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Resuspension of fission products during severe accidents in light water reactors

Abstract

ThisrfeportrinveStigatesrthe_influencevof reSuspension'pheanena on the,oyerall
radiological sercé term of core melﬁ accidents in a pressurized water reactor.
A review of the existing literature is given and the literature data are
applied to calculations of the soﬁhoé term.’A large séatter in the existing
data was found. Depending on the scenafib and on the data set chosen for‘the
calculations the relative influence of resuspended fission prodﬁcts on thé

source term ranges from dominant to negligible.

The work was supported by the Commission of the European Communities‘under
study contract ECI-1077-B7221-83-D.



Resuspension von Spaltprodukten aus dem Sumpf bei schweren Unfdllen in

Leichtwasserreaktoren

Zusammenfassung

In diesem Bericht wird der EinfluB der Resuspension auf den Padiologischen
1Quellterm bei Kernschmelzunfallen in Druckwasserreaktoren untersucht Es wurde
e1ne theraturrecherche durchgefuhrt und deren Ergebnisse in
Quelltermrechnungen verwendet. Die Streubrelte der theraturdaten 1st
betridchtlich. In Abhanglgkelt vom Scenario und davon, welche Daten verwendet
werden, ergibt Sich, daB der relative”EihflﬁB der ResuSpension auf den

Quellterm von 'dominierend' bis 'vernachldssigbar' reicht.

Diese Arbeit wurde von der EG-Komm1531on 1m Rahmen des Studienvertrags
ECI-1077-B7221-83-D unterstiitzt.
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Introduct ion

Fission—-product behaviour during core meltdown accidents has been a
central part of the risk studies which have been conducted in the USA
and the Federal Republic of Germany (1,2) and was recently the sub-
Ject of a special study by a group of experts (3).

According to these studies, the fission products are released from
the nuclear fuel to the primary system and the reactor containment

in different phases during an accident. Depending -on-the avaitabi--
lity of safety features, some of the airborne fission products enter

the environment and cause damage to health and property.

For convenlence, the naln FlSSlon products are d|V|ded |nto three
groups of comparable act:vnty but leFerent behavuour.

(I) Noble gases, which are re]eased in their entlrety from the overheated
core and are considered to enter the environment in large quantlt!es
because of the lack of possible retention mechanisms. ‘

(Im Halides,‘chieFly iodine, which are also»very vd]ati]e but of gréat
chemical reactivity and subject to conSiderable retentfon'in the reactor
building, an impertant exeption being organic iodides. |
Retention is due to the Formatlon of water—so]ub]e lnorgan:c compounds
which are 1ikely to be retalned in the contalnment sump formed by
main and auxil iary primary circuit coo]ant durlng the accudent. A re-

cent study of this is to be found in (4.

(111) Aerosols contalnlng Flssion products oF Tower volatlllty such as Cs,
Se, Te, Sb, Sr, Ru, activation products and transuranic elements are
removed from the containment atmosphere by aeroso] processes and con-
sidered to be trapped in tne buf]ding sump and on wet Surfaces, thus
being retained in significant quantities in the reactor bui]ding. The
role of aerosols in core melt accidents has recently been examined In
s, 6, 7. | |
Since more is now known about the retenticn mechan ism,Post~WASH-1400
evaluations of fission product behaviour tend to assume lower releases
of fission products to the environment than the conservative values

given by studies (1) and (2), in view of this, more importance



has to be attached to some phenomena which used to be considered of
minor significance. One of these is the problem of the amount of fis-
sion products in the containment sunp that could be revolatilized to
the building's atmosphere, thus constituting a low-level but long-
lasting source of radioactivity. Once the sump is dried, additional
release from the residue might occur. The possibility of resuspension
of fission products on depressurization of the reactor containment is
hinted at 1n (5). Another reference to the general possibility of re-
suspension_is to be found in (8). . .. . o . . .
This study .1ooks at what is known and what further work is required

on fission product resuspension from the containment sump during se-
vere accidents. Its prime concern is aerosol resuspension, but because
of the important role of fission products dissolved in water attention
given to revolatilization of dissolved matter by aerosol formation.

Fission product noble gases are not dealt with.

The first four chapters summarize the information contained in the

literature from different pofnts of view. The first two chapters des-
cribe the results of experiments with the two distinct types of revo-
latilization of solubles and particles from liquids. Ih chapter 3 the
informat ion available on the release mechanism and on the influence

parameters Is given. Most of this chapter deals with revolatilization
of solubles by entrainment from boiling liquids, which is the easiest
way to study the phenomenon. The mathematical model is briefly des-

cribed in chapter 4.

Chapter 5 contains an evaluation of the existing data as regards their
applicability to the core melt scenario. In chapter 6 the results of
aerosol béhaviour calcu]étions are presented. These calculations were :
done using the NAUA code for calculating aerosol behaviour in LWR
accidents in this study in order to assess the influence of revola-
tilization mechanism on the radiological source term. The calculations

show that revolatilization processes are clearly

is also



a significant component of the radiological source term, but also that
the uncertainty is considerable. For this reason chapter 7 points out

what information is lacking and makes suggestions for further research'.



1. Resuspension of solid particles from pools

The term ’resuspensions shall be understood here as the transition of -
solid particles from suspension in a bulk liquid to airborne suspen-
sion above the surface of the bulk 1iquid. 'Re-entrainnent', on the
other hand, is used to describe the formation of liquid solution drop-

lets above a bulk liquid solution by mechanical disintegration of the

surface of that solution.

Iin connection with the sodium tests described below, Sauter and Schitz
(14, 15) made explorative experiments on the release of sand and dyes
from an evaporating water pool. The experimental setup is shown in
Figure 1. Temperatures were below boiling point and the particle size
of the sand was less than 50 um. The covering air was slowly driven
through a particle filter and a cold trap. The sand released was
collected on the filter and the evaporated water was condensed in

the cold trap. Both were weighed to permit a rough calculation of

the retention factors. Values of 1000 were obtained at just below
boiling point and L}x10br at a temperature somewhat lower. No release

at room temperature was measur able. From personal communication from
the authors it is known that during these experiments about 10 % of
the liquid was evaporated and the water used had beenh degassed prior
to the experiment. Similar experiments were conducted with suspensions
and solutions of different dyes in water. In the case of these the

effect was confirmed but not quantified.

J. A. Quinn et al. (16) have investigated particle transfer to drops

produced by the bursting of 1 mm bubbles at an aqueous surface. The

particles used in the experiments were polystyrene latex spheres 0.48

and 0.79 um in diameter, which were suspended in KCl solutions of varied
ionic strength.Different latex particle concentrations between 1O6 and
1O1o/cm3 and different bubble release depths were used. The experiments

were conducted at room temperature, The simple apparatus for bubble
generation and drop collection is shown in Figure 2. The drops were
collected on a microscope slide and the particles optically counted.

Particle concentration in the collected drops was found to be basically inde-

pendent of particle concentration in the bulk liquid and this
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Figure 1 Experimental setup of the water-sand experiments (14)

1 - pressurized air

2,5 - filters

3 - cont;iner with mixture of 600cm® of water and
-100g of sand

6 - cold trap (condenser)

7 - flow meter

8 - pump
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was attributed to the fact that the surface was saturated with particles.
Drop concentration increased with release depth (or bubble age) and
fonic strength.

The results were discussed by the author but no clear explanation was

found.

W. J. Marble et al. (17)'ihvestigated retention of fission product aero-
sols by BWR suppression pools-during reactor accidehté}»ln order to test
related theoretical models, a series of scrubbingléxpekiments.were per-
formed. In the experiments nitrogen was charged with oxidévbértic1es
of the density and size distribution conceivable in reactor accidents
and scrubbed by meansrofla“water bath of varied debth.’The,diFFerent
parameters tested énd the experimental*éetup are reproduéed.fn Fig. 3.
Decontaminat ion Factors-wefekdetermined by coﬁbaring the quantity of
oxide collected in the tank water‘and in the backup sanpler, and were
found to lie between 100 and 4x103, depending on the bubble residence
time and particle size. Bubble size and temperature were of no influ-

ence. A summary of test results is given in Table 4.

The process which is the subject of these experiments is essentially
the inverse of the one we want to know more about. But assuming that
an equilibrium has beenlfeached between the processes of absorption
and desorption of particles in the pool, we may consider:the reported
decontaminat ion factor as the inverse of the rélease fraction. The re-
lease fraction calculated from the reported D.F.!$ will range from
10_2 to 2.5x10—q. Despite its somewhat speculative character owing

to the uncertainty of equilibrium, the range of values found is of

the same order to magnitude as that reported by other authors cited

in this chapter.

The suppression pool scrubbing effect was examined by (61D in 1981.

From this report it can be seen that Marble's results are in general
confirmed by the work of other authors. The decontamination effect

of a 2040 gal. scale model of a subcooled pool on 0.06um nickel-chro-
miun aerosol carried by air-steam mixtures was a D.F. of 49 to 841 (62).
Small-scale laboratory tests and larger-scale tests with a 150 gal.
scrubbing pool at a temperature of 50°C yielded D.F. values of 50 to 100

using 0.06 am nickel-chromium aerosols in steam-air mixtures (63.
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Figure 37 Particulate scrubbing experiments (17)



Table 4: Scrubbing test results (17)

'SUMMARY OF SCRUBBING TEST RESULTS

Water
Test Bubble Orifice/ Bubble Ra Partic1e3 Height over

Number . Diam, cm Cap B/M: Conc (g/m”) (cm) . »5.?}1
1 -0.47 - 70/none - 183 - 0,18 34,3 108
2 0.63 70/0.6 145 0.17 34.3 333

3 0.63 ~70/0.6 145 0.44 34.3 214

-4 0.60  70/0.6 v 277 0.02 34.3 _ 119

5 0.74 130/0.8 254 0.53 34.3 189

6 0.85 180/0.8 312 - 0.48 167.7 1170

7 . 0.85 180/0.8 _ 318 0.91 167.7 1415

8 0.45 - 180/0.2 248 0.87 167.7 1251

9 0.45 . 180/0.2 . 48 0.48 167.7 719
10 0.86 180/0.7 260 0.76 167.7 896
11 - 0.86 180/0.7 260 5.5 167.7 1260
12 1.41 Special . 124 0.30 167.7 534
13 1.35 Special 140 1.8 167.7 1260
14 0.78 180/0.7 248 4.95 76.2 910.
15 0.88 240/0.7 276 4.34 167.7 4157
16 0.88* 240/0.7 272 1.38 167.7 2270
17 0.88 240/0.7 304 **N.D. 167.7 928

* 60 C Water/60 C Gas
** Not Determined
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Jordan, Ozawa, Sauter and Schitz (14,15,18-21) have reported experiments
on the release of sodium, fuel and simulated fission products from hot
and boiling sodium pools. The results are summarized in (14) and (15).
The experimental program was divided into two phases with laboratory-
scale (I) and full-scale (II) experiments. In addition laboratory-scale

experIments with aqueous systems were conductéd which are reported above.

I. The small-scale sbdium exper iments were conducted in three differQ'
- ent types of stainless steel containers - sketched in Figure 5 -
with an approx. volume of 500 cm? under an inert:gas atmospheré of con-
trolled flow and different flow patterns. The material released by this
flow was transported to filters which were analyzed with respect to so-
dium and uranium by chemical titration and fluorometfy. The amount of
sodium was of the order of 100 g and the added U0, of the order of a
few g. The area of the melt surface was 38.5 cm2. Typjcal evaporat ion
from the mixture during'the experiments was 10 %. Thé residue in the

pool was analyzed for it,s’,UO2 content. and the size distribution of

the fuel powder remaining.

