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ABSTRACT

This report describes work performed as part of the LACE Code-
Experiment Comparison Project, which is sponsored by the Electric Power
Research Institute (EPRI Project No. 2135-18). The LACE tests are being
performed at the Westinghouse Hanford Engineering Development Laboratory.
LACE test LA3 consisted of three experiments (LA3A, LA3B, and LA3C)
designed to simulate aerosol flow through a pipe for "containment bypass
accident sequence conditions. The report presents and summarizes com-
parisons of results from pretest calculations performed to model LACE
test LA3, Two sets of calculations are discussed: (1) calculations to
model LA3A, LA3B, and LA3C and (2) a benchmark calculation to model
LA3B. In the benchmark calculation, all code users were to have used
exactly the same code inputs. '
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SUMMARY OF PRETEST AEROSOL CODE RESULTS FOR LWR
AEROSOL CONTAINMENT EXPERIMENT (LACE) LA3

A. L. Wright
P. C. Arwood

1. INTRODUCTION

The Light-Water Reactor (LWR) Aerosol Containment Experiments (LACE)
are being performed to investigate experimentally, on a large scale, the
aerosol retention behavior in containment and associated piping under
simulated severe LWR accident conditions. An additional, aﬁd equally
important, objective of these tests is to provide a data base for vali-
dating aerosol containment computer codes and related thermal-hydraulic
computer codes. The LACE tests are internationally funded and are being
performed at the Westinghouse Hanford Englneering Development Laboratory
(HEDL) under the leadership of an overall project board and the Electric
Power Research Institute (EPRI).

The overall LACE project has two components: (1) the experiments
being performed at HEDL and (2) aerosol-transport and thermal-hydraulic
code—comparlson activities. The aerosol~transport code—comparison
activities are being coordinated at Oak Ridge National Laboratory (ORNL),
0ak Ridge, Tennessee, while the thermal-hydraulic code-comparison activi-
ties are being coordinated at Intermountain Technologies, Ine. (ITIL),

Idaho Falls, Idaho.

For each of the six planned LACE tests, pretest and blind posttest
aerosol code calculations are being performed. The ORNL code—comparison
activities include (1) providing guidance to participating aerosol code
analysts to help them in performing calculations, (2) compiling the
results from calculations, and (3) critically evaluating the code results

and comparisons with the test data.

This report summarizes the results from pretest calculations
performed for the LA3 test series. The LA3 experiments, designated as

LA3A, LA3B, and LA3C, were designed to investigate aerosol behavior



during flow through a 0.063-m-diam, 28.8-m-long test pipe for simulated
"containment bypass” accident sequence conditions. The next section of
this report summarizes the defined code inputs and requested code outputs
for the LA3 pretest calculations. For the LA3 test conditions, turbulent
deposition is the major deposition mechanism. Section 3 presents calcula-
tions of deposition velocities vs particle size for LA3 and LAl test
conditions, using the turbulent-deposition models employed in the codes.
Sections 4 and 5 present the results of the pretest calculations.
Calculations were first performed for the entire LA3 series; a code bench-
mark calculation for the LA3B test was also performed. Finally, a summary
of the results and insights gained from the LA3 pretest calculations is

presented in Sect. 6.

2. SUMMARY OF CODE INPUTS AND REQUESTED CODE OUTPUTS
FOR LA3 PRETEST CALCULATIONS

On the basis of information in the project test plan,1 a guidance
letter defining conditions for LA3 pretest calculations was sent to LACE
participants.2 Tables 1 to 3 present the information used by the code
analysts to perform the initial series of LA3 pretest calculations. As
noted in Table 1, pipe sections 4 through 21 were modeled in the
calculations. As noted in Table 2, the major variables in the LA3 test
series were the flow velocity through the test pipe and the MnO/CsOH
aerosol mass ratio. Aerosol source size-~distribution data are defined in

Table 3.

Table 4 summarizes the requested LA3 code output parameters. As we
did for LAl posttest calculations, we requested that code users provide

aerosol deposition and size data for each of the “"control volumes” that
was used in their calculations. We also requested that the code users
provide deposition information for each mechanism (turbulent depositiom,

settling, thermophoresis, etc.) that was important in their calculations.

As will be discussed in detail in Sect. 4, different users of the
TRAP-MELT2 code obtained different results from their calculations. To
investigate why this may have occurred, a benchmark calculation was per-

formed for LA3B test conditions. 1In this calculation, all investigators



Table 1. 1LA3 test pipe geometry?

