counted on a gamma sc in t i l l a t i on counter to determine DFs 
for the radioisotopes. 

Five runs were made at bo i lo f f rates from 4 to 28 l b / f t 2 - h r with a 
volume reduction factor of s ixty achieved on most runs. Another series of 
runs was made at feed pHs of 11, 8, and 6, and a f ina l series compared non-
radioactive feed to feeds containing intermediate levels of 85Sr and l 3 'Cs. 
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4. RESULTS AND DISCUSSION OF RESULTS 

Figures 4 through 10 and Table 1 show the major resu l ts . Variablt-
operating conditions are indicated. A l l decontamination factors are based 
on e lec t r i ca l conductivity measurements as described in Appendix 8.2. 
Additional results are given in Appendix 8.1. 

Table 1. Specif ic Ion System (DF)S 

Boi lo f f Rate 
(1b / f t -hr) 

Na 
(PF)S 

Ca(S) 
(DF)S 

Ca(T) 
(DF)S 

5.32 1.3 x 104 4.08 866.7 

5.42 5.6 x 103 3.77 800.0 

5.48 3.23 x 104 3.27 693.3 

10.17 7.6 x 103 2.72 577.8 

(UF)S = average system decontamination factor 
(S) = supernate 
(T) = to ta l of supernate and so l id 

Figure 4 shows that vapor f lux has l i t t l e e f fec t on evaporator per-
formance un t i l mass ve loc i t ies in excess of 25 l b / f t z - h r are reached. At 
this point the (DFL f a l l s prec ip i tous ly , due to d i rect splashover of 
l i qu id into the condenser. This splashover was v isual ly apparent, as the 
condensate became cloudy when the (DF)S f e l l o f f . The arrangement of 
neating tubes around the condenser i n l e t may have acted as a funnel, in-
creasing the l ikel ihood of splashover. 

Figure 5 shows a comparison of b o i l o f f rate data to that of Cessna and 
Badger taken on a p i l o t plant scale forced c i rcu la t ion evaporator (3, 18). 
Cessna's evaporator was operated in a quasi-continuous mode, and the thick 
l iquor composition remained approximately constant at 10 wt % NaCl. The 
overall system OFs obtained were an order of magnitude lower than Cessna's, 
but available sodium DF data compare favorably (see Table 1). The lower 
overall system DF was probably caused by the presence of unstable compounds 
such as NH4OH and A1(N03)3 and part iculates such as CaC03 and CaS04 in the 
thick l i quor . Also, the forced c i rcu la t ion evaporator employs deflectors 
which decrease entrainment. 

Specif ic ion decontamination factors show that calcium was apparently 
entrained pre ferent ia l l y to sodium at a l l boi l up rates (see Table 1). Based 
on the composition of the feed (Table 2, Appendix 8.1) no calcium complex 
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which is vo lat i le could be found. The only l i ke ly explanation is that 
calcium solids (sulfate and carbonate) formed col loidal sized part ic les, 
became separated from the feed by the turbulence of boi l ing, and were 
carried into the condensate stream as aerosols. The maximum part ic le 
size which would be carried over at boilup rates studied is 220 \i. The 
analytical techniques used could not d i f ferent iate between colloidal and 
ionic calcium. In contrast, OFs obtained by counting 85sr were not as 
low as calcium DFs. 

At bo i lo f f rates below 25 l b / f t ? - h r , volume reduction factors had 
l i t t l e ef fect on evaporator performance, at least up to 60:1. The upper 
l ine on Fig. 6 is representative of most runs. The lower l ine shows a 
sharp discontinuity result ing from splashover and emphasizes the fact that 
one serious splash can ruin a large volume of product. 

One might predict that i f the degree of entrainment remained the same 
throughout a run, DFs would f a l l o f f with an increase in VRF because the 
entrained l iqu id would have a progressively higher concentration. Since 
most results are inconsistent with this prediction (see Figs. 6, 7, and 8) , 
apparently entrainment decreases (possibly due to surface tension changes) 
as VRF increases. High speed photography might c la r i f y th is . 

Figure 7 shows the time history of three runs at a f ixed boilup rate 
of 27 lb / f t2 -h r in which feed pH was varied by adding HNO3. At the original 
feed pH of 11 some splashover was encountered.' The l ine representing this 
run is an average which is representative of what the run should look l i ke 
without the splashover. The l ine for pH = 8 is a good f i t to the data since 
l i t t l e splashover was encountered due to better l iqu id level control. The 
l ine for feed pH = 6 shows an abrupt discontinuity which corresponds to 
excessive foaming. Since no foaming occurred on the other runs plot ted, 
basic feed pHs appear to be optimal. 

The effect of ^ C s and 85Sr 
on evaporator performance is shown in 

Fig. 8. These runs were essential ly identical and produced similar results. 
The l ine for the cold feed has a s l igh t ly d i f ferent slope than the others 
since startup l iqu id level problems developed on that run and hence the 
i n i t i a l DFs were low£ Feeds were adjusted with 85sr and 137cs at concen-
trat ion levels of 10^ counts/min/ml. DFs determined by counting the radio-
act iv i ty in the condensate are included in Table 5 of Appendix 8.1. 