Temperatures, concentrations and mean particle size of the fuel powder
in the sodium, Inert gas flows and sodium poo] geometries wére varled
and the results presented in terms of retention factors which are de-
flned as the ratio of mass concentration of uranium in the pool to the
mass concentration in the released aerosol. The experimental results

are compiled In Table 6a)to d). Retention factors were generally of the
order of 1000 even under boiling conditions. Experiments with free con-
vectlon at the sodium surface, summarized in Table 6 d), showed somewhat
lower release. Release of uranium was experimentally proven to be (at

least in part) In the form of particulates with mean diameter smaller

than that of the original U0, powder.

Post —experimental uranium analysis of the sodium residue in separate
horizontal layers showed marked enrichment of particles containing ura-

nium at- the surface with particle size distribution there similar to that
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found on the filtered aerosol. This was also shown to exist during the
experiments, by liquid samp]ing at varied depth. The surface enrichment
- shown in Figure 7 - is considéred tb-befan important 1ink in the
release mechanism. In the experiments wiﬁh forced gas convection parallel
to the phase interface the surface fraction of the particles and the re-
leased fraction were both considerably higher, which was attributed to
enhanced convection in the sodidm. The authors consider this convection
to be transportational link,betweenvthe_bottqm layer of uranium and the

enriched layer at the surface and as such decisive for the release.
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+ Table 6 Experimental results obtained and compiled by (14) -
t - duration of the experiment
v - gas flow
Na frei - released sodium
U frei - released uranium
RF - retention factor
d - mean particle size of the UO,powder
a) - experiments using 20um powder of U0, and type A and B containers
Exp. T Na UO2 t v Na frei U frei RF
Nr. [°c] [l (&l [ Tmin /" 1/min_J 178 ] Ive_/
1 892 100 8,48 6 0 40,0 1580 2,0°10?
2 892 100 8,68 6 0 . 23,9 -1230 1,610
3 892 100 0,76 2 0,6 45,0 394 1,1°10°
4 530 100 0,84 87 17 12,3 42 2,1°100
5 530 100 0,72 93 10 2,0 5 2,5°10
6 530 ° 100 0,95 60 1 0,9 & 1,8°10°
7 530 100 10,25 60 10 2,8 104 2,5:10
8. 437 51 1,17 120 1 0,2 1 0,810
_ 723 50 1,27 17 1 6,9 243 0,7°10°
10 814 56 1,88 9 1 20,1 300 2,010
1" 700 101 2,46 10 5 4,6 109 0,9-10°
b)  experiments using UO,powders of varied particle size
Exp. vo, i Na t v Na frei U frei RF
Nr. e [Tom 7 {787 /1°c_f [ min_J [1/min_7 e 7 [ vg 7
12 2,00 12 98 700 10 4,1 9% 0,9+10°
13 2,20 188 102 700 15 8,2 236 0,7+10°
o 2,3 565 102 700 15 10 12,1 39 6,3+10°
15 5,00 Pellets 108 620 20 15 9,5 <2 >2.10
16 5,28  Pellets 9% 720 75 0,5 4,5 <1 >2.10
17 5,30 Pellets 52 825 ‘20 0,5 36,4 <7 >4 10
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Table 6 (continued)

c) experiments with gas flow parallel to the sodium surface

(type C container)

Exp. T Na vo d t v Na frei U frei RF

Nr. /7 °c_] [_3_7 {8/ [ wm_/ [ min_/ Z_I)min_7 ’[-g_7 [-ué_7

18 623 178 1,41 20 15 20 11,2 1744 45

19 530 150 0,95 20 90 1,5 5,1 1083 26
20 623 166 8,35 20 20 14 7 7118 45
21 623 151 2,45 188 20 8,6 7,3 74 1,4+10°
d) experiments with free convection at the sodium surface
Exp. T Na UO2 d t v oo Na frei U frei RF
Ne. /¢ ] [T e  [wm ] [min] [ 1/min ] e [ ug_J
3
22 520 103 1,90 20 % - 4,25 12 6,0410
23 485 102 2,00 20 75 - 2,64 22 2,1+10°
2 510 103" 11,0 188 90 - 4,91 14 3,3-10"




__released aerosol

at different relative depths
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Further experiments were conducted with regard to the time behaviour
of uranium release. High initial release was found to decrease strongly
with time. Because of this, integral release at complete vaporiation
was shown by experiments not to exceed the values given above for 10 %
vaporization. Other than from gas flow, no significant influence of the

var ious experimental parameters was found.

II. Larger experiments (15) were conducted with approx. 1 kg of
sodium melt with a surface area of 531 cm?. Because the major
interest was in aerosol phenomena, the container had a volume of 2.2 m
and natural gas-phase convection only. The inert cover gas was at atmos-
pheric pressure. The evaporated sodium fraction was about 10 % and the

pool temperature approximately 550°C. During the experiments aerosol
samples were drawn through a bubbler and the resulting solution and
solutions obtained by post-experimental washing of the wall and of
deposition coupons were analyzed for sodium and uranium content. The
sodium residue was analyzed as well. Experiments conducted with U0,
particles of 10 and 20 um mean sizeAconfirmed‘the ré£ention Facfors
obtained by small-scale experiments. The retentionﬁof ZOO‘Lm1partic1es

was at the detection limit of 2x104. The experimehta] conditions and

results are shown in Table 8.

M. Berlin et al.(9) evaluated in addition the retention of fission
products and nuclear fuel by 1liquid and boiling sodium. In the experi-
ments 4 to 5 kg of sodium was heated to tenmperatures approaching and

at boiling point and completely evaporated. The sodium was doped with
powders of U02~or fission product oxides of different mean particle
sizes between 1.2 and 200 um. The evaporating pan was installed in

a k.6 m3 steel container filled with nitrogen. During the experiments
filter samples were drawn from the atmosphere and afterwards the vessel
was washed with water or steam and the washing-water analyzed. From the
content of uranium in the washings and filter samples retention factors
were determined. The results are shown in Table 9. In one experiment
(PAVE 4) the evaporation residue was analyzed for particle size distri-
bution. Fractionation of the initial 200 um powder to a few im was found.
The retention factors obtained were in the region of 1000 in experiments

conducted at temperatures near to SOOOC.



Table 8.

Experimental conditions and results of (15)

a)

particle size and results

Exp. Nr. ) pﬂafticle sizé retention- factor -} detection limit
{7 RF RF
TS 200 19,0.. 10° 20 - 10°
T6 20 1,5 10° 20 . 10°
T7 20 8,2 - 10° 40 + 10°
b) temperatures and evaporation rates
Experiment (1) (\'m}
(°c) (kg/m?- h)
16 550 0,798
T 7 557 1,026
TS 564 1,526
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Results and experimental conditions of the sodium

Table 9

experiments of (9)

— e w  —— e e S — — — — T — — — — — — — — — — — tmnn — —

3% 3

M 1% 00 0 0 00 Mm o . 00
g |E g 8§ v g o 88 g
n |8 B Y I K
w |-l - ___e_~A_o_ . ___
& o |
m m: ] [} H 8 8 [} a8 8
S L] o~ =] ~ L R ~

N
NI
|3 S i
. .

m }-4 k-2 k-2 » » »
m@ 3 3z 3 2

|
| reMpERATIRE
|
|
80°C
780°C
780°C
Boiling
Boiling
Poilirg

— e — — — — — —— —— ——— — — — — —— — ——— t— — —— —— —_ —




_19_

and of the order of 100 at boiling temperature. The latter values are
lower than those in (14,15) and probably result from theAperturbatfons
caused by bonling..The mean partlcle size of the UO2 additive showed no
clear influence on the retentlon The authors suppose that the Fractlon
re‘eased or.qtnates from a fraction of very flne partlcles which was pre—

sent in al1 powders.

To summarize the fnformation from the Iiterature as given above, It can

be seen that 1Et tle is kno \ aou’u the central top.o of partic}e resus-—
pension from aqueous systems.rThe order of magnitude of the released
fraction as obtained from exploratory experlments and lndxrect (nfornation
Is approximately 10_3. Key parameters influencing the:release are not known.
For example, even temperature dependence is not clearly established. For
temperatures above the boiling point the idea is supported by experiment
that bubble-induced droplet formation might be a possible mechanism for
llqulid aerosol generation and particle resuspension. Below the boiling

point no mechanism is known.

The results in the case of sodium suggest - In part - possib]e"influencev
of surface effects on the release and show on a broader experimental base
the same order of magnitude as those for water. However, density, sur—
face tension, and contact angles of sodium systems are different from
the corresponding values of aqueous systems. The enhanced surface ten-
sIonioF sodlum.systems may'lead‘;o an increased surfaoe enriohment end
release of parﬂicies. It cannot; there?ore, be taken for granted that

these results can be transferred to reactor sunps.
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2. Re-entrainment of dissolved matter

This chapter summarizes the results of expérlments.on the volatilization
of droblets and dissolved matter from evaporating or bubbllng équeous
solutions. This phenomenon of volatllizatlon is called entrainment, the
term used In the context of industrial processes of evaporation and other
separat ion metheds. Outside this field a lot of information has been ob-
tained from nuclear safety research. Similar lnformation has also been
gatheréd From'llquid spllls (25) liquid sludge application to land (26D
and cool ing—-tower operation (27) but is hot referred to here in detail

because the mechanisms . |nvolved are less relevant.

When considering the values given for “entrainment’, ?carry-over’ and so
on it is important to be cautious of differences between static experi-
ments with constant conditions (for example, solute conCentratlons), and
non-static ones,as in thecase of complete evaporation. The reported values
of entrainment are often expressed as ppm liquid in the vapour. Values
presented as,ug/m3 are roughly the same as ppb values since around atmos-
pheric pressure 1 m3 of common gases weighs approximately 1‘kg. Another
consideration is whether the amount of liquid or its content onsolids

has been measured.

J. Mishima et al. (28) studied plutonium release from evaporating aque- d

ous plutonium nitrate solutlons Two areas studied by the authors are of

interest In th:s chapter.

(I) aerosol release during the air drying of shallow pools of concen-

trated plutonium nitrate solution,
(I1) aerosol release during evaporation of pools of plutonium nitrate

solution with varied heat inputs.

(1) In the apparatus shown in Figure 10 small volumes (2-3 m]) of con-
centrated plutonium nitrate solution were air dried with and without hea-
ting by passing air at low velocities across the surface of the liquid.
The 1iquid was held in a stainless steel dish 1 - 1.5" in diameter,

This dish was positioned by a Teflon holder in a Pyrex containment
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vessel. The atmosphere was exchanged during the experiments by a filtered
and controlled air flow drawn through a condenser and a membrane filter.
After the heating cycle the filters were examined microscopically and
filters, condensate and containment was radiometrically analyzed for
plutonium content. Experimental data and results are compiled in Table 11,
supplied by the authors. In most cases, the major part of the released
material waZ retained In the containment. This amount was at the most

2-2.7 x 10 ' of the plutonium inventory. Released fraction collected on = .
the filter during evaporation was of the order of 10“5 at boiling condi-
tions. Condensate fraction was below 10-4. In spite of data séatter an
increase of the released amount with incréésed»tempefatuke is.clear]y
seen. No marked dependence on afr velocity was observed.