Section Pipe Flow Diameter Length
No. description direction (cm) (m)
la Straight East 30 1.52
1b 90° bend 30 0.72
lc Reducer Up 30-10 0.28
2 Ball valve Up 10 0.23
3 Reducer Up 10-6.3 0.28
4 Straight Up 6.3 2.26
5 90° bendb 6.3 0.38
6 Ball valve West 6.3 0.19
7 Straight West 6.3 4,20
8 90° bend? 6.3 0.38
) Straight South 6.3 2,58

10 Straight South 6.3 4.32
11 90° bend? 6.3 0.38
12 Straight East 6.3 4,32
13 Straight East 6.3 3.10
14 90° bendb 6.3 0.55
15 Stralight North 6.3 1.65
16 Ball valve North 6.3 0.19
17 90° bendb 6.3 0.55
18 Straight Down 6.3 2.14
19 90° bendP 6.3 0.38
20 Ball valve West 6.3 0.19
21 Straight West 6.3 1.09
22 Transition West 6.3-30 1.17
23a Straight West 30 1.95
23b 90° bendP Up 30 0.58

8For LA3 pretest calculations, ONLY sections 4 through 21 were
modeled; the overall length of sections 4 through 21 is 28.85 m.

bRadius of pipe bends in 6.3-cm-diam pipe is 9.5 cm.



Table 2., Summary of information needed for LA3
pretest calculations?

LA3A 1.A3B LA3C

Test pipe gas flow rates (g/s)

Steam 62.5 12.5 12.5

Nitrogen 91.7 18.3 18.3

Helium 0.6 0.3 0.3

Argon 1.4 0.7 0.7
Volumetric steam fractionP 0.5 0.5 0.5
Gas mixture viscosity (g/cm-s) 0.00024 0.00024 0.00024
Pressure (kPa absolute)

Test pipe inletP 174 109 109

Test pipe outletd 123 107 107
Gas temperature (°C)

Test pipe inletP 300 300 300

Test pipe outletP 275 200 200
Wall temperature (°C)

Test pipe inletP 295 285 285

Test pipe outletb 270 185 185
Gas velocity (m/s)

Test pipe inletP 61 20 20

Test pipe outletb 87 20 20
Aerosol source to test pipe (g/s)

CsOH source rate 0.12 0.12 0.5

MnO source rate 1.0 1.0 1.0
Aerosol source size parameters

Aerodynamic mass—-median 2,0 2.0 2.0

diameter (p,m)b
Geometric standard 2,0 2.0 2.0
deviation?P

Aerosol shape factors 1.0 1.0 1.0

Aerosol source duration (min) 60 60 60

4Data from LA3 test plan.

bCalculated or estimated values.



Table 3. Aerosol densities and size parameters used
for performing LA3 pretest calculations@b

Mixture Mixed Mixed CsOH CsOH MnO MnO

density dsg dg dsg dg dgg dg
Test (g/cm3) (um) (um) (pm) (um) (um) (jim)
LA3A 2.59 1.24 0.29 1.48 0.35 1.21 0.29
LA3B 2.59 1.24 0.29 1.48 0.35 1.21 0.29
LA3C 2.35 - 1,30 0.31 1.48 0.35 1.21 0.29

8The CsOH theoretical density is 3.68 g/cm3, and the MnO theoretical
density is 5.44 g/cm3. For each component and for the mixture, the
aerosol agglomerate density was assumed to be one-half the theoretical
density.

brhe geometric mean diameter, d,, was calculated using the formula:
In(dg) = In(dsq) - 3 1n%(og), using oy = 2.

Table 4. Summary of requested code output parameters
’ for LA3 pretest pipe calculations

Provide the following information for LA3A, LA3B, and LA3C:
Output times (s): 100, 300, 600, 900, 1800, 2700, 3600

Qutput parameters and units:

A. For each pipe control volume at each output time:

1. Cumulative aerosol mass — for MIXED aerosol and for EACH
species — deposited in EACH control volume, in grams.
Please provide this for EACH aerosol deposition mechanism
that was important — turbulent deposition, deposition in
bends, settling, thermophoresis, etc.

2. Airborne aerosol size in EACH control volume — for MIXED
aerosol and for EACH species (if possible): provide the
aerodynamic mass-median diameter, in um, and the geometric
standard deviation (dimensionless).

B. At pipe outlet, for each output time:

1. Cumulative aerosol mass — for MIXED aerosol and for EACH
species — transported out of test pipe, in grams.

2. Alrborne aerosol size transported out of test pipe — for
MIXED aerosol and for EACH species (if possible): provide
the aerodynamic mass-median diameter, in um, and the
geometric standard deviation (dimensionless).




used the same nodalization of the test pipe. Tables 5 and 6 present the
LA3B benchmark code input information defined in the guidance letter3 for
this calculation. Finally, Table 7 presents the requested code output

parameters for the LA3B benchmark calculation.

3. COMPARATIVE CALCULATIONS OF TURBULENT-DEPOSITION
VELOCITIES FOR LAl AND LA3 TEST CONDITIONS

Aerosol deposition under turbulent flow conditions can occur by
essentially two mechanisms: (1) for "small" particles, by diffusion
through the turbulent boundary layer and (2) for "large” particles, by
diffusion into the boundary layer and subsequent deposition due to
particle inertia. For the flow conditions produced in LACE LAl and LA3,
all the aerosol codes used in this study calculated that the majority of
aerosol deposition is due to turbulent-inertial deposition. It is
instructive, then, to compare the deposition velocity formulations used
in the various aerosol-transport codes to calculate turbulent-inertial

deposition.

