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SUMMARY OF PRETEST AEROSOL CODE CALCULATIONS FOR
LWR AEROSOL CONTAINMENT EXPERIMENTS (LACE) TEST LA2

J. He Wilson
P. C. Arwood

ABSTRACT

This report describes work performed as part of the LWR
Aerosol Containment Experiments (LACE) Comparison Coordination
Project, which is sponsored by the Electric Power Research
Institute (EPRI). The aerosol computer-code pretest calcula-
tions performed to model results from the LACE Test LA2 are
summarized and compared. The LACE tests are being performed at
the Westinghouse Hanford Engineering Development Laboratory
(HEDL) .

1. INTRODUCTION

The LWR Aerosol Containment Experiments (LACE) are being performed
to investigate, on a large scale,kaerosol retention behavior in contain~
ment under simulated severe reactor accident conditions. An additional
objective of these experiments is to provide a data base for validating
aerosol containment computer codes and related thermal-hydraulic computer
codes. The LACE tests are internationally funded and are being performed
at the Hanford Engineering Development Laboratory (HEDL) under the
leadership of an overall project board and the Electric Power Research

Institute (EPRI).

The LACE project has two components: (1) the experiments being per-
formed at HEDL and (2) aerosol—transport and thermal-hydraulic code-
comparison activities. The aerosol-transport code-—comparison activities
are being coordinated at the 0Oak Ridge National Laboratory (ORNL), while
the thermal-hydraulic code-comparison activities are being coordinated at

Intermountain Technologies, Inc. (ITI) in Idaho Falls, Idaho.

For each of the six planned LACE tests, pretest and blind posttest
aerosol code calculations will be performed. The activities in the aero~
sol code-~comparison project at ORNL include (1) providing guidance to
participating aerosol code analysts to help them in performing pretest
and posttest calculations, (2) compiling the results of these
calculations, and (3) critically evaluating the results from the aerosol

code calculations.



This report summarizes the results from pretest aerosol code
calculations performed for test LA2. As defined in the LA2 test plan,1
this test was designed to simulate a severe accident with a failure to
isolate the containment. In the test, aerosol behavior in a large vessel
with two pre-existing leak paths was Investigated. Aerosol code calcula-
tions to model the behavior in the Containment Systems Test Facility
(CSTF) vessel were performed. Summaries of the code input conditions
specified for the aerosol code calculations and the requested code output
results are presented (Sect. 2). 1In Sects. 3 through 5, the results of
the CSTF vessel calculations of various codes are presented and then com-
pared.

2. SUMMARY OF SPECIFIED INPUTS AND REQUESTED OUTPUTS
FOR LA2 PRETEST CALCULATIONS

A letter was sent to LACE program participants describing aerosol

code inputs and required code outputs for LA2 pretest calculat:ions,2 and

the general contents of this letter are summarized here.

In LACE test LA2, aerosols were generated, transported through a
0.2-m-diam pipe, and injected into the CSTF vessel. Minimal aerosol
deposition in the delivery pipe was expected. The behavior of the aero-
sol in the CSTF vessel, which had two leak paths, was then studied. The
expected conditions for test LA2 were defined in the published test plan,
which was used to develop the information presented in Table 1. This
table summarizes the aerosol-code input parameters required for LA2 pre-
test calculations. Additional information, as listed below, was supplied

to the code users.

l. Predicted temperature, pressure, and leak histories of the CSTF vessel

were specified for use in the calculations, as shown in Table 2.
2. To avoid problems such as those experienced in the LAl pretest
calculations (with input of aerosol size parameters to the codes),
mass-median diameters were provided for the mixed aerosol and also
for MnO and CsOH separately.
3., The collision shape factor and dynamic shape factor were both

set equal to 1.



Table 1. Fixed code input parameters for LA2 pretest calculations

CSTF VESSEL PARAMETERS:

General
CSTF vessel diameter (ID): 7.62 m
Overall height 20.3 m
Cylinder height 16.5 m
Enclosed volume 852 m3
Total surface area for aeroscl settling 87.8 m?
Total surface area for wall plateout 741 m?
Total surface area for heat transfer 520 m?

to envirouns
(For more detail, see LA2 Test Plan)
Preexisting Containment Leakpaths
Upper Leakpath

Leakpath geometry Sharp—edged orifice
Orifice diameter 18 mm
Leakpath height above containment
bottom 16.5 m
Scrubber flow resistance 8 kPa
Lower Leakpath
Leakpath geometry Sharp-edged orifice
Orifice diameter 18 mm
Leakpath height above containment
bottom 4.0 m
Scrubber flow resistance 8 kPa

AEROSOL SOURCE CONDITIONS:

Aerosol injection period to 0 to 3000 s
CSTF vessel
CsOH airborne input rate to CSTF vessel 0.6 g/s
MnO airborne input rate to CSTF vessel 1.2 g/s
Aerosol co-agglomeration state at Mixed, aged 13 to 30 s

inlet to CSTF vessel
AMMD of mixed aerosol input to CSTF vessel 2 um
Geometric standard deviation of mixed 2
aerosol input to CSTF vessel
CsOH particle density (1/2 of theoretical) 1.84 x 103 kg/m?
MnO particle density (1/2 of theoretical) 2.72 x 103 kg/m?3

AEROSOL CARRIER GAS CONDITIONS:

Steam flow rate 8 x 10-2 kg/s
Nitrogen flow rate 1.25 x 10™* kg/s
Argon flow rate 1 x 102 kg/s
Hydrogen rate 5 x 10~% kg/s
Carrier gas temperature at containment

boundary _ 553 K
Time for start of carrier gas flow to 0 s

CSTF vessel
Time for end of carrier gas flow to 3000 s

CSTF vessel



Table 1 (continued)

CSTF VESSEL ATMOSPHERE CONDITIONS:

Initial

Gas composition

Gas temperature

Steel temperature

Pressure, absolute

Relative humidity

Ambient outside temperature

Sump water mass

Sump water temperature
Period 1 (Heatup)

Start time

End time

Steam rate

Steam temperature

Noncondensible gas rate

Supplemental containment heat
Period 2 (Aerosol Injection)

Start time

End time

Steam rate (in addition to aerosol

carrier gas)

Steam temperature

Noncondensible gas rate

Supplemental containment heat
Period 3 (Slow Cooldown)

Start time

End time

Steam rate

Steam temperature

Noncondensible gas rate

Supplemental containment heat
Period 4 (Cooldown)

Start time

End time

Steam rate

Noncondensible gas rate

Normal air
297 K

297 K
98.6 kPa
50 %

297 K
1,000 kg
297 K

-1,800 s
0 s

0.7 kg/s
423 K

0 kg/s

0 kw

0 s
3,000 s
0.12 kg/s

423 X

0 kg/s
0 kW

3,000 s
60,000 s
0.02 kg/s
423 K

0 kg/s

0 kW

60,000 s
170,000 s
0 kg/s
0 kg/s




Table 2. Containment conditions and leak rates
for use in pretest calculations

Total leak rate@

Time Temperature Pressure m3/sb Fractional®
(s) (K) (kPa) (at T&P) (s=h)

~1800 297 98.6

-1200 316 118 0.0323 3.79E-5

- 600 335 . 139 0.0554 6.51E-5

0 353 160 0.0581 6.82E-5

600 358 © 172 0.0626 7 «34E-5
1200 363 184 0.0659 7.73E~5
1800 368 196 0.0697 B.18E-5
2400 373 208 0.0725 8.51E-5
3000 378 220 0.0752 8.83E-5
6000 377 214 0.0745 8.75E-5
12000 374 202 0.0714 8.39E~-5
18000 371 190 0.0688 8.08E-5
24000 369 178 0.0662 7.76E-5
30000 366 166 0.0622 7+30E~5
36000 364 154 0.0579 6.79E-5
42000 361 142 0.0528 6.20E-5
48000 358 130 0.0470 5.52E-5
54000 356 117 © 0.0361 4.24E-5
60000 353 105 0.0212 2.49E~5
66000 350 98.6 0 0
120000 330 98.6 0 0
170000 320 98.6 0 0

4leak rate through each orifice = 1/2 of total leak rate.

byolumetric leak rate at temperature and pressure of containment.

CFractional leak rate = (total leak rate at temperature and
pressure of containment)/(volume of containment). Volume of
containment = 852 m3.



4.

For calculating the effect of thermophoresis on aerosol plateout,
the temperature difference between the containment atmosphere and
the wall of the CSTF vessel was set equal to 4 K.

For determining the effect of diffusiophoresis on aerosol plateout,
the steam condensation rate as a function of time was specified.
Conditions in the CSTF vessel during the test were assumed to be

saturated.

The purpose of providing thermal-hydraulic information and

specifying certain parameter values for the pretest calculations was to

minimize variances in input data, thereby ensuring a meaningful code-com-

parison effort.

Table 3 presents a summary of the regquested code output parameters

for LA2 pretest calculations. Some comments on these parameters are

included here.