(II) Further investigations were conducted by evaporating a pool of 100 cm3

containing plutonium nitrate. The liquid was held byja 180 cm3 glass beaker,
which was heated from the side and bottom. The»Vapouf rising from the bea-
ker was collected fn akb dm3 pyrex jug. Steam and_— ih-most experiments -
air was drawn thro&gh ihis, passing a glass-fibre filter, a condenser, and
an additional back-up filter. The apparatus is shown in Figure 12. The' so- .
Tution was quickly heated to the desired temperature and 90 % was boiled
off. Boiling regimes were classified by degree of surface disturbance into
"simmering', '"'disturbed surface' and '""boiling'" and further characterized
by average boil-off rates. Temperatures of the solutions are not given.
Air-flow and Pu-concentration were essentially constant. Plutonium collec-
ted by the first filter is designated as "airborne", deéposits on wall and
bottom of the Pyrex hood as '"fall-out''. In some cases, the top filter was
changed after a period needed to evaporate 30 cm3 in order to obtain in-
format ion about the concentration effect on release. Experimental data
and results are shown in Table 13. Plutonium fraction exhausted by sweep
air was roughly correlated with evaporation rate and between 10_3 and
10—7 at boiling conditions. Fall-out reached 1Of2. Release data got from
the evaporation of the first 30 cm3 and the last 40 cm3 show no clear

concentration effect.
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Fractional release during air drying of concentrated

Table 11
plutonium nitrate solutions (28)
Weight Percent Plutonium Found. In

Ar Sampling Tine  — e I S KT
Run Temp. Velocity EVSE?"'REEIEEE Containment. Condensate = .. During. Following
No. _1§Ei__ (cg[sec; {hr _(br) Vessel Wash + Nash Evaporation Evaporation
NI*  Ambient 10 2 10,0033 - 8.7 x 10°? <10-7 N
N2+ 75 10 5 20 | 0.00027 9.5 x 10-8 <10-6 <10-6
N3 100 10 2 4 0.0046 1.7 = 1076 0.001 3x10"7
N&  Ambient 50 24 u 0.00035 4.5 x 107 2.5 x 10-7 1 x 10-7
NS 100 50 1-172 3 0,027 . 1.4 x 107 0.003 6% 10-7
N6 9% 50 2 8172 0.0005) ~ 5.4 x 106 5.3 x10"5 1 x 107
N7 . Ambient 00 24 a4 0.020  7.5x 108 <2x 10 <2 x 10°®
N 50 100 2 4 0.00085 9.4 x 1076 1.3 x 105 <2 « 10-8
N9 9% 100 0.00013  9.4<10°5 5.7x10°  3.10°¢

-2 8
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Figure 12  Experimental arrangement used by (28)



Table 13 Fractional release during the heating of pools of

plutonium nitrate solutions (28)

Average Average  Period

Hot Pllate Boi1-0ff Time . Plutonfum Recovered :
Run Rate Heated Exhausted by Sweep Alr _ Fall-Out Visual Appearance
No. (ml/min) _(min) —ﬁim_j_—’_(w.g): {dpm] (WE.X] of Solution During
A 1.4 63 " 2x105 18 23 x10* .02 Bofling
(] 0.9 80 9.4 x 10 .084 3x 105 .27 ‘Disturbed Surface
c 0.73 124 2.7 x 10% .024 1.3 %10 .012 Disturbed Surface
D 0.6 151 500 4.5 x 10~* 500 4.5 x 10-% Simmering
E* 21 42 A5*  n4,5 x 10-51 23 a2 x 10-*  Boiling
F 0.5 150 150 1.3 x 10°% 3 23 x 106 Simmering
6 0.66 121 6.5x 10? L0058 1.9 x 104 016 Distrubed Surface
H 1.2 64 - 1 x10% .003 8x10°% - .7 Distrubed Surface
1 1.4 59 3 x 10 .03 2.3 x 10" .02 Boilina
Je 1.4 66 1.2 x10% 1t 1.9 x 105 1.7 Boiling

*! No.air flow through containment vessel, 70 ug plutonium as source, ("Airborne* is that
i found on containment vessel wall following this run.)
Filter ruptured. All plutonium found in acid washes of equipment downstream of filter
position,

01 Plutonium in condensate.

*
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From the CSE large scale containment tests on thé:behaviourbof fission
products (29) condensate samples were taken, evaporated to dryness, and
the retention of fission products caesium and iodine determined. The
exper imental arrangement used by Witherspoon (30) was essentially a
distillation apparatus under carrier gas flow with a Maypack sampler
as backup. Less than 1.5 % .of the caesium was carriéd{bvef to COndep—'
sate flask and filters. Since caesium is non¥vo1atile, the observed
carry-over of caesium must have been the result of mechanical entrain-

ment.

A very similar experiment has been communicated to us by H. Albrecht,
KfK, who obtained én integral carry-over of 5.5x10-4 Ffom the'evapo-i
ration of one litre of an agqueous solution containing all important-

components of a reactor coolant and a Cs=134 spiked caesium concen—

tration of 2.5 g/liter. The carry-over decreased during the experiment.

Dexter, Evans and Jones (31) investigated the retention of iodine in
irradiated solutions containing thiosulfate and other chemical additives.
Potassium iodine solutions tagged with I-131 and contained in a steel can
of a few dm3 volume were irradiated for 5 hours with a water-shielded
Co-60 source at a temperature of 50°C. The gas volume covering the solu-
tion was ventilated at a rate of 13 dm3/min and volatilized iodine
transported by this to charcoal absorber which was monitored by radiation
measurement. The experimental setup is shown in Figure 14. Conditions of
the experiments and volatilization results are given in Table 15. From
this it can be seen that minimm volatilization was 4x10™" and 6x107>
under the same conditions. The authors did not check if this was due to
chemical partitioning or a value established by the formation of aerosols.

Some of the other experiments had shown particulate iodine which penetrated
the charcoal.

Manowitz et al. (32) developed a system for the decontamination of radio-
active waste solutions containing non-volatile fission products. The
system consisted of an evaporation unit and a de-entrainment device.
Various technical modifications were chosen and the decontamination
effect measured with and without de-entrainment device. Results are pre-
sented as decontamination factors defined as the ratio of the specific

activity of the evaporation residue and the distillate. In Figure 16 curves
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The iodine evaporation experiments

- experimental conditions and results

Iodine Evaporated After‘Exposure to 10° Rad

Type
_ Experiment

‘No Additive

Thiosulfate

Thiosul fate
and KOH

KOH

0

Concentratione, wtk

AL

0.
0.

0.

0.
0.
0.

0.
0.

.010

o1o0

010

010
010
010
010

010
010

Naz520,

0.014

0.014

0.014
0.1

1.0

1.0

K01

10.006

0.006
0.006
0.006
0.006
0.050

ITodine

Evaporated, %

14.6

942

962

30?
96
0.044
0.55

2.5
1.2

a. Experiments that gave the penetrating iodine species.
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AB AND A'B REFER TO D.F CALCULATED FROM
DIRECT VAPOR SAMPLING IN EVAPORATOR

CD REFERS TO D.F. CALCULATED FROM REFLUX -
DATA CONDITIONS

mg Fe(OH)y/ml soin

10% / " 0.05
10 0.15
10 0.3

IS

S
(-}

DECONTAMINATION FACTOR

16 (8) 100
BOIL UP RATE - LB.7HR./FT2 OF DISENGAGING AREA

Effect of boil-up rate on the decontamination factor for
liquid entrainment-submerged coil evaporator.

Figure 16 Results of decontamination experiments (32)
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AB and A'B represent results obtained withoutbde-éntrainnent device.
From this it can be seen that decontamination was between 10—“ and 107>
depending on boi1¥up rate and content of suspended solids from rusting.
Better decontamination was obtained at lower éolids content. Further,
the authors suggest different behaviour of droplets and particles with
respect to carry-over by stating that '"it was possible to distinguish
between entrained solids carry-over and 1iquid entrainment"'by diffe-

rent radionuclide composition.

Garner et al. (33) investigated the main parameters of 1iquid entrain-
ment in evaporators. They used an evaporator pf]ot plant operating under
reduced pressure of 250 mm Hg and equilibrium conditions. Sugar solutions
were chosen for tHe test since they.show little influence of sugar con-
centration on density and surface tension of the solutions. Thus the
concentration chiefly affects the viscosity. The sugar content of the
evaporator sump and the condensate are measured by means of the refrac-
tive index and a colorimetric method. From this the liquid content in

the vapour is calculated in ppm (apparently assuming that the sugar
concentration in the sump Is the same as in the droplets). The results of
a series of measurements with systematically varied parameters are shown
in Figure 18. From these an increase in entrainment with increasing va-
pour generation rate énd concentration can be recognized. Variations in
liquid level (which implies variation in vapour space height) were of

low significance. From the maximum entrainment of 800 ppm reported a

retentlon factor of about 10° can be est imated, defined as the concen-

tration ratio of the sump and condensate.
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In 1954 Garner et al. (34) reported a determination of the size dis-
tribution of entrained droplets and the total entrainment. Under vari-
ous operating conditions experiments were made using a pilot plant ver-
tical tube evaporator (12" diameter) and a small single vertical heating
tube glass evaporator (4" diameter). Water andAso]utionS of potassium
nitrate were evaporated and liquid samples taken from the condenser and
the vapour 1ine condensates. Nitrate determination was carried out by
gravimetry and a colorimetric method. Droplet samples were drawn in the
vapour space at different distances from the liquid surface by a two-
stage impactor device. Drép]ets collected on this were sized and counted
under a microscope. The col]ection‘of droplets below 8 am was not com-
plete but was corrected for. From condensate nitrate analysis and droplet

measurements entrainment of liquid in the vapour was calculated. -

The authors found that more than 95 % of the droplets collected were
below 20 um. In spite of the large numbers of'these‘drop1ets, the total
amount of entrainment was essentially due to droplets above 100 um. This
is shown by Figure 18. The vapoﬁr 1ine had an appreciable retention
effect on the entrainment of large droplets. Liquid Teve] in the evapo-
rator was of minor influence. Increased vapour velocity was found to

be correlated to Increased entrainment (Figure 19). Table 20 shows a com-
parison of entrainment determined by chemical analysis of the condensate

and by droplet analysis. From this total entrainment is seen to lle_be;—

5 3

ween 10 ° and 10 .

Results from the glass tube evaporator showed entrainment of the order

of 10_4 and reduction of entrained amount by foaming at the same rate
of evaporation.

Shor, Ward et al. (35) determined radioactive carry-over in boiler units.
Measurements were done on a 3" diameter laboratory scale evaporator, a
pressurized boiling loop of industrial scale (5" diameter) and a small
BWR. The boiler water of the laboratory scale evaporator was spiked with

caesium—137-chloride. Condensate was continually counted and
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from the ratio of its concentration to that of the boi]er water decontami-
nation factors (DF) were determined.- Initial DF was lower than equilibrium
DF reached after several hours. This time behaviour was explained by accu-
mulation of dissolved solids in the boiler during the experiments. Equili-
brium DFs were of the order of 105. In the boiling loop pressure was varied
between 150 and 160 psia and sampling was done at three different levels
above the water surface at the same time. DFs were determined between

1.1 x 10" and 6.8 x 10*. Also at this installation relatively high initial
release and low DF was found., Values found after 100 or 200 minutes were
regarded as near to equilibrium and reported as results. Entrainment was
correlated to the boiling rate. Pressure, sanp]ing position and sampling
mode were of minor importance. Liquid,énd_vapour sampl ing at the BWR was
done at four different positions and from ”ihvoiati]e" Na-24 activity de-
contamination factors betWeen 6 x 103 and 1.5 X 104IWere calculated, de-
pending in the known manner on vapour velocity. Results from the three
systems are presented together in Fig. 21, which confirms the paramount
influence of steam ve]oﬁity.vDiFferences between.the systems afe explained

by the different amount of wall effect in droplet reduction.