The parameter that characterizes which turbulent-deposition regime
is most important is the so-called "dimensionless relaxation time,"” which

is defined as follows:

a2v? ¢
o+ =P8 *

16 u2y (1)
where

Pp = particle density,

Pg = fluid density,

d = particle diameter,
U, = fluid friction velocity = Uf(f/Z)l/z,
Ug = flow velocity through the pipe,

= flow friction factor,

f
C = Cunningham slip correction factor,
y = fluid dynamic viscosity,

X

= dynamic shape factor.



Table 5. Pipe control volume conditions to be used for LA3B pretest benchmark calculation

Control volume pressure and
temperature conditionsb

Geometric conditions?

Gas Gas Wall

Control Pipe Length Sedimentation pressure temperature temperature

volume sections Orientation (m) area (m?) {kPa) (°c) (°C)
1 4 Vertical 2.26 0.0031 108.9 296 281
2 5~8 Horizontal 5.15 0.324 108.7 283 268
3 9-11 Horizontal 7.28 0.459 108.2 262 247
4 12-14 Horizontal 7.97 0.502 107.7 236 221
5 15-17 Horizontal 2.39 0.151 107 .4 218 203
6 18-19 Vertical 2.52 0.0031 107.2 210 195
7 20~21 Horizontal 1.28 0.081 107.1 203 188
8 Aerosol outlet volume

8por all control volumes, the pipe diameter is 0.063 m, and the pipe flow area is 0.0031 m?,
bEstimated conditions.



Table 6. Summary of additional information needed for
LA3B pretest benchmark calculation?

Test pipe gas flow rates (g/s)

Steam 12.5
Nitrogen 18.3
Helium 0.3
Argon 0.7
Volumetric steam fractionm 0.5
Gas mixture viscosity (g/cm-s) 0.00024
Aerosol source to test pipe (g/s)
CsOH source rate 0.12
MnO source rate 1.0

Aerosol source slze parameters:
Aerodynamic mass—median diameter (pm) 2.0
Geometric standard deviation 2.0
Aerosol shape factors 1.0

Aerosol mixture density (g/em3) 2.59b

Mixed CsOH MnO
Mass-median diameter, dgg (um) 1.24 1.48 1.21
Geometric mean diameter, dg (um)€ 0.29 0.35 0.29

8Data from LA3 test plan.

bThe CsOH theoretical density is 3.68 g/cm3, and the MnO theoretical
density is 5.44 g/cm3. TFor each component and for the mixture, the
aerosol agglomerate density should be assumed to be one-half the
theoretical density.

CThe geometric mean diameter, dg, was calculated using the formula:
1n(dg) = 1n(dsg) - 3 lnz(ag), using op = 2.



Table 7. Summary of requested code output parameters
for LA3B benchmark pretest calculation

Qutput time: 3600 s

Qutput parameters and units for each pipe control volume:

1. Aerosol mass deposited in EACH control volume — for MIXED aerosol
and for EACH species, in grams. Please provide this for EACH
aerosol deposition mechanism that was important — turbulent
deposition, settling, thermophoresis, etc.

2. Calculated deposition velocities for turbulent deposition,
deposition by settling, and thermophoretic deposition — in EACH
control volume, in cm/s.

3. Aerosol mass transported out of test pipe -— for MIXED aerosol and
for EACH species, in grams.

4. Airborne aerosol size in EACH control volume — for MIXED aerosol
and for EACH species (if possible): provide the aerodynamic
mass-median diameter, in pym, and the geometric standard deviation
(dimensionless).

Typically, for values of T+ >0.1, inertial effects dominate over pure
diffusion. Note from Eq. (1) that this could occur either for large
particles or large values of friction velocity (i.e., high Reynolds num-

bers or flow velocities).

For the LA3 pretest aerosol~transport calculations, three different
models for turbulent—inertial deposition were used in the various codes.
The first of these was based on an analytical model developed by Friedlander
and Johnstone.“ They were the first to propose that turbulent eddies
(from the turbulent core and buffer layer) carry particles to within one
“stopping distance” from the wall and that the particles then coast to
the wall due to their inertia. The Friedlander-Johnstone model was devel-
oped for smooth pipes. Their formulation for deposition velocity depends

on the dimensionless relaxation time in the following way:

1 [ 1 1525

+ - 50.6|/U for 1t <5.6 (2)
vpy  L(£/2)1/2  o.81tt2 ] * ’
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1 1
= - 13.73
VFJ [(f/2)1/2

+
+5 1n {5.04/(3%6 - o.955>}]/u* for 5.6 < v <33.3 , (3)

1/2

The formulation for turbulent-inertial deposition velocity used in
the TRAP-MELT2 and MCT-2 codes is a modification of the Friedlander-
Johnstone model. Gieseke, Lee, and Goldenberg® performed experiments in
the transition regime between the diffusional and inertial deposition
regimes. They found that the Friedlander-Johnstone model does not
adequately predict their results, and they included a Reynolds number

correction to the Friedlander-Johnstone equations to account for this:
VFJ,BCL = VFJ + 2(10_8)(RE) U* , (5)
where Re 1s the flow Reynolds number.