1.

For various parameters (such as suspended aerosol concentration and
mass of settled aerosol), the code analysts were requested to
provide output data for each species (Mn0O and CsOH). Various plots
involving the MnO/CsOH mass ratio are presented in this report for
the "multi~-component™ codes. The data for the "single~component”
codes are not included since thé calculated ratio was 2:1 (equal to

the Mn0/CsOH mass ratio in the source) in all cases.

If the code calculations indicated water condensation on the
airborne aerosols, data concerning the amount of water associated

with the aerosols were requested at the specified output times,

Included with the aerodynamic mass-median diameter (AMMD), one of
the aerosol size parameters requested was the "aerodynamic mean
settling diameter.,” This 1s defined as

0.5
lSUst x 10

= ’

das
8Qpl



Table 3. Summary of required output parameters for
LA2 pretest calculations

CSTF VESSEL CALCULATIONS

Output times, s: 300; 1,200; 2,100; 3,000; 3,300; 3,600;
3,900; 4,200; 4,800; 5,400; 6,000; 6,600;
8,100; 20,000; 60,000; 170,000

Qutput parameters and units:

1. Suspended CsOH and Mn0 szerosol mass concentration: provide
this for the §IXED aerosol, and for EACH aerosol species, if
possible, g/m :

2. Mass of water condensed onto airborne CsOH and MnO aerosols, g

3. Cumulative CsOH and MnO aerosol mass leaked from vessel through
EACH leak path: provide this for the MIXED aerosol and for
EACH aerosol species, if possible, g

4. Cumulative CsOH and MnO aerosol mass settled in vessel: provide
this for the MIXED aerosol and for EACH aerosol species, if
possible, g

5. Cumulative CsOH and Mn0O aerosol mass plated on vessel walls and
celilings: provide this for the MIXED aerosol and for EACH
aerosol species, is possible, g

6. Airborne CsOH and MnO aerosol size parameters: provide the
following for the MIXED aerosol and for EACH aerosol species,
if possible:

a. The AERODYNAMIC MASS-MEDIAN DIAMETER — in um — and the
GEOMETRIC STANDARD DEVIATION — dimensionless

b. The AERODYNAMIC MEAN SETTLING DIAMETER — in um
c. "DISCRETE" code users should provide tables of aerosol mass

~ in g — in each size group for the times 1,000; 3,000;
4,200; 10,000; and 60,000 s.




where
dyg = aerodynamic mean settling diameter (m),
ug = fluid viscosity (g/cme*s),
g = gravitational acceleration (cm/sz),

3

p1 = 1 g/cm® particle density,

(=}
0n
]

gravity settling velocity (em/s), defined as

Aeroso]l settling deposition flux

US=
Aerosol suspended mess concentration

4. The users of "discrete” codes were requested to provide us with data
on the aerosol mass in the various size groups used in their codes.
The information was needed for detailed comparisons of the size

distributions calculated by the various discrete codes.

The LA2 participants were also requested to submit a summary of any
major input parameter assumptions (other than those specified in the
instruction letter) used in their code calculations. This would include
parameters such as the assumed value for thermal boundary-layer thickness.
In later correspondence,3 the need for such information was reemphasized.
The code users were also requested to provide copies of the actual com~-
puter input and output for their codes. Finally, it was requested that

the plated aerosol mass be tabulated according to the deposition mechanism.
3. RESULTS OF PRETEST LA2 CALCULATIONS

Pretest calculations for LA2 were performed by nine investigators.
Table 4 lists the codes used and the names of the code analysts. The
HAA-4 code assumes the aerosol size distribution to be lognormal at all
times. The MAAP~2.9 code assumes that the aerosol approaches an asymptotic
size distribution. All other codes listed in Table 4 utilize a discrete
particle size distribution model, The "multicomponent™ CONTAIN and
AEROSIM~M codes calculate particle compositions that vary with particle
size, whereas for the "single component” codes, the Mn0O/CsOH ratio is
independent of particle size. Also, the two CONTAIN codes predicted

condensation of steam onto the aerosol. The MCT-2 code calculations were



Table 4. Summary of codes used for LA2
pretest vessel calculations

Code? Code analyst Affiliation

AEROSIM-M(UK) S. A. Ramsdale United Kingdom,
Satety and Reliability
Directorate

CONTAIN( ORNL) M. L. Tobias United States,
Oak Ridge National
Laboratory

CONTAIN(UK) P. N. Smith United Kingdom,
: : Atomic Energy Authority

HAA-4(US) ~ E. U. Vaughan United States,
Rockwell Intermational
Corporation

MAAP-2.9( SW) H. Haggblom Sweden,
' Studsvik Energiteknik AB

MCT-2(US) P. Bieniarz United States,
' Risk Management
Assoclates

NAUA~-5(FN) J. Makynen Finland,
Technical Research
Centre

NAUA-4(US) R. Sher : United States,
Electric Power
Research Institute

REMOVAL(JN) N. Yamano Japan,
Atomic Energy
Research Institute

linitials 1in parenthesisvincluded to indicate country or
organization.
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for both a "wet” and "dry" case, i.e., steam condensation and no steam
condensation, respectively, on the aerosol. All other codes assumed no

steam condensation on the aerosol.

Table 5 lists the plating mechanisms invoked by the codes and data
concerning values used for boundary-layer thicknesses. Other information
is included for better understanding of the characteristics of each code
and for use in interpreting the results that follow. The values for the
diffusion boundary-layer thickness and the turbulent energy dissipation
factor in Table 5 are seen to differ for some of the codes. However, as
discussed in Sect. 5, the amounts of aerosol plating by the mechansisms

which utilize these parameters were negligible.

The particle-size distribution data were not reported at the
requested output times in all cases (see Table 6). Nevertheless, all
data are included in the figures that are presented here. (The data are
plotted on the figure that corresponds to the nearest requested output

time.)

The calculated aerosol concentration in the CSTF vessel is plotted
as a function of time in Figs. 1 through 3. The concentration is that of
the dry (MnO and CsOH) aerosol in all cases. The vertical line at
3,000 s indicates the end of the aerosol éource. In Figs. 2 and 3, the
codes are divided into two groups for the purpose of clarity. Figure 4
shows water concentration vs time for the two CONTAIN codes. This is
assumed to be water associlated with the aeroscl. 1In the actual LA2
test, the amount of water associated with the aerosol will not be
measured. Thus, our comparison of the posttest calculations with the

experimental results will involve dry aerosol concentrations.

Figure 5 shows the cumulative aerosol mass retained in the CSTF
vessel as a function of time. This 1s equal to the sum of the cumulative
settled and plated masses. The cumulative aerosol mass leaked from the
CSTF vessel is presented in Fig. 6. The final sum of retained and leaked
masses for each code should equal 5,400 g. 1In Figs. 7 and 8, the cumu-
lative mass of aerosol removed from the CSTF vessel atmosphere by
settling and by plating, respectively, is shown for each code as a
function of time, The MCT-2 and the MAAP-2.9 codes did not report separate
values for plating and settling. The NAUA-5 code reported plating by the



Table 5. Features of computer codes used for LA2 pretest calculatious
CODE
Peature
of Code AFROSIM-M CONTAIN(ORNL) CONTAIN(UK) HAA-4 MAAP-2.9 MCT-2 NAUA-5 RAUA-4 REMOVAL
Diffusiophoresisd Yes Yes Yes Yes No Yes - No Yes Yes
Thermophoresisd Yes Yes Yes Yes Correlation Yes No Ro Yes
1 /
Diffusiond,b Yes Yes Yes Yes Correlation Yes Yes Yes Yes
T.8.L.C, mm 10 3 2
'
p.B.L.4, m 1 . 0.01 0.15 0.1 0.1 0.1
Comments® Multicomponent Multicomponent Multicomponent Gravitional Settled and Settled and Lesk rate e = 0.} w2/83
collision plated aerosol plated aeroesol too high

e = 0.39 m2/s3 Calculated Calculated efficiency masses not: magses not from ¢ to

during aerosol thermal- thermal- = 0.1 reported reported 3,0000s to

injection hydraulics hydraulics separately separately

Thermophoresis  Steam conden- Steam conden—~ Thermophoresis Collision shape Thermophoresis

plating area sation on gatfion on plating area  factor = 2.5 plating area

= 520 m2 aeroaol aerosol = 653 m2 = 741 m2

e = 0.001 w2/s3

8plating mechanism

barownian diffusion.

CThermal boundary layer thickness.

dpiffusion boundary layer thickness

g = turbulent energy dissipation factor

T



Table 6.
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Summary of times reported for particle

size distributions

Code

Code output time, s

Requested time
AEROSIM—M
CONTAIN( ORNL)
CONTAIN(UK)
HAA-4

MAAP-2.9

MCT-2

NAUA-5

NAUA-4

REMOV AL

1,000
1,000
1,000

1,000

900

1,000

1.000

3,000
3,000
3,000

3,000

3,000
3,072
3,000

3.000

4,200

4,200

4,200

4,200

44200

10,000
10,000
10,000

10,000

9,900
8,637
10,000

10,000

60,000
60,000
60,000

60,000

60,000
69,513
60,000

60,000
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Brownian diffusion mechanism only, and only negligible plating was
reported. In Figs. 9 and 10, plots are shown for plating by diffusio~
phoresis and by thermophoresis plus Brownian diffusion, respectively.
Four codes provided this type of information (the NAUA~4 code does not

include a thermophoresis mechanism).

