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

J. H. Wilson 
P. C. m o o d  

ABSTRACT 

This  r e p o r t  d e s c r i b e s  work performed as p a r t  of t he  LWR 
Aerosol Containment Experiments (LACE) Comparison Coordination 
P r o j e c t ,  which is sponsored by t h e  Electr ic  Power Research 
I n s t i t u t e  (EPRI )  . The a e r o s o l  computer-code p r e t e s t  ca l cu la -  
t i o n s  performed t o  model r e s u l t s  from t h e  LACE Test LA2 are 
summarized and compared. The LACE tests are being performed at 
t h e  Westinghouse Hanford Engineering Development Laboratory 
( HEDL) 

1 INTRODUCTION 

The LWR Aerosol Containment Experiments (LACE) are being performed 

t o  i n v e s t i g a t e ,  on a l a r g e  scale, a e r o s o l  r e t e n t i o n  behavior i n  contain- 

ment under s imulated seve re  r e a c t o r  acc iden t  cond i t ions .  An a d d i t i o n a l  

o b j e c t i v e  of t hese  experiments is t o  provide a d a t a  base f o r  v a l i d a t i n g  

a e r o s o l  containment computer codes and r e l a t e d  thermal-hydraulic computer 

codes. The LACE tests are i n t e r n a t i o n a l l y  funded and are being performed 

at t h e  Hanford Engineering Development Laboratory (HEDL) under t h e  

l e a d e r s h i p  of an o v e r a l l  p r o j e c t  board and t h e  Electric Power Research 

I n s t i t u t e  ( E P R I ) .  

The LACE p r o j e c t  has two components: (1) the  experiments being per- 

formed a t  HEDL and ( 2 )  ae roso l - t r anspor t  and thermal-hydraulic code- 

comparison a c t i v i t i e s .  The ae roso l - t r anspor t  code-comparison a c t i v i t i e s  

are being coordinated a t  the Oak Ridge Nat ional  Laboratory (ORNL) , while 

t h e  thermal-hydraulic code-comparison a c t i v i t i e s  are being coordinated a t  

Intermountain Technologies,  Inc. ( I T I )  i n  Idaho F a l l s ,  Idaho. 

For each of t he  s i x  planned LACE tests, pretest  and b l i n d  p o s t t e s t  

a e r o s o l  code c a l c u l a t i o n s  w i l l  be performed. The a c t i v i t i e s  in t h e  aero- 

s o l  code-comparison p r o j e c t  at  ORNL i nc lude  (1) providing guidance t o  
p a r t i c i p a t i n g  a e r o s o l  code a n a l y s t s  to  he lp  them i n  performing p r e t e s t  

and p o s t t e s t  c a l c u l a t i o n s ,  ( 2 )  compiling t h e  r e s u l t s  of t hese  

c a l c u l a t i o n s ,  and ( 3 )  c r i t i c a l l y  eva lua t ing  the  results from the  a e r o s o l  

code c a l c u l a t i o n s .  
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This r e p o r t  summarizes the  r e s u l t s  from p r e t e s t  a e r o s o l  code 

c a l c u l a t i o n s  performed f o r  tes t  JA2. 

t h i s  test was designed t o  s imula t e  a severe  acc iden t  wi th  a f a i l u r e  t o  

i s o l a t e  t h e  containment.  I n  t h e  t e s t ,  a e r o s o l  behavior  i n  a l a r g e  v e s s e l  

w i th  two p re -ex i s t ing  l e a k  pa ths  w a s  i nves t iga t ed .  Aerosol code ca lcu la-  

t i o n s  t o  model t h e  behavior  i n  t h e  Containment Systems Test F a c i l i t y  

(CSTF) vessel  were performed. Summaries of the  code inpu t  cond i t ions  

s p e c i f i e d  f o r  t h e  a e r o s o l  code c a l c u l a t i o n s  and the  reques ted  code output  

r e s u l t s  are presented  (Sect .  2). I n  Sects .  3 through 5 ,  t h e  r e s u l t s  of 

t h e  CSTF v e s s e l  c a l c u l a t i o n s  of va r ious  codes are presented  and then com- 

pared. 

A s  def ined  i n  t h e  LA2 test  p l a n , l  

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

A l e t t e r  w a s  s e n t  t o  LACE program p a r t i c i p a n t s  desc r ib ing  a e r o s o l  

code i n p u t s  and requi red  code outputs  f o r  LA2 p r e t e s t  c a l c u l a t i o n s , 2  and 

t h e  gene ra l  con ten t s  of t h i s  l e t te r  are summarized here .  

I n  LACE tes t  LA2, a e r o s o l s  were gene ra t ed ,  t r anspor t ed  through a 

0.2-m-diam pipe ,  and i n j e c t e d  i n t o  t h e  CSTF vesse l .  Minimal a e r o s o l  

d e p o s i t i o n  i n  t h e  d e l i v e r y  pipe w a s  expected. The behavior  of t he  aero- 

s o l  i n  t h e  CSTF v e s s e l ,  which had two l eak  pa ths ,  w a s  then s tudied .  The 

expected cond i t ions  f o r  t e s t  LA2 were def ined  i n  t h e  publ ished tes t  p l a n , l  

which w a s  used t o  develop the  informat ion  presented  i n  Table 1. This  

t a b l e  summarizes the  aerosol-code input  parameters  requi red  f o r  LA2 pre- 

test c a l c u l a t i o n s .  Addi t iona l  in format ion ,  as l i s t e d  below, w a s  suppl ied  

t o  t h e  code users .  

1. P red ic t ed  temperature ,  p re s su re ,  and l e a k  h i s t o r i e s  of t h e  CSTF v e s s e l  

were s p e c i f i e d  f o r  use i n  t h e  c a l c u l a t i o n s ,  as shown i n  Table 2. 

2 .  To avoid problems such as those experienced i n  t h e  LA1 p r e t e s t  

c a l c u l a t i o n s  (wi th  input  of ae roso l  s i z e  parameters t o  the codes) ,  

mass-median d iameters  were provided f o r  t h e  mixed a e r o s o l  and a l s o  

f o r  MnO and CsOH sepa ra t e ly .  

3 .  The c o l l i s i o n  shape f a c t o r  and dynamic shape f a c t o r  were both 

set  equal  t o  1. 
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Table 1. Fixed code inpu t  parameters f o r  LA2 p r e t e s t  c a l c u l a t i o n s  

CSTF VESSEL PARAMETERS: 
General  

CSTF v e s s e l  diameter ( I D ) :  
Ove ra l l  he igh t  
Cy1 inde  r he igh t  
Enclosed volume 
T o t a l  s u r f a c e  area f o r  ae roso l  s e t t l i n g  
To ta l  s u r f a c e  area f o r  w a l l  p l a t e o u t  
T o t a l  surf ace area f o r  hea t  transfer 

(For  more d e t a i l ,  see LA2 Test P lan)  

Upper Leakpath 

t o  env i rons  

P r e e x i s t i n g  Containment Leakpaths 

Leakpath geometry 
O r i f i c e  diameter  
Leakpath he igh t  above containment 

Scrubber flow r e s i s t a n c e  

Leakpath geometry 
O r i f i c e  diameter  
Leakpath he igh t  above containment 

Scrubber flow r e s i s t a n c e  

bottom 

Lower Leakpath 

bottom 

AEROSOL SOURCE CONDITIONS : 
Aerosol i n j e c t i o n  per iod t o  

CsOH a i rbo rne  i n p u t  ra te  t o  CSTF v e s s e l  
MnO a i rbo rne  input  rate t o  CSTF v e s s e l  
Aero601 co-agglomeration state a t  

CSTF vessel 

i n l e t  t o  CSTF v e s s e l  

7.62 m 
20.3 m 
16.5 m 
852 m3 
137.8 m2 
741 m2 
520 m2 

Sharp-edged o r i f i c e  
18 mu 

16.5 m 
8 kPa 

Sharp-edged o r i f i c e  
18 mm 

4.0 m 
8 kPa 

AMMD of mixed a e r o s o l  i npu t  t o  CSTF vesse l  
Geometric s tandard  d e v i a t i o n  of mixed 

C s O H  p a r t i c l e  d e n s i t y  ( 1 / 2  of t h e o r e t i c a l )  
MnO p a r t i c l e  d e n s i t y  ( 1 / 2  of t h e o r e t i c a l }  

a e r o s o l  i npu t  t o  CSTF v e s s e l  

0 t o  3000 s 

0.6 g/s 

Mixed, aged 13 t o  30 s 
1.2 g l s  

AEROSOL CARRIER CAS CONDITIONS: 
Steam f low rate 
Nitrogen flow rate 
Argon flow rate 
Hydrogen rate 
Carrier gas  temperature  a t  containment 

boundary 
T i m e  f o r  s tar t  of carr ier  gas flow t o  

CSTF v e s s e l  
T ime  f o r  end of carrier gas flow t o  

CSTF v e s s e l  

2r rm 
2 

1.84 x lo3 k g / m 3  
2.72 x l o 3  Q/m3 

553 K 
o s  

3000 s 
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Table 1 (continued) 

CSTF VESSEL ATMOSPHERE CONDITIONS : 
Initial 

Gas composition 
Gas temperature 
Steel temperature 
Pressure, absolute 
Relative humidity 
Ambient outside temperature 
Sump water mass 
S ump wa t e r t ernpe ra t u re 

Period 1 (Heatup) 
Start time 
End time 
Steam rate 
Steam temperature 
NoncondensiSle gas rate 
Supplemental containment heat 

Period 2 (Aerosol Injection) 
Start time 
End time 
Steam rate (in addition t o  aerosol 

Steam temperature 
Noncondensible gas rate 
Supplemental containment heat 

Start time 
End time 
Steam rate 
S team temperature 
Noncondensible gas rate 
Supplemental containment heat 

Start time 
End time 
Steam rate 
Noncondensible gas rate 

carrier gas) 

Period 3 ( S l o w  Cooldown) 

Period 4 (Cooldown) 

Normal air 
297 K 
297 K 
98.6 kPa 
50 % 
297 K 

297 K 
1,000 kg 

-1,800 s 
o s  
0.7 kg/s 
423 K 
0 kg/s  
0 kW 

o s  
3,000 s 
0.12 k g / s  

423 K 

0 kW 
0 kg/s 

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

60,000 s 
170,000 s 
0 k%/s 
0 kg/s 
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Table 2. Containment c o n d i t i o n s  and l e a k  rates 
for use in p r e t e s t  c a l c u l a t i o n s  

T o t a l  l eak  ratea 

Time  Temperature P res su re  m3/sb F r a c t i o n a l =  
(SI { K) ( k P d  {at T&P) (6-9 

-1800 
-1200 
- 600 

0 
600 

1200 
1800 
2400 
3000 
6000 
12000 

24000 
30000 
36000 
42000 

54000 
60000 
66000 
120000 
17 0000 

iaooo 

48000 

29 7 
316 
335 
353 
358 
363 
368 
37 3 
378 
377 
37 4 
37 1 
369 
366 
36 4 
36 1 
35 8 
35 6 
35 3 
350 
330 
320 

98.6 
118 
139 
160 
172 
184 
19 6 
20 8 
220 
214 
20 2 
190 
178 
166 
15 4 
142 
130 
117 
105 
98 06 
98 06 
98 -6 

0.0323 
0.0554 
o .05a 1 
0.0626 
0,0659 
0.0697 
0 007 25 
0 00752 
0 00745 
0.0714 
0.0688 
0.0662 
0 e0622 
0 00579 
0.0528 
0 -0470 
0 -036 1 
0.0212 
0 
0 
0 

3.793-5 
6 -5  1 E-5 
6 . a2~-5  
7 343-5 
7,733-5 
8 18E-5 
8 -51E-5 
8 -83E-5 
8.75E-5 
8 e39E-5 
8.08 E-5 
7.763-5 

6.793-5 
7 30E-5 

6.20E-5 
5.52E-5 
4 24E-5 
2.493-5 

0 
0 
0 

aLeak rate through each o r i f i c e  = 1 /2  of t o t a l  l e a k  r a t e .  
h o l u m e t r i c  l e a k  rate at  temperature and p res su re  of containment. 
CFrac t iona l  l e a k  ra te  = ( t o t a l  l eak  rate a t  temperature and 

p r e s s u r e  of containrnent)l(volume of containment).  Volume of 
containment = 852 m3. 



4 .  For c a l c u l a t i n g  the  e f f e c t  of thermophoresis on ae roso l  p l a t e o u t ,  

t h e  temperature  d i f f e r e n c e  between the  containment atmosphere and 

t h e  w a l l  of t he  CSTF v e s s e l  w a s  set equal  t o  4 K. 

5. For determining the  e f f e c t  of d i f f u s i o p h o r e s i s  on a e r o s o l  p l a t e o u t ,  

the steam condensat ion rate as a func t ion  of t i m e  w a s  spec i f i ed .  

6.  Condi t ions i n  the CSTF v e s s e l  during t h e  test were assumed t o  be 

s a t u r a t e d .  

The purpose of providing thermal-hydraulic information and 

s p e c i f y l n g  c e r t a i n  parameter va lues  f o r  t h e  p r e t e s t  c a l c u l a t i o n s  w a s  t o  

minimize va r i ances  i n  input  d a t a ,  thereby ensur ing  a meaningful code-com- 

par i son  e f f o r t .  

Table  3 presen t s  a summary of t he  requested code output  parameters 

f o r  LA2 pretest  c a l c u l a t i o n s .  Some comments on these  parameters a r e  

inc luded  here.  

1. For va r ious  parameters (such as suspended ae roso l  concen t r a t ion  and 

mass of s e t t l e d  a e r o s o l ) ,  t he  code a n a l y s t s  were requested t o  

provide output  d a t a  f o r  each spec ie s  (MnO and CsOH) .  Various p l o t s  

involv ing  the  MnO/CsOH mass r a t i o  are presented i n  t h i s  r epor t  €or  

t h e  "multi-component'' codes. The d a t a  f o r  t he  "single-component" 

codes are not  included s i n c e  the  ca l cu la t ed  r a t i o  w a s  2 : l  (equal  t o  

t h e  MnOICsOH mass r a t i o  i n  the  source)  i n  a l l  cases. 

2 .  I f  t he  code c a l c u l a t i o n s  ind ica t ed  water condensation on the  

a i r b o r n e  a e r o s o l s ,  d a t a  concerning the  amount of water a s soc ia t ed  

wi th  the  a e r o s o l s  were requested a t  t he  s p e c i f i e d  output  t i m e s .  