The model used in the AEROSIM-M calculations is based on a correla-
tion developed by Liu and Agarwal to fit their experimental results.® It
should be noted that the Liu-Agarwal experiments (the best availlable data
base on turbulent-inertial deposition) were performed at Reynolds numbers
of 10,000 and 50,000 and are valid for smooth pipes. The Liu-Agarwal

correlation as used in AEROSIM-M calculations is of the form:

Vi T 6(107%) (1%2) (u,) for 1+ <12.9 , (6)

= +
Via = 0.1(U0) for 1+ >12.9 . (7)
The correlation used in the HAA4 aerosol code also was based on the

Liu-Agarwal data but was of the following form:’

= +y4 + 0,3421~1/2
VLA’HAA& (3.03 (30/TH)% + 41.4(7/30) ] . (8)
The above correlations were the ones used in the codes for the LA3
pretest calculations. Note, however, that all of these were developed to
model deposition onto smooth surfaces. In the LAl posttest pipe calcula-

tions® (but not for the LA3 pretest), Battelle-Columbus Laboratories
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used a new version of TRAP-MELT - designated as TRAP-MELT2.2 — which
included a model for turbulent-inertial deposition onto rough surfaces.

This model was developed by Wood® and has the following form:!0

v - 14.5 {%_1n [(1,+ F)2 (1 - F1 + 512)}
WOOD =1 (p, /w273 s (1 + F12) (1 - F + F2)

+ 1 -1 (2F -1\ __ 1 ~1{2F1 - 1 -1
3172 tan ( 3172 ) 3172 tan —§T77~_ + 24.2 U,
for by + 84 <5 , 9

Vwoop = U, {5 1n [25.2/(0.691% + 0.45K; - 4.8)1}71

for 5 < by + 54 €10 , (10)

Vwoop = 0.129(U,) for by + St >10 , (11)

where
S4 = 0.691F,
by = 0.45K,,
Ky = Ks U,/v = dimensionless surface roughness,
Kg = equivalent sand roughness,
F = 5/a,
Fl1 = (by + S3)/a,
a = (D,/V)/3,
v = fluid kinematic viscosity,
D, = particle diffusivity.

Note that this correlation is a function of T+ and also of Ky, which is
itself a function of the "equivalent sand roughness” that is used to
characterize the deposition surface. The relationship in Eq. (11) was
determined by the TRAP-MELT 2.2 developers,10

Using the deposition model equations presented above [Egs. (1) to
(11>}, turbulent-deposition velocities as a function of particle size
were calculated for conditions simulating those produced in tests LAl and
LA3. Table 8 presents values of the parameters used in performing these

calculations. Two sets of LAl calculations were performed to model the
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Table 8. Summary of parameters used to simulate
LAl and LA3 test conditions2»D

LAL, LAl,

Parameter low velocity high velocity LA3A LA3B,C

Particle density 3000 3000 3000 3000
(kg/m3)

Gas density 1.23 0.61 0.73 0.57
(kg/m3)

Gas viscosity 2.4E-5 2.4E-5 2.4E-5 2.4E-5
(kg/m—s)

Gas flow rate 0.35 0.35 0.154 0.031
(kg/s)

Flow velocity 91.6 183.2 67.7 17.4
(m/s)

Flow Reynolds No. 295,000 295,000 130,000 25,900

8A11 calculations were performed for a pipe diameter of 0.063 m.
The friction-factor equation used was f = 0.0014 + 0.125 x Re" 0432 yhere
f is the friction factor and Re is the flow Reynolds number.

biood deposition model calculations were performed using “"equivalent
sand roughness™ values of 1 and 20 um.

velocity conditions at the inlet and outlet of the pipe. It is interest-
ing to note from Table 8 that the flow Reynolds numbers for tests LAl and
LA3A exceed the values at which deposition measurements were made by Liu

and Agarwal.

Figures 1 to 4 present plots of calculated deposition velocities for
LAl and LA3 test conditions. Six deposition-velocity curves are shown on
each plot. The ranges of particle diameters used in each graph correspond
to a range of dimensionless relaxation times >0.1 and up to 60. Note
that on each plot two Wood model curves are shown; these correspond to
assumed equivalent sand roughness values of 1 and 20 pm. Comments on the

calculated deposition velocity results are as follows:
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All results shown illustrate that turbulent-inertial deposition
varies significantly with aerosol particle size and with pipe flow
velocity, up to "critical” particle sizes corresponding approximately

to 1+ values >10.

The correlation of the Liu~-Agarwal data used in the HAA4 code

[Eq. (8)] models the measured data quite well’ and can be used
(remembering that these data were for smooth tubes) as a basis for
comparison with results from other models. Note that the original
Liu-Agarwal correlation [Eqs. (6) and (7)] does not match the HAA4

correlation well for large particle—size values.