Near the end of the feed pH = 6 run, severe foaming occurred. Surface 
tension and pH histories of the thick l iquor are plotted in Fig. 9. The 
same curves for a non-foaming run are shown in Fig. 10. In Fig. 9 the 
peaks in both curves correspond to a point jus t before foaming began. This 
correlation is believed to result from an abrupt change in part iculate 
loading in the l iquor which would severely lower the surface tension by 
disturbing the symmetry of intermolecular forces at the l iqu id surface. A 
bicarbonate-carbonate s h i f t might have precipitated calcium carbonate, but 
bicarbonates should have shif ted at a lower pH. I t is also possible that 
small amounts of calcium and strontium reached saturation with hydroxide 
and began to precipitate accounting for the re lat ive ly constant pH and the 
sudden dip in surface tension. I t is interesting to note that based on a 
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qual i tat ive set t l ing study, the precipitates from this run were more 
f ine ly divided than for the higher pH runs. The viscosity of the f ina l 
thick l iquor for the foaming run is also much higher than for other runs 
(see Fig. 11). High viscosity is known to stabi l ize foams possibly by 
increasing the resistance of l iqu id films to breakage. A thorough study 
of the so lub i l i t i es of a l l possible complexes in the pH range of this run 
might produce considerable insight into the foaming problem. Analytical 
results of l iquor samples pulled before and during foaming are not yet 
available. 

Several operating problems were encountered. Good control of l iqu id 
level was not possible with exist ing apparatus. Variations in l iqu id level 
of up to 25% were encountered; 10-15% was typical . Since the ra t io of 
l i qu id volume to vapor volume is a c r i t i ca l factor for carryover phenomena, 
much of the spread in experimental data may be due to l i qu id level f luc -
tuations. 

Another possible operating problem was ref lux. During i n i t i a l runs, 
vapor chamber temperatures were at 90°C and heat losses were s igni f icant . 
Reflux could account for the lack of variation in decontamination factors 
as boi l ing rate was increased below 25 l b / f t 2 - h r , by physically sweeping 
away entrained l iqu id . This ef fect has been noted by other investigators 
(21). However, a vapor dome heater was added for la ter runs, and results 
were about the same at low boilup rates. Since none of the i n i t i a l runs 
were repeated, i t is not possible to judge the ef fect of ref lux. 

5. CONCLUSIONS 

Based on our resul ts, evaporators can be operated at high boilup rates 
(<25 l b / f t 2 - h r ) without excessive product contamination unt i l splashover 
begins. For our feed composition, the entrainment mechanism is apparently 
component speci f ic , since calcium decontamination factors are much lower 
than those for sodium, implying that calcium (mostly in particulate form) 
is a major cause of unacceptable evaporator performance. 

High volume reduction factors (at least up to s ix ty) are ent i re ly 
feasible provided splashover or foamover are avoided. Basic feed pHs 
(8 - 11) are optimal since foaming occurs at s l igh t l y acid pH (M5). Radio-
isotopes apparently have l i t t l e or no ef fect upon evaporator performance. 

6. RECOMMENDATIONS 

1. The ef fect of l i qu id level on evaporator performance needs further 
study. To achieve better l iqu id level control on the present equipment, 
the following changes should be made: 

a. Feed and condensate tanks should be accurately calibrated so that 
l i qu id level in the evaporator can be determined by difference. 
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b. A constant displacement pump should replace the bellows pump so 
that pumping rate into the evaporator can be precisely measured 
»d matched to bo i lo f f rate. 

... vonductivity probes should be placed along the walls of the flash 
chamber to indicate r is ing l iqu id level or to control the level 
automatically. 

2. The ef fect of ref lux could be studied by ins ta l l ing a glass vapor 
dome. Entrainment studies would also be fac i l i t a ted since high speed 
photography could be used on the vapor space. 

3. The ef fect of feed pH on foaming tendencies requires further study 
under conditions less susceptible to splashover. The use of an impingement 
baf f le to reduce splashover is suggested. A larger glass boi ler to provide 
more l iqu id surface would also reduce splashover by reducing the tendency 
for jets of l iqu id to funnel into the condenser between heating elements. 

4. Trace organics should be added to feed to determine their ef fect 
on foaming. 

5. Antifoam agents should be studied. 

6. The effectiveness of several physical entrainment devices should 
be evaluated. 
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8. APPENDIX 

8.1 Additional Data 

Tables 2 through 5 give additional information discussed in Sect. 4. 
Figure 12 shows the cal ibrat ion of the e lec t r ica l conductivity meter used 
to determine decontamination factors. 