Experimental values for the ehtrainment.mea5ured~by Stérman et al. are
reproduced from the original report in the 1960 review of entrainment
given by Yeh and Zuber (36).‘Frdm these resu]tsAin/Figufe 22 entrainment
values are seen between 10-2 and 10—5 depending on the pressure and a
dimensionless group which:essentially means the vapour flow ¢ohditions.
High pressure and vapour flow enhance entrainment. The method of measure-
ment is not known. The dimensionless grOupvugz/agHv is a combination of
the vapour velocity ug, the volume fractiono¢of vapour in the water, the
gravitational constant g, and the vapour space height Hv' It is seen
that influence of the vapour flow conditions implies not only influence
of the energy input to the system but also influence of the vapour space

geometry If the evaporation device is changed,



— 34 —

1400

%

;u / s
vg // 4usaL_f
1 /

g / ' %u‘li‘l.
s . /

i 4 T

° 100 700 300

OROPLET - DIAMETER (MICRONS)

Figure 18 Size-dependent entrainment of droplets

obtained at varied gas, velocitv (34)

T >

H ]
ro LIQuUIO LEVEL I7IRS ABOVE TOP TUBE PLATE /

Y . - s - - » » -

1250 —
1EPS =100L8 UNR

1000

. L
7

Q k 4
) YAPOUR VELOCITY(FPS)

"ENTRAINMENT (LBS.LIQUID/LS VAPOUR) X106

250

Figure 19 Entrainment vs. vapour velocity,

obtained at varied height above the liquid (34)



Table 20 Entrainment results obtained by different methods (34)

Entrainment of

Entrainment Total droplets below’
by chemical  entrainment of - the terminal
Rate of analysis droplets velocity droplet
evapn. (lb.liq./lIb. vap.) (Ib.lig./lb. vap.) (lb.lig./lb. vap.)
(Ib./hr.) x 108 x 108 x 108
94 35 33 38
182 44 44 42
200 48 66 50
252 45 128 117
279 59 105 99
283 120 206 146
338 132 396 241
355 99 360 312
463 354 868 418
|g“
6 |- + BORAX I Reactor
4 | O High pressure loop
3+ ¢ Laboratory runs, 1 ATM.
2 |-
L] -
a
& 9L X
ﬁ 6 | _ \
g 4l .,
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g \‘b\ .
g 2 1 ~o9_ o
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Figure 21 Decontamination factors obtained by evaporation

of aqueous solutions in three different installations (35)
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Heger, Wascher et al. (37,38) conducted bubbling experiments in simu-
lated reprocessing plant components in order to get information about

generation of aerosols in the reprocessing of nuclear fuels. First

5 air-stir container filled to

measurements were done en a 50 dm
different levels with solutions of sodium nitrate of varied concen-
tration and content of Furthefradditives. The stirring air flow ve-
locity was of the order of 10 m/h and also varied. The container gas
phase was analyzed by an optical method for aerosol number concentra-
tion and size distribution of the generated aerosoi. The mass concen—
tration of aerosols was determined by weighing and sodium analysis of
filter samples. The sodium nitrate concentration in the air above
solution of 10 % nitrate and 10 % nitric acid was 50 - 103‘pg/m3 and
was strongly enhanced by adding 200 ppm TBP because of reduced surface
tension (Figure 23)., TBP was enriched in the aerosol compared to the

bubbled solution. The size of the generated aerosols was bimodally

the

distributed between 0.1 and 6 um with maxima at 0.3 and 0.8 am appfoxi-

mately. TBP addition increased the generation of the larger-size frac-

tion. Increased nitrate concentration from 10 % to 30 % effected a 5 to

10-fold increase in aerosol generation. The same analytical methods we

applied to an alr-1ift and similar results were obtained.

re
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In the preceding chapter laboratory scale experiments and industrial-

scale evaporator measurement are both shown to result in entrainment

2 o 1077 irrespective of scale and ma-

values in the range from 10
terial flow pattern. Continuous experiments result in entrainment va-
lues relative to the evaporation of the solvent and related to only
one set of experimental conditions while discontinuous experiments
give the integral released fraction of the solute up to the state of

evaporat ion reached in the experiment.

From the evaporator measurements it is seen that the geonetry df ther
vapour space and the gas velocity are important parameters. At Tow

gas flow and at great distance from the liquid surface low entrain-

ment was measured and vice versa. High pressure — which is not relevant
for a post-rupture reactor containment — results in enhanced entrainment.
Increased surface tension is corre_lated with decreased entrainment. In-
fluences of some importance have been observed with respect to concen-

tration, viscosity, solids content and foaming.

Determination of entrainment has in many cases been carried out from the
measurement of entrained solids. Since these are the object of interest

in the present study this may be considered as favourable. But the entrain-
ment of different solids may be different and also different from entrain-
ment determined by measurement of entrained liquid. Comparison of the en-
trainment values obtained by two different methods in the same system

(34) showed a difference up to a factor of 2. Chemical analysis yielded

the lower values. In chapter 3 it is shown that chemical enrichment and

depletion in entralined aerosols is an often-observed fact and may amount.

up to half an order of magnitude.

Based on the apparent geometric differences between a vigorous boiling
evaporator and a reactor building which should lead to lower entrain-
ment in the latter case, the preliminary conclusion is that droplet

generation from the sump may be of importance similar to particle re-

suspension.,
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3. Mechanisms and parameters of resuspension and re—-entrainment

In this chapter information has been gathered from the 1iterature which
may be useful in the identification of possible mechanisms of particle
resuspension and aerosol generation and the important parameters related
to them._From the preceding intggra] measurements we have seen that the
conditions of gas Flow are main parameters. But detailed discussion of
the mechanisms will show that the properties of the medium from which

the droplets and particles are released are important, too.

Bubble bursting at the gas-1liquid interface is the most Important mecha-
nism in the generation of entrainment by liquid droplets. From (16) we
can suppose that it is also important in the revolatilization of sus—
pended particles. For this reason ]iterature information on the processes
and parameters involved in bubble-induced droplet generation is compiled

in this chapter.

As is shown below, bubble size is a very important factor for the number
and size of droplets generated by bubble bursting; and it is therefore
useful to know the bubble size under boiling conditions. The fundamental
relation for bubble size in a liquid is the equilibrium between surFaée
tension and Iinternal overpfessure. The internal pressure results from
the vapour pressure on the liquid. Once the bubble is generated, it rises
through the liquid and grows due to decreasing hydrostatic pressure.
These fundamental relations are-known. The size of steam bubbles gene-
rated in ordinary boiler water at a horizonta] steel surface has been
measured to range from 0.5 to 5 mm at low pressure and nucleate boiling
(39). Some uncertainty is brought into this clear situation by further
effects: because of the reduced vapour pressure of concave surfaces a
bubble nucleus is required for the generation of small initial bubbles;
This may be a rough surface or a suspended particle. The formation of
the macroscopic bubble and its detachment from the surface is influenced
by the contact angle of the system and the degree of superheating. The

free bubbles may coalesce or divide during their ascent to the surface. This
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effect will be more important at high bubble flow. Thus, clear predictions
are not easy for realistic boiling situations. In general, a broad bubble

size distribution is expected instead of a well-defined single diameter.

When the bubble has reached the surface it will take a form between speri-

cal and hemisperical - depending on its size. During this phase the 1iquid

in the bubble’s film dome runs down andvthe film thins until the internal
pressure of the bubble (which is higher in small bubbles) breaks it. The breaking
of the film is the subject of discussion but it is certaln that small drop-

lets are formed as the film breaks (34, 4O-42). After the pressure inithe bubble
is released the liquid crater which is left collapses and an ascending jet

of liquid Is formed which decays to droplets after reaching a critical length

(43): see fig. 2u.

For both mechanisms of droplet formation there is a 1imiting bubble diameter.
Jet drops are formed only from bubbles smaller than 5 or 6 nm. Film droplets
are from bubbles larger than approximately 0.2 mm. These 1imits establish
three regions of droplet formation: in the region below 0.2 nm bubble dia-
meter only jet drops will be formed. This region is of little interest for

the purposes of this study, because it is connected with high pressures (h44).

The region with the possibi]ity of both mechanisms, between 0.2 and 6 mm,
has been best investigated. The number of film drops produced by bubble
bursting is correlated to the film area and will reach several hundreds

at the upper diameter 1imit of this region. Determination of film droplet
diameters is difficult but experimental values are given by (34,40,41).

As can be seen in figs. 25 and 26, the size/number distribution will be
between 1 and 50 um with most droplets below 25 um. The mean diameter
increases with decreasing bubble size. In terms_of released volume or mass

this counters the decreasing number of droplets.

A mass distribution of entrained droplets over a range of droplet sizes
was obtained by conversion of data which were measured by Garner (34) on

the small glass—tube evaporator (fig. 27).



fig. 24b) mechanism of bubble breaking and droplet generation (37)

Figure 24  Shape of floating§ bubbles and mechanism of droplet

generation by bubble breaking
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Most of these results have been determined by cold bubbling of water and
solutions. Increased temperature will produce smaller droplets. Surface

tension In the system air/water and steam/water is very similar.

From the same bubbles a number of jet droplets.will be formed which
depends on the bubble size. Larger bubbles form only one droplet.
Beginning from approx. 2 mm bubble size, a second droplet is ejected

and from very little bubbles up to six droplets may be generated.

With increasing viscositY”andbsurFace tension this number seems to
decrease and increase'respective1y, but little information isygiven in
the literature. The diameter of the jet droplets is correlated to the
bubble diameter. From the available experimental results compiled in
fig. 28, it can be roughly estimated that the droplet diameter will be
20 % of the bubble diameter, i. e. 100 to 1000 um. Experimental size
distributions have already been shown in figs. 25 to 27. It is suggested
that droplet size is independent of surface tension (45) and negatively
correlated to viscosity, but the effects have not yet been quantified.
The jet drops rise to a height of up to 20 cm from the 1iquid surface
and fall back to it, possibly;inducing“secondary drops. The ejection
height has been shown by experiment to be reduced by enhanced viscosity.
For ejection -height see fig. 29. The processes have béen reviewed by
(36,43). Jet-droplet measurements have been reported by (34,40,41,45-49),
Experimental results are from cold bubbling of aqueous systems. The in-

fluence of temperature has not been investigated.

In the third region of bubble sizes above 6 mm, droplet formation is due
only to film droplets. Experimental measurements for undisturbed "big"
bubbles (say 20 or 40 mm) are, to our knowledge, not reported in the
literature. Foaming evaporators are considered to show entrainment only
due to film droplet formation, because jet drops are caught by the foam.
This results in general in a strong reduction of entralnment unless the

foam itself Is entrained to the vapour line (h).