The Friedlander-Johnstone correlation predicts a sharp drop in
deposition velocity for values of 1+ >33.3 [see Eq. (4)]. This
dependence 1s not predicted by the other models and does not corre-
late with results from the Liu-Agarwal experimental measurements.
Because the LACE tests have been performed at high velocities,

corresponding to large 1t values, this is an important consideration.

For small particle sizes (in the transition region between turbulent-
inertial deposition and turbulent deposition due to diffusion), the
modified Friedlander-Johnstone correlation used in the TRAP-MELT2
code predicts higher deposition velocities than the original
Friedlander-Johnstone model. The TRAP-MELT2 version results compare
well with results from measurements made at Battelle~Columbus
Laboratories® but do not match the Liu-Agarwal experimental

results.

The Wood model results illustrate that, for small particles, calcu-
lated deposition velocities increase for increased surface roughness.
For an assumed roughness of 1 ym, the Wood model results are similar
to those from the HAA4 correlation of the Liu-Agarwal data. It is
interesting that, for a roughness of 20 um, the Wood model results
compare reasonably well with those from the modified Friedlander-—
Johnstone model used in TRAP-MELT2. This suggests the possibility

that the Battelle-Columbus experiments were performed with "rough”
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tubes; however, smooth-surface copper tubes were used in the experi-

ments.

The main conclusions that can be drawn from evaluation of the
different turbulent-inertial deposition models as used in the LAl and LA3
calculations are as follows: (1) the Friedlander-Johnstone model does not
correctly model experimental results for ot >33.3; (2) the differences
between the Liu-Agarwal and Battelle~Columbus test results, for Tt values
<~10, are not understood; (3) the Wood model results show that surface
roughness can significantly influence turbulent deposition; and (4) none
of the deposition-velocity measurements on which the various correlations
and models are based were performed for high enough flow Reynolds numbers

to simulate those produced in the LACE LAl and LA3A experiments.

4., RESULTS FROM INITIAL LA3 PRETEST CALCULATIONS

LA3 pretest pipe calculations were performed by five investigators;
the codes used and the names and affiliations of the code analysts are
listed in Table 9. The MCT-2 code uses TRAP-MELT2 as a module; so four
TRAP-MELT calculations were performed. AEROSIM-M is a containment
aerosol-transport code but was used in a "Lagrangian” mode (following an

aerosol/gas packet moving down the pipe) for these calculations.

Figures 5 to 16 present the pretest LA3 code results. Plots of
cumulative aerosol deposition vs distance from the pipe inlet, at the end
of the aerosol source period (3600 s), are presented in Figs. 5 to 7.
Figures 8 to 10 present calculated aerosol transport out of the pipe vs
time. Finally, Figs. 1l to 16 present calculated aerodynamic mass—median
diameter (AMMD) and geometric standard deviation data vs distance from the

pipe inlet, at 3600 s.

Figures 5 to 7 illustrate that the agreement in calculated deposition
results was better for LA3A than for LA3B and LA3C. The variation in total
calculated deposition for LA3A was less than a factor of 2 but was more
than a factor of 6 for LA3B and LA3C. Tables 10 and 11 provide informa-
tion that can be used to explain differences in calculated code results.

Comments on the code results and data in the tables are as follows:
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Table 9. Summary of codes used for LA3 pretest pipe calculations

Coded Code analyst Affiliation

AEROSIM=-M (UK) S. Ramsdale United Kingdom,
Atonmic Energy Authority,
Safety and Reliability
Directorate

MCT-2 (NYPA) P, Bieniarz United States,
New York Power Authority

TRAP-MELT2 (IT) F. Parozzi Italy, ENEL-Thermal and
Nuclear Research Centre

TRAP-MELT2 (JIN) H. Tateoka Japan, Atomic Energy
Research Institute

TRAP-MELTZ (UK) D. Williams United Kingdom,
Atomic Energy Authority,
AEE Winfrith

8Initials in parentheses indicate the country or organization.
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Table 10. Comparison of selected parameters from
LA3 pretest calculations
Range of
Range of Range of Range of calculated
calculated calculated calculated turbulent~
carrier—gas carrier-gas carrier-gas deposition
density viscosity flow velocity velocity
Code (kg/m3) (kg/m-s) (m/s) (cm/s)
LA3A
AEROSIM-M (UK) 0.73 2.4E-5 67.7 a
MCT-2 (NYPA) 0.66 2.0E-5 73.3 6.7-3.7
TRAP-MELT2 (1IT) 0.83-0.64 2.4-2,3E-5 61.5-79.5 6.1-3.5
TRAP-MELT2 (JN) a a a 10.0-5.2
TRAP-MELT2 (UK) 0.81-0.61 2.,5-2.4E-5 48 .,6-64.3 2.7-2.3
LA3B
AEROSIM-M (UK) 0.57 2.4E-5 17.4 a
MCT-2 (NYPA) 0.42 2.0E-5 24.3 0.31-0.19
TRAP-MELT2 (1IT) 0.53-0.62 2.4~2,1E-5 20.2-17 .4 0.21-0.11
TRAP-MELT2 (JN) a a a 0.36-0.12
TRAP-MELT2 (UK) 0.51-0.60 2.5-2.1E-5 15.8-13.4 0.079-0.059
LA3C
AEROSIM-M (UK) 0.57 2.4E-5 17 .4 a
MCT-2 (NYPA) 0.42 2.0E-5 24.3 0.32-0.20
TRAP-MELT2 (IT) 0.53-0.62 2.4-2.1E-5 20.2-17 .4 0.21-0,11
TRAP-MELT2 (JN) a a a 0.32-0.12
TRAP-MELT2 (UK) 0.51-0.60 2.5-2.1E-5 15.8-13.4 0.079-0.059