The AMMD, the geometric standard deviation (GSD), and the aerodyna-
mic mean settling diameter are plotted vs time in Figs. 11 through 13,
respectively, The AMMD is expressed as

AMMD = dgg (p/x)0°% ,

where dgg is mass-median diameter of the particle size distribution, o
is the particle density, and y is the dynamic shape factor. For the
CONTAIN codes, the values for AMMD and GSD are for the wet rather than

the dry aerosol particles.

Particle size distribution curves are presented in Figs. 14 through
18 for the codes having a discrete distribution model. FEach figure shows
the distribution for a particular time; in each case the normalized mass
fraction of the aerosol in a size interval, or size "bin,” is .plotted vs
the average diameter of particles in that size bin. The dotted vertical
line in each drawing represents the dsg of the source aerosol. The nor-
malized mass fraction plotted in these figures was determined by dividing
the actual mass fraction in each bin (as calculated from the particle size
distribution data provided by the codes) by a factor equal to the sum—
mation (over all the bins) of the actual mass fraction in each bin times
Aln(d), the latter being the difference between the logarithms of the
vpper and lower particle diameter limits of the bin. Thus, a particle
size distribution curve (which is similar to a probability denmsity func-
tion) is generated, making it more meaningful for comparison purposes.
The normalized mass fractions in Figs. 14 through 18 correspond to the
wet aerosol for the CONTAIN (ORNL) code and to the dry aerosol for the
CONTAIN(UK) code [the amount of water associated with each size bin was
not provided for the CONTAIN(UK) code]. The distribution curves for both
CONTAIN codes in Figs. 14 through 18 are plotted vs the actual diameter

of the wet aerosol.
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In Figs. 19 through 21, particle size distributions for the CONTAIN
(ORNL) codes are shown for times when significant amounts of water are
condensed on the aerosol. 1In each figure, one curve is that for the wet
aerosol [as was also the case for the CONTAIN(ORNL) code in Figs. 14
through 18]. This wet aerosol curve corresponds to the actual particle

s8ize distribution of the aerosol as it exists in the CSTF vessel.

Also plotted in Figs. 19 through 21 is the normalized mass fraction
of the dry aerosol vs the actual diameter of the wet aerosol, as was the
case for the CONTAIN(UK) code curves in Figs. 14 through 18. The values
of this curve represent the particle size distribution that will be
measured experimentally in LACE test LA2 by the cascade impactors, and it
is this curve that will be compared with experimental results in the LA2
posttest code comparison. The cascade impactors separate the aerosol
according to the actual particle aerodynamic diameters, but the mass of
aerosol collected on each impactor stage is a dry aerosol mass, since any

water present has been evaporated before analysis.

The third curve in each of Figs. 19 through 21 shows the normalized
mass fraction of dry aerosol plotted vs the diameter of the dry aerosol.
This diameter of the dry aerosol was estimated by multiplying the average

diameter of each size bin by a factor, f, where
f = (wd/ww)l/ss

in which Wg is the weight of dry aerosol and Wy is the weight of wet

aerosol in each bin. 1In deriving this counversion factor, the density of
water was considered to be equal to the average density of the dry aero-
sol, which is the assumption used in the CONTAIN code. The CONTAIN code

is not set up to handle varying densities of aeroscl components.

In Figs. 22 through 24, the MnO/CsOH mass ratio in a size bin is
plotted vs the average bin diameter for the particle size distributions
from the AEROSIM-M and the CONTAIN codes. In these figures, the curves
for both the ORNL and UK versions of the CONTAIN codes are plotted vs the
diameter of the wet aerosol. As pointed out previously, the AEROSIM-M

code did not predict condensation of steam on the aerosol.
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The Mn0O/CsOH mass ratios for the airborne aerosol and for the
cumulative settled aerosol are plotted vs time in Fig. 25. The AEROSIM-M
and the CONTAIN codes provided this type of information. The mass ratio
for the cumulative plated aerosol was essentially constant with time at a
value of -~2. The instantaneous mass ratio for the leaked aerosol would

be equal to that for the airborne aerosol.

4. GENERAL COMMENTS ON LA2 PRETEST CALCULATIONS

2 the mixed aerosol source was

In the LA2 pretest Instruction letter,
specified as having an AMMD of 2 pym and a GSD of 2 for calculation pur-
poses. For the multicomponent codes, the mass-median diameters were pro-
vided for MnO and CsOH. These diameters were calculated assuming that
each source species also had an AMMD of 2 ym. Since the instruction
letter did not specify the GSD for the separate MnO and CsOH source aero-
sols, all code analysts assumed the GSD to be 2 for each. While this
ambiguity in the instruction letter did not cause a problem here, all
particle size distribution parameters should be provided in future speci-
fications for aerosol calculations. When specifying input for a single-
component aerosol code, the particle size distribution parameters for a
mixed-source aerosol should be determined by an appropriate method (for
example, by combining the values for separate aerosol species on a

lognormal probability distribution plot).

Some of the AMMD results of the "discrete” codes appeared anoma-
lous, in that at early times during the aerosol generation period the
AMMD values differed from the AMMD of the source. At these early times,
the AMMD of the source should be reproduced (assuming no water is con-
densed on the aerosol). By definition the mass-median diameter, which
is used to calculate the AMMD, is that diameter below which 507 of the
mass of the particle size distribution lies. 1In order to facilitate com-
parisons with experimental impactor data, the codes should calculate the
AMMD in a manner consistent with this definition. For example, the mass-
median diameter may be determined from "discrete" code data by plotting
cumulative mass vs the upper diameter of the size bin, since the diameter

of all the particles in that bin is smaller than or equal to the upper bin
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diameter. The problem is that some codes utilize the average rather than
the upper bin diameter when determining the mass-median diameter by this
approach. Another problem is that some codes use a formula for the mass~
median diameter which applies only to a lognormal distribution. We
calculated AMMD values using the reported particle size distribution
data. Significant differences were found between our values and those
reported by several codes. The code users were notified of these find-
ings so that they could reevaluate thelr methods of determining AMMD.
Wherever applicable, the AMMD values presented in the next section
include our values calculated using the particle size distribution data

reported by the codes.

As mentioned in the previous section, the particle size distribution
curves presented here have been normalized to represent probability den-
sity functions. To illustrate the desirability of this, consider a
particular distribution curve and then Increase the number of bins by a
factor of 10, while keeping the maximum and minimum particle diameters
constant. The mass fraction in a size bin at any bin diameter would
then be reduced by about a factor of 10. If the mass fraction in each
bin were plotted vs bin diameter for both these cases, two similar curves
would be generated that would be displaced vertically from each other.
However, if normalization is performed, the two curves would coincide — as
they should, since they represent the same particle size distribution.
This is {llustrated in Fig. 14, where the particle size distributions for
all codes are, and should be, approximately the same as that of the

source at the early time of 1,000 s.

In analyzing the LA2 pretest results, the aerodynamic mean settling
diameters reported by the codes could not be verified (mainly because
viscosities of the CSTF atmosphere and settling rates were not available
in all cases). However, using estimated viscosities and settling rates
where necessary, we calculated settling diameters. For some codes, the
differences between our calculated and the reported settling diameters
were greater than would be expected due to any differences in the viscos-
ities and settling rates used by us and by the code. More information

about the codes is needed to determine the reason for these differences
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in settling diameter calculations. The use of such a parameter as the
settling diameter for code-compzrison purposes is seen to have potential
problems. Although this parameter is not used elsewhere in the code
calculations, possible errors or differences in calculation methods for
the parameter may lead one to suspect significant differences between
codes which, in fact, do not exist. The AMMD is another example of such

a parameter.,

The CONTAIN code is an integrated code, combining both the thermal-
hydraulic and aerosol-behavior calculations. TFor the LA2 pretest calcu-
lations, the CONTAIN(ORNL) code predicted time histories for the vessel
leak rate and the rate of steam condensation on vessel surfaces that dif-
fered from the values specified in the LACE instruction letter (the
instruction letter gave estimates of expected experimental results;
actual test measurements provided significantly different data).? This
information was not provided by the code users for the CONTAIN(UK) code.
Futhermore, both codes predicted condensation of steam on the aerosol
particles. Thus,‘the results oftthese two versions of the CONTAIN code
are difficult to compare (not only to the results of the “"dry” codes,
but also to each other) because (1) the leak rate directly affects the
airborne aerosol concentration, (2) the steam condensation rate on sur-
faces is used in the calculation of diffusiophoresis, and (3) conden-
sation on the aerosol affects the settling rate. Simulation of actual
thermal-hydraulic conditions is also a potential problem for the CONTAIN

codes in the blind posttest aerosol calculatiomns.