3. Included with the aerodynamic mass-median diameter  (AMMD), one of 

t h e  a e r o s o l  s i z e  parameters requested was the  "aerodynamic mean 

s e t t l i n g  diameter." This  is def ined as 
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Table 3. Summary of requi red  output  parameters for  
LA2 p r e t e s t  c a l c u l a t f o n s  

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 

Output parameters and units: 

1. Suspended CsOH and MnO aerosol mass concent ra t ion :  provide 
t h i s  for the p X E D  aerosol, and for EACH ae roso l  s p e c i e s ,  i f  
p o s s i b l e ,  g/m 

2. Mass of water condensed onto a i rbo rne  CsOH and MnO a e r o s o l s ,  g 

3 .  Cumulative CsOH and MnO ae roso l  mass leaked from v e s s e l  through 
EACH l e a k  path: provide t h i s  f o r  the MIXED a e r o s o l  and f o r  
EACH ae roso l  s p e c i e s ,  i f  poss ib l e ,  g 

4 .  Cumulative CsOH and MnO a e r o s o l  mass s e t t l e d  i n  ves se l :  provide 
t h i s  f o r  t he  MIXED ae roso l  and f o r  EACH a e r o s o l  s p e c i e s ,  i f  
p o s s i b l e ,  g 

5, Cumulative CsOH and MnO ae roso l  mass p la t ed  on v e s s e l  w a l l s  and 
c e i l i n g s :  provide t h i s  f o r  t he  MIXED a e r o s o l  and f o r  EACH 
a e r o s o l  s p e c i e s ,  is p o s s i b l e ,  g 

6. Airborne CsOB and MnO ae roso l  size parameters:  provide t h e  
fo l lowing  €or t h e  MIXED ae roso l  and f o r  EACH ae roso l  s p e c i e s ,  
i f  poss ib l e :  

a. The AERODYNAMIC MASS-MEDIAN DIAMETER - i n  l.nn - and the  
GEOMETRIC STANDARD DEVIATION - dimensionless  

b. The AERODYNAMIC MEAN SETTLING DIANETER - i n  mn 

C. "DISCRETE" code u s e r s  should provide t a b l e s  of ae roso l  mass 
- - r i g -  i n  each s ize  group f o r  t h e  t i m e s  1,000; 3,000; 
4,200; 10,000; and 60,000 s. 



where 

das  = aerodynamic mean s e t t l i n g  diameter  (m), 
vf = f l u i d  v i s c o s i t y  (g/cm*s) ,  

g = g r a v i t a t i o n a l  a c c e l e r a t i o n  (cm/s2>,  

p l  = 1 g/cm3 p a r t i c l e  d e n s i t y ,  

Us = g r a v i t y  s e t t l i n g  v e l o c i t y  (cm/s),  def ined as 

Aerosol s e t t l i n g  depos i t i on  f l u x  
Aerosol suspended mess concen t r a t ion  

us = 

4 .  The use r s  of "d i sc re t e"  codes were requested t o  provide us with d a t a  

on t h e  ae roso l  mass i n  the  va r ious  s i z e  groups used i n  t h e i r  codes. 

The information w a s  needed f o r  d e t a i l e d  comparisons of t he  s i z e  

d i s t r i b u t i o n s  ca l cu la t ed  by the  va r ious  d i s c r e t e  codes. 

The LA2 p a r t i c i p a n t s  were a l s o  requested t o  submit a summary of any 

major i npu t  parameter assumptions ( o t h e r  than those  s p e c i f i e d  in the  

i n s t r u c t i o n  l e t t e r )  used i n  t h e i r  code c a l c u l a t i o n s .  This  would inc lude  

parameters  such as the  assumed va lue  f o r  thermal boundary-layer th ickness .  

I n  l a t e r  correspondence, t h e  need f o r  such inf  o m a t i o n  w a s  reemphasized. 

The code u s e r s  were a l s o  requested t o  provide copies  of t he  a c t u a l  com- 

p u t e r  i npu t  and output  f o r  t h e i r  codes. F i n a l l y ,  i t  was requested that 

t h e  p l a t ed  ae roso l  mass be t abu la t ed  according t o  the  depos i t i on  mechanism. 

3 .  RESULTS OF PRETEST LA2 CALCULATIONS 

Pretest  c a l c u l a t i o n s  f o r  LA2 were performed by nine i n v e s t i g a t o r s .  

Table  4 lists t h e  codes used and t h e  names of the  code ana lys t s .  The 

HAA-4 code assumes the  ae roso l  s i z e  d i s t r i b u t i o n  t o  be lognormal a t  a l l  

t i m e s .  The MAAP-2.9 code assumes t h a t  t he  ae roso l  approaches an asymptot ic  

s i z e  d i s t r i b u t i o n .  All o the r  codes l i s t e d  i n  Table 4 u t i l i z e  a d i s c r e t e  

pa r t i c l e  s i z e  d i s t r i b u t i o n  model. The "multicomponent" CONTAIN and 

AEROSIM-M codes c a l c u l a t e  p a r t i c l e  compositions t h a t  vary with p a r t i c l e  
s i z e ,  whereas f o r  t he  " s i n g l e  component" codes,  t he  MnO/CsOH r a t i o  i s  

independent of p a r t i c l e  s i z e .  Also ,  t he  two CONTAIN codes pred ic ted  

condensat ion of steam onto the  aerosol .  The MCT-2 code c a l c u l a t i o n s  were 
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Table 4. Summary of codes used for LA2 
pretest vessel calculations 

Code Code analyst Affiliation 

AEROSIM-M(UK) 

CONTAIN( om) 

CONTAIN( UK) 

HAA-4 ( US ) 

MAAp-2.9( !%I 

MCT-2 ( US) 

NAUA-5 ( FN) 

NAUA-4( US) 

REMOVAL( JN) 

S. A. Ramsdale 

M. L. Tobias 

P. N. Smith 

E. U. Vaughan 

H. Haggblom 

P. B i e n i a r z  

J. Makynen 

R. Sher 

N. Yarnano 

United Kingdom, 
Satetg and Reliability 
Directorate 

United States, 
Oak Ridge National 
Laboratory 

United Kingdom, 
Atomic Energy Authority 

United States, 
Rockwell Internatlonal 
Corporation 

Sweden, 
Studsvik Energiteknik AB 

United States, 
Risk Management 
Associates 

Finland, 
Technical Research 
Centre 

United States, 
Electric Power 
Research Ins tit u t e 

Japan, 
Atomic Energy 
Research Institute 

'Initials in parenthesis included to indicate country or  
organization. 
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f o r  both a " w e t "  and "dry" case, i.e., steam condensation and no steam 

condensat ion,  r e s p e c t i v e l y ,  on the  ae roso l .  A l l  o t h e r  codes assumed no 

steam condensat ion on the ae roso l .  

Table 5 l i s t s  the  p l a t i n g  mechanisms invoked by the  codes and d a t a  

concerning va lues  used f o r  boundary-layer thicknesses .  Other information 

i s  included for better understanding of t he  c h a r a c t e r i s t i c s  of each code 

and f o r  use i n  i n t e r p r e t i n g  t h e  r e s u l t s  t h a t  follow. The values  f o r  t he  

d i f f u s i o n  boundary-layer t h i ckness  and the  tu rbu len t  energy d i s s i p a t i o n  

f a c t o r  i n  Table 5 are seen t o  d i f f e r  f o r  some of the codes. However, as 

d i scussed  i n  Sect.  5 ,  the  amounts of a e r o s o l  p l a t i n g  by the mechansisms 

which u t i l i z e  t h e s e  parameters were n e g l i g i b l e .  

The p a r t i c l e - s i z e  d i s t r i b u t i o n  d a t a  were not reported a t  t h e  

r eques t ed  output  t i m e s  i n  a l l  cases  ( s e e  Table 6 ) .  Nevertheless ,  all 

d a t a  are included i n  the f i g u r e s  t h a t  a r e  presented here.  (The d a t a  a r e  

p l o t t e d  on t h e  f i g u r e  t h a t  corresponds to  the  n e a r e s t  requested output  

time.) 

The c a l c u l a t e d  aerosol concen t r a t ion  i n  t h e  CSTF v e s s e l  i s  p l o t t e d  

as a f u n c t i o n  of t i m e  i n  Figs.  1 through 3. The concen t r a t ion  is  t h a t  of 

t h e  dry (MnO and CsOH) a e r o s o l  i n  a l l  cases .  The v e r t i c a l  l i n e  a t  

3,000 s i n d i c a t e s  t he  end of t he  a e r o s o l  source.  I n  F igs .  2 and 3 ,  the  

codes a r e  d iv ided  i n t o  two groups f o r  t he  purpose of c l a r i t y .  Figure 4 

shows water concen t r a t ion  vs  t i m e  f o r  the two C0NTL4IN codes. This i s  

assumed t o  be water a s s o c i a t e d  with the ae roso l .  I n  t h e  a c t u a l  LA2 

t e s t ,  t he  amount of water a s soc ia t ed  with the a e r o s o l  w i l l  not  be 

measured. Thus, our comparison of the p o s t t e s t  c a l c u l a t i o n s  with the  

experimental  r e s u l t s  will involve dry a e r o s o l  concen t r a t ions .  

F igu re  5 shows the cumulative a e r o s o l  mass r e t a i n e d  i n  t h e  CSTF 

v e s s e l  as a func t ion  of t i m e .  This is equal  t o  the  sum of the  cumulative 

s e t t l e d  and p l a t e d  masses. The cumulative a e r o s o l  mass leaked from the 

CSTF v e s s e l  i s  presented i n  Fig. 6 .  The f i n a l  sum of r e t a i n e d  and leaked 
masses for each code should equal  5,400 g. I n  Figs. 7 and 8,  the cumu- 

l a t i v e  mass of a e r o s o l  removed from t h e  CSTF v e s s e l  atmosphere by 

s e t t l i n g  and by p l a t i n g ,  r e s p e c t i v e l y ,  i s  shown f o r  each code as a 

f u n c t i o n  of t i m e .  The MCT-2 and the  MAAP-2.9 codes did not r e p o r t  s e p a r a t e  

v a l u e s  f o r  p l a t i n g  and s e t t l i n g .  The NAUA-5 code r epor t ed  p l a t i n g  by the  
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Table 5. Features of computer codes used for LA2 pretest calculations 

CODE 

Feature 
of Code AEROSIM-M CONTAIN(0RNL) CONTAIN(UK) M A - 4  MAP-2.9 m - 2  NAUA-5 NMA-4 REMOVAL 

Diffusiophoresisa Y e8 Yes Yes Yes NO Yes . No Yes Yes 

The rmop hor e8 f sa Yes Yes Y e8 Yes Correlation Y e8 No 

I 

Dif fusiona, Yes Yes Yes Y e8 Correlation Yes Y es 

T . B . L . C ,  BBI 10 3 

D.B.L.~, rn 1 0.01 

Coment ae HulticoPlponent Multicomponent Multicomponent 

e = 0.39 d l s 3  Calculated Calculated 
during aerosol therml- thermal- 
inject ion hydraulics hydrauli cs 

Thermophoresis Steam conden- Steam conden- 
plating area sation on sation on - 520 &? aerosol aerosol 

e - 0.001 m2/s3 

0.15 0.1 

Gravitimal Settled and Settled and Leak rate 
collision plated aerosol plated aeroeol too hfgh 
efficiency posses not, maases not from 0 to - 0.1 reported rep0 c t ed 3,0000s to 

separa t elp separately 

Thermophoresis Collision shape 
plating area factor - 2.5 - 653 m2 

No Yes 

Y es Y es 

2 
t 

)-d 

P 
0.1 0.1 

e - 0.1 a2183 

Thermophore8 is 
phting area - 7 4 1  m2 

~~ ~ 

aPlating mechanism 

bBrownian diffusion. 

CThertsal boundary layer thickness. 

dDif fusion boundary layer thickness - turbulent energy dissipation factor 
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Table 6. Summary of times reported for particle 
size distributions 

Code Code output time, s 

__ - ~ 

Requested time - 
AEROSIM-M - 
CONTAIN( ORNL) - 
CONTAIN( UK) - 

- HAA-4 

MILAP-2.9 - 
MCT-2 - 

1,000 

1,000 

1,000 

1,000 

- 
- 
900 

3,000 

3,000 

3,000 

3,000 

4,200 10,000 60,000 

4,200 10,000 60,000 

4,200 10,000 60,000 

4,200 10,000 60,000 

3,000 

_c_ - - 
4,200 9,900 60,000 

NAUA-5 30 4 3,072 - 8,637 69,513 

NAU A- 4 - 1,000 3,000 4,200 10,000 60,000 

REMOVAL - 1 .ooo 3 .ooo 4 200 10,000 60,000 
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Pig. 1. LA2 pretest calculations - airborne aerosol concentration 
vs time - for a l l  codes. 
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3 REMOVAL (JN) 

\ \ 

Fig. 2. LA2 pretest calculations - airborne aerosol concentration 
vs t ime - for group 1 codes. 
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Fig. 3 .  LA2 pretest ca lcu la t ions  - airborne aerosol concentration vs 
time - for group 2 codes 
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Fig. 4 .  LA2 pretest calculations - concentration of water condensed 
on aerosol vs time. 
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Fig.  5 .  LA2 pretest ca lculat ions  - cumulative mass of aerosol 
retained i n  CSTF v e s s e l  vs t i m e .  
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Fig.  6 .  LA2 p r e t e s t  c a l c u l a t i o n s  - cumulative mass of aerosol leaked 
from CSTF v e s s e l  v s  t i m e .  
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F i g .  7 .  LA2 pretest ca lcu la t ions  - cumulative mass of aerosol  
settled in CSTF v e s s e l  vs  time. 
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Fig. 8 .  LA2 pretest ca lcu la t ions  - cumulative mass of aerosol  
plated in CSTF vesse l  vs t i m e .  
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Brownian d i f f u s i o n  mechanism on ly ,  and only  n e g l i g i b l e  p l a t i n g  was  
r epor t ed .  In  Figs. 9 and 10, p l o t s  are shown f o r  p l a t i n g  by d i f f u s i o -  

phores i s  and by thermophoresis p lus  Brownian d i f f u s i o n ,  r e spec t ive ly .  

Four codes provided t h i s  type of information ( t h e  UAUA-4 code does not 
i n c l u d e  a thermophoresis mechanism). 

The AMMD, t h e  geometr ic  s tandard  d e v i a t i o n  (GSD), and t h e  aerodyna- 

m i c  mean s e t t l i n g  diameter  are p l o t t e d  vs t i m e  i n  Figs.  11 through 13, 

r e s p e c t i v e l y .  The AMMD is expressed as 

where d50 is mass-median diameter  of t he  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  p 

is t h e  p a r t i c l e  d e n s i t y ,  and x is t h e  dynamic shape f a c t o r .  For t h e  

CONTAIN codes,  t h e  va lues  for AMMD and GSD are f o r  t h e  w e t  r a t h e r  than 

t h e  d ry  a e r o s o l  p a r t i c l e s .  

P a r t i c l e  s i z e  d d s t r i b u t i o n  curves are presented i n  Figs .  14 through 

18 for t h e  codes having a d i s c r e t e  d i s t r i b u t i o n  model. Each f i g u r e  shows 

t h e  d i s t r i b u t i o n  f o r  a pa r tLcu la r  t i m e ;  in  each case t h e  normalized mass 

f r a c t i o n  of t h e  a e r o s o l  i n  a size i n t e r v a l ,  o r  s i z e  "b in ,"  is p l o t t e d  vs 

t h e  average diameter  of particles i n  t h a t  size bin.  The do t t ed  v e r t i c a l  

l i n e  i n  each drawing r e p r e s e n t s  t he  d50 of t h e  source  aerosol .  The nor- 

malized mass f r a c t i o n  p l o t t e d  i n  these  f i g u r e s  w a s  determined by d iv id ing  

t h e  a c t u a l  mass f r a c t i o n  i n  each b i n  ( a s  ca l cu la t ed  from t h e  p a r t i c l e  size 

d i s t r i b u t i o n  d a t a  provided by the  codes) by a f a c t o r  equal  t o  the  sum- 

mation (over  a l l  t h e  bins)  of t he  a c t u a l  mass f r a c t i o n  i n  each b in  times 
Aln(d),  t he  l a t t e r  being t h e  d i f f e r e n c e  between the  logari thms of t h e  

upper and lower p a r t i c l e  diameter  l i m i t s  of t h e  bin.  Thus, a p a r t i c l e  

s i z e  d i s t r i b u t i o n  curve (which is similar t o  a p r o b a b i l i t y  d e n s i t y  func- 

tion) is  genera ted ,  making i t  more meaningful f o r  comparison purposes. 

