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ABSTRACT 

I 

The Containment Systems Test Facility (CSTP) provides the capability of 
performing large-scale aerosol behavior experiments at a scale factor of 
approximately 0.5 in height for a typical reactor containment building. 
The containment height is 20.3 m, the volume is 850m3, the design pressure 
is 5 bar, and quantities of sodium up to l250 kg can be sprayed or spilled 
for sodium combustion product aerosol sources. Instrumentation is provided 
for characterization of the aerosol and the containment atmosphere. This 
paper describes the aerosol sampling techniques and instruments used in. 
the CSTP and discusses their accuracy and reproducibility. 

Suspended mass concentration is measured by inserting filters directly 
into the containment atmosphere without the use of inlet sample lines. The 
material collected is analyzed for total mass and for Na·. Reproducibility 
(68% confidence) is ± 6% for sodium concentration and ± ll% for total 
mass. Accuracy is ± l4% for sodium concentration and ± 30% for total mass. 
Determination of total mass is less accurate because of the tendency of the 
sodium compounds to adsorb water during handling. However, aerosol behavior 
is determined by total mass rather than by Na content and experimenters 
should determine total mass for comparison with aerosol code predictions. 
The suspended mass concentration within the containment vessel atmosphere 
was found to be uniform., with deviations (95% confidence) o.f ± 30% during 
periods of high concentration and ± 80% after the concentration had 
decreased three-fold. 

Particle size distribution is measured by inserting cascade impactors 
directly into the containment atmosphere, eliminating sampling lines. Most 
samples have shown a good approximation to a Zog-normaZ distribution although 
deviations at the extremes could be significant. Size distributions ranging 
from 0.5 to l5 ~ AMMD and o from l.5 to >3.0 have been measured. Parti
cles >ZOO um diameter have b~en observed by optical microscope. Cascade 
impactor measurements agree with mean settling sizes calculated from atten
uation of suspended concentration, giving confidence to the cascade impactor 
methods. 

The chemical composition of the aerosol material is determined by taking 
grab samples on a Tef!on membrane filter, protecting it from the laboratory 
atmosphere, and analyzing by x-ray diffraction and wet chemistry. The . 
aerosol formed by burning sodium in air consists of a mixture of Na 2o2, 



NaOH, Na 2C0 3, and water'of hydration or soZution. Na 20 has not been 
identified. The ratio of totaZ mass to sodium has varied from 1.? to 
10. 

The containment atmosphere is anaZyzed for 02, H2, C0 2, and dew point 
by onZine instruments described in the paper. Confirmatory grab sampZes 
are taken for anaZysis by mass spectrometry. Temperatures are measured 
by approximateZy 60 thermocoupZes in the atmosphere and on vesseZ sur
faces with an accuracy of ± 1%. The containment pressure· is measured 
by a transducer and bourdon tube gauge with an accuracy of± 0.5%. This 
temperature and pressure information is used to caZcuZate the aerosoZ 
mass concentration in terms of actuaZ containment conditions. Differ
ences up to a factor of 2 can resuZt between experimentaZ concentrations 
expressed in terms of standard temperature and pressure and actuaZ test 
conditions. 
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I. INTRODUCTION 

The Containment Systems Test Facility (CSTF) is a multi-purpose facility 
engaged in studies of sodium fire aerosols within a model reactor contain~ 
ment vessel and in the development of air cleaning systems for removing 
such aerosols from the vessel atmosphere. The accurate and reliable 
sampling of the aerosols is of great importance to these tests. Various 
sampling methods have been used in both flowing and static atmospheres, 
and it is the methods, their accuracy and precision which will be discus
sed in this paper. 

II. DESCRIPTION OF THE CSTF 

The main feature of the CSTF is the large sized model containment vessel. 
This insulated carbon steel vessel is 20.3 m high and 7.6 m in diameter 
and provides a scale factor of about 0.5 in height for a typical reactor 
containment building. Either spray fires or pools within the vessel can 
be used to generate the test sodium oxide/hydroxide aerosols. The fires 
are supplied by transfer of 600°C sodium pre-heated in external tanks. 
Quantities up to 1250 kg can be released in times as short as 100 seconds 
for pool fires or over 40 hour periods for small spray fires. Both the 
containment vessel and the air cleanng system are equipped with multiple 
sampling stations for aerosol concentration, aerosol size, atmosphere com
position and temperature. These sampling systems are shown schematically 
in Figure.l, and details will be discussed in the subsequent sections. 

HEDL 7906-209.2 
(modified) 

Figure 1. Schematic Diagram of CSTF Sampling Systems 
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III. AEROSOL MASS CONCENTRATION MEASUREMENTS 

A. External Through-The-Wall Filter Samples 

1. Method 

Airborne mass concentration of the containment vessel atmosphere 
is determined by filtering measured volumes of the atmosphere and 
analyzing the filters for sodium. An air lock arrangement, shown 
in Figure 2, permits the filter samples to be inserted into the 
containment atmosphere without using a sa·mpl e del ive~ 1 ine. Four 
locations on the vessel wall are equipped with air locks to permit 
sampler insertion and withdrawai through a large ball valve. The 
filter holder is mounted on a push rod which slides through a gas 
seal. 