In the LA2 test planl and the LA2 pretest instruction letter,2

surface areas were specified for plateout, settling, and heat transfer.
Table 5 shows that three different values for area were used by the three
codes that provided separate values for plating by thermophoresis. The
areas used were either the plateout area, the heat transfer area, or an
area intermediate to these two. When the Instruction 1ettér was prepared,
it was not recognized that there would be any ambiguity in selecting the
area for the thermophoresis mechanism. Specifications for future LACE
calculations should carefully avoid any ambiguities that can affect the

code comparison efforts.
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5. DISCUSSION OF RESULTS OF LA2 PRETEST CALCULATIONS

Alrborne aerosol concentration

As seen 1n Figs. 1 through 3, the airborne aerosol concentration
values during the aerosol generation period showed good agreement for all
codes except the NAUA~5 code. For this time period, the leak-rate 1input
to the NAUA-5 code was ~10 times too high, which resulted in low con-
centration values. After termination of the source aerosol generation,
the concentration values for the NAUA-5 code do not decrease as rapidly
as do those for the other codes. This is probably because the NAUA-5
code Iincludes only plating by Brownian diffusion, which does not produce
significant deposition.

Beginning at time 3,000 s, the MAAP-2.9 code predicts a rapid drop
in aerosol concentration. The MAAP-2.9 aerosol concentration values are
lower than those for the other codes, except at approximately 12,000 and
28,000 s when the CONTAIN(ORNL) and REMOVAL codes, respectively, predict
lower concentrations. The initial rapid drop after 3,000 s is the result
of high deposition rates during this time period. As seen 1In Fig. 5,
~85% of the total cumulative deposition occurred by ~5,000 s. The reason
for the relatively slower concentration decrease at longer times could be
the fact that MAAP-2.9 assumes the aerosol to have an asymptotic particle
size distribution independent of the source particle size.* If the
asymptotic particle size is significantly less than the average size pre-
dicted by the other codes at the same aerosol concentration, then
MAAP-2.9 calculated values may show a slower rate of concentration

decrease at the later times.

The CONTAIN(ORNL) code predicts a rapid drop in aerosol con-
centration after termination of the source aerosol. This is believed to
be a result of the code's calculation of water condensation on the aero-
sol. As seen in Fig. 4, water evaporation 1is not predicted to begin
until ~30,000 s. The CONTAIN(UK) code predicts evaporation to begin at
~10,000 s. Consequently, the aerosol concentration behavior predicted by
the CONTAIN(UK) code differs from that predicted by the CONTAIN(ORNL)

code.
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Aerosol leakage and deposition

From Figs. 5 and 6, it 1is evident that the NAUA-5 code predicts a
low mass of aerosol retained and a corresponding high amount of aerosol
leaked. As discussed previously, the code assumed a leak rate that was
too high (by a factor of ~10) during aerosol generation. Also, the
MAAP~2.9 code calculated high deposition rates that resulted in a high
value for the retained aerosol mass, as seen in Fig. 5. The MAAP-2.9
calculation used a collision shape factor of 2.5 (instead of 1, as spe-
cified in the pretest instruction 1¢tter2). The high deposition rates
most likely were caused by the high value of this shape factor. The
amounts of retained mass calculated by the two CONTAIN codes are believed
to be higher values than those for the five remaining codes, because
CONTAIN includes the influence of steam condensation on aerosol settling.
This 1s demonstrated in Fig. 7, which shows that the rate of aerosol
settling predicted by the CONTAIN codes increases near the onset of steam
condensation. Based on the high amount of retained mass, the airborne
aerosol concentration predicted by the CONTAIN(UK) code appears to remain
unusually high at the longer times, as seen in Fig. 1. Figure 11 shows
that the probable reason for this is the relatively low value of the AMMD

that results after the evaporationiof water.

Figures 3 and 5 indicate that: the airborne aerosol concentration
values at later times are inversely related to the values for aerosol
mass retained (by settling and plating) for the AEROSIM-M, HAA-4, MCT-2,
NAUA-4, and REMOVAL codes. If there are no confounding factors® (such as
differences in volumetric leak rates utllized by the codes), such a rela-
tionship would be expected. Figure 7 shows that values for the cumula-
tive settled aerosol masses calculated by three of these codes, AEROSTM-M,
NAUA~4, and REMOVAL, agreed reasonably well (MCT-2 did not report separate
values for settling and plating). 'The settled mass value for the HAA-4
code was somewhat higher. Thus, some of the differences in predicted

concentration behavior appear to be related to plating estimations.

*Such factors could not be assessed, because requested copies of
code input were not provided by all code users.
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For the AEROSIM~M, NAUA-4, and REMOVAL codes, which predicted
similar settling behaviors, Fig. B8 indicates that plating differences
contributed to differences in the airborne concentration behavior at
later times. Although the HAA-4 code predicted a lower plated mass than
did AEROSIM-M, the higher settled mass of HAA-4 resulted in the same
retained mass value as AEROSIM~-M (shown in Fig. 5) and, consequently,
HAA-4 predicted a concentration behavior similar to that of AEROSIM-M.
Figures 9 and 10 illustrate the differences in plating predictions.

In Fig. 9, the REMOVAL and the NAUA-4 codes show the highest plating
values for the diffusiophoresis mechanism. The AEROSIM-M code glves an
intermediate value, and the HAA~4 code the lowest value for diffusiopho-
retic plating. If the four codes utilized the steam condensation rate
specified in the instruction letter? (again, this could not be ascer-
tained because of the lack of information provided), there must be basic

differences in the diffusiophoresis models used by these codes.

Figure 10, shows that REMOVAL had the highest value for plating due
to thermophoresis and Brownian diffusion, with HAA-4 and AEROSIM-M having
succeedingly lower values. The predicted Brownlan diffusion plating
values were insignificant for the REMOVAL and HAA-4 codes, and this is
assumed to be true also for AEROSIM-M. The NAUA-4 code did not 1include
the thermophoresis mechanism, and the predicted amount of Brownlan dif-
fusion plating was negligible. For thermophoresis calculations, the

instruction letter?

specified a temperature difference of 4 K. For the
temperature gradient, the REMOVAL, HAA~4, and AEROSIM-M codes used ther-
mal boundary-layer thicknesses of 2, 3, and 10 mm, respectively, as shown
in Table 5. Also, these codes used different values for the plating
area. The thermophoretic plating value, when adjusted to the same basis
as that of REMOVAL, is ~240 g for both the AEROSIM-M and HAA-4 codes.

The plating value for REMOVAL was 300 g. Thus, possible differences in

the thermophoresis models of these codes are indicated.

For the CONTAIN codes, the high values for settled aerosol mass
(Fig. 7) are a result of the predicted condensation on the aerosol which

causes an increase in settling rates. 1If most of the plating can be
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assumed to be due to diffusiophoresis for the CONTAIN codes, then Figs. 8
and 9 indicate that the diffusiophoresis plating values for CONTAIN(ORNL)
and CONTAIN(UK) are somewhat less and somewhat higher, respectively, than
that for AEROSIM-M. Since the CONTAIN code is integrated, it calculates
the thermal-hydraulic behavior rather than using the specifications in
the instruction letter. However, the predicted steam condensation rate
could not be determined from the computer output provided for CONTAIN
(ORNL) nor was it reported for CONTAIN(UK). Consequently, the plating
results for the CONTAIN codes could not be evaluated.

Using an average aerosol concentration curve (generated by averaging
the logarithms of the concentrations in Fig. 1) and the thermal-hydraulic

2 the mass of aerosol

information supplied in the instruction letter,
plated by diffusiophoresis can be calculated by a representative model.
Thus, the rate of aerosol deposition by diffusiophoresis, R, is related

to the steam condensation rate, Rg, by
= - 0,5
Ra = Rg Ca/{psll + (Fg/Fg)-(Mg/Mg)0+51},

where C; and pg are the aerosol concentration and the steam concentra-
tion, respectively, in g/ma; Fg and Fg are the gas and steam mole frac-
tions, respectively; and Mg and Mg are the gas and steam molecular
welghts, respectively.5 By integrating this expression over time, the
calculated aerosol plating by diffusiophoresis is 590 g. This agrees
with the result from the AEROSIM-M code seen in Fig. 9.