The normalized mass f r a c t i o n s  i n  Figs.  14 through 18 correspond t o  t h e  

w e t  a e r o s o l  f o r  t h e  CONTAIN ( O m )  code and t o  t h e  dry  ae roso l  f o r  t h e  

CONTAIN(UK) code [ t h e  amount of water a s s o c i a t e d  wfth each s i z e  b i n  was 

not  provided f o r  t h e  CONTAIN(UK) code].  The d i s t r i b u t i o n  curves f o r  both 

CONTAIN codes i n  Figs. 14 through 18 are p l o t t e d  vs  t h e  a c t u a l  diameter  

of the  w e t  ae rosol .  
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Fig. 9. LA2 pretest  calculations - cumulative mass of aerosol 
plated in CSTF vessel by diffusiophoresis vs time. 
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Fig.  1 1 .  LA2 pre tes t  ca lcu la t ions  - aerodynamic mass median 
diameter vs t i m e .  
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Fig. 12. LA2 pretest calculations - geometric standard deviation vs time. 
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Fig. 13. LA2 pretest calculations - aerodynamic mean settling 
diameter vs t i m e .  
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Fig. 14.  LA2 pretest ca lcu la t ions  - particle s i z e  distribution 
of airborne aerosol a t  1,000 s. 
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Fig.  15. LA2 p r e t e s t  c a l c u l a t i o n s  - p a r t i c l e  s i z e  d i s t r i b u t i o n  
of a i rbo rne  a e r o s o l  a t  3,000 S. 



29 

ORNL DWG 86-73@2 I d  3 
LA2 PRETEST 
4200 s 

i" 
Pig .  16. LA2 p r e t e s t  calculatfons - p a r t i c l e  s i z e  distribution 

of airborne aerosol at 4,200 s. 
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Fig. 17. LA2 pretest calculations - particle  size distribution of 
airborne aerosol at 10,000 s. 



31 

ORWL DWG %1)-73%4 

Fig. 18. LA2 pretest calculations - particle size distribution of 
airborne aerosol at 60,000 s. 
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I n  Figs.  19 through 21 ,  p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  the  CONTAIN 

(ORNL) codes are shown f o r  times when s i g n i f i c a n t  amounts of water are 

condensed on t h e  aerosol .  I n  each f i g u r e ,  one curve i s  t h a t  f o r  t he  w e t  

a e r o s o l  [as w a s  a l s o  t h e  case f o r  t h e  CoNTAIN(0RNL) code i n  Figs. 14 
through 181. This wet ae roso l  curve corresponds t o  t h e  actual  p a r t i c l e  

s i z e  d i s t r i b u t i o n  of the  ae roso l  as i t  exists i n  the  CSTF vesse l .  

Also p l o t t e d  i n  Figs. 19 through 21 i s  t h e  normalized mass f r a c t i o n  

of t he  dry a e r o s o l  vs the  a c t u a l  diameter  of the  w e t  a e r o s o l ,  as was the  

case f o r  t he  CONTAIN(UK) code curves i n  Figs. 14 through 18. The va lues  

of t h i s  curve represent  t h e  par t ic le  s i z e  d i s t r i b u t i o n  t h a t  w i l l  be 

measured exper imenta l ly  i n  LACE tes t  LA2 by the  cascade impactors ,  and it  

i s  t h i s  curve t h a t  w i l l  be compared with experimental  r e s u l t s  i n  the  LA2 

p o s t t e s t  code comparison. The cascade impactors  s e p a r a t e  t h e  ae roso l  

according t o  t h e  a c t u a l  p a r t i c l e  aerodynamic d iameters ,  but the  mass of 

a e r o s o l  c o l l e c t e d  on each impactor s t a g e  is  a dry ae roso l  mass, s i n c e  any 

water present  has been evaporated before  ana lys i s .  

- 

The t h i r d  curve i n  each of Figs.  19 through 21 shows the  normalized 

mass f r a c t i o n  of d ry  ae roso l  p l o t t e d  vs the diameter  of the  dry ae roso l .  

This  diameter  of t he  dry ae roso l  w a s  es t imated by mul t ip ly ing  the  average 

d iameter  of each s i z e  b in  by a f a c t o r ,  f ,  where 

- - 

i n  which Wd is  the  weight of dry ae roso l  and W, is the  weight of w e t  

a e r o s o l  i n  each bin.  I n  de r iv ing  t h i s  conversion f a c t o r ,  t he  d e n s i t y  of 

water  w a s  considered t o  be equal  t o  the  average d e n s i t y  of t he  d ry  aero- 

s o l ,  which is the  assumption used i n  t h e  CONTAIN code. The CONTAIN code 

i s  not set up t o  handle varying d e n s i t i e s  of ae roso l  components. 

I n  Figs.  22 through 2 4 ,  t he  MnO/CsOH mass r a t i o  i n  a s i z e  b in  i s  

p l o t t e d  vs the  average b in  diameter  f o r  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n s  

from the  AEROSIM-M and the  CONTAIN codes. I n  these  f i g u r e s ,  t he  curves 

f o r  both the  ORNL and UK ve r s ions  of t he  CONTAIN codes are p l o t t e d  vs the  

d iameter  of the w e t  a e roso l .  A s  pointed out  prev ious ly ,  t he  AEROSIM-M 

code d id  not p r e d i c t  condensation of steam on the  aerosol .  
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Fig .  19 LA2 pretest calculations - particle s i z e  d i s t r ibut ions  
airborne aerosol at  4,200 s for the CONTAIN(0FXL) code. 
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Fig .  20. LA2 p r e t e s t  c a l c u l a t i o n s  - p a r t i c l e  s i z e  d i s t r i b u t i o n s  of 
a i r b o r n e  a e r o s o l  a t  10,000 s fo r  CONTAIN( O W )  code. 
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Fig. 21. LA2 pretest calculations - particle s i z e  distributions of 
airborne aerosol at 60,000 s f o r  CONTAIN(0RNL) code. 



36 

1 4200 s 
i 10000s 

7 60000 s 

-.-. 
- - -  

ORNL OWG 86-7387 

10" 1 I l l i l l  I > 1 , I '  , I t  t 1 , , , ' , I  

Fig.  22. LA2 p r e t e s t  c a l c u l a t i o n s  by t h e  AERQSIM-M code - 
MnO/CsOH mass r a t i o  vs b in  diameter  f o r  airborne a e r o s o l  p a r t i c l e  s i z e  
d i s t r i b u t i o n .  
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The MnO/CsOH mass r a t i o s  f o r  t he  a i rbo rne  ae roso l  and f o r  t h e  

cumulat ive s e t t l e d  a e r o s o l  a r e  p l o t t e d  vs  time i n  Fig. 25. The AERQSIM-M 

and t h e  CONTAIN codes provided t h i s  type of information.  The mass r a t i o  

f o r  t h e  cumulative p l a t ed  ae roso l  w a s  e s s e n t i a l l y  cons tan t  with t i m e  a t  a 

va lue  of -2. The ins tan taneous  mass ratio f o r  t he  leaked ae roso l  would 

be  equal  t o  t h a t  f o r  t he  a i rbo rne  aerosol .  

4 .  GENERAL COMMENTS ON LA2 PRETEST CALCULATIONS 

I n  t h e  LA2 p r e t e s t  i n s t r u c t i o n  l e t t e r , '  the  mixed ae roso l  source  w a s  

s p e c i f i e d  as having an AMMD of 2 ~ m r  and a GSD of 2 f o r  c a l c u l a t i o n  pur- 

poses.  For t h e  multicomponent codes,  t he  mass-median diameters  were pro- 

vided f o r  MnO and CsOH. These diameters  were ca l cu la t ed  assuming t h a t  

each source spec ie s  a l s o  had an AMMD of 2 !.nu, Since the  i n s t r u c t i o n  

l e t t e r  d id  not spec i fy  the  GSD f o r  t he  s e p a r a t e  MnO and CsOH source aero- 

s o l s ,  a l l  code a n a l y s t s  assumed the  GSD t o  be 2 f o r  each. While t h i s  

ambiguity i n  t h e  i n s t r u c t i o n  l e t t e r  d id  not cause a problem he re ,  a l l  

p a r t i c l e  s i z e  d i s t r i b u t i o n  parameters should be provided i n  f u t u r e  speci-  

f i c a t i o n s  f o r  ae roso l  c a l c u l a t i o n s .  When spec i fy ing  input  f o r  a s ing le-  

component ae roso l  code, t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  parameters f o r  a 

mixed-source ae roso l  should be determined by an appropr i a t e  method ( f o r  

example, by combining the  va lues  f o r  s epa ra t e  ae roso l  spec ie s  on a 

lognormal p r o b a b i l i t y  d i s t r i b u t i o n  p l o t ) .  

Some of t he  AMMD r e s u l t s  of the " d i s c r e t e "  codes appeared anoma- 

l o u s ,  i n  t h a t  a t  e a r l y  t i m e s  dur ing the  ae roso l  genera t ion  per iod t h e  

AMMD va lues  d i f f e r e d  from the AMMD of t h e  source.  A t  t hese  e a r l y  times, 

t h e  AMMD of the  source should be reproduced (assuming no water i s  con- 

densed on the  a e r o s o l ) .  By d e f i n i t i o n  the  mass-median d iameter ,  which 

i s  used t o  c a l c u l a t e  the  AMMD, is t h a t  diameter  below which 50% of the  

m a s s  of t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  l l e s .  I n  o rde r  t o  f a c i l i t a t e  com- 

pa r i sons  with experimental  impactor d a t a ,  t h e  codes should c a l c u l a t e  the  
AKMD i n  a manner c o n s i s t e n t  with t h i s  d e f i n i t i o n .  For example, t he  mass- 

median diameter may be determined from " d i s c r e t e "  code d a t a  by p l o t t i n g  

cumulat ive mass vs the  upper diameter  of t he  s i z e  b in ,  s ince  the  diameter  

of a l l  t h e  p a r t i c l e s  i n  t h a t  b in  i s  smaller than or e q u a l  t o  the  upper b in  
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diameter .  The problem is t h a t  some codes u t i l i z e  t h e  average r a t h e r  than 

t h e  upper b in  diameter  when determining the  mass-median diameter  by t h i s  

approach. Another problem is  t h a t  some codes use a formula f o r  t h e  mass- 

median diameter  which a p p l i e s  only t o  a lognormal d i s t r f b u t i o n .  We 

c a l c u l a t e d  AMMD va lues  us ing  the  repor ted  par t ic le  s i z e  d i s t r i b u t i o n  

d a t a .  S i g n i f i c a n t  d i f f e r e n c e s  were found between our va lues  and those  

r epor t ed  by s e v e r a l  codes. The code use r s  were n o t i f i e d  of t hese  f ind-  

i n g s  so  t h a t  they could r eeva lua te  t h e i r  methods of determining AMMD. 

Wherever a p p l i c a b l e ,  t h e  AMMD va lues  presented i n  t h e  next s e c t i o n  

inc lude  our  va lues  ca l cu la t ed  using the  p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  

r epor t ed  by the  codes. 

A s  mentioned i n  t h e  previous s e c t i o n ,  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  

curves  presented here  have been normalized t o  r ep resen t  p r o b a b i l i t y  den- 

s i t y  func t ions .  To i l l u s t r a t e  t he  d e s i r a b i l i t y  of t h i s ,  cons ider  a 

p a r t i c u l a r  d i s t r i b u t i o n  curve and then inc rease  the  number of b tns  by a 

f a c t o r  of 10, while keeping the  maximum and minimum p a r t i c l e  diameters  

cons t an t .  The mass f r a c t i o n  i n  a s i z e  b i n  a t  any b in  diameter  would 

then  be reduced by about a f a c t o r  of 10. If t h e  mass f r a c t i o n  i n  each 

b i n  were p l o t t e d  vs  b i n  diameter  f o r  both these  cases, two similar curves 

would be genera ted  t h a t  would be d isp laced  v e r t i c a l l y  from each o ther .  

However, i f  normal iza t ion  is  performed, t h e  two curves would co inc ide  - as 

they  should,  s i n c e  they represent  t h e  same p a r t i c l e  s i z e  d i s t r i b u t i o n .  

This  is i l l u s t r a t e d  i n  Fig. 1 4 ,  where the  p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  

a l l  codes are, and should be,  approximately the  same as t h a t  of the  

source  a t  t he  e a r l y  t i m e  of 1,000 s. 

I n  analyzing t h e  LA2 p r e t e s t  r e s u l t s ,  t he  aerodynamic mean s e t t l i n g  

d iameters  r epor t ed  by the  codes could not be v e r i f i e d  (mainly because 

v i s c o s i t i e s  of t h e  CSTF atmosphere and s e t t l i n g  rates were not a v a i l a b l e  

i n  a l l  cases ) .  However, using es t imated  v i s c o s i t i e s  and s e t t l i n g  rates 

where necessary,  we ca l cu la t ed  s e t t l i n g  diameters .  For some codes,  the  

d i f f e r e n c e s  between our ca l cu la t ed  and the  reported s e t t l i n g  diameters  

were g r e a t e r  than would be expected due t o  any d i f f e r e n c e s  i n  the  viscos-  

i t i e s  and s e t t l i n g  r a t e s  used by us and by the  code. More information 

about  the  codes i s  needed t o  determine the  reason f o r  these  d i f f e r e n c e s  
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i n  s e t t l i n g  diameter  ca l cu la t ions .  The use of such a parameter as the 

s e t t l i n g  d iameter  f o r  code-compzrison purposes i s  seen t o  have p o t e n t i a l  

problems. Although t h i s  parameter is not  used elsewhere i n  t h e  code 

c a l c u l a t i o n s ,  p o s s i b l e  e r r o r s  o r  d i f f e r e n c e s  i n  c a l c u l a t i o n  methods f o r  

the parameter may lead  one t o  suspec t  s i g n i f i c a n t  d i f f e r e n c e s  between 

codes which, i n  f a c t ,  do not  exist .  The AMHn is  another  example of such 

a parameter.  

The CONTAIN code i s  an i n t e g r a t e d  code, combining both t h e  thermal- 

h y d r a u l i c  and aerosol-behavior  c a l c u l a t i o n s .  For t h e  LA2 p r e t e s t  calcu- 

l a t i o n s ,  t h e  CONTAIN(ORM,) code p red ic t ed  t i m e  h i s t o r i e s  f o r  t h e  v e s s e l  

l e a k  rate and the  ra te  of steam condensation on v e s s e l  s u r f a c e s  t h a t  d i f -  

f e r e d  from t h e  va lues  s p e c i f i e d  i n  t h e  LACE i n s t r u c t i o n  l e t te r  ( t h e  

i n s t r u c t i o n  l e t t e r  gave estimates of expected experimental  resul ts ;  
a c t u a l  test measurements provided s i g n i f i c a n t l y  d i f f e r e n t  d a t a )  This 

in format ion  was not  provided by t h e  code users f o r  t h e  CONTAIN(UK) code. 