The presence of chemicals influences the formatlion of aerosols from 1liquids.
On the other hand, aerosol formation processes lead to chemical effects on
the particles and droplets formed. Influence of electrolytes on the entrain-
ment has been observed (44). According to these measurements, the maximum
entrainment with respect to varied gas velocity depends to a varying degree

on the concentration and nature of dissolved salts.
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The variation was within a range of 5. Similar observations were made by
(48) In investigation of aerosol generation from dilute sodium chloride
solutions in a bubbler. The effect of varied NaCl concentration between
107 and 10°1 M was an enhancement of the aerosol densities obtained by

roughly an order of magnitude.

Baumgdrtner et al. (50D investigated the release of fission products from
simulated high activitve waste solutions (HAW) under evéboratioﬁ. Aerosol
format ion during evaporation was studied by bubbiing of salt and HAW soiu-
tions. Refeased aerosols were dried and collected by membrane filters or

an aerosol sizing centripeter.Despite the somewhat preliminary nature of
the experiment some interestihg qualitative results were obtained. Sepa-
rated and mixed solutions of europium nitrate, strontium nitrate, and ca-
esium nitrate, sodium chloride and potassium permanganate were bubbled and
the known influence of bubble size, surface tension and viscosity on the
aerosol release were found. Entrained 1iquid volume fraction in the flowing
gas was of the order of 10“8. No flow data were reported. Temperature was
ambient. Aerosols were bimodally size-distributed with maxima between 0.1
and 1 um. Formatfon of manganese oxide particles from permanganate content
in mixed solution with europium nitrate was of strong influence on the size
distribution of the éuropium and manganese aerosol generéted by air bubbling.

Influence on total released amount is not reported.

Simulated:HAw solution - containfng seveké] elements in‘nitric acid solu-
tion - released significantly more aerosols than expected from bubbling

of salt solutions and correcting for cohcentration differences. Analysis
of the chémical composition of the aerosols showed marked effects:

Sodium was depleted in the aerosol compared to the solution by a factor

of 5; a]uminium,‘iron and zirconium were enriched. by a factor of 2 - &4,
This is explained by diFFerenﬁ behaviour of hydrolyzing and non-hydrolyzing

ions with respect to surface concentration changes.

Similar chemical fractionating is known from the salt aerosols generated
in the sea (51-53) by bursting of bubbles. This is understood by looking
at the flow patterns in bursting bubbles. From (54-55) we see that jet

droplets are produced exclusively from the layer ( < 1 pm)
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irrediately surrounding the bubble, thus giving droplets of a chemical
composition representative of the liquid surface but not of the bulk.

liquid. Similar effects may be possible at the release of film droplets.

Thismechanism |s extended to the release of particles by the work of
(16,56-58). Measurements of bacteria release to the air from an aqueous
environment by bubbling were made and considerable enrichment of one
particular variety of these was found in the released mass. Some doubt
A~ szs is discussed in (16). The bactéria were approx. 1 um in size.
The authors believe that they were collected during bubble rise and that

the presence of surface-active contaminants may be of influence.

Dissolved inorganic salts, glycerin and suspended particles were found
to stabilize bubbles at the liquid surface (34). This may result in foa-
ming, with subsequent reduction of droplet ejection. On the other hand
bubbling removes small particles-from the surface and effects transpQrt
to the gas phase. This is known from experience with calcium carbonate -
accumulated! in boilers. The suspended solid particles are transported

to the surface by adherence to the rising steam bubbles, providing,the
particles are not wettable by the liquid. A discussion of the critical

particle diameter for this mechanism is given by (39).

From the information available in the literature it is seen that the
number and the size of bubble-induced droplets depend on the viscosity,
surface tension, and density of the liquid. These in turn are dependent
on the basic properties temperature; pressure and chemical composition.
Bubble size is one of the most Important factors. It is influenced by
the above-mentioned parameters, but additlonally dependent on the proper-
ties of the surface at which the bubbles are generated, on the boiling
conditions and on random processes of bubble-bubble interaction during
the rise through the boiling liquid. Thus for practical purposes it may

be regarded as an independent parameter influencing droplet generation.
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In spite of a lot of work done in this field, a quantitative prediction
of entrainment. from known properties of the system is not yet possible.:
Some qualitative features which may be of great importance can be easily

seen.

- the influence of surface effects on the amount and composition
of the generated aerosols,

- the possibility of'chemical enrichment and dep]etioh of substences
in the aerosols, R S -

~ the existence of two groups of droplets with different mean size
and amount of airborne mass,

- the limited range of the ejected jet droplets due to their Initial

velocity.

The latter two facts should be of influence on the transport of the gene-

rated aerosols.

With regard to suspended solids the experimental base is even poorer. The
qualitative facts known are that they may enhance the stability of bubbles
at the surface, thus leading to lower entrainment or even foaming, and that
they are volatilized by bubbling. The condition for this is that their mass
should not be too great for them to be carried at the liquid surface by ‘

buouyancy and the surface forces.
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4. Modelling of droplet entrainment

The state of theory has been reviewed in 1960 by Yeh and Zuber (36) and
in 1983 by Kataoka and Ishii (59). In 1960 the theory was 'in general re=
stricted to evaporator ‘application but the more complete mathematical
assessment of the entrainment perFormed by ()9) promlses app]|cab|1|ty

for the present ‘purpose as well.

The entrainment of liquid in a vapour generated from a liquid pool is
dependent on the conditions of bdiling and ‘gas flow. At least two different
boiling regimes have to be distinguished. At lower evaporation rates, when’
the fraction of bubbles in the liquid is below 304%,7discrete steambubbles
rise through the 1iquid and burst at the surface. The droplets are gene-
rated by the mechanism which has been outlined in chapter 3...At_higher
evaporat ion rates, the 1iquid becomes turbulent]y,mixed‘anderogréssively
disintegrated.at the surface. The surface disintegration by the rising
steam is responsible for the.generation of droplets, At very high gas flow,
which may be considered as a.third .(unfavourable) boiling regime, modelling
for the intermediate region does not provide an adequate description. In

this boiling regime extensive splashing and foaming occurs.

If, on the other hand, the boiling conditions and the geometry of. the
evaporat ion device are kept. constant, marked changes of the amount of
entrainment will be observed at different heights above the boiling sur=
face. The entrainment to the gas layer in the vicinity of the surface Is
governed by the splashing oF the moving liquid and shows no important
changes dependent on height. The entrainment in the adjacent layer is
dominated by_dropletsvwhose settling vé]bcity is greater than’the gas
velocity but which are airborne due to the nomentgm from the méchanish
of generation. In this layer, the amount entrainment decreases with fn—'
creasing distance from the liquid-gasbinterface: Oh]Y droplets whose
settling veToéity is smaller than the gas velocity are transported to'
the top layer by the gas Flow. In thls region, the decrease in the
amount of entrainment is due only to the wall effect oF the evaporatlon

device and may be strong or negligible, depending on the geometric con-

ditions of the vapour space.
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The different operating conditions of evaporators are shown in Fig. 30.
In general, evaporators are operated in the second boiling regime (Fig.
30c), where surface disintegration is the most important mechanism of
droplet generation and where the vapour space height is inside the
region of the momentum controlled entrainment. For the purpose of the
present study the boiling regime of discrete bubble flow and heights
which are outside the range of the large droplets are more important,

as will be shown later.

The entrainment can be calculated in the distinct regimes by using

equat iohs of the type.
entrainment = constant -« vapour velocity n.

In the regime of discrete bubble flow the exponent is unity, and it
changes to three in the second regime. At very high gas flow, a value
of up to twenty may be reached. The constant is composed of the dimen-
sions of the evaporation device, material properties of the system
(which are chiefly dependent on the temperature) and enpirica11y deter-
mined numbers which fit the measured entrainment.

The transition from the low gas flow regime to the intermediate flow
regime occurs at a gas flow greater than approximately 15 cm/sec. For
the entrainment due to discrete bubble flow a formula of this type is

given by (59):

E=ni-5 . B1.25 4031 | ¥ R

where vx is a dimensionless expression for the vapour velocity which
is proportional to the real vapour ve]ocity, N is a dimensionless ex-
pression which nnc]udes the material properties of the gas/luqund sys-—
tem as surface tensuon and viscosity, d is a dlmen5|on1ess correction
term for the density conditions, and h ~and D are dimensionless ex-
pressions for the height above the pool and the hydraulic diameter of
the vessel. For the éntrainment in the wall deposition controlled re-

gion only one formula is given for the entrainment without any difference
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for the different boiling regimes:
E=c- N2 a1V
where C is a numerical value and the other terms the same as explained

above. The decrease due to the deposition effects is given by
E~Nexp (-c - h /D),

where c relates the gas velocity with the deposition velocity and h and
D are the height above the pool and the hydraulic diameter of the evapo-

rator vessel respectively.

The experlnental data to which these relatlons are Fltted show scatte-
ring of nearly onhe order of magnhitude. Especially for the condltlons of
lower gas flow, the available entrainment data base is not as copious
as It is for more typical bperating conditions of evaporators. The en-
trainment predicted by the given relations will therefore include some
error but will at least give the right order of magnitudé, as can bé'

seen by the comparison of theory and measurement in (59).

Below boiling point no mechanistic physical model is giveh in the litera-
ture. Dorst (60, 61) has proposed an exponential law for aerosol release
from aqueous solutions as a function of the inverse temperature. Such be-
haviour is usually found in systems obey ing Bolﬁzmann's law. : ' '
The pre-éxponential and exponential constants are empirical]y
adapted to the experimental results of (28) The regression law is in
agreement with the measured p0|nts within a bandwudth of rough]y one

order of magnitude. The plot is shown 'in Fig. 31.
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5. Review of the Data with Respect to Their Applicability
to LWR Accidents ’

The evaluation of the existing data on entrainment and resuspension
requires clear statements about 'realistic' values of the known main

parameters of influence on these phenomena.

The main perameters of particle resusbension are,basically not known.
Influence of temperature has been presumed by Schiitz (14) but was not
verified by his experiments. There may be influence From’the rate of
boil-off, as is the case with the entrainment of droplets, because of

a possub]e mechanistic IInk between these phenomena. The main parameters
of droplet entrainment are known. Decisive lnfluence comes from the va-
pour velocity, which can be separated into vapour generat:on rate and
evaporation area. The evaporation rate in unlte of volume/time is in-
fluenced by the densitylof the generated steam, which'depends on the
temperature and preSsure in the contafnment. The evaporation area may
be estimated from the possibie sump vo1umes'by simple gedmetric rele—
tions. Further, the geometric conditions of the vapour space have to

be considered.

Representative values for the contafnmeht temperature are in the'rahge
from 100 to 150 C, correspondlng to pressure of 2 to 7 bar partly due

to incondensible gas content and dependent on the accndent scenario.
Evaporat ion rates are assumed to be initially of the order of 5 kg/sec
and falling durlng the accident. From possible sump volumes of 100 to
2000 m° evaporat ion areas between 167 and 700 m2are calculated, assumlng
the form of a section of a sphere of 56 m diameter, which is the contain-
ment diameter of the German Biblis B reactor, the plant cosidered in the
German Risk Study (2). This diameter is at the same time a measure for
the vapour space height of the evaporation system. An important question
concerning the evaporation area is whether the evaporation takes place
uniformly on the total area or is restricted to a smaller area - say
above the molten core - which may have a cross—section of 40 m”. The
latter is regarded to be more realistic than uniform evaporation. With the
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assumptions given above, vapour velocities are calculated in the range

up to 13 cm/sec for a restricted evaporation area. -

It is assumed that special attention should be given to the process of
despressurization of the contalnment after its overpressure failure be-
cause of higher boil-off rates and a faster exhaust of the containment
atmosphere to the environment. On the other hand recent calculations of
the conditions in the containment show that considerable time s needed
for the depressurization which leads ' ' '
boil-off due to the overheated sump water. Assuming a containment leak
of 300 cm2, it takes about half a day, giving an additional boil-off

rate of 1,5 kg/sec from a sump of 500 m3 (62).