A discrepancy between the above equation and that used by the NAUA~4
code for plating by diffusiophoresis was discovered after the first draft
of this report was issued.® The NAUA-4 code divides the above equation
by the mole fraction of steam (this explains the difference between the
value of 590 g, calculated using the above equation, and the amount of
1047 g predicted by NAUA-4 in Fig. 9). We have found that the NAUA-4

7 A copy of the

equation was based on an error in the original paper.
user's manual for REMOVAL/MODO that was received showed also that the

REMOVAL egquation for plating by diffusiophoresis is identical to that of
NAUA~-4, which explains the good agreement between these two codes shown

in Fig. 9.
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Aerosol particle size distribution parameters

Figures 11 through 13 illustrate how the particle size and the
particle size distribution of the suspended aerosols vary with time.
Soon after the Initiation of aerosol injection, the AMMD and the GSD are
approximately the same as those of the source aerosol, as expected when
little or no water is condensed on the aerosol. All of the "dry"” (no
steam condensation onto the aerosol) codes predict similar behaviors for
the AMMD, the aerodynamic mean settling diameter, and the GSD. However,
between the times of 1,000 and 20,000 s, the MCT-2 code predicts a
somewhat higher AMMD. Also, the GSD value of the REMOVAL code is the
highest of those from the "dry” codes. The AMMD values of the "dry"”
codes are seen to increase initially, presumably as a result of agglo-
meration. At later times, when low airborne aerosol concentrations
result in low values of agglomeration rate, the AMMD values decrease as
the result of larger particles preferentially settling out. The GSD
values of the "dry" codes decrease with time. This narrowing of the par-
ticle size distribution can be explained by the growth of the smaller
particles through agglomeration and the faster settling rates of the
larger particles. As seen previously, the airborne aerosol concentration
behavior for the NAUA-5 code was affected by an error in the input leak
rate. However, the AMMD and the GSD values for NAUA-5, when compared to
those of the other codes, appear not to have been significantly affected.

Figures 11 through 13 show the effects (beginning at ~4,000 s) of
steam condensation on aerosol in the calculations by the CONTAIN codes.
As expected, the AMMD and the settling diameter values 1increase fairly
rapidly at the onset of condensation and then decrease with evaporation
when superheated conditions occur. However, the AMMD values calculated
by the CONTAIN codes decrease to significantly lower levels than those
for the "dry" codes. This is not entirely unexpected, since condensation
of steam on the aerosol will increase the settling rate, particularly
that of the larger particles. A deagglomeration phenomenon may be partly
responsible for the calculated decrease in AMMD after evaporatiom. This

phenomenon 1is discussed later. The settling diameter is also predicted
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by CONTAIN to be lower after evaporation, but the difference is not as
pronounced. In Fig. 12, the G#*D values for the CONTAIN codes are seen to
increase when steam condensation begins, This may be attributed to the
higher concentration of water in“the lower particle size bins, as seen in
Figs. 19 and 20. After evaporation of water begins, the predicted GSD
for the CONTAIN(ORNL) code decreases but remains relatively high. As
seen in Fig. 21, the larger particles are predicted by CONTAIN to have a
significant amount of water even at 60,000 s, which results in a con-

tinuation of high GSD values.,

As mentioned previously, the MCT-2 results included a "wet” case.
The amount of water condensed on the aerosol was determined by a material
balance method, and condensatioﬁ on the aerosol was predicted to a time
of ~2,100 s. The results of the MCT-~2 calculations, which were carried
out to 20,000 s, produced airborne aerosol concentration values which
were ~25% lower than those for the "dry” case. The value for mass of
aerosol retained was increased by ~14%. As expected, the AMMD values
were significantly greater for the "wet" case during condensation. For
later times, the AMMD for the "wet” case was <10% lower than that for the
"dry" case. Because of the relatively short duration of the predicted
supersaturated conditions, steam condensation on aerosol did not have a

very significant effect in the MCT-2 calclulations.

The aerosol particle size distributions plotted in Figs. 14 through
18 show very good agreement between the codes at 1,000 s and 3,000 s. At
4,200 s, the distributions of the "dry" codes begin to show some differ-
entiation at the larger particle sizes. Despite the NAUA~5 code error in
the input leak rate, the particle size distributions calculated by this
code were very similar to those of the other "dry"” codes. At 4,200 s,
the CONTAIN(ORNL) code shows an increase in the normalized mass fraction
values in the smaller size bins. This results from the greater amounts of
condensed water predicted for these smaller size bins. The CONTAIN(UK)
code shows a shift of the left hand side of the distribution to larger
particle sizes due to the growth of the smaller particles into larger
size bins as a result of steam condensation. The curve for CONTAIN(UK)

represents the distribution of the dry aerosol vs the actual size of the



48

wet aerosol, as information on the amount of water assoclated with each
gsize bin was not provided. If the distribution of the wet aerosol were

plotted, it probably would be similar to that for the CONTAIN(ORNL) code.

At 10,000 s and at 60,000 s, good agreement continues between the
distribution values for the "dry” codes. The effect of steam conden—
sation on the aerosol in the CONTAIN(UK) code is very evident at 10,000 s
as the entire distribution curve for the dry aerosol has been shifted
toward larger particle sizes. The CONTAIN(ORNL) distribution curve for
the wet aerosol at 10,000 s is very broad, due to the prediction of
significant water in all size bins. Growth into the larger size bins as
a result of steam condensation causes an increase In estimated settling
rates and the larger values for AMMDs and settling diameters that were
mentioned previously for the CONTAIN codes. Under superheated conditions
at 60,000 s, the CONTAIN(UK) code predicts a shift to smaller sizes at
the lower end of the distribution than those predicted by the “"dry” codes.
For the CONTAIN(ORNL) code, the effect is much more dramatic; Fig. 18
shows the shift to high concentrations of the smaller particles, and the
distribution has a bimodal appearance as well. A shift to smaller particle
sizes is expected as a result of evaporation (since the diameter of the
dry aerosol is less than that of the wet aerosol). However, the relatively
high concentrations of very small particles, particularly those predicted
by the CONTAIN(ORNL) code, appear unusual. This is believed to be a

result of the deagglomeration phenomena discussed in the next subsection.

In Figs. 19 and 20, the CONTAIN(ORNL) curves for normalized mass
fraction of dry aerosol vs wet aerosol diameter are seen to be very simi-
lar to those for the CONTAIN(UK) code in Figs., 16 and 17. An analysis of
Figs. 19 and 20 indicates that the condensed water is concentrated in the
lower size bins at 4,200 s, while at 10,000 s all size bins contain
appreciable amounts of water. Consequently, if the water were eva-
porated, one would predict that both the lower part of the "dry vs wet
diam.” curve in Fig. 19 and the entire "dry vs wet diam.” curve in Fig. 20
would shift toward smaller particle sizes., The "dry vs dry diam." curves
in Figs. 19 and 20 confirm this prediction. However, aerosol particles

with diameters smaller than even the smallest size bin used in the
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CONTAIN(ORNL) calculation are seen to be generated. This suggests that

deagglomeration of the aerosol has somehow occurred.

In Fig. 21, the condensed water 1is predicted by the CONTAIN(ORNIL)
code to be concentrated in the larger particle sizes at 60,000 s. This
causes the bimodal shape of the two curves pldtted vs the wet aerosol
diameter. If the water were evaporated, the actual diameters of the
resultant dry aerosol particles should be smailer than predicted by the
two wet aerosol curves plotted in Fig. 21, especially at the larger par-

J

ticle sizes. The "dry vs dry diam.” curve in Fig. 21 demonstrates this.
The mass—-median diameter of the dry aerosol appears to be ~0.5 im,

compared to 1.31 pm for the mixed-source aerosol.

In Fig. 22, which shows the variation in composition of the particle
size distribution with bin size, at times of 900 s and 3,000 s the
AEROSIM-M code predicts a decrease in the Mn0/CsOH mass ratio as the
average bin diameter increases. Since the Mn0O/CsOH mass ratio of the
source 1is 2.0, and the MnO aerosol has the smaller particle size distri-
bution, this is to be expected at these early times. At longer times,
the agglomeration of particles with different MnO/CsOH mass ratios causes
the mass ratio in the bins >5 um to approach a value slightly >2.0.

The mass ratio for the smaller size bins is not affected because par-
ticles are always removed from rather than added to the smaller bins by

agglomeration.

The CONTAIN codes also predict that the MnO/CsOH mass ratio will
decrease with increasing particle diameter at early times (see Figs. 23
and 24). However, at 60,000 s the mass ratio is predicted to be essen~-
tially constant for all bin diameters, rather than just for the larger
size bins (as predicted by the AEROSIM~M code). This fmplies that some
of the larger particles with a low MnO/CsOH mass ratio must somehow
experience a significant reduction in size and mix with the smaller par-
ticles. This does not seem physically possible, nor does the CONTAIN
code specifically include sﬁch a3 mechanism. Again, this is believed to
be due to the deagglomeration phenomenon. For both the CONTAIN and the
AEROSIM-M codes, the mass ratio actually should approach a constant value
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for the larger size bins, as shown in Figs. 23 and 24 at 10,000 s.
Since the curves at 10,000 s represent the Mn0/CsOH mass ratios for the
"wet" aerosol particles, all particles should be expected to accumulate
into smaller size bins upon evaporation of water. However, because of
the deagglomeration effect, particles that have attained the constant
mass ratio value have diameters, after evaporation, that lie in the
smallest size bins, The particles whose mass is not changed signifi-
cantly (such as in the AFROSIM-M code in the smaller size bins) have
diameters, after evaporation, that are even smaller than that of the
smallest size bin. Consequently, these particles are essentially lost

from the particle size distribution.