Futhennore,  both codes p red ic t ed  condensat ion of steam on the  ae roso l  

p a r t i c l e s .  Thus, t h e  r e s u l t s  of t hese  two v e r s i o n s  of t h e  CONTAIN code 

are d i f f i c u l t  t o  compare (not  only t o  t h e  r e s u l t s  of t he  "dry" codes,  

bu t  a l s o  t o  each o t h e r )  because (1) t h e  l eak  ra te  d i r e c t l y  a f f e c t s  t he  

a i r b o r n e  a e r o s o l  concen t r a t ion ,  (2 )  t h e  steam condensat ion r a t e  on sur- 

f a c e s  is used in t h e  c a l c u l a t i o n  of d i f f u s i o p h o r e s i s ,  and ( 3 )  conden- 

s a t i o n  on t h e  a e r o s o l  a f f e c t s  t he  s e t t l i n g  rate. Simulat ion of a c t u a l  

thermal-hydraul ic  cond i t ions  is a l s o  a p o t e n t i a l  problem f o r  t h e  CONTAIN 

codes i n  t h e  b l i n d  p o s t t e s t  ae roso l  c a l c u l a t i o n s .  

2 I n  t h e  LA2 tes t  plan1 and the  LA2 p r e t e s t  i n s t r u c t i o n  l e t t e r ,  
su r face  areas were s p e c i f i e d  for p l a t e o u t ,  s e t t l i n g ,  and heat t r a n s f e r .  

Table  5 shows t h a t  t h r e e  d i f f e r e n t  va lues  f o r  area were used by t h e  th ree  

codes t h a t  provided s e p a r a t e  va lues  f o r  p l a t i n g  by thermophoresis.  The 

areas used were e i t h e r  t h e  p l a t e o u t  area, t h e  hea t  t r a n s f e r  area, o r  an 

area in t e rmed ia t e  t o  these  two. When t h e  i n s t r u c t i o n  let ter was  prepared, 

i t  w a s  not  recognized t h a t  t h e r e  would be any ambiguity i n  s e l e c t i n g  the  

area f o r  t he  thermophoresis mechanism. S p e c i f i c a t i o n s  for f u t u r e  LACE 

c a l c u l a t i o n s  should c a r e f u l l y  avoid any ambigui t ies  t h a t  can a f f e c t  t h e  

code comparison e f f o r t s .  
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5 .  DISCUSSION OF RESULTS OF LA2 PRETEST CALCULATIONS 

Airborne a e r o s o l  concen t r a t ion  

A s  seen i n  Figs. 1 through 3,  t he  a i rbo rne  ae roso l  concen t r a t ion  

v a l u e s  dur ing  t h e  ae roso l  genera t ion  per iod showed good agreement f o r  a l l  

codes except  t he  NAUA-5 code. For t h i s  t i m e  per iod ,  t h e  l eak - ra t e  input  

t o  t h e  NAUA-5 code w a s  -10 times too high,  which r e s u l t e d  i n  low con- 

c e n t r a t i o n  va lues .  After te rmina t ion  of the  source ae roso l  gene ra t ion ,  

t h e  concen t r a t ion  va lues  fo r  the  NAUA-5 code do not  decrease  as r a p i d l y  

as do those f o r  the  o the r  codes. This is probably because the  NAUA-5 

code inc ludes  only p l a t i n g  by Brownian d i f f u s i o n ,  which does not produce 

s i g n i f i c a n t  depos i t ion .  

Beginning a t  t i m e  3,000 s, t he  MAAP-2.9 code p r e d i c t s  a rap id  drop 

i n  a e r o s o l  concent ra t ion .  The MAAP-2.9 ae roso l  concen t r a t ion  va lues  are 
lower than those  f o r  t h e  o the r  codes,  except a t  approximately 12,000 and 

28,000 s when t h e  CONTAIN(0RNL) and REMOVAL codes, r e s p e c t i v e l y ,  p r e d i c t  

lower concent ra t ions .  The i n i t i a l  rap id  drop a f t e r  3,000 s is the  r e s u l t  

of high depos i t i on  rates during t h i s  t i m e  per iod.  A s  seen i n  Fig. 5 ,  

-85% of the  t o t a l  cumulative depos i t i on  occurred by -5,000 s. The reason 

for t h e  r e l a t i v e l y  slower concent ra t ion  decrease  a t  longer  times could be 

t h e  f a c t  t h a t  MAAP-2.9 assumes the  ae roso l  t o  have an asymptot ic  p a r t i c l e  

s i z e  d i s t r i b u t i o n  independent of t he  source p a r t i c l e  s i z e . 4  

asymptot ic  p a r t i c l e  s i z e  i s  s i g n i f i c a n t l y  less than the  average s i z e  pre- 

d i c t e d  by the  o t h e r  codes a t  the  same ae roso l  concen t r a t ion ,  then 

MAAP-2.9 c a l c u l a t e d  va lues  may show a slower r a t e  of concen t r a t ion  

decrease  a t  t h e  l a te r  t i m e s .  

I f  the  

The CONTAIN(0RNL) code p r e d i c t s  a r ap id  drop i n  ae roso l  con- 

c e n t r a t i o n  a f t e r  te rmina t ion  of t h e  source aerosol .  This  is bel ieved t o  

be a r e s u l t  of t h e  code's c a l c u l a t i o n  of water condensation on the  aero- 

s o l .  A s  seen i n  Fig. 4, water evapora t ion  is  not p red ic t ed  t o  begin 

u n t i l  -30,000 s. The CONTAIN(UK) code p r e d i c t s  evapora t ion  t o  begin a t  

-10,000 S .  Consequently, t he  ae roso l  Concentrat ion behavior pred ic ted  by 

t h e  CONTAIN(UY,) code d i f f e r s  from t h a t  p red ic t ed  by t h e  CONTAIN(0RNL) 

code. 
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Aerosol leakage and d e p o s i t i o n  

From Figs. 5 and 6 ,  it is ev iden t  t h a t  t h e  NAUA-5 code p r e d i c t s  a 

low mass of a e r o s o l  r e t a i n e d  and a corresponding high amount of a e r o s o l  

leaked.  As d i scussed  p rev ious ly ,  the code assumed a l e a k  rate t h a t  was  
too high (by a f a c t o r  of -10) during a e r o s o l  gene ra t ion .  Also, t he  

MAAP-2.9 code c a l c u l a t e d  high d e p o s i t i o n  rates t h a t  r e s u l t e d  i n  a high 

v a l u e  f o r  t h e  r e t a i n e d  a e r o s o l  mass, as seen in Fig. 5 .  The MAAP-2.9 

c a l c u l a t i o n  used a c o l l i s i o n  shape f a c t o r  of 2.5 ( i n s t e a d  of 1, as spe- 

c i f i e d  in t h e  p r e t e s t  i n s t r u c t i o n  letter’). The high d e p o s i t i o n  rates 

most l i k e l y  were caused by the  high va lue  of t h i s  shape f a c t o r .  The 

amounts of r e t a i n e d  mass c a l c u l a t e d  by t h e  two CONTAIN codes are bel ieved 

t o  be h i g h e r  va lues  than those f o r  t h e  f i v e  remaining codes,  because 

CONTAIN i n c l u d e s  t h e  i n f l u e n c e  of steam condensation on a e r o s o l  s e t t l i n g .  

Th i s  is demonstrated i n  Fig. 7, which shows t h a t  t h e  rate of a e r o s o l  

s e t t l i n g  p r e d i c t e d  by t h e  CONTAIN codes i n c r e a s e s  near the onset  of  team 

condensat ion.  Based on t h e  high amount of r e t a i n e d  mass, t he  a i rbo rne  

a e r o s o l  c o n c e n t r a t i o n  p red ic t ed  by the  CONTAIN(lJK) code appears t o  remain 

unusua l ly  high a t  the  longer  t i m e s ,  as seen i n  Fig. 1. Figure 11 shows 

t h a t  t h e  probable reason f o r  t h i s  is t h e  r e l a t i v e l y  low value of the AMMD 

t h a t  results a f t e r  t h e  evaporat ion of water. 

P igu res  3 and 5 i n d i c a t e  t h a t  t he  a i r b o r n e  a e r o s o l  concen t r a t ion  

v a l u e s  a t  l a t e r  times are i n v e r s e l y  r e l a t e d  t o  the va lues  for a e r o s o l  

m a s s  r e t a i n e d  (by s e t t l i n g  and p l a t i n g )  for t h e  AEROSIM-M, HAA-4, MCT-2, 

NAUA-4, and REMOVAL codes. If t h e r e  are no confounding f a c t o r s *  (such as 
d i f f e r e n c e s  i n  volumetr ic  l e a k  rates u t i l i z e d  by t h e  codes) ,  such a rela- 
t i o n s h i p  would be expected. Figure 7 shows t h a t  va lues  f o r  t h e  cumula- 

t i v e  s e t t l e d  a e r o s o l  masses c a l c u l a t e d  by t h r e e  of t h e s e  codes, AEROSIFI-M, 

NAUA-4, and REMOVAL, agreed reasonably well (MCT-2 d i d  not r e p o r t  s e p a r a t e  

v a l u e s  f o r  s e t t l i n g  and p l a t i n g ) .  The s e t t l e d  mass va lue  f o r  t h e  HAA-4 

code was somewhat higher .  Thus, some of the d i f f e r e n c e s  in pred ic t ed  

c o n c e n t r a t i o n  behavior appear t o  be r e l a t e d  t o  p l a t i n g  e s t ima t ions .  

*Such f a c t o r s  could not be a s ses sed ,  because requested cop ie s  of 
code inpu t  were not provided by a l l  code use r s .  



For t h e  AEROSIM-M, NAUA-4, and WMOVAL codes,  which predic ted  

similar s e t t l i n g  behaviors ,  Fig. 8 i n d i c a t e s  t h a t  p l a t i n g  d i f f e r e n c e s  

c o n t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  a i rbo rne  concen t r a t ion  behavior a t  

l a te r  t i m e s .  Although t h e  HAA-4 code p red ic t ed  a lower p l a t ed  mass than 

d i d  AEROSXM-M, t he  h igher  s e t t l e d  mass of HAA-4 r e s u l t e d  i n  t h e  same 

r e t a i n e d  mass va lue  as AEROSIM-M (shown i n  Fig. 5 )  and, consequently,  

HAA-4 p red ic t ed  a concent ra t ion  behavior similar t o  t h a t  of AEROSIM-M. 

F igu res  9 and 10 i l l u s t r a t e  t h e  d i f f e r e n c e s  i n  p l a t i n g  p red ic t ions .  

In Fig. 9 ,  t he  REMOVAL and t h e  NAUA-4 codes show the  h ighes t  p l a t i n g  
va lues  f o r  t h e  d i f f u s i o p h o r e s i s  mechanism. The AEROSIM-M code g ives  an 

i n t e r m e d i a t e  va lue ,  and the  HAA-4 code the  lowest va lue  f o r  d i f fus iopho-  

r e t i c  p l a t i n g .  I f  the  fou r  codes u t i l i z e d  the  steam condensation r a t e  

s p e c i f i e d  i n  t h e  i n s t r u c t i o n  l e t t e r 2  (aga in ,  t h i s  could not  be ascer -  

t a i n e d  because of t he  l ack  of information provided) ,  t he re  must be bas i c  

d i f f e r e n c e s  i n  t h e  d i f f u s i o p h o r e s i s  models used by these  codes. 

F igure  10, shows t h a t  REMOVAL had t h e  h ighes t  va lue  f o r  p l a t i n g  due 

t o  thermophoresis and Brownian d i f f u s i o n ,  with HAA-4 and AEROSIM-M having 

succeedingly  lower values .  The predic ted  Brownian d i f f u s i o n  p l a t i n g  

va lues  were i n s i g n i f i c a n t  f o r  the  REMOVAL and XU-4 codes,  and t h i s  i s  

assumed t o  be t r u e  a l s o  f o r  AEROSIM-M. The NAUA-4 code did not fnclude 

t h e  thermophoresis mechanism, and the  pred ic ted  amount of Brownian d i f -  

f u s i o n  p l a t i n g  was n e g l i g i b l e .  For thermophoresis c a l c u l a t i o n s ,  the  

i n s t r u c t i o n  l e t t e r 2  s p e c i f i e d  a temperature d i f f e r e n c e  of 4 K. 

temperature  g r a d i e n t ,  t he  REMOVAL, HAA-4, and AEROSIM-M codes used ther -  

m a l  boundary-layer th icknesses  of 2 ,  3 ,  and 10 m, r e s p e c t i v e l y ,  as shown 

i n  Table 5. A l s o ,  t hese  codes used d i f f e r e n t  va lues  f o r  t h e  p l a t i n g  

area. The thermophoretic p l a t i n g  va lue ,  when ad jus t ed  t o  the  same b a s i s  

as t h a t  of REMOVAL, is -240 g f o r  both the  AEROSIM-M and HAA-4 codes. 

The p l a t i n g  va lue  for REMOVAL was 300 g.  Thus, poss ib l e  d i f f e r e n c e s  i n  

t h e  thermophoresis models of these  codes are ind ica t ed .  

For the 

For t h e  CONTAIN codes,  t he  high va lues  f o r  s e t t l e d  a e r o s o l  mass 

(F ig .  7) are a r e s u l t  of t he  pred ic ted  condensat ion on t h e  ae roso l  which 

causes an i n c r e a s e  i n  s e t t l i n g  rates. I f  most of t he  p l a t i n g  can be 
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assumed t o  be due t o  d i f f u s i o p h o r e s i s  f o r  t h e  CONTAIN codes, then Figs, 8 

and 9 i n d i c a t e  t h a t  t h e  d i f f u s i o p h o r e s i s  p l a t i n g  v a l u e s  f o r  CONTAIN(0RNL) 

and CONTAIN( UK) are somewhat less and somewhat h i g h e r ,  r e s p e c t i v e l y ,  than 

t h a t  for AEROSIM-M, Since t h e  CONTAIN code is  i n t e g r a t e d ,  i t  c a l c u l a t e s  

t h e  thermal-hydraulic behavior r a t h e r  than us ing  t h e  s p e c i f i c a t i o n s  i n  

t h e  i n s t r u c t i o n  let ter.  However, t he  p r e d i c t e d  steam condensation rate 
could no t  be determined from t h e  computer output  provided f o r  CONTAIN 

( O R m )  nor was i t  r epor t ed  f o r  CONTAIN(UK). Consequently, t h e  p l a t i n g  

r e s u l t s  f o r  t h e  CONTAIN codes could not be evaluated.  

Using an average a e r o s o l  concen t r a t ion  curve (gene ra t ed  by averaging 

t h e  logari thms of t he  concen t r a t ions  i n  Fig. 1) and t h e  thermal-hydraulic 

i n fo rma t ion  supp l i ed  i n  the  i n s t r u c t i o n  l e t te r ,  t h e  mass of a e r o s o l  

p l a t e d  by d i f f u s i o p h o r e s i s  can be c a l c u l a t e d  by a r e p r e s e n t a t i v e  model. 