8Data not provided for this parameter.
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Table 11. Calculated deposition, by mechanism,
for LA3 pretest calculations

Calculated
Calculated deposition by Calculated Calculated
turbulent thermophoresis deposition by deposition by
deposition plus settling thermophoresis settling
Code (g) (g) (g) (g)
LA3A
AEROSIM~-M (UK) 1829 0
MCT-2 (NYPA) 2430 6
TRAP-MELT2 (IT) 2366 25
TRAP-MELT2 (JN) 2504 29
TRAP~-MELT2 (UK) 1795 18
LA3B
AEROSIM-M 171 0 0 0
MCT-2 (NYPA) 552 32 16 16
TRAP-MELT2 (1T) 457 175 156 19
TRAP-MELT2 (JN) 317 189 5 184
TRAP-MELT2 (UK) 251 69 45 24
LA3C
AEROSIM~-M 230 0 0 0
MCT-2 (NYPA) 754 44 21 23
TRAP-MELT2 (IT) 612 230 205 25
TRAP-MELTZ (JN) 395 239 7 232

TRAP-MELT2 (UK) 337 92 60 32
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Table 10 shows that the TRAP-MELT2 (UK) flow velocities and
turbulent—deposition velocities were lower than those calculated

by other codes. This occurred because the pipe flow area used

in the UK calculations was too large by roughly 30%. This led to
calculation of low values of turbulent deposition by the TRAP-MELT2
(UK) code. When this was corrected (too late to modify this report),
the calculated total amounts of deposition were 2379 g for LA3A,
518.2 g for LA3B, and 698.3 g for LA3C. These are much closer to the
amounts of deposition calculated by other TRAP-MELT users.

By hand calculations, we confirmed that the mixture density values
used in the (UK) and (IT) TRAP-MELT2 calculations were correct. The
values of density and viscosity used in the MCT-2 calculations were
lower than the British and Italian values. This caused the code to
calculate higher velocities, higher 1% values [see Eq. (1)], and
therefore higher turbulent-deposition velocities.

In the MCT-2 calculations, aerosol deposition in the two vertical
sections of the pipe was not allowed (by setting one of the code
input parameters to zero). Had deposition been allowed in these
sections, we believe that MCT-2 would have calculated more overall

deposition than did the other codes.

Table 11 illustrates that, for the tests with lower flow velocities
(LA3B and LA3C), the contribution of settling and thermophoresis to
the total deposition became important. For all LA3A calculations,
turbulent deposition accounted for about 99% of the total calculated
deposition. For LA3B and LA3C, however, thermophoresis plus settling
accounted for as much as 20 to 30% of the total calculated deposi-
tion. Note that no settling or thermophoretic deposition was

allowed in the AEROSIM-M calculations; we believe that deposition by

these mechanisms should be included for the posttest calculations.

For LA3B and LA3C, TRAP-MELT2 (IT) calculated the greatest amount of
thermophoretic deposition, while TRAP-MELT2 (JN) calculated the
greatest amount of settling. However, the (JN) calculations assumed

that the settling deposition area was [I*d*l, where d is the pipe
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diameter and 1 is the control volume length. The correct settling
area to use 1is d-1l; therefore, the (JN) settling values are about a

factor of 3 larger than they should be.

6. The results in Table 11 show that AERDOSIM-M tended to predict the
least amount of turbulent deposition. The deposition-velocity
comparisons in Fig. 4 (for LA3B, LA3C conditions) suggest that this
occurred because of differences in the Liu-Agarwal correlation and
the Battelle~Columbus version of the Friedlander-Johnstone correla-
tion. TFigure 4 shows that, of these two correlations, the
Liu-Agarwal correlation predicts significantly lower deposition

velocities for particles <3 to 4 uym in diameter.

Although there were significant differences in calculated deposition
patterns for the LA3 tests, Figs. 8 to 10 show that all codes calculated
similar amounts of aerosol leakagé vs time. Calculated differences were
greater for LA3A because the fractional leakage for LA3A conditions was
less than that for LA3B and LA3C.

As shown in Figs. 11 to 13, all codes predicted that the airborne
AMMD would decrease as the aerosol flows through the pipe. This decrease
is expected since turbulent deposition is more effective for larger aero-
sol particles. The results also show that the calculated rate of decrease
of AMMD is greater for LA3A, which had the higher flow velocity. Possible
causes for this are (1) the reduced deposition of larger particles for the
lower gas velocity conditions 1in LA3B and LA3C (Figs. 3 and 4) and
(2) increased aerosol agglomeration for the longer flow residence times

in LA3B and LA3C.