The AEROSIM-M and the CONTAIN code results in Fig. 25 indicate that
the Mn0/CsOH mass ratio will increase with time for the airborne aerosol
and for the cumulative settled aerosol. As seen from the preceding
figures, the mass ratio of the larger airborme particles initially is
relatively low, and the mass ratio of the settled particles 1is also
low at early times. The average mass ratlio of the airborne aerosol will
increase as these larger particles settle faster than the smaller par-

ticles, and the mass ratio of the settled particles will also increase.

Aerosol Deagglomeration

In the preceding discussions, the seemingly anomalous behavior pre-
dicted by some results from the two CONTAIN codes was attributed to an
apparent deagglomeration phenomenon. As a further example of such beha-
vior, in the CONTAIN(ORNL) code output the airborne aerosol (MnQ and
Cs0H) concentration in the smallest bin was a factor of 40 less at 3,600 s
than at 28,000 s, (3,600 s just precedes supersaturation and 28,000 s just
follows supersaturation). Normally, aerosol concentration in this small-
est bin would be lower at 28,000 s due to losses by agglomeration and
deposition. Finally, in Figs. 19 and 20 for the CONTAIN(ORNL) results,
particle sizes (for the dry aerosol) that are smaller than the minimum
bin size used in the CONTAIN(ORNL) calculation have been produced. After
evaporation of water, these very small particles do not appear in the
particle size distribution (see Fig. 21), since the code does not account

for any particles smaller than the minimum size bin.
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As an explanation of these anomalous results, it was theorized (in the
draft of this report) that seed water nmuclei, which are a particular
feature of the CONTAIN code, could be causing aerosol deagglomeration.
As discussed in the CONTAIN manual,s seed water nuclel are introduced
into the system to ensure either that condensation will result under
appropriate atmospheric conditions or that the predicted rate of conden—
sation is at a suitable level. The manner by which the seed nuclei may

cause deagglomeration is described in Appendix A.

After our draft report was issued, a study was initiated by the
Sandia National Laboratories (SNL) in which calculations were performed
with CONTAIN using input conditions similar to those of the CONTAIN(ORNL)
code. The results of this study were discussed at the LACE Technical
Advisory Committee (TAC) meeting on July 9-11, 1986.9 The study found
that the same results were obtained whether or not the seed nuclei option
was included. The particular results cited were the airborne aerosol
concentration vs time and the particle size distribution at 60,000 s.
This study also found that the CONTAIN model for evaporation éf water
from the aerosol underestimated the rate»of evaporation. After modifica-
tion of the evaporation model, calculations gave a unimodal, rather than
bimodal distribution at 60,000 s, as shown in Fig. 21. A "numericsl
diffusion” effect, which arises from the use of finite difference schemes
to solve equations such as thosekutilized to describe aerosol behavior,
was suggested to be responsible for the aerosol deagglomeration phenome-

none.

A discussion of the "numerical diffusion™ effect is presented in
Appendix B, in excerpts from private correspondence with personnel at
SNL. 10 These excerpts also include discussions about seed nuclei, a "bug
fix" (regarding residual water on aerosols) planned for CONTAIN 1.05 which
will modify the bimodal nature of the late~time particle size distribu-
tion, and the effect of the number of bin sizes in the CONTAIN calcula-
tions. The correspondence with SNL confirmed the error which we found in
the NAUA-4 and the REMOVAL diffusiophoresis models.®s1l As seen in
Appendix B, workers at SNL demonstrated that increasing the number of

size classes from 20 to 30 reduced the errors in certain quantities due
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to "numerical diffusion” by more than two orders of magnitude. With 20
slze classes or bins, a critical threshold for condensation growth is
exceeded, which amplifies certain consequences of "numerical diffusion.”
Personnel at SNL pointed out that the inconsistencies in the CONTAIN
results that were noted in our report involve only a very small part of
the suspended mass present at the time they are noted. While this 1is
true, the small particles to which the inconsistencies pertain represent
a significant fraction of the suspended mass at the later times. This is
seen at 60,000 s in Fig. 21 where, because of the lower settling rates of
the smaller particles, their concentration has exceeded that of the
larger particles. 1If a significant fraction of these small particles
were created as a result of “"numerical diffusion™, then discrepancies
between the predicted and experimentally measured aerosol concentrations

could possibly be observed at late times.

Additional code calculations and detailed examination of the results
are necessary to determine the relative importance of the aerosol
deagglomeration phenomenon. Although the deagglomeration phenomenon did
not appear to have a significant effect on the predicted aerosol beha-
vior in the LA2 pretest calculations, it may be consequential in other

accident sequences.

6. SUMMARY

Pretest aerosol transport code calculations were performed to model
the aerosol behavior expected in LACE test LA2. The objective was to
compare the results of the various codes to each other rather than to
experimental data. To facilitate this comparison, various code input
parameters and conditions to be used by all code analysts were specified,
as summarized in Sect. 2. Calculations were performed by nine different
codes to simulate the behavior of aerosol injected into the CSTF vessel
with two preexisting leaks. Two codes included the option of conden-
gsation of steam on the aerosol, and one code included cases both with and

without steam condensation on aerosol.
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The following statements summarize the major results of the code

comparison effort for the LA2 pretest calculations.

1.

Significant differences were found between the AMMD values
reported by some of the codes and the values we calculated using
the particle size distribution results., The differences are
attributed to the variation in methods used to calculate the
AMMD. To allow for meéningful comparisons with experimental
impactor data, the codes should determine the mass-median
diameter {which 1s used to calculate AMMD) in a manner con-
sistent with its definition (i.e., that diameter below which 507%
of the mass of the particle size distribution lies).

0f the seven "dry" (i.e., no condensation of steam on aerosol)
calculations, five codes predicted similar time histories for the
airborne aerosol concentration. Low aerosol concentrations were
calculated by the remaining two "dry"” codes. The NAUA-5 results
were affected by an error in the leak rate that was input to the
code. The MAAP-2.9 code predicted high levels of aerosol depo-
sition, which resulted in low aerosol concentrations. The
CONTAIN(ORNL) and CONTAIN(UK) codes predicted different

behaviors of the alrborne aerosol concentration, which may be

attributed to the effects of steam condensation on the aerosol.

Four of the codes for which the relevant information was supplied
calculated differences in aerosol plating that appeared to be
related to differences in diffusiophoresis and thermophoresis
models. An error was found in the equation used by the NAUA-4
and the REMOVAL codes for plating by diffusiophoresis.

Additional information from the code analysts 1s needed to
determine the causes of any other differences in the predicted

aerosol plating.

All codes except the CONTAIN codes predicted similar behaviors
of the AMMD, the GSD, the aerodynamic mean settling diameter,
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and the particle size distribution. The differences in airborne
aerosol concentration behavior predicted by the NAUA-S code
apparently did not significantly influence the calculation of
these parameters. Again, inclusion of the option of steam con-
densation on the aercosol affected the predicted behaviors of

these parameters in the CONTAIN(ORNL) and the CONTAIN(UK) codes.

5. An aerosol deagglomeration phenomenon was observed in the results
of the CONTAIN codes under conditions of steam condensation on
aerosol. "Numerical diffusion” has been reported to be the
cause of the deagglomeration phenomenon. Additional code calcu-
lations and detailed examination of the results are needed to
determine whether aerosol deagglomeration has a significant
effect upon the predicted aerosol behavior in other accident

sequences.

6. More detailed information, such as the values of input parameters and
coples of computer input and output, was supplied by the code
analysts for the LA2 pretest calculations than for the LAl pre-
test work. However, in order to contribute to a more meanlngful
code—~comparison effort, all code analysts are encouraged to

supply complete requested information for future calculations.
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APPENDIX A
AEROSOL DEAGGLOMERATION BY SEED WATER NUCLEI

In the approach used to solve the differential equations describing
aerosol behavior for "discrete” codes (such as CONTAIN), the assumption
is made that in each size bin all particles have the same composition.
Consequently, when a particle "gr@ws" or “shrinks”™ into a particular
bin (i.e., by agglomeration, condensation, or evaporation), its com-
position is avéraged in with the overall composition of all particles
in the bin. 1If pure water aerosol particles are added as seed nuclei in
the CONTAIN code, then the composition in all bins must change due to
the addition of water., Since more particles (i.e., the seed nuclei) have
been added to the bins, the overall effect is to spread the initial mass
of the aerosol material in a bin over a greater number of particles.
Thus, if the water that had been added to the bin were then to be evap-
orated, the calculated diameter of the dry aerosol particles would be
less than the calculated diameter before the water was added. That is,
the seed nuclei have resulted in the fragmentation or deagglomeration

of the original aerosol material.
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APPENDIX B

THE CONTAIN CODE - EFFECTS OF NUMERICAL DIFFUSION, SEED NUCLEI,
AEROSOL RESIDUAL WATER, AND NUMBER OF BIN SIZE CLASSES2

"With regard to seed nuclei, the operation of the seed aerosol
provision in CONTAIN 1is also explained below. It 1is shown that disabling
the seed nuclel provision has no discernable effect on the ORNL calcula-
tion discussed in your report on the LA-2 pretest results. The incon-
sistencies in the ORNL calculation which you note in your report and
attribute to seed nuclei should be attributed instead to numerical dif-

fusion.