Thus, t h e  r a t e  of a e r o s o l  d e p o s i t i o n  by d i f f u s i o p h o r e s i s ,  Ra ,  i s  r e l a t e d  

t o  t h e  steam condensation rate,  Q, by 

where C a  and ps are t h e  a e r o s o l  concen t r a t ion  and t h e  steam concentra- 

t i o n ,  r e s p e c t i v e l y ,  i n  g/m3; Fg and Fs are t h e  gas and steam mole frac-  

t i o n s ,  r e s p e c t i v e l y ;  and % and Ms are t h e  gas  and steam molecular 

we igh t s ,  r e s p e c t i ~ e l y . ~  

c a l c u l a t e d  a e r o s o l  p l a t i n g  by d i f f u s i o p h o r e s i s  is 590 g. This  agrees  

By i n t e g r a t i n g  t h i s  expres s ion  over t i m e ,  t he  

w i t h  t h e  r e s u l t  from t h e  AEROSIM-M code seen i n  Fig. 9. 

A discrepancy between t h e  above equat ion and t h a t  used by the NAUA-4 

code f o r  p l a t i n g  by d i f f u s i o p h o r e s i s  was discovered a f t e r  t h e  f i r s t  d r a f t  

of t h i s  r e p o r t  w a s  i s s u e d O 6  The NAUA-4 code d i v i d e s  the above equat ion 

by t h e  mole f r a c t i o n  of steam ( t h i s  e x p l a i n s  the  d i f f e r e n c e  between t h e  

v a l u e  of 590 g ,  c a l c u l a t e d  using the  above equa t ion ,  and t h e  amount of 

1047 g p r e d i c t e d  by NAUA-4 i n  Fig. 9) .  W e  have found t h a t  t he  NAUA-4 

e q u a t i o n  w a s  based on an e r r o r  i n  the  o r i g i n a l  paper.7 A copy of t he  

u s e r ' s  manual f o r  REMOVATJMODO t h a t  was received showed also t h a t  t h e  

REMOVAL equa t ion  f o r  p l a t i n g  by d i f f u s i o p h o r e s i s  is i d e n t i c a l  t o  that of 

NAUA-4, which e x p l a i n s  the  good agreement between t h e s e  two codes shown 

i n  Fig. 9. 
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Aerosol Darticle s i z e  d i s t r i b u t i o n  Darameters 

F igures  11 through 13 i l l u s t r a t e  how the  p a r t i c l e  s i z e  and the  

p a r t i c l e  size d i s t r i b u t i o n  of the  suspended a e r o s o l s  vary with t i m e .  

Soon after t h e  i n i t i a t i o n  of ae roso l  i n j e c t i o n ,  t h e  AMMD and the  GSD are 
approximately t h e  same as those  of t h e  source a e r o s o l ,  as expected when 

l i t t l e  or no water i s  condensed on t h e  aerosol .  A l l  of the  "dry" (no 

steam condensation onto the  ae roso l )  codes p r e d i c t  similar behaviors  f o r  

the AMMD, t he  aerodynamic mean s e t t l i n g  diameter ,  and t h e  GSD. However, 

between t h e  times of 1,000 and 20,000 s, t h e  MCT-2 code p r e d i c t s  a 

somewhat h igher  AMMD. Also,  the  GSD va lue  of t he  REMOVAL code i s  the  

h i g h e s t  of those from t h e  "dry" codes. The AMMD va lues  of t h e  "dry" 

codes are seen  to  inc rease  i n i t i a l l y ,  presumably as a r e s u l t  of agglo- 

merat ion.  A t  l a te r  times, when low a i rbo rne  ae roso l  concen t r a t ions  

r e s u l t  i n  low va lues  of agglomeration r a t e ,  t he  AMMD values  decrease  as 

t h e  r e s u l t  of l a r g e r  p a r t i c l e s  p r e f e r e n t i a l l y  s e t t l i n g  out .  The GSD 

va lues  of t he  "dry" codes decrease  with t i m e .  This  narrowing of the  par- 

t i c l e  s i z e  d i s t r i b u t i o n  can be explained by the  growth of t h e  smaller 
par t ic les  through agglomeration and the  f a s t e r  s e t t l i n g  r a t e s  of the  

l a r g e r  p a r t i c l e s .  As seen previous ly ,  t he  a i rbo rne  ae roso l  concent ra t ion  

behavior  f o r  t he  NAUA-5 code w a s  a f f e c t e d  by an e r r o r  i n  t h e  inpu t  l eak  

r a t e .  However, the  AMMD and t h e  GSD va lues  f o r  NAUA-5, when compared t o  

those  of the  o t h e r  codes, appear not t o  have been s i g n i f i c a n t l y  a f f ec t ed .  

F igures  11 through 13 show the  e f f e c t s  (beginning a t  -4,000 s)  of 

steam condensat ion on ae roso l  i n  t h e  c a l c u l a t i o n s  by the  CONTAIN codes. 

A s  expected,  t he  AMMD and the  s e t t l i n g  diameter  va lues  inc rease  f a i r l y  

r a p i d l y  a t  t h e  onse t  of condensation and then decrease  with evaporat ion 

when superheated cond i t ions  occur. However, t he  AMMD va lues  ca l cu la t ed  

by t h e  CONTAIN codes decrease  t o  s i g n i f i c a n t l y  lower l e v e l s  than those 

f o r  the  "dry" codes. This  is not e n t i r e l y  unexpected, s i n c e  condensation 
of steam on t h e  a e r o s o l  w i l l  i nc rease  t h e  s e t t l i n g  rate,  p a r t i c u l a r l y  

t h a t  of the  l a r g e r  particles.  A deagglomeration phenomenon may be p a r t l y  

r e spons ib l e  f o r  t h e  ca l cu la t ed  decrease  i n  AMMD a f t e r  evaporat ion.  This 

phenomenon is  d iscussed  la te r .  The s e t t l i n g  diameter  is a l s o  predic ted  
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by CONTAIN t o  be lower a f t e r  evaporat ion,  but t he  d i f f e r e n c e  is not as 

pronounced. I n  Fig. 12 ,  t h e  G:9 va lues  f o r  t h e  CONTAIN codes are seen t o  

i n c r e a s e  when steam condensation begins. This may be a t t r i b u t e d  t o  t h e  

h i g h e r  concen t r a t ion  of water i n  t h e  lower p a r t i c l e  s i z e  b i n s ,  as seen in 

Figs.  19 and 20. After evaporat ion of water begins ,  t h e  p r e d i c t e d  GSD 

for t h e  CONTAIN(0RNL) code dec reases  but remains r e l a t i v e l y  high. As 

s e e n  i n  Fig. 21, t h e  l a r g e r  particles are p r e d i c t e d  by CONTAIN t o  have a 
s i g n i f i c a n t  amount of water even a t  60,000 s, which r e s u l t s  i n  a con- 

t i n u a t i o n  of high GSD values .  

As mentioned p rev ious ly ,  t h e  MCT-2 r e s u l t s  included a " w e t "  case. 
The amount of water condensed on t h e  a e r o s o l  was  determined by a material 
balance method, and condensation on t h e  a e r o s o l  w a s  p r e d i c t e d  t o  a t i m e  

of 52,100 6. The r e s u l t s  of t he  MCT-2 c a l c u l a t i o n s ,  which were c a r r i e d  

o u t  t o  20,000 s, produced a i r b o r n e  a e r o s o l  concen t r a t ion  va lues  which 

were -25% lower than those f o r  t he  "dry" case. The va lue  f o r  mass of 

a e r o s o l  r e t a i n e d  w a s  i nc reased  by -14%. As expected, t h e  AMMD values 

were s i g n i f i c a n t l y  g r e a t e r  for t h e  " w e t "  case during condensation. For 

l a te r  t i m e s ,  t he  AMMD f o r  t he  "wet"  case w a s  (10% lower than t h a t  f o r  t he  

"dry" case. Because of t he  r e l a t i v e l y  s h o r t  d u r a t i o n  of the  p red ic t ed  

s u p e r s a t u r a t e d  c o n d i t i o n s ,  steam condensation on a e r o s o l  did not have a 

ve ry  s i g n i f i c a n t  e f f e c t  i n  t h e  MCT-2 c a l c l u l a t i o n s .  

The a e r o s o l  p a r t i c l e  s i z e  d i s t r i b u t i o n s  p l o t t e d  i n  Figs. 14 through 

18 show very good agreement between the codes a t  1,000 s and 3,000 s. A t  

4,200 s, t he  d i s t r i b u t i o n s  of t he  "dry" codes begin t o  show some d i f f e r -  

e n t i a t i o n  a t  t h e  l a r g e r  p a r t i c l e  s i z e s .  Desp i t e  t h e  NAUA-5 code e r r o r  i n  

t h e  inpu t  l e a k  r a t e ,  t h e  particle s i z e  d i s t r i b u t i o n s  c a l c u l a t e d  by t h i s  

code were very similar t o  those of t h e  o t h e r  "dry" codes. A t  4,200 s, 

t h e  CONTAZN(0RNL) code shows an i n c r e a s e  i n  t h e  normalized mass f r a c t i o n  

v a l u e s  i n  t h e  smaller s i z e  bins.  This  r e s u l t s  from t h e  g r e a t e r  amounts of 

condensed water p red ic t ed  f o r  t h e s e  smaller s i z e  bins .  The CONTAIN(UK) 

code shows a s h i f t  of t h e  l e f t  hand s i d e  of t he  d i s t r i b u t i o n  t o  l a r g e r  

p a r t i c l e  s i z e s  due t o  t h e  growth of the smaller p a r t i c l e s  i n t o  l a r g e r  

s i z e  b i n s  as a r e s u l t  of steam condensation. The curve f o r  CONTAIN(UK) 

r e p r e s e n t s  t he  d i s t r i b u t i o n  of t he  dry a e r o s o l  vs the a c t u a l  s i z e  of t he  
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w e t  ae roso l ,  as information on the  amount of water a s soc ia t ed  with each 

s i z e  b in  w a s  not  provided. If t h e  d i s t r i b u t i o n  of t he  w e t  a e roso l  were 

p l o t t e d ,  i t  probably would be s i m i l a r  t o  t h a t  f o r  the  CONTAIN(0FNL) code. 

A t  10,000 s and at 60,000 s, good agreement cont inues  between the  

d i s t r i b u t i o n  va lues  f o r  t h e  "dry" codes. The e f f e c t  of steam conden- 

s a t i o n  on the  ae roso l  i n  t h e  CONTAIN(UK) code i s  very ev ident  a t  10,000 s 
as the  e n t i r e  d i s t r i b u t i o n  curve f o r  t h e  dry ae roso l  has been s h i f t e d  

toward l a r g e r  p a r t i c l e  s i z e s .  The CONTAIN(0RNL) d i s t r i b u t i o n  curve f o r  

t h e  w e t  a e roso l  a t  10,000 s is very broad, due t o  the  p red ic t ion  of 

s i g n i f i c a n t  water i n  a l l  s i z e  bins.  Growth i n t o  the  larger s i z e  b ins  as 

a r e s u l t  of steam condensation causes  an i n c r e a s e  i n  es t imated  s e t t l i n g  

rates and t h e  l a r g e r  va lues  f o r  AMMDs and s e t t l i n g  d iameters  t h a t  were 

mentioned previous ly  f o r  t he  CONTAIN codes. Under superheated condi t ions  

a t  60,000 s, t h e  CONTAIN(UK) code p r e d i c t s  a s h i f t  t o  smaller s i z e s  a t  
t h e  lower end of the  d i s t r i b u t i o n  than those p red ic t ed  by the  "dry" codes. 

For t h e  CONTAIN(0RNL) code, t he  e f f e c t  is much more dramatic;  Fig. 18 
shows the  s h i f t  t o  high concent ra t ions  of t he  smaller par t ic les ,  and the 

d i s t r i b u t i o n  has a bimodal appearance as w e l l .  A s h i f t  t o  smaller par t ic le  

s i z e s  i s  expected as a r e s u l t  of evapora t ion  ( s i n c e  t h e  diameter  of the  

d r y  ae roso l  i s  less than t h a t  of the  w e t  a e roso l ) .  However, the  r e l a t i v e l y  

h igh  concen t r a t ions  of very small p a r t i c l e s ,  p a r t i c u l a r l y  those pred ic ted  

by the  CONTAIN(0RNL) code, appear unusual.  This  is be l ieved  to be a 

r e s u l t  of t h e  deagglomeration phenomena d iscussed  i n  the  next subsect ion.  

I n  Figs .  19 and 20, t h e  CONTAIN(0RNL) curves f o r  normalized mass 

f r a c t i o n  of dry  ae roso l  vs  w e t  a e roso l  diameter  a r e  seen t o  be very s i m i -  
l a r  t o  those f o r  the  CONTAIN(UK) code i n  Figs ,  16 and 17. An a n a l y s i s  of 
Figs .  19 and 20 i n d i c a t e s  t h a t  the  condensed water i s  concentrated i n  t h e  

lower s i z e  b ins  at 4,200 s, while a t  10,000 s a l l  s i z e  b ins  conta in  

apprec i ab le  amounts of water. Consequently, i f  t h e  water were eva- 

po ra t ed ,  one would p r e d i c t  t h a t  both t h e  lower p a r t  of t he  "dry vs w e t  

diam." curve i n  Fig. 19 and t h e  e n t i r e  "dry vs w e t  diam." curve i n  Fig. 20 

would s h i f t  toward smaller p a r t i c l e  s i z e s .  The "dry vs dry diam." curves  

i n  Figs .  19 and 20 confirm t h i s  p red ic t ion .  However, ae roso l  p a r t i c l e s  

wi th  diameters  smaller than even the  smallest s i z e  b in  used i n  t h e  
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CONTAIN(0RKL) c a l c u l a t i o n  are seen t o  be generated.  This sugges t s  t h a t  
deagglomeration of t h e  a e r o s o l  has somehow occurred. 

I n  Fig. 21, t h e  condensed water is p red ic t ed  by t h e  CONTAIN(0RNL) 

code t o  be concen t r a t ed  i n  t h e  l a r g e r  p a r t i c l e  s i z e s  at 60,000 S. This 

causes  t h e  bimodal shape of the  two cumes p l o t t e d  vs t he  w e t  a e r o s o l  

diameter .  If t h e  water were evaporated,  t h e  a c t u a l  diameters  of t h e  

r e s u l t a n t  dry a e r o s o l  p a r t i c l e s  should be smaller than  p red ic t ed  by t h e  

two w e t  a e r o s o l  curves  p l o t t e d  i n  Fig. 21,  e s p e c i a l l y  a t  t h e  l a r g e r  par- 

t i c l e  s i z e s .  The "dry vs  dry diam." curve in Fig. 21 demonstrates t h i s .  

The mass-median diameter  of t h e  dry a e r o s o l  appears  t o  be -0.5 my 
compared t o  1.31 pm f o r  t h e  mixed-source a e r o s o l .  

I n  Fig. 22,  which shows the  v a r i a t i o n  i n  composition of t he  p a r t i c l e  

s i z e  d i s t r i b u t i o n  with b in  s i z e ,  at  times of 900 s and 3,000 s the  

AEROSIM-M code p r e d i c t s  a decrease i n  t h e  MnO/CsOH mass r a t i o  as the 

average b in  diameter  i n c r e a s e s .  Since t h e  MnO/CsOH mass r a t i o  of t he  

sou rce  is 2.0, and t h e  k 0  a e r o s o l  has the  smaller p a r t i c l e  s i z e  d i s t r i -  

b u t i o n ,  t h i s  i s  t o  be expected a t  t h e s e  e a r l y  t i m e s .  A t  longer  times, 
t h e  agglomeration of p a r t i c l e s  with d i f f e r e n t  MnO/CsOH mass r a t i o s  causes 

t h e  mass r a t i o  i n  t h e  b i n s  >5 ~ r m  t o  approach a va lue  s l i g h t l y  >2.0. 