The LA3B and LA3C AMMD values for the TRAP-MELT (including MCT-2)
calculations are significantly less than those calculated by AEROSIM~M.
As was discussed and confirmed in the LA2 pretest!!l and LAl posttest8
reports, the TRAP-MELT code does not correctly calculate the AMMD from
the code size~distribution data. We believe that this caused the observed
differences.

Except for the TRAP-MELT2 (IT) results, the standard deviation data
in Figs. 14 to 16 show that Og decreases with distance from the pipe inlet.
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We cannot explain why the TRAP-MELT2 (IT) og values increase and then
decrease with distance from the pipe inlet. The sharp drop in Og near

the pipe outlet for the MCT-2 LA3C calculation also cannot be explained.
5. RESULTS FROM LA3B BENCHMARK CALCULATIONS

The results in Sect. 4 illustrated that similar TRAP-MELT2Z results
were not obtained when different investigators used the code to perform
LA3B and LA3C calculations. The LA3B benchmark calculation was performed
to investigate what results would be obtained when all investigators used
the same nodalization of the test pipe and the same pipe pressure and

temperature conditions in their calculations.

LA3 benchmark pipe calculations were performed by five investiga-
tors; the codes used and the names and affiliations of the code analysts

are listed in Table 12. Three TRAP-MELT calculations (including the

Table 12. Summary of codes used for LA3 pretest
benchmark pipe calculations

Code? Code analyst Affiliation

AEROSIM-M (UK) S. Ramsdale United Kingdom,
Atomic Energy Authority,
Safety and Reliability
Directorate

HAA4 (RI) E. Vaughan United States,
Rockwell International

MCT-2 (NYPA) P. Bieniarz United States,
New York Power Authority

TRAP-MELT2 (JN) H. Tateoka Japan, Atomic Energy
Research Institute

TRAP-MELT2 (UK) D. Williams ‘United Kingdom,
Atomic Energy Authority,
AEE Winfrith

8Initials in parentheses indicate the country or organization.
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MCT-2 one) were performed, and AEROSIM-M was also again used. In addi-

tion, a calculation with a version of the HAA4 code modified for use in

analysis of flow through pipes was performed. The HAA4 code is a log-

normal particle-size distribution containment aerosol code. It was

modified so that it could be used to calculate the lengthwise variation

of aerosol deposition in a pipe, under the assumption that no aerosol

agglomeration occurred as aerosol moved through the pipe. For the HAA4

calculations, then, deposition is the mechanism by which the airborne

size distribution changes.

Figures 17 to 20 illustrate the major results from the LA3B benchmark

calculations. Similar to what was presented in Sect. 4, Table 13 presents

a summary of selected parameters from the calculations, and Table 14 pre~

sents calculated aerosol deposition by mechanism. The following comments

can be made about the results:

1.

Figures 17 and 18 show that the agreement in calculated aerosol
deposition for the TRAP-MELT runs was much improved for the benchmark
calculation. This occurred largely because the flow area error in
the TRAP-MELTZ2 (UK) calculation was corrected. Figure 18 shows the
calculated deposition in each of the pipe control volumes and again

indicates agreement in the TRAP-MELT2 deposition calculations.

Tables 13 and 14 illustrate an inconsistency in the TRAP-MELT2 (JN)
results. Ignoring the AEROSIM~-M results, the (JN) calculation had
the least amount of turbulent deposition (Table 14); however, the
values of turbulent-deposition velocity quoted in Table 13 were the
largest. We can only speculate that the deposition velocities pro-
vided to us were incorrect. We should note, as was discussed in
Sect. 4, that, again, the (JN) calculation used an incorrect equation
for determining the settling area and thus overcalculated settling by

about a factor of 3.

As for the previous LA3B calculations, AEROSIM-M calculated the least
amount of turbulent deposition. However, the HAA4 calculation, which

used a different correlation to the Liu-Agarwal turbulent—deposition
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Table 13. Comparison of selected parameters from
LA3B benchmark pretest calculations

Range of
Range of Range of Range of calculated
calculated calculated calculated turbulent-
carrier-gas carrier-gas carrier~gas deposition
density viscosity flow velocity velocity
Code (kg/m3) (kg/m—s) (m/s) (cm/s)
AEROSIM-M (UK) 0.57 2.4E-5 17 .4 a
HAAA (RI) a a a 0017—0.07
MCT-2 (NYPA) 0.51-0.56 2.4-2,2E-5 20.1-18.3 0.18-0.10
TRAP-MELT2 (JN) a a a 0.37-0.12
AData not provided for this parameter.
Table 14, Calculated deposition, by mechanism,
for LA3B pretest benchmark calculation
Calculated Calculated Calculated
turbulent deposition by deposition by
Code deposition thermophoresis settling
(g) (g) (g)
AEROSIM~-M 166 0 0
HAA4 (RI) 334 68 20
MCT-2 (NYPA) 417 58 19
TRAP-MELT2 (JN) 299 5 176
TRAP-MELT2 (UK) 399 48 70
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data than did AEROSIM-M [see Sect. 2, Egqs. (6) and (8)], calculated
similar deposition to that calculated by investigators using
TRAP-MELT. The difference in the AEROSIM~M and HAA4 deposition

results cannot presently be explained.