To explore the sensitivity to numerical diffusion (which all codes
employing discretizations of continuous equations suffer from), the usual
approach is to change the nodalization, which In this case is the number
of size classes. We show below that by increasing the number of size
classes from the 20 in the original ORNL calculation to 30, the errors in
certain quantities due to numerical diffusion can be reduced by more than
two orders of magnitude. However, we note the late time suspended mass
of solids in the calculation with 30 size classes 1s considerably less
affected than the two order of magnitude number suggests and is reduced
by only a factor of 3. This factor of 3 in suspended mass is a reason-—
able estimate of the effects of numerical diffusion in the ORNL calcula-
tion, although we feel that the typlcal effect due to numerical diffusion
is or can be reduced well below this value. The reason that the factor
of 3 is felt to be excessive 1is that with the 20 size classes in the
ORNL calculation, a critical threshold for condensation growth has been

exceeded. With 30 size classes this threshold is not exceeded. As we

8Fxcerpts from private correspondence from K. K. Murata, Sandia
National Laboratories, to J. H. Wilson, Oak Ridge National Laboratory,
August 22, 1986.
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show below, the threshold dramatically amplifies certain consequences of

numerical diffusion.

The inconsistencies in the ORNL calculation noted in your report
are discussed in detail below. We note they involve primarily the small
particle wing of the size distribution function and the mass directly
affected by the inconsistencies appears to be in one case a small part
and in the other cases a negligible part of the suspended mass at the
time. in the calculation with 30 size classes discussed above some of
the inconsistencies you have noted can be changed by two orders of magni-
tude with only a nominal change in the suspended mass of solids. This
calculation shows that the errors associated with the inconsistencies do

not amplify appreciably after the suspended mass evolves with time.

The ORNL results are of considerable interest, although the details
may not be particularly relevant to LA2. We wish to point out, first of
all, that there will be a bug fix regarding residual water on aerosols in
CONTAIN 1.05 which reduces significantly (but does not completely eli-
minate) the bi~-modal nature of the late time size distribution found in
the ORNL calculation., (It however has only a factor of two effect in
reducing the late time suspended mass of solids.) Also, there are signi-
ficant departures in the thermal hydraulic conditions in the ORNL data
set from that specified by the test plan and that when these are
corrected to the test plan the results change considerably. For exanmple,
the bi-modality disappears even without the bug fix. In addition, the
calculated late time suspended mass increases by over an order of magni-
tude, We have unfortuantely not had time to look at the actual test con-
ditions to see where: they lie with respect to the test plan. You should

however, expect a significant change between the pre—- and post-test results.,
(2) Seed Nuclei:

As you have noted in your draft report, there are Inconsistencies in
the particle size distributions in the ORNL LA2 pretest aerosol results.
You attribute these to the CONTAIN seed aerosol provision. By disabling
the seed aerosol pro?ision, we have shown that the inconsistencies you

attribute to seed aerosols are not due to the seed. Rather, they are
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manifestations of numerical diffusion. This numerical diffusion is an
unavoidable consequence of the finite difference methods currently used
in CONTAIN, although we feel that in most cases the consequences of
numerical diffusion on the suspended mass can be readily assessed and
appear to be acceptable with a reasonable number of nodes. Other dif-
ference methods such as used for example in NAUA also have numerical dif-
fusion but the characteristics of the numerical diffusion are somewhat
different. An improved version of MAEROS is currently under development,

which should suffer much less from numerical diffusion.

The lines of code in CONTAIN pertaining to the introduction of seed
nuclei are A-CNTRL.100 through A-CNTRL.102. We note first of all that
seed aerosol are introduced only if condensing conditions are present and
the suspended mass in the first size class 1s zero. The material intro-
duced 1is water, and the amount introduced is very small, typically .02
to .001 of the error tolerance used per timestep to integrate the mass
concentration in each of the size classes. To put this another way,
when the code finds a zero mass concentration in the first size class,
the uncertainty in that zero due to integration error 1is 50 to 1,000

times larger than the amount of seed nuclei the code introduces.

The introduction of seed nuclei is a relatively infrequent occurence.
Under condensing conditions for the smallest particle classes, the code
tends to leave too much mass behind when calculating the number of par-
ticles which grow too large for theilr present size class and must be
moved into the next size class. This result leads to numerical diffusion
of the trailing edge of the distribution, which 1s a characteristic of
the donor differencing used to calculate the promotion of particles to
the next size class under condensing conditions. (We use donor rather
than the more accurate but occasionally unstable central differencing
under condensing conditions.) Therefore, the mass concentration of par-
ticles in the smallest size class generally does not zero out under con-
ditions dominated by condensation, and once the condensation process
starts, seed nuclei are not introduced very frequently. We in fact view
seed nuclei primarily as a convenience to the user who encounters con-
densing conditions but has not specified any Initial aerosols to condense

on up to that point in the problem.
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To demonstrate that the ORNL results are not sensitive to the seed
nuclei provision, we have disabled it and instead specified an infinite-
simal amount of water as an initial condition at the beginning of the
preheat period. This initial condition 1s necessary because when the
preheat steam 1s first turned on, condensation on aerosols occurs for a
brief time. We do not believe that this initial amount of condensed
water affects the dynamics of the aerosol of the aerosol solids intro-
duced later. (The mass of the soiids is much larger than the residual
amount of condensed water left over from the preheat period.) When con-
densing conditions are encountered a second time, the solid aerosols have
already been Introduced and provide sites for the condensation to
proceed. The attacﬁed Fig. 1 shows the particle size distribution found
at 60,000 seconds using the ORNL data set and CONTAIN 1.04 without the
seed provision., The total suspended mass is not discernabiy different
from that given in your report and the distribution is almost identical
to the distribution in your report. {The shift in the two curves is due
to the fact that we have plotted:the mass fraction in each size class,
whereas you have applied a continuum normalizing factor to your curve.)

We conclude that the results are not sensitive to seed aerosols.
{3) Numerical Diffusion:

Several inconsistencies are noted in your LA2 report with respect
to the behavior of the amount and nature of the solid present in small
particles composed of a mixture of water and solids. For example, on
page 52 you note the fact that Figs. 19 and 20 show there are particles
present with solid cores which are smaller than the smallest size solid
particles in the sources in the problem. We believe that these incon-
sistencies are a manifestation of numerical diffusion. For example, the
sub-minimum size of cores mentioned above is a manifestation of numeri-
casl diffusion of the trailing edge of the pafticle size distribution as

it moves to larger particle sizes under condensing conditions.

In order that this reduction in size of the solid cores not occur,
the code would have to be able to treat a particle size distribution with
a sharp cutoff on its trailing edge with absolutely no rounding of the

cutoff. This appears almost impossible since the resolution of a size
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class in CONTAIN is at best a factor of 2 in particle mass. The numeri-
cal problem is analogous to belng able to propagate a discontinuous

shock front through a discrete space mesh in a hydrodynamic calculation
without smearing it and is recognized as a difficult one in the numeri-

cal analysis community.

From a practical point of view, which I take as being able to calcu-
late suspended masses of solids to within a nominal factor of 2, the
numerical diffusion may not make much difference. We have encountered
calculations in the past which exhibit effects of numerical diffusion
strongly in their size distribution functions but which are relatively
unaffected with respect to suspended mass. Like these other calcula-
tions, the ORNL calculation exceeds a critical threshold with respect to
condensation growth, as discussed below. Exceeding thils threshold tre-
mendously amplifies certain effects due to numerical diffusion. Never-
theless the presence of numerical diffusion in the ORNL calculation does
not seem to affect the suspended mass by much more than the nominal

factor of two.

We have increased the number of size classes in the ORNL data set
from 20 to 30. This increase should reduce the numerical diffusion. (A
slight increase in the upper particle diameter is necessary to introduce
30 classes and still satisfy the CONTAIN requirement of at least a factor
of two variation in particle mass within a size class.) We have run
this modified data set with CONTAIN 1.04. The resulting dry versus wet
and the wet versus wet distributions at 10,000 seconds are shown in the
attached Fig. 2. We recall that the condensation which started after the
end of the source is still going on at this point.