The mass r a t i o  f o r  t h e  smaller s i z e  b ins  is not a f f e c t e d  because par- 

t icles are always removed from r a t h e r  than added t o  t h e  smaller b i n s  by 

agglomeration. 

The CONTAIN codes a l s o  p r e d i c t  t h a t  t h e  MnO/CsOH mass r a t i o  w i l l  

d e c r e a s e  with i n c r e a s i n g  p a r t i c l e  diameter a t  e a r l y  times (see Figs. 23 

and 2 4 ) .  However, a t  60,000 s the mass r a t i o  i s  p red ic t ed  t o  be essen- 

t i a l l y  cons t an t  f o r  a l l  b i n  diameters ,  r a t h e r  than j u s t  f o r  t h e  l a r g e r  

s i z e  b i n s  (as p r e d i c t e d  by the AEROSLM-M code). This  implies  t h a t  some 

of t h e  l a r g e r  par t ic les  with a l o w  MnOICsOH mass r a t i o  must somehow 

expe r i ence  a s i g n i f i c a n t  r educ t ion  i n  s i z e  and mix wi th  the  smaller par- 

ticles. This does not seem p h y s i c a l l y  possible, nor does t h e  CONTAIN 

code s p e c i f i c a l l y  inc lude  such a mechanism. Again, t h i s  is  bel ieved t o  

be due t o  t h e  deagglomeration phenomenon. For both the  CONTAIN and t h e  

AEROSIM-M codes , t h e  mass r a t i o  a c t u a l l y  should approach a cons t an t  va lue  
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f o r  t he  l a r g e r  s i z e  b ins ,  as shown i n  Figs. 23 and 24 a t  10,000 S. 

Since t h e  curves a t  10,000 s rep resen t  t he  MnO/CsOH mass r a t i o s  f o r  t h e  

" w e t "  ae roso l  p a r t i c l e s ,  a l l  p a r t i c l e s  should be expected t o  accumulate 

i n t o  smaller s i z e  b ins  upon evapora t ion  of water. However, because of 
t h e  deagglomeration e f f e c t ,  p a r t i c l e s  t h a t  have a t t a i n e d  t h e  cons tan t  

mass r a t i o  va lue  have d iameters ,  a f t e r  evapora t ion ,  t h a t  l i e  i n  t h e  

smallest s i z e  bins .  The p a r t i c l e s  whose mass is not  changed s i g n i f i -  

c a n t l y  (such as i n  the AEROSIM-M code i n  t h e  smaller size b ins )  have 

d iameters ,  a f t e r  evapora t ion ,  t h a t  are even smaller than t h a t  of the  

smallest s i z e  bin.  Consequently, t hese  p a r t i c l e s  a r e  e s s e n t i a l l y  l o s t  

from t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  

The AEROSIM-M and the  CONTAIN code r e s u l t s  i n  Fig. 25 i n d i c a t e  t h a t  

t h e  MnO/CsOH mass r a t i o  w i l l  i nc rease  with t i m e  f o r  t he  a i rbo rne  ae roso l  

and for t he  cumulative s e t t l e d  aerosol .  As seen from t h e  preceding 

f i g u r e s ,  t he  mass r a t i o  of the  l a r g e r  a i rbo rne  p a r t i c l e s  i n i t i a l l y  is 

r e l a t i v e l y  low, and the  mass r a t i o  of the s e t t l e d  p a r t i c l e s  is a l s o  

low at  e a r l y  t i m e s .  The average mass r a t i o  of the  a i rbo rne  ae roso l  w i l l  

i n c r e a s e  as these  l a r g e r  par t ic les  set t le  f a s t e r  than the  smaller par -  

t i c les ,  and the  mass r a t i o  of the  s e t t l e d  par t ic les  w i l l  a l s o  increase .  

Aerosol Deagglomeration 

I n  t h e  preceding d i s c u s s i o n s ,  t he  seemingly anomalous behavior pre-  

d i c t e d  by some r e s u l t s  from the  two CONTAIN codes w a s  a t t r i b u t e d  t o  an 

apparent  deagglomeration phenomenon. A s  a f u r t h e r  example of such beha- 

v i o r ,  i n  t h e  CONTAIN(0W) code output  the  a i rbo rne  ae roso l  (MnO and 

CsOH) concen t r a t ion  i n  t h e  smallest b in  was a f a c t o r  of 40 less a t  3,600 s 

than  a t  28,000 s, (3,600 s j u s t  precedes s u p e r s a t u r a t i o n  and 28,000 s j u s t  

fo l lows  supe r sa tu ra t ion ) .  Normally, ae roso l  concen t r a t ion  i n  t h i s  s m a l l -  

est  b i n  would be lower a t  28,000 s due t o  l o s s e s  by agglomeration and 

depos i t i on .  F i n a l l y ,  i n  Figs.  19 and 20 for t h e  CONTAIN(0RNL) r e s u l t s ,  

p a r t i c l e  s i z e s  ( f o r  t he  dry ae roso l )  t h a t  a r e  smaller than t h e  minimum 

b i n  s i z e  used i n  t h e  CONTAIN(0RNL) c a l c u l a t i o n  have been produced. Af t e r  

evapora t ion  of water, t hese  very small p a r t i c l e s  do not  appear i n  t h e  

p a r t i c l e  s i z e  d i s t r i b u t i o n  ( s e e  Fig. 21),  s i n c e  the  code does not account 

f o r  any p a r t i c l e s  smaller than the  minimum s i z e  bin.  
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As an exp lana t ion  of t h e s e  anomalous r e s u l t s ,  i t  w a s  t heo r i zed  ( i n  t h e  

d r a f t  of t h i s  r e p o r t )  t h a t  seed water n u c l e i ,  which are a p a r t i c u l a r  

feature of t h e  CONTAIN code, could be causing a e r o s o l  deagglomeration. 

As d i scussed  in t h e  CONTAIN manual,8 seed water n u c l e i  are introduced 

i n t o  the  system t o  ensu re  e i t h e r  t h a t  condensation w i l l  r e s u l t  under 

a p p r o p r i a t e  atmospheric cond i t ions  or t h a t  t h e  p red ic t ed  rate of conden- 

s a t i o n  is at a s u i t a b l e  level. The manner by which t h e  seed n u c l e i  may 

cause deagglomeration i s  descr ibed i n  Appendfx A. 

A f t e r  our d r a f t  r e p o r t  was i s sued ,  a study  w a s  i n i t i a t e d  by t h e  

Sandia Na t iona l  L a b o r a t o r i e s  (SNL) i n  which c a l c u l a t i o n s  were performed 

wi th  CONTAIN using inpu t  cond i t ions  s imilar  t o  those of t he  CONTAIN(0Rm) 

code. The r e s u l t s  of t h i s  study were d i scussed  a t  t h e  LACE Technical 

Advisory Committee (TAC) meeting on J u l y  e l l ,  1986.' 

t h a t  t he  same r e s u l t s  were obtained whether o r  no t  t h e  seed n u c l e i  op t ion  

was included. The p a r t i c u l a r  r e s u l t s  c i t e d  were t h e  a i r b o r n e  a e r o s o l  

c o n c e n t r a t i o n  v s  t i m e  and the  p a r t i c l e  s i z e  d i s t r i b u t i o n  a t  60,000 S.  

T h i s  s tudy  a l s o  found t h a t  t h e  CONTAIN model f o r  evaporat ion of water 

from t h e  a e r o s o l  underestimated t h e  rate of evaporat ion.  Mter modifica- 

t i o n  of t he  evaporat ion model, c a l c u l a t i o n s  gave a unimodal, r a t h e r  than 

bimodal d i s t r i b u t i o n  a t  60,000 s, as shown i n  Fig. 21. A "numerical 

d i f f u s i o n "  e f f e c t ,  which arises from t h e  use of f i n i t e  d i f f e r e n c e  schemes 

t o  s o l v e  equa t ions  such as those u t i l i z e d  t o  d e s c r i b e  a e r o s o l  behavior,  

was suggested t o  be r e s p o n s i b l e  for t h e  a e r o s o l  deagglomeration phenome- 

non . 

The s tudy found 

A d i s c u s s i o n  of t h e  "numerical d i f f u s i o n "  e f f e c t  is presented i n  

Appendix B, i n  e x c e r p t s  from p r i v a t e  correspondence wi th  personnel at 

SNL.lo 

f i x "  ( r ega rd ing  r e s i d u a l  water on a e r o s o l s )  planned f o r  CONTAIN 1.05 which 

w i l l  modify t h e  bimodal n a t u r e  of t he  late-time p a r t i c l e  s i ze  d i s t r i b u -  

tion, and t h e  e f f e c t  of the number of b i n  s i z e s  i n  t h e  CONTAZN ca lcu la -  

t i o n s .  The correspondence with SNZ. confirmed t h e  e r r o r  which we found i n  
t h e  NAUA-4 and t h e  REMOVAL d i f f u s i o p h o r e s i s  models.6,11 

Appendix B, workers a t  SNL demonstrated t h a t  i n c r e a s i n g  the  number of 

s i z e  classes from 20 t o  30 reduced the  e r r o r s  i n  c e r t a i n  q u a n t i t i e s  due 

These e x c e r p t s  a l s o  inc lude  d i s c u s s i o n s  about seed n u c l e i ,  a "bug 

As seen i n  
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to "numerical diffusion" by more than two orders of magnitude. With 20 

size 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 is 

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. If 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 perf omed to model 

the aerosol behavior expected in LACE test LA2. The objective was t o  

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 a l l  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- 

sation of steam on the aerosol, and one code included cases both with and 

without steam condensation on aerosol. 



53 

The fol lowing s t a t emen t s  summarize the  major r e s u l t s  of t he  code 

comparison e f f o r t  f o r  t h e  LA2 pretest c a l c u l a t i o n s .  

1. S i g n i f i c a n t  d i f f e r e n c e s  were found between t h e  AMMD values  

r e p o r t e d  by some of t h e  codes and the va lues  we c a l c u l a t e d  using 

t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  r e s u l t s .  The d i f f e r e n c e s  are 
a t t r i b u t e d  t o  t h e  v a r i a t i o n  i n  methods used t o  c a l c u l a t e  t he  

AMMD. To a l low f o r  meaningful comparisons with experimental  

impactor d a t a ,  t he  codes should determine the  mass-median 

d i ame te r  (which is used t o  c a l c u l a t e  AMMD) i n  a manner con- 

s i s t e n t  w i th  i t s  d e f i n i t i o n  (i.e., t h a t  diameter  b e l o w  which 50% 
of t h e  mass of t h e  p a r t i c l e  size d i s t r i b u t i o n  l ies) .  

2 .  O f  t h e  seven "dry" (i.e., no condensation of steam on a e r o s o l )  

c a l c u l a t i o n s ,  f i v e  codes p red ic t ed  similar t i m e  h i s t o r i e s  f o r  t h e  

a i r b o r n e  a e r o s o l  concen t r a t ion .  Low a e r o s o l  concen t r a t ions  were 

c a l c u l a t e d  by the remaining two "dry" codes. The NAUA-5 r e s u l t s  

were a f f e c t e d  by an e r r o r  i n  t h e  l e a k  rate t h a t  was i npu t  t o  the  

code. The PIAAP-2.9 code p r e d i c t e d  high l e v e l s  of a e r o s o l  depo- 

s i t i o n ,  which r e s u l t e d  i n  low a e r o s o l  concen t r a t ions .  The 

CONTAIN( O W L )  and CONTAIN( UK) codes p r e d i c t e d  d i f f e r e n t  

behav io r s  of the a i r b o r n e  a e r o s o l  c o n c e n t r a t i o n ,  which may be 

a t t r i b u t e d  t o  the  e f f e c t s  of steam condensation on the ae roso l .  

3 .  Four of t he  codes for which the r e l e v a n t  information w a s  suppl ied 

c a l c u l a t e d  d i f f e r e n c e s  i n  a e r o s o l  p l a t i n g  t h a t  appeared t o  be 

r e l a t e d  t o  d i f f e r e n c e s  i n  d i f f u s i o p h o r e s i s  and thermophoresis 

models. An error w a s  found i n  t h e  equat ion used by t h e  NAUA-4 
and t h e  REMOVAL codes f o r  p l a t i n g  by d i f f u s i o p h o r e s i s .  

Add i t iona l  information from the  code a n a l y s t s  is needed t o  

determine the  causes of any o t h e r  d i f f e r e n c e s  i n  t h e  p red ic t ed  

a e r o s o l  p l a t i n g .  

4 .  All codes except t he  CONTAIN codes p red ic t ed  similar behaviors 
of t h e  AMMD, the GSD,  t he  aerodynamic mean s e t t l i n g  diameter ,  
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and the particle size distribution. The differences in airborne 

aerosol concentration behavior predicted by the NAUA-5 code 

apparently did not signlf icantly influence the calculation of 

these parameters. Again, inclusion of the option of steam con- 
densation on the aerosol affected the predicted behaviors of 

these parameters in the CONTAIN(0RNL) 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 t o  

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 

copies of computer input and output, was supplied by the code 

analysts for the LA2 pretest calculations than for the LA1 pre- 

test work. However, in order to contribute t o  a more meaningful 

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 

I n  t h e  approach used t o  s o l v e  t h e  d i f f e r e n t i a l  equa t ions  d e s c r i b i n g  

aerosol behavior  f o r  " d i s c r e t e "  codes (such as CONTAIN), t h e  assumption 

i s  made t h a t  i n  each s i z e  b i n  a l l  p a r t i c l e s  have t h e  same composition. 

Consequently,  when a particle "grows" or  "shr inks"  i n t o  a p a r t i c u l a r  

b i n  ( i .ee ,  by agglomeration, condensation, or  e v a p o r a t i o n ) ,  i ts  com- 

p o s i t i o n  is  averaged i n  wi th  t h e  overall composition of a l l  p a r t i c l e s  

i n  t h e  bin.  I f  pure water a e r o s o l  particles are added as seed n u c l e i  i n  

t h e  CONTAIN code, then t h e  composition i n  a l l  b i n s  must change due t o  

t h e  a d d i t i o n  of water. 

been added t o  t h e  b i n s ,  

of t h e  a e r o s o l  material 
Thus, i f  t he  water t h a t  

Since more p a r t i c l e s  ( i - e . ,  t h e  seed n u c l e i )  have 

the o v e r a l l  e f f e c t  is t o  spread t h e  i n i t i a l  mass 

i n  a b i n  over a greater number of p a r t i c l e s .  

had been added t o  t h e  b i n  were then t o  be evap- 

o r a t e d ,  t h e  c a l c u l a t e d  diameter of t h e  d ry  a e r o s o l  p a r t i c l e s  would be 

less than t h e  c a l c u l a t e d  diameter before  the  water was added. That is, 

t h e  seed n u c l e i  have r e s u l t e d  i n  t h e  fragmentat ion o r  deagglomeration 

of t h e  o r i g i n a l  a e r o s o l  material. 
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APPENDIX B 

THE CONTAIN CODE - EFFECTS OF NUMERICAL DIFFUSION, SEED NUCLEI, 

AEROSOL NSIDUAL WATER, AND NUMBER OF BIN SIZE CLASSESa 

“With regard  t o  seed n u c l e i ,  t he  ope ra t ion  of the  seed a e r o s o l  

p rov i s ion  i n  CONTAIN is a l s o  explained below. It is  shown t h a t  d i s a b l i n g  

the seed n u c l e i  p rov i s ion  has no d i sce rnab le  e f f e c t  on t he  ORNL ca lcu la-  

tion d i scussed  i n  your r epor t  on the LA-2 p r e t e s t  r e s u l t s .  The incon- 

s i s t e n c i e s  i n  t h e  ORNL c a l c u l a t i o n  which you no te  i n  your r e p o r t  and 

a t t r i b u t e  t o  seed n u c l e i  should be a t t r i b u t e d  i n s t e a d  t o  numerical  d i f -  

fu s ion .  