The AMMD results are shown In Fig. 19. Except for the MCT-2 calcula-
tion, all codes predicted that the AMMD decreased with distance from
the pipe inlet. We cannot explain the calculated MCT-2 behavior.
The TRAP-MELT AMMD values were again significantly less than those
calculated by AEROSIM because of the TRAP-MELT code error in calcu-
lating AMMD, as discussed in Sect. 4. In the HAA4 calculation, the
AMMD decreased more rapidly than for the others. Since the HAA4
calculation ignored aerosol agglomeration, this suggests that agglo-
meration in the other calculations caused the size distribution to
remain nearly uniform; it also suggests that ignoring agglomeration
may not be a good assumption for flow residence times that are

greater than those expected in test LA3B.

Except for MCT-2, all calculations predicted that the airborne
aerosol standard deviation decreased with distance from the pipe
inlet; MCT-2 predicted a slight increase in Og.

6. SUMMARY AND CONCLUSIONS

A series of pretest calculations was performed to model the aerosol

behavior expected in the LA3 test series (LA3A, LA3B, and LA3C). These

tests were designed to investigate aerosol tramsport through a 0.063-m—~

diam, 28.8~m-long test pipe for simulated “containment bypass” accident

sequence conditions. The major variables in the experiments were the gas

flow velocity and the MnO/CsOH aerosol mass ratio input to the pipe. The

major findings from this investigation are summarized as follows:

1.

Aerosol deposition in the LA3 series, as it was in test LAl, was
expected to occur largely by turbulent-inertial deposition.
Section 3 of the report presented a comparison of calculated

turbulent-deposition velocity vs particle size using five turbulent
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deposition models;*~7% flow conditions from tests LAl and LA3 were
used as a basis for the calculations. The main conclusions from this
comparison were that (1) the Friedlander-Johnstone model appears not
to correctly model experimental results for 1% >33.3; (2) the dif-
ferences between the Liu-Agarwal and Battelle—-Columbus test results,
for 1t values <~10, are not understood; (3) the Wood model results
show that surface roughness can significantly influence turbulent
deposition; and (4) none of the deposition~velocity measurements on
which the various correlations and models are based were performed
for high enough flow Reynolds numbers to simulate those produced in
the LACE LAl and LA3A experiments.

Results from the initial series of LA3 pretest calculations

were presented in Sect. 4. The results showed that differences in
calculated aerosol deposition were greater for the LA3B and LA3C test
conditions (i.e., the tests performed at the lower flow velocity).
Significant differences in the LA3B and LA3C TRAP-MELT (including
MCT) calculations were observed; however, these were largely due to a
code input error in the TRAP-MELT2 (UK) calculations. The AEROSIM-M
calculation predicted the lowest amount of aerosol deposition for
LA3B and LA3C conditions; the difference in AERQOSIM-M and TRAP-MELT
results may be explainable by differences in the turbulent-

deposition correlations used in these codes.

Table 11 illustrated the calculated aerosol deposition due to
turbulence, settling, and thermophoresis for the LA3 test conditioms.
The code predictions show that deposition by settling and thermo—
phoresis may be significant for LA3B and LA3C test conditions.

Errors in the TRAP-MELT2 (JN) values for settling areas caused this

code to overcalculate settling by about a factor of 3.

Data from the LA3B benchmark calculations, in which all code analysts
used the same pipe nodalization, were presented in Sect. 5. Deposi-
tion results from the three TRAP-MELT calculations were quite similar,
largely because the earlier error in the TRAP-MELT2 (UK) calculation

was corrected.
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A modified version of the HAA4 code, a log-normal containment code,
was used for the LA3B benchmark exercise. This version could, with
the simplification that no aerosol agglomeration occurred as the
aerosol flowed through the pipe, calculate the lengthwise variation
of aerosol deposition. For the LA3B calculation, HAA4 calculated
similar deposition to that calculated with TRAP-MELT but calculated
greater deposition {by about a factor of 2) than that calculated by
AEROSIM~M. We would have expected that HAA4 and AEROSIM-M would
calculate similar deposition since the turbulent—deposition velocity
correlations used in these codes are both based on the Liu—-Agarwal
experimental data. Finally, comparison of HAA4 and other code
results for the change in AMMD with distance from the pipe inlet
suggests that ignoring agglomeration in HAA4 may not be a good
assumption for situations where pipe—flow residence times are greater

than expected in the LA3B test.

Finally, we believe that the code users improved in their ability to
perform valid pipe aerosol-~deposition calculations by their par-
ticipation in this exercise.
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