The sump itself contains an aqueous solution of boric acid. The boric
acid concentration may be of the order of 1 % at the beginning of the
evaporation (roughly 2000 ppm B in the nomenclature of reactor engi-
neering and essentially constant as long as the containment keeps its
integrity and the leaked amount is small compared to the inventory of
water. After dépressufization the water losses lead to slow drying out
of the sump. Consequently the concentration of its solids content will
increase up to the solubility limits at the boiling temperature. At the
end of this process considerable chahges of surface tension, viscosity
and density will occur. Further influences may result from the aerosol
content of the sump. The total aerosol mass released from the core is
taken as 3.5 tons, mainly insoluble metallic and oxidic particles of"

silver, fuel and structural materials.

Entrainment

The measured values of entrainment have been plotted in Fig. 32. It is
seen that the change in the slope of dE/dVgas’ where E is the entrain-
ment, and v the gas velocity in m/sec, occurs at approximately 15 cm/sec,

gas
as is known from the theory, and that extrapolation
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from the data obtained under high gas velocities would not be justified.
The range of gas velocities below 15 cm/sec, which is most important for
evaporat ing reactor sumps, is shown separately in fig. 33. There we see
a considerable scatter of the data and an increasing slope of the curves
with decreasing gas velocity. The data reported by Heger and by Mishima
were obtained at undersaturated vapour conditions, those of Shor under
high pressure and some of Garner's measurements on a foaming evaporator.
If these are removed, fig. 34 is obtained. The remaining data, which re-
. fer to saturated vapour conditions, are represented within a scattering

bandwidth of half an order of magnitude by the equation
E=3-. 1070 . exp (31 - v__)
gas”*
The residual scatter of the measurements is likely to be due to the use
of different apparatus which means different vapour space height, sur-

face to volume ratio and sampling position, which are known to influence

the measured entrainment values.

The measured entrainment is in rough agreement with the theory for the
region of discrete steam bubble flow (590 up to steam velocities of

7 cm/s but for the region up to 15 cm/s, which turned out to be most
important for revolatilization of fission products, no appropriate des-
cription by theory was found. The theory for entrainment in the inter-
mediate gas flux region, which is fitted to experimental Findings at
higher gas velocity, would predict considerably lower entrainment.

This can be expected if measurements done there are compared with low

velocity data as has been done in fig. 32.

From fig. 33 also the influence of some varied parameters is seen. The
entrainment under a pressure of 22 bar was higher than at atmospheric
pressure by a factor of 5 — 10. Since this pressure is far higher than

that expected in reactor accidents, it is concluded that no important -
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effects of pressure may be expected. The effect of the undersaturated
steam conditions is very strong. The enhanced entrainment may be due

to drying of the generated,drop]ets with the consequence that they will.
be transported more easi1y>to the gas space. Foam en the evaporating  “
liquid has an astonishingly sma]f effect. This seems to contradict the
observation that the jet drops which carry most of the entrainment iﬁ
evaporators are retaihed by the foam. A possible explanation is that
this effect is compensated in part by an enhanced generation of Small

film droplets under foaming.

In sum, it Is seen that measured values for the entrainment at low gas
velocities are available but subjected to an uncertafnty of about one
order of maghitude if some differences in the experimental conditions
are accounted for. Because of the difference between theory and meae_
surement It is advisable for the moment to rely on experimental values
only. Considerable additional uncertainty is introduced by effects of :
drying of the drbp]ets because the size distribution of entrained par-

ticles is one of the main influence parameters for their subsequent

transport and depletion behaviour.

The dfrect applicability of literature data to the core melt accident
problem depends on how close the. influence parameters match in both
cases. In general, a good agreement is given with respect to tempera-
ture, pressure, vapour velocity and material composition because the
literature has been selected under these criteria. No agreement is ob-
tained by comparison of the gedmetric conditions. The vapour space
height in the reactor building is at least one order of magnitude higher
than In the biggest evaporator used in the experiments. This difference
is very important, because the vapour space heights occuring in evapo-
rators are within range of the ascent of the bigger droplets. This is
clearly shown by Garner's drop]et size measurements. The dominant in-
fluence of the big droplets is explicitly stated by the theory of en-
trainment (36, 59). Additional differences will be seen if one looks
at the flow pattern of the steam. In an evaporator, the steam is acce-
lerated in the steam 1ine because of its smaller cross section com-

pared with the boiler. Thus, a significant amount of the larger
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droplets will be carried out of the evaporator due to the high vapour
drag on them. In a closed reactor building the vapour rises only due
tocorvective forces, with decreasing velocity. Also, in a open con-
tainment the residence time of the generated droplets will be very

much greater than in an evaporator. This should lead to a more effec-
tive 'settling of the large droplets, which carry.most of the air-

borne liquid. Thus, a possible conclusion .is that for. reactor appli-
cation, the little film drops or evaporated large droplets are impor-
tant but not the Targe ones as in evaporators. The. fraction of fiim -
droplets is only of the order of a few percent of the total entrain-
ment under ordninary boiling conditions. Calculatioh with the expression
given by (59) for the zone of wall-deposition controlled entrainment .
yields Va1ues of about one percent of the measured entrainment as plotted
in Fig. 27 at gas velocities above 7 cm/sec. At lower gas velocities
much smaller fractions are calculated because of the third power
dependence on the gas velocity. Measurement of the small droplets

is not very reliable because of experimental difficulties, but indi-
cates a mass fraction of few percent. Under foaming, a higher fraction

of small droplets is expected, of the order of twenty percent (fig. 27)
W, ‘ ' '

Detailed knowledge on-the small droplets is not available. In general,
all knowledge about important: properties of bubble-induced droplets is -
related to jet‘drops or mixtures in which these predominate. The con-
clusion is that no judgement about en.richment of chemical species,

effect of surface-active contaminants, etc. is possible.

Another important topic in the comparison of evaporators and the reactor
containment is the question of steam saturation of the gas space. The
containment atmosphere may be undersaturated in some regions or at some
times, which should lead to a shift of the mean droplet size to smaller

values. A quantitative prediction; however, is not possible on the basis

of the existing data.
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Resuspension

In this section, resuspension effects in the case of boiling or bubbled
liquids are treated separately from effects in the absence of bubbles,

since under the latter circumstances no mechanism is known.

Littie data exist on the resuspension of particles from boiiing or
bubbled 1liquids. From the decontamination factors obtained in pool-
scrubbing tests a value of 7,5 Xx 1O_LF results as an average of the
experiments of Marble at 167 cm water depth (17). From the other experi-
ments (19,20) higher resuspension, up to 2 %, is calculated. The value
of 7,5 x 1O_L+ is also obtained by recalculation of the sodium data re-
ported by Schiitz (14,15). For this calculation the release fraction of
the uranium particles is related to the release fraction of the sodium
pools, thus obtaining a particle release value which refers to complete
evaporation and is higher than the inverse of the retention factor.
This treatment inpiies time-linear particle release, contradicting
Schitz's suggestion,that the release at full evaporation should not
exceed the fraction measured at 10 % evaporation. It leads however

to a reduction of data scatter and is in better agreement with the
values reported by Berlin (9), which have been obtained under very
similar conditions but with complete evaporation. Inversion of Berlin's
retention factors, which refer a]sq to simu]ated fission product partic—
les, yields an averaged value of 9.8 x 10*3. Further detaj]ed analysis

of the main parameters and other general interpretation is not possible

because the lack of data.

Below boiling point data are available from sodium and water experiments
by Schiitz and Berlin, and are plotted in fig. 35 against the inverse tem-
perature normalized to the boiling temperature of water and sodium. This
type of plot has been chosen because of a likely dependence of the par-

ticle release on Boltzmann's law. Indeed, a temperature dependent release

is seen, which obeys within a spread
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of more than one order of magnitude the equation
resuspension = 1.2 x 1073 - eXDCZCTb—T)/T),

where resuspension means the resuspended fraction at complete evaporat ion,

and Tb the boliling temperature of the solvent.

The values used in the plot are Berlin’s inverse retention factors and re-
calculated values from Schiitz’s data, which have been treated in the
manner described above. Reference has been given to experimental data
which are 1ikely to represent the full extent of the particle release

and not to suffer from possib]e retention mechanisms. Through this, and
through manipulating Schiitz’s data an indefinite bias towards high re-

lease may be possible, but no conservatism in the choice of data was in-

tended.

It can be seen that the resuspension inh the vicinity of the'boilihgvpeint
will be in the region of 10 3. No general difference between the water
and sodiumrelated results is stated but this may be due to the lack oF
more water-related data. The influence of the evaporation rate on the

release was also checked but no correTation found.

The application of. the resuspension data presented in the literature |
to the situation of reactor accidents is hampered by the uncertainty
about the mechaﬁism of this effect. Measurements done below boiling
point in aqueocus and sodium systems suggest that there exists a mecha-
nism independent of entrainment and of its main paraﬁeter, gas velocity.
Also, if it Is essumed that these‘experiments involved minor bubbling
which might have gone undetected, the observed resuspension fraction
of 10-4 or more is not in good agreement with entralnment fractions
of 10_5 or lower at slow gas ve]ocxtles unless consuderab]e enrich-
bnent of the particles in the droplets is assumed. On the other hand,
not -assuming droplet-type resuspension would imply an independent . -
mechanism for resuspension which may also be operative to an unknown

extent under conditions of boiling.
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Since such a postulated mechanism is not known but enrichment of particles
has been observed, the best possible conclusion is that resuspension i's -
due to entrainment type mechanisms. However, this has to be confirmed by

further experiments evidence. -

The applicability of the resuspension data obtained from boiling pools is
now checked under the assunption of droplet transport. Gas velocity is the
most important parameter for droplet carry-over. Gas velocity in sodium and
water systems is not easy to compare because of much faster condensation of
the evaporation sodium (63). It is to be assumed that this would lead to a
lower release from sodium systems compared with water. Indeed, the Schiitz’s
exper iments with forced gas flow parallel to the sodium surface have shown
higher releases, of the order of a few percent. But sodium fires which ex-
hibit strong convective movement of the gas phase too, show no higher re-

lease than 10_3.