To exp lo re  the  s e n s i t i v i t y  t o  numerical  d i f f u s i o n  (which a l l  codes 

employing d i s c r e t i z a t i o n s  of continuous equat ions  s u f f e r  from), t he  usua l  

approach is t o  change t h e  noda l i za t ion ,  which i n  t h i s  case  i s  the  number 

of s i z e  classes. W e  show below t h a t  by inc reas ing  the  number of s i z e  

classes from t h e  20 i n  t h e  o r i g i n a l  ORNL c a l c u l a t i o n  t o  30, t h e  e r r o r s  i n  

c e r t a i n  q u a n t i t i e s  due t o  numerical  d i f f u s i o n  can be reduced by more than 

two o rde r s  of magnitude. However, we no te  the  l a t e  t i m e  suspended mass 

of s o l i d s  i n  t h e  c a l c u l a t i o n  with 30 s i z e  c l a s s e s  i s  cons iderably  less 

a f f e c t e d  than t h e  two o rde r  of magnitude number sugges ts  and is  reduced 

by only a f a c t o r  of 3 .  This f a c t o r  of 3 i n  suspended mass is  a reason- 

a b l e  estimate of t he  e f f e c t s  of numerical  diffusion i n  t h e  O W L  ca lcu la-  

t i o n ,  a l though we f e e l  t h a t  t h e  t y p i c a l  e f f e c t  due t o  numerical  d i f f u s i o n  

i s  or can be reduced w e l l  below t h i s  value.  The reason t h a t  the  f a c t o r  

of 3 is f e l t  t o  be excess ive  i s  t h a t  with the  20 s i z e  classes in t he  

ORNL c a l c u l a t i o n ,  a c r i t i c a l  th reshold  f o r  condensation growth has been 

exceeded. With 30 s i z e  classes t h i s  th reshold  i s  not  exceeded. As we 

a E x c e r p t s  from p r i v a t e  correspondence from K. K. Murata, Sandla 
Nat iona l  Labora to r i e s ,  t o  J. H. Wilson, Oak Ridge Nat ional  Laboratory,  
August 22, 1985. 
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show b e l o w ,  t h e  th re sho ld  d r a m a t i c a l l y  a m p l i f i e s  c e r t a i n  consequences of 

numerical  d i f f u s i o n .  

The i n c o n s i s t e n c i e s  i n  t h e  ORNL c a l c u l a t i o n  noted i n  your r e p o r t  

are d i scussed  i n  d e t a i l  below. We no te  they involve p r imar i ly  the small  

p a r t i c l e  wing of t h e  s i z e  d i s t r i b u t i o n  f u n c t i o n  and t h e  mass d f r e c t l y  

a f f e c t e d  by t h e  i n c o n s i s t e n c i e s  appears  t o  be i n  one case a small p a r t  

and i n  t h e  o t h e r  cases a n e g l i g i b l e  part of t h e  suspended mass at t h e  

t i m e .  I n  t h e  c a l c u l a t i o n  with 30 s i z e  classes d i scussed  above some of 
t h e  I n c o n s i s t e n c i e s  you have noted can be changed by two o rde r s  of magni- 

t ude  with only a nominal change In t h e  suspended mass of s o l i d s .  This  

c a l c u l a t i o n  shows t h a t  t h e  errors a s s o c i a t e d  with the  i n c o n s i s t e n c i e s  do 

n o t  amplify apprec i ab ly  after the  suspended mass evolves  with t i m e .  

The ORNL r e s u l t s  are of cons ide rab le  i n t e r e s t ,  a l though t h e  d e t a i l s  

may not be p a r t i c u l a r l y  r e l e v a n t  t o  LA2. We wish t o  po in t  o u t ,  f i r s t  of 

a l l ,  t h a t  t h e r e  w i l l  be a bug fix r ega rd ing  r e s l d u a l  water on a e r o s o l s  i n  

CONTAIN 1.05 which reduces s i g n i f i c a n t l y  (but  does not  completely el i-  
minate)  t h e  bi-modal n a t u r e  of the  l a te  t i m e  s i z e  d i s t r i b u t i o n  found i n  

t h e  ORNL c a l c u l a t i o n .  (It however has only a f a c t o r  of two e f f e c t  i n  

reducing t h e  la te  t i m e  suspended mass of s o l i d s . )  Also, t h e r e  are s ign i -  

f i c a n t  d e p a r t u r e s  i n  t h e  thermal h y d r a u l i c  cond i t ions  i n  t h e  ORNZ, d a t a  

set  from t h a t  s p e c i f i e d  by the  test  plan and t h a t  when t h e s e  are 
c o r r e c t e d  t o  t h e  test plan t h e  r e s u l t s  change considerably.  For example, 

t h e  bi-modality d i sappea r s  even without t h e  bug f ix .  I n  a d d i t i o n ,  t h e  

c a l c u l a t e d  late t i m e  suspended mass i n c r e a s e s  by over an order of magni- 

tude.  We have u n f o r t u a n t e l y  not had t i m e  to look a t  t h e  a c t u a l  tes t  con- 

d i t i o n s  t o  see where they l i e  with r e spec t  t o  t h e  test plan.  You should 

however, expect a s i g n i f i c a n t  change between t h e  pre- and p o s t - t e s t  r e s u l t s .  

(2 )  Seed Nuclei: 

As you have noted i n  your d r a f t  r e p o r t ,  t h e r e  are i n c o n s i s t e n c i e s  i n  

t h e  p a r t i c l e  s i ze  d i s t r i b u t i o n s  in t he  ORNL LA2 p r e t e s t  a e r o s o l  r e s u l t s .  

You a t t r i b u t e  t h e s e  t o  t h e  CONTAIN seed a e r o s o l  provis ion.  By d i s a b l i n g  

t h e  seed a e r o s o l  p rov i s ion ,  we have shown t h a t  t he  i n c o n s i s t e n c i e s  you 

a t t r i b u t e  t o  seed a e r o s o l s  are not due t o  the  seed. Rather ,  they are 
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mani fe s t a t ions  of numerical  d i f fus ion .  This  numerical  d i f f u s i o n  is  an 

unavoidable  consequence of t h e  f i n i t e  d i f f e r e n c e  methods c u r r e n t l y  used 

i n  CONTAIN, a l though we f e e l  t h a t  i n  most cases the  consequences of 

numerical  d i f f u s i o n  on t h e  suspended mass can be r e a d i l y  assessed  and 

appear  t o  be acceptab le  with a reasonable  number of nodes. Other d i f -  

f e r e n c e  methods such as used f o r  example i n  NAUA a l s o  have numerical  d i f -  

f u s i o n  but  t h e  c h a r a c t e r i s t i c s  of t he  numerical  d i f f u s i o n  are somewhat 

d i f f e r e n t .  An improved ve r s ion  of MAEROS is c u r r e n t l y  under development, 

which should s u f f e r  much less from numerical d i f fus ion .  

The l i n e s  of code in CONTAIN p e r t a i n i n g  t o  the  in t roduc t ion  of seed 

n u c l e i  are A-CNTRL.lOO through A-CNTRL.102. We note  f i r s t  of a l l  t h a t  

seed ae roso l  are introduced only i f  condensing cond i t ions  a r e  present  and 

t h e  suspended mass i n  t he  f i r s t :  s i z e  class is  zero.  The m a t e r i a l  i n t r o -  

duced is  water, and the  amount introduced is  very small, t y p i c a l l y  .02 

t o  ,001 of the  e r r o r  t o l e rance  used per t imes tep  t o  i n t e g r a t e  the  mass 

concen t r a t ion  i n  each of t he  s i z e  c l a s ses .  To put t h i s  another  way, 

when the  code f i n d s  a zero  mass concen t r a t ion  i n  the  f i r s t  s i z e  c l a s s ,  

t h e  u n c e r t a i n t y  i n  t h a t  zero due t o  i n t e g r a t i o n  e r r o r  i s  50 t o  1,000 

times l a r g e r  than the  amount of seed n u c l e i  t h e  code in t roduces .  

The i n t r o d u c t i o n  of seed n u c l e i  i s  a r e l a t i v e l y  in f r equen t  occurence. 

Under condensing cond i t ions  f o r  the  sma l l e s t  p a r t i c l e  classes, the  code 

t ends  t o  leave  too much mass behind when c a l c u l a t i n g  t h e  number of par- 

t i c l e s  which grow too l a r g e  f o r  t h e i r  p resent  s i z e  class and must be 
moved i n t o  the  next s i z e  class. This r e s u l t  l eads  t o  numerical  d i f f u s i o n  

of t he  t r a i l i n g  edge of the  d i s t r i b u t i o n ,  which is  a c h a r a c t e r i s t i c  of 

t h e  donor d i f f e r e n c i n g  used t o  c a l c u l a t e  t he  promotion of p a r t i c l e s  t o  

t h e  next s i z e  class under condensing condi t ions .  (We use donor r a t h e r  

t han  t h e  more accu ra t e  but occas iona l ly  uns t ab le  c e n t r a l  d i f f e r e n c i n g  

under  condensing condi t ions . )  Therefore ,  t he  mass concent ra t ion  of par- 

t i c l e s  in t h e  smallest s i z e  class gene ra l ly  does not  zero o u t  under con- 

d i t i o n s  dominated by condensation, and once t h e  condensat ion process  
s ta r t s ,  seed n u c l e i  are not introduced very f r equen t ly .  We i n  f a c t  view 

seed n u c l e i  p r imar i ly  as a convenience t o  the use r  who encounters  con- 

densing cond i t ions  but has not s p e c i f i e d  any i n i t i a l  a e r o s o l s  t o  condense 

on up t o  t h a t  po in t  i n  t h e  problem. 
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To demonstrate t h a t  t h e  ORNL r e s u l t s  are not  s e n s i t i v e  t o  t h e  seed 

n u c l e i  p r o v i s i o n ,  we have d i sab led  i t  and i n s t e a d  s p e c i f i e d  an i n f i n i t e -  

simal amount-of water as an i n i t i a l  c o n d i t i o n  a t  t h e  beginning of t h e  

p r e h e a t  per iod.  This i n i t i a l  c o n d i t i o n  is necessary because when t h e  

p r e h e a t  steam is f i r s t  turned on, condensation on a e r o s o l s  occurs  f o r  a 
b r i e f  t i m e .  We do not b e l i e v e  t h a t  t h i s  i n i t i a l  amount of condensed 

water a f f e c t s  t he  dynamics of t he  a e r o s o l  of t he  a e r o s o l  s o l i d s  i n t r o -  

duced later. (The mass of the  s o l i d s  is much l a r g e r  than t h e  r e s i d u a l  

amount of condensed water l e f t  over from the  preheat  period.)  When con- 

densing condf t ions  are encountered a second t i m e ,  t h e  s o l i d  a e r o s o l s  have 

a l r e a d y  been introduced and provide sites f o r  t he  condensation t o  

proceed. The a t t a c h e d  Fig.  1 shows the  p a r t i c l e  s i z e  d i s t r i b u t i o n  found 

a t  60,000 seconds using t h e  ORNL d a t a  set and CONTAIN 1.04 without  t h e  

seed provis ion.  The t o t a l  suspended mass is not d i sce rnab ly  d i f f e r e n t  

from t h a t  given i n  your r e p o r t  and t h e  d i s t r i b u t i o n  is almost i d e n t i c a l  

t o  t h e  d i s t r i b u t i o n  i n  your r epor t .  (The s h i f t  i n  t h e  two curves i s  due 

t o  t h e  f a c t  t h a t  we have p l o t t e d  t h e  mass f r a c t i o n  i n  each s i z e  class, 
vhe reas  you have app l i ed  a continuum normalizing f a c t o r  t o  your curve.) 

We conclude t h a t  t h e  r e s u l t s  are not s e n s i t i v e  t o  seed aerosols. 

( 3) Numerical Di f fus ion  : 

Severa l  i n c o n s i s t e n c i e s  are noted i n  your LA2 r e p o r t  with r e spec t  

t o  the  behavior of the amount and n a t u r e  of t h e  s o l i d  p re sen t  i n  s m a l l  

p a r t i c l e s  composed of a mixture  of water and s o l i d s .  For example, on 
page 52 you no te  t h e  fact  t h a t  Figs. 19 and 20 show t h e r e  are p a r t i c l e s  

p r e s e n t  with s o l i d  c o r e s  which are smaller than t h e  smallest s i z e  s o l i d  

p a r t i c l e s  i n  t h e  sources  i n  t h e  problem. We b e l i e v e  t h a t  t h e s e  incon- 

s i s t e n c i e s  are a man i fe s t a t ion  of numerical d i f f u s i o n .  For example, t he  

sub-minimum s i ze  of co res  mentioned above is a m a n i f e s t a t i o n  of numeri- 

cas1 d i f f u s i o n  of t he  t r a i l i n g  edge of t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  as 
i t  moves to  l a r g e r  p a r t i c l e  s izes  under condensing cond i t ions .  

I n  o r d e r  t h a t  t h i s  r educ t ion  i n  s i z e  of t h e  s o l i d  c o r e s  not occur,  

t h e  code would have t o  be a b l e  t o  treat a p a r t i c l e  s i z e  d i s t r i b u t i o n  with 

a sha rp  cutoff  on i t s  trailing edge d t h  a b s o l u t e l y  no rounding of the 

c u t o f f .  This appears  almost impossible s i n c e  t h e  r e s o l u t i o n  of a s i z e  
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class i n  CONTAIN is a t  best a f a c t o r  of 2 i n  p a r t i c l e  mass. The numeri- 

cal  problem is  analogous t o  being ab le  t o  propagate a discont inuous 

shock f r o n t  through a d i s c r e t e  space mesh i n  a hydrodynamic c a l c u l a t i o n  

wi thout  smearing i t  and is recognized as a d i f f i c u l t  one i n  the  numeri- 

cal  a n a l y s i s  community. 

From a p r a c t i c a l  po in t  of view, which I t ake  as being a b l e  t o  calcu- 

l a t e  suspended masses of s o l i d s  t o  wi th in  a nominal f a c t o r  of 2,  t he  

numerical  d i f f u s i o n  may not make much d i f f e rence .  W e  have encountered 

c a l c u l a t i o n s  i n  the  pas t  which e x h i b i t  e f f e c t s  of numerical d i f f u s i o n  

s t r o n g l y  i n  t h e i r  s i z e  d i s t r i b u t i o n  func t ions  but  which are r e l a t i v e l y  

unaf fec ted  wi th  r e spec t  t o  suspended mass. Like these  o t h e r  ca lcu la-  

t i o n s ,  t he  ORNL c a l c u l a t i o n  exceeds a c r i t i c a l  th reshold  with respect t o  

condensat ion growth, as discussed below. Exceeding t h i s  th reshold  tre- 

mendously ampl i f i e s  c e r t a i n  e f f e c t s  due t o  numerical  d i f fus ion .  Never- 

t h e l e s s  t he  presence of numerical d i f f u s i o n  i n  the  ORNL c a l c u l a t i o n  does 

n o t  seem t o  a f f e c t  the  suspended mass by much more than the  nominal 

f a c t o r  of two. 