We see from Fig. 2 that the solid mass in the small particle side
of the dry versus wet distribution has been reduced by about an order of
magnitude compared to the old results. Far more drastic that the change
in the distribution of the solid is the change in the distribution of the
condensed liquid. As you can infer from the wet versus wet distribution,
the distribution of liquid in the small particle side of the distribution
has been reduced by two and a half orders of magnitude. This is a tre-

mendous reduction in the error due to numerical diffusion



63

The bi-modal distribution found at 60,000 seconds In the calculation
with 20 size classes is preserved in the calculation with 30 size
classes. Although this distributionn is not shown, the peak at large
sizes 1s slightly more pronounced with the 30 size classes,

The calculated mass of the suspended solids as a function of time
with 30 size classes is shown in the attached Fig. 3. The reduction in
the amount of suspended solid at late time is a factor of 3 compared to
the calculation with 20 size classes. Most of this reduction arises
during the period between 8,000 and 14,000 seconds, during which conden-
sation is occurring; The reason for the reduction is as follows:
Condensation is preferentially occurring on the smaller pafticles pre—
sent. The distribution reaches a quasi-steady state determined by agglom—
eration and settling of these smaller particles. As shown in Fig. 2, with
30 size classes, the agglomerating small particles carry more solid with
them, and thereforekthe solid is more efficiently settled out.

The factor of 3 reduction in late time suspended solids is rather
large compared to the variation we would expect in a dry problem with a
change from 20 to 30 size classes. The change is large because we have
crossed a critical threshold with respect to the number of size classes.
As we have mentioned, the code tends to leave too much mass behind under
condensing conditions., For an initial condition with mass present in
only one size class, condensation should eventually move mass entirely
out of that size class (i.e., the calculation should decrease the mass
in that size class). However, if a critical threshold for condensation
growth

m 1/m£ = 2,152

L+
is exceeded, where m, is the particle mass at the Aith size class boun~
dary, the code will leave so much mass behind that growth of mass from
the continuing condensation will occur in that size class as opposed to a
decrease. This growth of mass 1is limited primarily by non-linear effects,

such as Brownian agglomeration. For the 20 size class calculation,
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™ 2+1/m£ = 2.00955.

The 20 size class calculation is therefore unstable with respect to con-

/mz = 2.818, and for the 30 size class calculation, m

densation growth, whereas the 30 size class calculation is not. The
existence of this critical threshold was first noted by Dave Williams

(Reference 4).
(4) Specific Comments on ORNL Draft Report:

We have looked at some of the Inconsistencies specifically noted in
your report by comparing the results using 20 size classes with those
using 30 size classes. The first thing apparent about these incon-
sistencies 1s that they involve only a very small part of the suspended
mass present at the time they are noted and this point should be stated
in your report. For example, you note on page 52 that Figs. 19 and 20
show there are small composite particles present in the particle size
distribution which have solid cores that are smaller than the minimum
size (0.1 micron) of solid particles in the sources in the problem. We
note that although such cores are present, the mass of such cores is
negligible compared to the total suspended solid mass. (The dry versus
dry distribution function for particles less than .l micron is down by
at least three orders of magnitude compared to the peak value.) As we
have indicated above, this artificial reduction of core size is due to
numerical diffusion. The amount of numerical diffusion can be changed by
the nodalization. For example, the use of 30 size classes reduces the

amount of solid mass in such cores by a factor of about 4.

In addition to this first inconsistency, which occurs under con-
densing conditions, there are two additional inconsistencies noted in
your report which we would attribute to numerical diffusion of the
leading edge (small particle side) of the size distribution under eva-
porating conditions. The second inconsistency 1s mentioned on p. 53 of
your report and refers to Fig. 23 for the Mn0/CsOH ratio on the ORNL
calculation. In this Fig., the larger Mn0O/CsOH ratio found on the small
particles relative to the large particle at 10,000 seconds is found to
have leveled out at 60,000 seconds. The third inconsistency is mentioned
on p. 55 of your report and is that in the ORNL calculation the amount of
solids found in the smallest size class at 28,000 seconds exceeded the

amount provided to that size class by sources in the problem.
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In the ORNL calculation, evaporating conditions start just before
28,000 seconds. The evaporatiry conditions would tend to move the par-
ticle size distribution to smaller particle sizes. The leading edge
({small particle side) of the distribution would be subject to numerical
diffusion much like that which affects the trailing edge. Because we use
central differencing on the leading edge under evaporating conditions,
the numerical diffusion of the leading edge is much more controlled than
with donor differencing. However, the central differencing does not eli-
minate numerical diffusion. The diffusion of the leading edge would tend
to place solid mass from the large size classes into the small size

classes.

This fact would, for example, explain the second inconsistency, the
leveling of the MnO/CsoH ratio in ORNL calculation in Fig. 23 between
10,000 seconds and 60,000 seconds. At 10,000 seconds, the ratio as a
function of size is similar to the AEROSIM calculation without conden-
sation, For large particles there should be a leveling out of the ratio
as shown because of agglomeration of small particles with large par-
ticles. Small pérticles, however, by virtue of their size could not
have agglomerated-with large particles bearing less than the average
amount of MnO and a larger than average ratio should persist. In Fig. 23
the larger than average ratio persists for particles less than ] micron
in diameter at 10,000 seconds. However, at 60,000 seconds the ratio has

almost completely leveled out.

In the calculation with 30 size classes, the complete leveling of
this ratio still occurs. However, the importance of the complete
leveling can be assessed looking at the dry versus wet distribution of
Fig. 20. We see that the solid mass involved in particles of less than 1
micron is negligible-—at 10,000 seconds, for particles in this size
range, the dry versus wet distribution is down by at least six orders of
magnitude compared to the peak value of the distribution. A small amount
of diffusion of solids from particles of larger sizes could therefore
very easily swamp the value of the ratio initially present for small
particles. Since at 10,000 seconds the solid mass in the particles with
larger than average ratios involved is negligible, the leveling out of

the ratio for these particles appears to be irrelevant.
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The third inconsistency is somewhat more disturbing. This incon-
sistency 1s that the solid mass in the smallest size class at one point
in the calculation exceeded the amount provided by sources to that size
class. 1In the ORNL calculation this happened at 28,000 s, at which time
the mass in the first size class 1s a factor of 40 larger than that pre-
sent near the end of the source at 3,000 s. At 28,000 s the fraction of
the suspended solid mass represented by the smallest size class is about
5%. 1In the 30 size class calculation, the situation 1s improved con-~
siderably., At 28,000 seconds, the mass in the smallest size class
exceeds the amount at 3,000 seconds by only a factor of 2, and the mass
in the particle size range equivalent to the smallest size class in the
20 cell calculation is comparable to the corresponding quantity at 3,000
seconds. There appears to be a dramatic reduction of 40 in the amount of
solid mass present at the smallest sizes at 28,000 seconds in going from

20 to 30 size classes.

We conclude that since the inconsistencies you have pointed out can
be changed by orders of magnitude with only a nominal change in the
suspended mass, their presence in the ORNL calculation is not a good
indicator of a large error in the calculated suspended mass of solids.
However, prudence dictates that a sensitivity study with respect to noda-
lization should be carried out, with nodalization adequate to prevent
exceeding the critical threshold for condensation growth, whenever such

inconsistencies are found.
Reference
4., D. C. Williams, Sandia National Laboratories, Internal Memo to

K. Bergeron and K. Murata, Sandia National Laboratories,
January 11, 1985.
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Fig. 1. Particle size distribution of airborne serosol at 60000s for CONTAIN(ORNL} code.
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Fig. 2. Particle size distribution of airborne aerosol at 10000s for CONTAIN(ORNL) code.

10’



AIRBORNE AEROSOL CONCENTRATION {g/m’)

69

ORNL DWG 88-7380R

10’ 3
1 A2 PRETEST ® CONTAIN {ORNL)
] W CONTAIN (UK)_
100 E A M...._AAP.'.Z;Q..___‘SW.),
] £ NAUA-S (FN) _
} O RECALCULA-
4 TION OF ORNL
10 3 WITH 30 SIZE
5 CLASSES
1073 \ \\
; N\
] N\ :
. N\
10° \!
10‘.'5
10“ A 1 A AL L € A T L | TTT‘V]‘ T T Al LIS BRLA i} T k) R Lt ML AR
10 10’ 10 10
TIME (s)
Fig. 3. Airborne aerosol concentration vs time - group 1.






1"‘30
4.

5.

6.

70

8.

9.

100
11.
12-14.
15.
16.
17""180
19.

20.
21.
22.
23.

P. C.
L. H.
J. R,
E. XK.
T. S.
R. A.
A. P,
F. R.
M. G.
J. He.
A. L.
R. G.

71

INTERIM DISTRIBUTION

Arwood

Bell
Hightower, Jr.
Johnson
Kress
Lorenz
Malinauskas
Mynatt
Stewart
Wilson
Wright
Wymer

Technical Information Center
Office of Assistant Manager, Energy Research and Development,
Oak Ridge Operations Office, Oak Ridge, Tennessee.

Laboratory Records -~ RC
ORNL Patent Section
Central Research Library
Document Reference Section

LACE TR-004
ORNL/M~331