Thus, considerable uncertainty has to be attached to even this central topic.
Comparison of temperature, pressure and vapour space geometry, which act
mainly via the gas velocity in water systems, is therefore dispensed with.
The surface tension of sodium is higher than that of water, which may mean

a better ability to enrich particles at the surface leading to higher re-
lease. Surface enrichment and surface effects in general have been stated

by the researchers to be of importance to release, but there is no quanti-
tative knowledge available. Ignoring nonlinear time behavior of the particle
release in processing the data may contribute to fairly high release values.
The only fact which gives some confidence in the transfer of the sodium data
to aqueous systems is the agreement in the order of magnitude with the few
water experiments which have been conducted. In conclusion, it is stated
that the particle release from boiling suspensions may be of the order of
10_3 with an uncertainty of one order of magnitude in the direction of

higher values and more uncertainty in the direction of lower ones.
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The inportant question as to whether the resuspended particles are air-
borne as a result of an entrainment-independent mechanism or are carried

by droplets should be regarded as unanswered by earlier experiments.
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6. Impact of fission product revolatilization on the radiological

source term

In order to check the lnfluence of resuspensnon and entralnment oF
fission product aerosols From the sump on the radlo]oglca] source
term, calculatlons oF the fission prodUCt re]ease were performed
with the NAUA code. The NAUA code (65) is anraeroso] behaviour code
which calculates the dynamicdtransport and depletion processes of
aerosols in the condensing atmosphere of an LWR contaxnment system
durlng core melt accidents. The aeroso] processes Wthh are taken .
into account are Brown:an and graV|tat|ona1 coagulat ion on partlcles
as well as leFUSlophoretlc dep]etlon Aeroso1 sources can be chosen )
in an arbltrary manner. The calcu]atlon gives anongst other thlngs
the leakage of aerosols from the contalnment system wh;chrcontrl—
butes to the radiological source term. As'a basis For'the calcd]a-
tions three different accident scenarios were taken from former (2)-
and current rlsk studies in Germany. The scenarios are LOCA wnth
|nlt|a11y‘preserved containment |ntegr|ty and late contalnment fai-
lure due to overpressure. This kind of accident scenario is the
most frequent and moreover these cases are expected to be more

sensitive to additional small released amounts of fission products

than sequences with early contalnment Fallure

The scenarios contain a set of time dependent data on‘the basfc
properties‘oF the system - temperature, pressure, boiling rates

and leak rates - which are used to calculate the generation of
revolatillzed fission product aerosols and are in part general in-
put data for the NAUA-code. The NAUA—code ca1cuiates the depositfon'
and ]eakage of the aerosols generated by the core melt and by tne

additional aerosol sources resuspension and entrainment. The aerosol
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behaviour in the steel containment and in the annulus between the

containment and the concrete shell is caluculated separately.

Accident scenarios I and II are characterized by a different amount

of loss of coolant (600 and 2000 tons) from the primary coolant sys-
tem and emergency core cooling systems into the‘contéinnent. The

long term preSsgre bui]d—up leads tb an enhénced leak rate whéh‘the
design pressure is exceeded and to a depressurization of the contain—
ment through a ieak of 300 cm2'at the ‘estimated Faiiure-péint'at 9 bar.
Up to the depreséurization, the water of the sump is circulated in

the containment by evaporation and condensation. Once the containment
has failed the residual time of the accident scenario Is determined
by the evaporation of the sump and its escape through the leak until
the sump is dry. The pofnt of "drynéss",i;e‘the‘ehd of vapour gene-
ration, wasrtaken to be at about 95 % evaporation of the sump. It

was assumed that the sump is boiled off mainly in the fegion above

the core melt. The additiohal evaporat ion due to the pressure drop

at depressurization was assumed to occur uniformly over the whole
surface of the sump. The evaporation rate was taken as 5 kg/sec ini-
tially and falling during the accident to 3 kg/sec. From the evapo-
ration area the evaporation rate and thé thermodynamic conditions

the entrainment was determined. The calculated vapour ve]ocity'was
taken énd the related entrainment read from fig. 3k. Then, the frac-
tion of 10 un-droplets, the concentration of the sump and the drying
of the droplets was corrected for and the aerosol source calculated

in mass per second. The Iérge droplets were neg1e¢ted; since previous
calculations with droplets larger than 10 um had shown that these '
would. not contribute to the aerosol source. The calculation of the
drying of the droplets showed that at a relative humidity of96 % or
lower the 10 um droplets will dry out so much C66) that their volume
and dlameter is governed by the precipjtated boric acid in the drop-
let and not by the water content. Thus, not only the fission product

content, but also the
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diameter of the aerosols generated is dependent on the concentration
of the sump and was corrected for durihg the accident. The droplets
generated during the depressurization were assumed to stay as drop-
lets of 10 mm and only their solids content was adapted to the actual

sump concentration.

The density of the aerosol generated by entrainment was estimated
from the density of boric acid with some corrections for the content
of fission product particles to be 2 g/cm®. This value was not varied
with time nor for different accident scenarios. The density of the

10 um-droplets was taken as 1 g/cm3. The shape of all aerosols was
assumed to be spherical. The generation rate, diameter, density and

shape factors are»the aerosol . input parameters for the NAUA code.

The aerosols generated by the core melt were assumed to have a den—.
sity of 5 g/cm® and a mean diameter of 0.6 Mm, and to be sperical.
The resuspended particles were not changed in their properties. In
general, the resuspension rate was constant during the accident
leading to the desired integral revolatilization by entrainment and

resuspension.

Scenario III1 is similar in general but uses a modified failure ﬁode

of the containment after reaching the failure pressure. A progressively
growing leakage up to 75 %/ day is assumed at constant pressure in the
containment until the sump has evaporated and escaped through the leak.
After the dry-out of the sump the overpressure is relaxed until atmo-
speric pressure is reached at the end of the scenario. This failure
mode is considered as more realistic and is used in recent calculations
for risk analysis purposes (b4). It is an important feature of ﬁhis
scenario that it lasts longer than scenario I with a large leak. In
this respect it is similar to scenario II which assumes a large sump

volume of 2000 m3.

The most important data of the scenarios are compiled in Tables 36-38.
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In a first series of computer runs, scenario I (Table 36) was used.

Runs were conducted

without any revofatj]iiation
with strong entrainﬁent only, and
with strong entrainment and strong

resuspension.

These runs were carried out in order to see the interaction of the
aerosols from different sources and torobtain a reference release

which enables us to judge the importance of additional effects. .

The comparison of the runs under different conditions of revolatili-
zation showed only little inperaction betwéen the aerosols of different,
types. Some reduction_of the?sma]ler particles which stem from the

core melt énd are airborne by resuspension is seen in the presenée

of strong entrainment. But this effect is of little influence on the

overall release.

The first and the last of the above-mentioned runs were compared with
two subsequently conducted runs using scenario II and III each uhder_
similar conditions of strong revolatilization, as has also been done

with scenario 1. The aerosol leak rates of the four cases -

scenario I without revolatilization (’reference’),:
scenario I under strong_revolatiTizatiod, |

scenario II under strong revolati1izatlon, ahd‘

.0 0 0 o

scenario III under strong revolatilization -

are shown in Figures 39-41 and the integral releases compiled in Table 42,
In this series relatively high entrainment and resuspension rateé were
assumed to assure visible effects for all scenarios, because it was -

the predominant aim of these runs to determine the sensitivity of the
fission product leakage on revolatilization in different scenarios

and different phases of the accidents. The fraction of 10 um-droplets

was taken as 50 % of the literature entrainment value and the rate of

resuspension chosen in a way that the integral revolatilization during

all the accidents was about 10-3.
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The comparison yields a very similar fraction of the fission product
aerosols leaked from the containment before its failure (Figures 39-40).
This fraction of 2.5 x 10_4 of the fission product aerosols released
from the core was constant within one percent for all scenarios with
and without revolatilization (Table 42), The conclusion is that re-
volatilization is of very little influence in this phase of ahracci—
dent and the leakage from the contaimnent Is essentially due only to
the original core melt aerosol generated'at the beginning of -.the acci-
dent. The ieakage Is further reduced by aerosol processes in the annu-
lus to a fraction of 1.1 x 10‘5. This fraction is filtered before it
escapes to the environment by emergeny off-gas filters which have an
efficiency of better than 99.9 %. Because of the filter effect, only

a fractional amount of 1.1 x 10—8 will really escape to the environ-
‘ment. During the depressurization of the containment the filters are
destroyed. This is the reason why any additional aerosol source after
this time is relatively more important. In the reference case only a
fraction of 5.6 x 10—9 is additionally released after the containment
failure. Adding these two amounts the .total escape fraction in the re-
ference case is 1.7 x 10-8. This fraction is taken as a basevFor com-

parison with scenarios under conditions of revolatilization.

By comparison of the leakage fractions of fission product aerosols
compiled in Table 42 it is seen that under the somewhat pessimistic
assumpt ion which were made, the effects of entrainment and resuspen-
sion on the release to the environment are considerable in a]llcases.
Further, it can be stated that resuspension should be of greater in-
fluence if both mechanisms of revolatilization exist to the extent
assumed in the calculation. It should be noted that the sum of the
two effects of revolatilization when given in the tables applies
only to fission products which are subjected to both mechanisms.

Dissolved fission products such as the important caesium and iodine

species can be entrained only
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The leakage of entrained particles was not influenced by the .initial
sutp volume (scenario I and II), but was reduced by a factor of 56 .
in scenario .I1I. The 1eakage of resuspended particles was low in

scenarios I and III, but was véry{high in scenario II.

This complicated finding can be qualitatively explained as the result-
of two dominating influences. First, the escape of aerosols from any
source to the environment requires a ’transport vehicle’, i.e. a gas
flow. Such gas flows are large after the containment faiiure, and
fission product leak rates are proportional to the leaking gas flow.
Second, the aerosol retention is governed by the particle size. On
their way from the source to the environment particles can be depieted,
depletion rates increasing with particle size. Since .in the calculations
resuspended particles were assumed to be smaller than reentrained drop-
lets they are more persistent and in the longer lasting scenarios II.
and III the escaped fraction of resuspended particles. contributes much

more the leakage than the re-entrained fraction..

Besides leak rate and particle size the cqmbinatién of other influences
in the scenario also determine the amount of escaping. fission products.
So In many cases it is not possible to predict the influence of a
single parameter change on the magnitude of.the radiological source
term. Only the calculations with the code can give reliable answers...

In the calculations discussed above the resuspension source rates

were kept constant. In.order to check the influence of.a‘time-dependent
resuspension source, which was suggested by Schitz (15), an_additiqna1
calculation was performed. Using scenario II the resuspension rates
were modified such that 80 % of. the total resuspended mass were gene-
rated until 350ksec and 20 % thereafter.

The results were:
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leakage before containment failure 1.1x10_8’

leakage after containment failure

(by entrainment) o containment L*.5x10—5
annulus 2.2x107°

(by resuspension) containment 6.2x107°
annulus 3.8x»‘|0-5

total leakage to environment 6.0x107>

As was expected, the leakage due to resuspension was reduced by
roughly a factor of five and the total leakage by a factor of -
three compared with the standard scenario II (Table 42).

In the preceding calculations high source rates for revolatilization
have been chosen because the main aim was to compare the effects of
different accident scenarios. Since it is also intended to judge

the absolute Impact of revolatilization of fission products from

the sump, a further calculation was conducted under conditions of
revolatilization which are assumed to be closer to reality. The
calculation was made on the base of scenario II, which assumes a -
sump volume of 2000 m® and containment failure by a leak of 300 cm? .
after 125 hours. This scenario is essentially identical to ’Kern-
schmelzfall 12 (CMA case 1) énd release category 6 of the German
Risk Study (2). The results are presented in nore detail and will
also show features which are common .to all scenarios but were not
discussed above. The rate of entrainment is known and given by the
physical conditions of the scenario and cannot be chosen arbitrarily.
Not as well known as the total entrainment rate is the important
fraction of small 10 pm droplets. For the present calculation a mass
percentage of 5 % was assumed which is adapted to the experimental
findings of Garner (30) at low gas velocity (Figure 27). The inte-

gral resuspension was assumed to be 10—4 which is the lower limit of the
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experimental findings. This choice was made because of the uncertain

mechanism of the effect.