W e  have increased  the  number of s i z e  classes i n  t h e  O W  d a t a  set  
from 20 t o  30. This i nc rease  should reduce the  numerical  d i f fus ion .  ( A  

s l i g h t  i n c r e a s e  i n  t h e  upper p a r t i c l e  diameter  is necessary t o  in t roduce  

30 classes and s t i l l  s a t i s f y  the  CONTAIN requirement of a t  least  a f a c t o r  

of two v a r i a t i o n  i n  p a r t i c l e  mass with in  a s i z e  class.) We have run 

t h i s  modified d a t a  set with CONTAIN 1.04. The r e s u l t i n g  dry  versus  w e t  

and the  w e t  versus  w e t  d i s t r i b u t i o n s  a t  10,000 seconds are shown i n  the  

a t t a c h e d  Fig. 2. We recal l  t h a t  the  condensation which s t a r t e d  a f t e r  the  

end of t he  source is s t i l l  going on a t  t h i s  po in t .  

W e  see from Fig. 2 t h a t  the s o l i d  mass i n  t h e  small p a r t i c l e  s i d e  

of  the  dry  versus  w e t  d i s t r i b u t i o n  has been reduced by about an order  of 

magnitude compared t o  the  old r e s u l t s .  Far more d r a s t i c  t h a t  the  change 

i n  the  d i s t r i b u t i o n  of t he  s o l i d  is the  change i n  t h e  d i s t r i b u t i o n  of the  

condensed l i q u i d .  As you can i n f e r  from the  w e t  ve r sus  w e t  d i s t r i b u t i o n ,  

t h e  d i s t r i b u t i o n  of l i q u i d  i n  the  small p a r t i c l e  s i d e  of t he  d i s t r i b u t i o n  
has  been reduced by two and a ha l f  o rde r s  of magnitude. This i s  a tre- 

mendous reduct ion  i n  the  e r r o r  due t o  numerical  d i f f u s i o n  
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The bi-modal d i s t r i b u t i o n  found a t  60,000 seconds i n  t h e  c a l c u l a t i o n  

w i t h  20 s i z e  classes is preserved i n  t h e  c a l c u l a t i o n  wi th  30 s i z e  
classes. Although t h i s  d i s t r i b u t i o n n  is not shown, t h e  peak a t  l a r g e  

s i zes  is s l i g h t l y  more pronounced wi th  t h e  30 s i z e  classes. 

The c a l c u l a t e d  mass of the  suspended s o l i d s  as a func t ion  of t i m e  
w i t h  30 s i z e  classes is shown i n  t h e  a t t a c h e d  Fig. 3. The r educ t ion  i n  

t h e  amount of suspended s o l i d  a t  late t i m e  is a f a c t o r  of 3 compared t o  

t h e  c a l c u l a t i o n  with 20 size classes. Most of t h i s  r educ t ion  arises 
dur ing  the  pe r iod  between 8,000 and 14,000 seconds, during which conden- 

s a t i o n  is  occurr ing.  The reason f o r  t h e  r educ t ion  is as follows: 

Condensation is  p r e f e r e n t i a l l y  occurr ing on t h e  smaller p a r t i c l e s  pre- 

s e n t .  The d i s t r i b u t i o n  reaches a quasi-steady s ta te  determined by agglom- 

e r a t i o n  and s e t t l i n g  of these  smaller p a r t i c l e s .  As shown i n  Fig. 2 ,  with 

30 s i z e  c l a s s e s ,  t h e  agglomerating small p a r t i c l e s  c a r r y  more s o l i d  with 

them, and t h e r e f o r e  the  s o l i d  i s  more e f f i c i e n t l y  s e t t l e d  out. 

The f a c t o r  of 3 r educ t ion  i n  l a t e  t i m e  suspended s o l i d s  is r a t h e r  

l a r g e  compared t o  t h e  v a r i a t i o n  we would expect i n  a dry problem with a 
change from 20 t o  30 s i z e  classes. The change is l a r g e  because we have 

c rossed  a c r i t i ca l  th re sho ld  with r e s p e c t  t o  the  number of s ize  classes. 

As w e  have mentioned, t he  code tends t o  l eave  too much mass behind under 

condensing cond i t ions .  For an i n i t i a l  c o n d i t i o n  with mass p resen t  i n  

on ly  one s i z e  class, condensation should e v e n t u a l l y  move mass e n t i r e l y  

o u t  of t h a t  s i z e  class Ci.e., the c a l c u l a t i o n  should dec rease  the  mass 

i n  t h a t  s i z e  class). However, i f  a c r i t i ca l  th re sho ld  f o r  condensation 

growth 

mQ+l/mg = 2.152 

is exceeded, where mQ is  t h e  p a r t i c l e  mass at the Rth s i z e  class boun- 

d a r y ,  t he  code will leave so much mass behind t h a t  growth of mass from 

t h e  cont inuing condensation w i l l  occur i n  t h a t  s i z e  class as opposed t o  a 

decrease.  This growth of mass is l i m i t e d  p r imar i ly  by non-linear e f f e c t s ,  

such as Brownian agglomeration. For t h e  20 s i z e  class c a l c u l a t i o n ,  



m /m = 2.818, and f o r  t h e  30 s i z e  class c a l c u l a t i o n ,  m /m = 2.00955. 
The 20 s i z e  class c a l c u l a t i o n  is t h e r e f o r e  uns tab le  with r e spec t  t o  con- 

densa t ion  growth, whereas t h e  30 s i z e  class c a l c u l a t i o n  is  not.  The 

existence of t h i s  c r i t i ca l  threshold  was  f i r s t  noted by Dave W i l l i a m s  

( Reference 4 )  

R+1 R R+1 p. 

(4) S p e c i f i c  Comments on ORNL Draft  Report: 

We have looked a t  some of t he  i n c o n s i s t e n c i e s  s p e c i f i c a l l y  noted i n  

your r e p o r t  by comparing t h e  r e s u l t s  using 20 s i z e  classes with those  

us ing  30 s i z e  c l a s ses .  The f i r s t  th ing  apparent  about t hese  incon- 

s i s t e n c i e s  is t h a t  they involve only a very s m a l l  p a r t  of the  suspended 

mass present  a t  t he  t i m e  they are noted and t h i s  po in t  should be s t a t e d  

i n  your r epor t .  For example, you note  on page 52 t h a t  Figs. 19 and 20 

show t h e r e  are s m a l l  composite p a r t i c l e s  present  i n  t h e  par t ic le  s i z e  

d i s t r i b u t i o n  which have s o l i d  cores  t h a t  are smaller than the  minimum 

s i z e  (0.1 micron) of s o l i d  p a r t i c l e s  i n  t h e  sources  i n  the  problem. We 

no te  t h a t  a l though such cores  are p resen t ,  t h e  mass of such co res  i s  

n e g l i g i b l e  compared t o  the  t o t a l  suspended s o l i d  mass. (The dry ve r sus  

d r y  d i s t r i b u t i o n  func t ion  f o r  p a r t i c l e s  less than .1 micron is  down by 

a t  least  t h r e e  o rde r s  of magnitude compared t o  t h e  peak value.)  A s  we 

have ind ica t ed  above, t h i s  a r t i f i c i a l  reduct ion  of core  s i z e  i s  due t o  

numerical  d i f f u s i o n .  The amount of numerical d i f f u s i o n  can be changed by 

t h e  noda l i za t ion .  For example, the  use of 30 s i z e  c l a s s e s  reduces the  

amount of s o l i d  mass i n  such cores  by a f a c t o r  of about 4.  

I n  a d d i t i o n  t o  t h i s  f i r s t  i ncons i s t ency ,  which occurs  under con- 

densing cond i t ions ,  t h e r e  are t w o  a d d i t i o n a l  i n c o n s i s t e n c i e s  noted i n  

your r epor t  which we would a t t r i b u t e  t o  numerical  d i f f u s i o n  of t he  

l ead ing  edge ( s m a l l  p a r t i c l e  s i d e )  of t h e  s i z e  d i s t r i b u t i o n  under eva- 

po ra t ing  condi t ions .  The second incons is tency  is mentioned on p. 53 of 
your r epor t  and refers t o  Fig. 23 f o r  t he  MnO/CsOH r a t i o  on t h e  ORNL 

c a l c u l a t i o n .  In t h i s  Fig., t he  l a r g e r  MnO/CsOH r a t i o  found on t h e  small 

p a r t i c l e s  r e l a t i v e  t o  the  l a r g e  p a r t i c l e  at  10,000 seconds is found t o  

have l eve led  out  a t  60,000 seconds. The t h i r d  incons is tency  is  mentioned 

on p. 55 of your r epor t  and is t h a t  i n  t h e  ORNL c a l c u l a t i o n  t h e  amount of 
s o l i d s  found i n  the  smallest s i z e  class a t  28,000 seconds exceeded t h e  

amount provided t o  t h a t  s i z e  class by sources  i n  the  problem. 



I n  t h e  ORNL c a l c u l a t i o n ,  evaporat ing c o n d i t i o n s  start j u s t  before  

28,000 seconds. The evaporat iyg cond i t ions  would tend t o  move the  par- 

t i c l e  s i z e  d i s t r i b u t i o n  t o  smaller p a r t i c l e  sizes. The leading edge 

( s m a l l  p a r t i c l e  s i d e )  of t he  d i s t r i b u t i o n  would be s u b j e c t  t o  numerical 

d i f f u s i o n  much l i k e  t h a t  which a f f e c t s  t he  t r a i l i ng  edge. Because we use 

c e n t r a l  d i f f e r e n c i n g  on the  l ead ing  edge under evapora t ing  cond i t ions ,  

t h e  numerical  d i f f u s i o n  of the l ead ing  edge is much more c o n t r o l l e d  than 

w i t h  donor d i f f e r e n c i n g  However, t h e  c e n t r a l  d i f f e r e n c i n g  does not e l i -  

minate  numerical  d i f f u s i o n .  The d i f f u s i o n  of t he  l ead ing  edge would tend 

t o  p l ace  s o l i d  mass from t h e  l a r g e  s i z e  classes i n t o  t h e  s m a l l  s i z e  

classes. 

Th i s  f a c t  would, f o r  example, e x p l a i n  t h e  second incons i s t ency ,  t h e  

l e v e l i n g  of t he  MnO/CsoR r a t i o  i n  ORNL c a l c u l a t i o n  i n  Fig.  23 between 

10,000 seconds and 60,000 seconds. A t  10,000 seconds, t h e  r a t i o  as a 
f u n c t i o n  of s i z e  is similar t o  t h e  AEROSIM c a l c u l a t i o n  without conden- 

s a t i o n .  For l a r g e  particles the re  should be a l e v e l i n g  out  of t h e  r a t i o  

as shown because of agglomeration of small p a r t i c l e s  with l a r g e  par- 

ticles. Small p a r t i c l e s ,  however, by v i r t u e  of t h e i r  s ize  could not 

have agglomerated with l a r g e  p a r t i c l e s  bear ing less than the  average 

amount of MnO and a l a r g e r  than average r a t i o  should p e r s i s t .  In Fig. 23 
t h e  l a r g e r  t han  average r a t i o  persists f o r  p a r t i c l e s  less than 1 micron 

i n  diameter  at 10,000 seconds. However, a t  60,000 seconds the r a t i o  has 

a lmost  completely l eve led  out.  

I n  t h e  c a l c u l a t i o n  with 30 s i z e  c l a s s e s ,  t h e  complete l e v e l i n g  of 

t h i s  r a t i o  s t i l l  occurs.  However, t h e  importance of t h e  complete 

l e v e l i n g  can be a s ses sed  looking a t  the dry ve r sus  w e t  d i s t r i b u t i o n  of 

Fig.  20. We see t h a t  t he  s o l i d  mass involved i n  particles of less than 1 

micron is negl igible--at  10,000 seconds,  f o r  p a r t i c l e s  i n  t h i s  s i z e  

range,  t h e  dry ve r sus  wet d i s t r i b u t i o n  is down by at least s ix  o rde r s  of 

magnitude compared t o  the  peak va lue  of the  d i s t r i b u t i o n .  A small amount 

of d i f f u s i o n  of s o l i d s  from p a r t i c l e s  of l a r g e r  sizes could t h e r e f o r e  

ve ry  e a s i l y  swamp the  value of t h e  r a t i o  i n i t i a l l y  p re sen t  f o r  s m a l l  

p a r t i c l e s .  Since at 10,000 seconds the s o l i d  mass in t he  p a r t i c l e s  with 

l a r g e r  than average r a t i o s  involved is  n e g l i g i b l e ,  t h e  l e v e l i n g  out of 

t h e  r a t i o  f o r  t h e s e  p a r t i c l e s  appears t o  be i r r e l e v a n t .  
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The t h i r d  incons i s t ency  is  somewhat more d i s tu rb ing .  This incon- 

s i s t e n c y  is t h a t  t h e  s o l i d  mass i n  t h e  smallest s i z e  class at one poin t  

i n  the  c a l c u l a t i o n  exceeded the  amount provided by sources  to  t h a t  s i z e  
class.  I n  the  ORNL c a l c u l a t i o n  t h i s  happened at  28,000 s, at which t i m e  

the mass I n  t h e  f i r s t  s i z e  class is a f a c t o r  of 40 larger than t h a t  pre- 

s e n t  near  t h e  end of t he  source a t  3,000 s. A t  28,000 s t he  f r a c t i o n  of 

the suspended s o l i d  mass represented  by the  smallest s i z e  class is about 

5%. I n  t h e  30 s i z e  c lass  c a l c u l a t i o n ,  t he  s i t u a t i o n  is improved con- 

s i d e r a b l y .  A t  28,000 seconds,  t he  mass i n  t h e  smallest s i z e  class 
exceeds the  amount a t  3,000 seconds by only a f a c t o r  of 2 ,  and t h e  m a s s  

i n  t he  p a r t i c l e  s i z e  range equiva len t  t o  the  smallest s i z e  class i n  the  

20 ce l l  c a l c u l a t i o n  is comparable t o  the  corresponding q u a n t i t y  a t  3,000 
seconds.  There appears t o  be a dramatic  reduct ion  of 40 i n  t he  amount of 

s o l i d  mass presen t  a t  the smallest s i z e s  a t  28,000 seconds in  going from 
20 t o  30 s i z e  classes, 

We conclude t h a t  s i n c e  the  i n c o n s i s t e n c i e s  you have pointed out  can 

be changed by o rde r s  of magnitude with only a nominal change in t h e  

suspended mass, t h e i r  presence i n  the  ORNL c a l c u l a t i o n  i s  not a good 

i n d i c a t o r  of a large e r r o r  i n  the  ca l cu la t ed  suspended mass of so l id s .  

However, prudence d i c t a t e s  t h a t  a s e n s i t i v i t y  study wi th  respect t o  noda- 

l i z a t i o n  should be c a r r i e d  out ,  with noda l i za t ion  adequate t o  prevent 

exceeding the  c r i t i c a l  th reshold  f o r  condensation growth, whenever such 

i n c o n s i s t e n c i e s  are found. 
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