Table 2. Feed Composition 
(feed pH - 11) 

Species Concentration (eq/&) 

NaOH 0.013 
A1(N03)3-9H20 0.00042 
NH4NO3 0.00010 
NaN03 0.027 
NaCl 0.0031 
Na2S04-10H20 0.0028 
Na2C03 0.013 
Ca(N03)2-4H20 0.0026 
Sr(N03)2 0.0050 
CsN03 0.0091 

Table 3. Data for Fig. 9 

VRF Surface Tension (dynes/cm)ac Liquor pHc 

Feed 72.9 6.00 
15.1 73.3 8.80 
29.3 73.8 8.80 
43.3 74.6 8.65 
57.5 74.9 9.00 
66.8b 73.9 8.50 
71.7 73.4 8.46 

Bo i lo f f rate = 27 l b / f t 2 - h r 
aNinety-f ive percent confidence l i m i t on surface tension measurements is 

±0.104 using t d is t r ibu t ion . 
bTime averaged. 
Measurements conducted at 25°C. 
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Table 4. Data for Fig. 10 

VRF Surface Tension (dynes/cm)a Liquor pHa 

Feed 73.3 10.9 • 

7.2 72.9 11.3 

13.4 72.3 11.6 

19.6 70.8 11.85 

25.6 70.1 12.3 

31.9 62.1 11.9 

38.1 65.1 12.35 

44.4 65.5 12.37 

50.6 65.8 • 12.4 

56.8 65.9 12.54 

63.1 65.3 12.3 

Boi lof f rate = 15.8 lb / f t2 -h r 
Measurements conducted at 25°C • 

Table 5. Decontamination Factors for l3?Cs Run 
Based on Radioactive Counting 

VRF 
(DF)S. 
x 10* 

(DF)s 
x 104 

12.24 2.11 1.55 

23.5 2.69 4.97 

34.7 2.07 6.30 

45.9 2.01 0.11 

57.1 1.33 1.61 

Boi lof f rate = 15.8 l b / f t 2 - h r 
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8.2 Description of Instrumentation 

Temperatures at selected positions in the evaporator bottom are re-
corded and controlled. Three thermocouples are located equidistantly along 
the heating coi ls. Their temperature is recorded continuously on a Brown 
recorder. A Wheelco controller shuts o f f the power supply i f the tempera-
ture reaches 150°C to insure against coil burnout. Three stainless steel 
heaters with a power output of 500 w each are ut i l ized. 

A heating coil is used to maintain a constant temperature in the vapor 
space. This is a precautionary measure to guard against refluxing of the 
r is ing vapor. A Leeds-Northrup controller and recorder were used. 

Physical property measurements were made on samples using standard 
equipment. Readings taken on the Beckman pH meter, Dunouy tensiometer, 
and the radiometer conductivity meter are actual values. These instruments 
are calibrated and their calibration checked periodically. The (LAV) 
Brookfield viscosimeter reading is converted to an actual value using the 
appropriate conversion table provided with the instrument. Density mea-
surements were obtained using standard pycnometric methods. Mass measure-
ments were to the nearest 1 0 „ 0 0 0 t h of a gram. Figures 13 and 14 are 
photographs of the equipment and instrumentation. 

8.3 Sample Calculations 

Sample calculations were made using Run 9-12-72A. 

1. Entrainment Factor C' 

average condensate rate = 8.05 ml/min 
10.20 
9.10 
8.67 

36.02 = 9.01 ml/min average 

9.01 ml/min(l g/ml)(ib/454 g)(1/0.1837 f t2 ) (60 min/hr) 

G = 6.48 l b / f t 2 - h r 

= G 6.48 l b / f t 2 - h r 
v/Pg(Pjl -pg) / ( I lb/26.8 ft<i)L(l lb/0.01672 fW) - (1 lb/26.8 f t 3 ! ! 

= 4.34 l b 1 / 2 / h r - f t 1 / 2 



Ffg. 13. Photograph of Equipment 



Fig. 14. Photograph of Instrumentation 
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2. System and Equipment DF 
c 

Average condensate conductivity = 18.5 x 10 (1/ohm-cm) 

From Fig. 12, average condensate concentration = (1.85 x 10 )Cf 

feed concentration = Cf 

(DF) = = 540.5 
s 1.85 x 10" J Cf 

t c 

VRF - Vf-P- =
 vcond + VL _ 1050 + 385 _ - 7 , 

v " r VL V[_ 385 ~ 

(DF)e = 1(540.5)(1 + 3.73) = 1278.3 

8.4 Location of Original Data 

The original data are located in ORNL Databook A-6708-G, pp. 1-70, 
on f i l e at the M.I.T. School of Chemical Engineering Practice, Bldg. 1000. 
ORNL. 

8.5 Nomenclature 

C1 entrainment factor = G//pg(p£ - p g ) , l b V 2 / h r - f t V 2 ( js) 

Cc concentrate concentration 

Cf feed concentration 

(DF)ei instantaneous equipment decontamination factor 

(DF)si instantaneous system decontamination factor 

(DF)e average equipment decontamination factor 

(DF)S average system decontamination factor 

G mass veloci ty, l b / f t 2 - h r 

u j Stokes terminal set t l ing velocity, cm/sec 
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v f . p . volume of feed processed, ml 

vcond volume of condensate, ml 

VRF volume reduction factor 

VL volume of thick l iquor (concentrate), ml 

p g density of water vapor, l b / f t 3 

Pa density of l i qu id , l b / f t 3 

V viscosi ty, cp 
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