The results of the calculation are:

release before contalnment Fallure 1.1x10_8
release aFter containment failure
(by entrannment) : containment - 4.4x10‘6
- annulus o 2.2x10_6
(by resuspension) ‘ conteihﬁean : 1.8x10"5
T Uamndius T 1.3x1070
total leakage to environment ‘ i 1.32x10_5'

rhe time behaViOUFoF the leakage is shown in fig. 43 and compared with
the reFerence release. The- resu]ts are qua]ntatlvely the same as. beFore
Resuspensnon is more lmportant than entraunment essentially due to the“
assumed source rates’ but also due to the smaller size of the resuspen—¥
ded part|cles conpared to the partlcles generated by entralnnent The .
retentlon of the re—-entrained partncIes lnSlde the containment |s lar—
ger. The tota] ‘release due to revolatnllzation effects after contain-

ment failure is much more important than the release before contalnment

failure. This is also true If only the re]ease due to: entramment is

compared w1th the reference release.:;

According to the quantitative values it shduld be noted that SOme
items have been ignored, which imp]ies that the results obtathed;
stil11l include some coﬁservatism,“at ieast with respect to the eF?ect
of entrainment. The ehtrained drop]ets undergo deposition inside the
reactor ‘cavity. Further;-the strbng'dependence of thevcalculatedfreef
se1ts on containment ‘1€ak rates may lead to reductions when the leak

rates arter the containment failure are reduced to “realistic’values.
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The simplified model for entrainment also involves some conservapjéh.
The size distribution of entrained droplets canhot be.obtaihed from
literature data with the precisien necessary for the applieetion,to
accidents in LWRs. Changes in the fraction of 10 pm droplets infiuence

the overall result very sensitively. This certainly requires further

invest igation.
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of the ovefal] results. From these the alrborne concentratlons in the
contalnment and in the annulus are shown in Flgs. L4-47. The NAUA code .
is capable of tracking individual aerosol species. Cskand Te have been
chosen as representative,materiels of soluble and particulate fission T
products. Their time-dependent afrborne concentratfonlwill now be dis-
cussed separately. Accident scenario I1 was used as well as the re-

duced revolatilization sources(fig. 43).

The alrborne mass of cae5|um in the containment and in the annulus
is shown in figs. 44 and 45. The qualltatlve t ime—bebaviour shown there

is typlcal ‘also for the other scenarlos.

The high initially airborne masses of core melt aerosol in the con-
‘tainment atmosphere is deposited duringfthe first phase of the acci-
Jdent when the containment lntegrity is. glven. An eqUIllbrium with the
effects of revolatilization is reached before depressurlzatlon. Under
'enhanced leak rate dqe to increased pressure and under the depreesur:—

zation this equilibrium is readjusted at a lower-aerosol concentrat ion

"inside the containment and more aerosol is leaked into the reactor buil-
'ding.=During the important phase of boiling-off of the sump water when
most of the Cs-leakagé occurs the airborne mass is hearly constant over

a long time and governed by the equnlnbrnum of revolatilization, depo-

sition and leakage. At the 1ow
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aerosol concentration given her the equilibrium value is approximately
proportional to the assumed source rates of revo]atilization,rbecause
the aerosol interaction processes are weak. This is the reason why
direct proportlonality of the revolatilization source rates and the
integral release is observed for the same scenario. This can be seen
by comparing fig. 40 WEth fig. 43, belonging to the séne scénario II

with variation of the revolatilization effects by a factor of teﬁ.

The mass airborne in the annulus follows that in the containment with
little time delay, because the volume of the annulus is smaller than

the containment volume.

The behaviour of the airborne particulate tellurium (figs. 46 and 47),
which is revolatilized also by entrainment but predominantly by re-
suspension, is similar to that of caesium, which is entralned only.
The final increase of the Cs mass generated‘by entralnment, which

Is due to the concentration changes in the sumwp, is not observed

to that extent for insoluble Te particles. It should be noted that
the airborne mass of tellurium is higher than that of caesium for
long periods during the accident. The observed shift in the relative
importance of individual nuclides for the radiological source term
is due to the separation of soluble and insoluble fission products
which wés assumed for the present calculation. Soluble fission pro-
ducts were assumed to dissolve completely in the sump and to be re-
entrained only. Insoluble particles are re-entrained too, but are
revolatilized predominantly by resuspension, because of the higher
source rate of this effect. This was done rather for methodical se-
paration of the single effects than with the intention of physical
model11ing. The true extent of this potentially important effect was
hot studied in detail. The leak rates of caesium and tellurium are
compared in fig. 48. From this it can be seen that the resuspended

Te particles are more important
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during the earlier part of the boll-off phase while the entralnment =
of Cs is more pronounced_during theziater parﬁ when the Sump is very
concentrated. The integrally leaked amount of caesium (séluble fission
products) anthellurium tinsolub]e ones) is similar. Comparison of ?ig.
48 with fig. 43 shows that most of the leaked mass in fig. 43 was bo-
ric acid. The boric acid mass is attached to ﬁhe entrained fission pholz
duéts only and results in a differeht behaviour of the soluble and }n-

soluble fission products.

To sum up:

The fission products may. be revolatilized from the sump by droplet trans-

port and perhaps by an unknown additional mechanism of resuspension.

° The re entralnment of droplets from the sunp ylelds particles :
of borlc acnd of a few um in size which contaln soluble and in-
soluble fission products according to their concentration in the
sump. During an accident roughly a fraction of 10"L+ of the Fissioh’
products in the sump is re-entrained, but only a fraction of 10_6;
will. reach ‘the environment under the assumptions which were made
in the calculations. If some sources of conservatism are evaluated,
Jmhich are inherent in the lnconplete modelling, a best estlmate of
. the releases during the later phases of an accident is obtained in
the same order of magnitude gs’the releases during the early phase,
which have been the result of previous risk calculations. The'bar-
“ticles generated by re-entrainment are subjected to gravitational
deposition to a‘larger extent than the origina]vcore meit aerosol
due to their larger particle, snze, and therefore their alrborne
‘and re]eased amount is more sensitive to accident scenario: Fea-
| tures. Entralnnent of drop]ets from a bonllng Irqund is a we]l
known phenomenon and the resndual uncertainty about its lmpact
originates from the not well known fraction of little film drop-
lets, from possible effects of enrichment or depletion of fission

products
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in the droplets, and from the uncertainty about the réiative

humidity Inside the reactor containment.

The unknown independent mechanism of resuspension is assumed - .
to yield airborne particles of the same size as the original
core melt aerosol. It . is likely that soluble fission products

are removed or depleted in these, because they have dissolved .

in the sump before revolatilization. The range of values given .

in the literature for resuspension of particles from liquids. -
wouldv1ead'to a pronounced. contribution to the total leakage .
in the late phase of the accident under the assumed accident
conditons. Furthermore, the relative importance of several
nuclides for risk assessmentmay be shifted. :It has to be noted
that this effect is subject to considerable uncertainty resul-

" ting from the general.unavallability of detailed information.
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7. Conclusions and recommendations

This study investigates the re-entrainment and resuspension processes
of fission produtts from the containment sump of an LWR during core
melt accidents. The contribution of these phenomena to the radiologi-
cal source term is estimated. To this end a literature search was

ather available.data on re-entrainment and resuspension

performed to.
rates) and parametric calculations with the NAUA code were performed
to evaluate the fraction of revolatilized fission products that. con-

tribute to the radiological source term.

The following conclusions can be drawn:

- - In the literature re-entrainment and resuspension have been
invest igated separately by different researchers with diffe-
rent aims and with different methods. Consequently the im-
pression is given that we{have two different phenomena to
deal with. We do not support this, because then the resus-

pension phenomena would remain completely unexplained.

- Re-entrainment of dissolved material from ayeous pools is
dealt with to a sufficient extent in the 1iterature. Mea-
sured data show a clear dependence on the flow velocity
of the steam. A qualitative understanding of the mechanism
of re-entrainment is based on the process of bubble bursting
at the water surface. The droplets generated from the bur-
st ing bubbles are carried away by the evaporated steam. From
this plcture the Influence parameters are easily understood
to be evaporation rate, surface area, size of the generated
droplets and the geometry and saturation of the vapour space
over the water surface. The latter influence of the vapour

space is incompletely understood.
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Resuspension of particles is less well investigated. Information
for aqueous systems is very scarce, a mechanistic model does not
exist at all. The few existing data suggest that resuspension ra-
tes are higher than re-entrainment rates under identical condi-
tions. The speculation that resuspension takes place via the same
bubble-bursting phenomena as re-entrainment then leads to the
immediate conclusion that particles in aqueous suspensions must
be enriched at the surface. Such a surface en?ichmenﬁ has hdtl'

(S 1= LV

been auantified for relevant aaueous systems
een quantifled ¢ relfevant aqueous systems.

The applicability of re—entraihment and resuspension data to

reactor accident analysis is impeded by the fact that no véfy

~many data are directly applicable to accident conditions, and

that reliable models afe not available. This problem is more

severe for resuspension than for re-entrainment.

Calculat ions of aerosol behaviour with the NAUA code show - when
directly based on literature data - a strong relative increase

in the radiological source term due to re-entrainment and resus-

pension effects as compared with earlier studies which neglected

reentrainment and resuspension. It has to be kept in mind that
even this increased source term is very low in absolute measures,
because the accident sequence chosen for the calculation was a
very‘10w conSequénce'scehario with late overpressure failure of
the containment. The new calculations show that the additional

contributions to the radiologiéal source term occur after the

.containment fallure at a time which was no longer taken into

account in earlier calculations.

Further calculations in which the 1iterature data on resuspension
and re-entrainment rates have been reduced by plausibility con-
siderations as far as possible still resulted In a contribution of
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re-releases to the radiological source term that was of the
same magnitude as the direct release from the core. This
again is valid only for the low-consequence scehario with

late overpressure failure.

To sum up:

Re-entrainment and resuspension make the main contribution to the radio-
logical source term in an accident scenario whiéh is not risk dominant
but by far the most frequent.The error latitude of this contribution, how-
ever, is very large due to incomplete physical understanding of the ba-

sic processes,

Based on these conclusions the Foi1owing recommendat ions can be made for

future research:

- The re-entrainment source should be measured more accurately.
Under conditions that are applicable to LWR accidents the source
mass rates and, more importantly, the droplet size spectra and
chemical composition have to be measured. Detailed information
on the dependence of this source on the geometry of the vapour

space over the boiling pool should be gathered.

- The mechanism of resuspension should be investigated. It has
to be determined whether an independent resuspension mechanism
exfsts or whether particulates are also emitted from the sump
by re-entrainment processes. At least in the latter case, sur-

face enrichment factors have to be determined.

- On the basis of such experimental data a model for re-entrain—
ment and resuspension sources should be worked out. This mode]
should be generally applicablg, but the exmphasis should be on

the application to core melt accident conditions in LWRs.



..97...

With the model a reassessment of the fission product leakage

to the environment should be made, taking into account the new.
better-defined source model for re-entrainment and resussenSIdn.
The results will have to be compared to the present values of

the .radiological ‘source term.
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