HEDL 7904-28.2 

c Figure 2. Through-The-Wall Sampling Station 
Used in CSTF Aerosol Tests 

These four stations are at various elevations and angular positions 
on the shell of the vessel" and thus allow sampling for aerosol vari
ations with height and position. Similar "thief" stations are loca
ted at the inlet and outlet ducts of the various air cleaning compo
nents. These stat-ions use sta·inless steel holders* with 47-inm 

* Manufactured by Gelman Instrument Co. Ann Arbor, MI 48106 
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diameter filter papers. Filter media are fiberglass (Gelman* Type 
A/E) when the aerosol concentration is high. The fiberglass paper 
has a high loading capacity, which permits reasonably long sampling 
periods, but contains ~0.25 Na, which reduces the accuracy of low 
concentration samples. When the airborne concentration is low, a 
membrane filter with a very low sodium background level (Gelman 
Acropor 3000) is used. A fluorocarbon filter (Millipore** Mitex) 
is used to collect airborne particles for chemical analysis. 

2. Chemical Analysis 

The filter media from the aerosol samplers are leached with demin
eralized water and analyzed for sodium by acid titrimetry or emission 
spectrometry. The two methods were compared and found to agree within 
5%. Appropriate blank corrections are made to account for background 
sodium in the filter media and demineralized water. 

The chemical forms of the suspended and deposited aerosol are analyzed 
by a combination of methods: 

• X-ray diffraction for crystalline forms (Na20, NaOH, and hydrates). 

• Sodium peroxide is determined by reaction with iodide ·ions, 
giving free iodine which is then titrated with thiosulfate. 

• Sodium carbonate is determined by potentiometric acid titration. 
Sodium carbonate gives inflections at known pHs. For samples 
with a small fraction of carbonate (<5%), the C0 2 is liberated 
with acid and the quantity of C0 2 released is measured by gas 
chromatography. 

• Sodium hydride is determined by measuring the quantity of H2 
released by gas chromatography when the sample was added to 
water. If metallic sodium is present, hydrogen is released 
from both sources. 

• The total sodium content is determined by flame emission spec
trometry of a water solutuion'or by titration with HCl. 

• A material balance is performed to account for all forms 
detected. 

Of course, it is essential to minimize chemical changes due to 
sampling and handling. This is accomplished by collecting the . 
aerosol on Teflon membrane filters, sealing the collecting sampler, 
and performing the analyses in an argon atmosphere glove box where 
necessary. 

Total aerosol mass is measured ·by weighing the filter paper before 
and after sampling. Again, an effort is made to protect the collected 
aerosol from exposure to ambient atmosphere. Weighing is performed 
to '± 0. 1 mg. · 

* Manufactured by Gelman Instrument Co. Ann Arbor, MI 48106 
** Millipore Filt~r Corp., Bedford, MA 01730 
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3. Isokinetic Considerations 

The inlet to the filter holder is a 5-cm long pipe with a bore 
of 1.2 em. This represents a reasonable compromise for sampling 
from both the quiescent containment atmosphere and the flowing 
duct streams. Sample flows vary from 47 cm3/ sec .up to 470 
cm3/sec, depending on the expected aerosol concentration and the 
filter type. Because of the variable air flow rate in the duct, 
isokinetic sampling is not always achieved, and in some extreme 
cases the sample flow rate may be a factor of six low. This 
could lead to a 50% enrichment in 5-~m diameter particles and 
approximately a 10% error in 3-~m diameter particles and approxi
mately a 10% error in 3-~m diameter particles (1). Sampling at 
these same rates from the relatively slow moving atmosphere in(l) 
the containment vessel meets the criterion discussed by Dennis . 
During sampling, the flow, metered by calibrated rotameters, is 
kept constant and any changes in pressure drop caused by deposi
ted aerosol on the filter noted. The sample volume is then 
corrected to standard reference conditions (0°C, 760 mm Hg). 

4. Reproducibility 

The reproducibility of the method has been examined by rapidly 
taking 30-second replicate samples during times of nearly con
tant aerosol concentration. A series of typical measurements 
is presented in Table I. The precision of the series is ~bout 
5% for total sodium (±1 standard deviation) and 11% for total 
weight. The larger error for the total weight is due to moisture 
pick-up by the hydroscopic deposits during handling and weighing. 

The effects of distance f~om the vessel wall was meisured in a 
similar series of samples. These data listed in Table II show 
that the concentration is nearly independent of distance from 
the vessel wall. The standard deviation of 5.88% was only 
slightly greater than that obtained in the series taken at tha 
same distance from the wall, 4.92%. 

5. Error Analysis 

Errors in the calculation of the airborne mass concentration 
result from errors in the measured sample volume and the deter
mination of the sodium or weight of the colle~ted material. 
Assuming that.the errors combine as the root mean square, the 
accuracy of the measurements are given in Table III. We esti
mate that the sample volume for our worst case conditions is 
known to ± 12%. The error in analysis by titration is ± 6% and by 
emission spectrometry is ± 10%. Determination of the mass is 
± 22%. This larger error is due to the-moisture pick-up during 
weighing. The somewhat larger estimated error for sodium by the 
emission method is because this method is used for low concen
tration samples and the sodium blanks on the filters become impor
tant. Typical sodium blanks for several sampling materials is 
given in Table IV. 



TABLE I 

SAMPLING PRECISION - (a) 

Test Net wt Wt Concentration, g!m3 at STP AC4 Time Gain Ratio 
Sample Min mg Na mg ·Na/Total Na Basis Total wt 

T3-F22A 0 9.6 42.3 0.227 5.42 23.9 
B 2 9.1 37.0 0.246' 5.18 20.9 
c 4 9.85 38.1 0.259 5.56 21.5 
D 6 9. 1 30.5 0.298 5.13 17.2 
E 8 10.0 37.3 0.268 5.66 21.1 
F 10 9.5 (b) (b) 5.37 (b) 
G 12 10.4 33.7 0.309 5.89 19.0 

Mean 9.65 36.48 0.2678 5.459 20.60 
C1 0.4'75 4.02 0.0311 0. 2683 2.287 
o, % 4.92 11.0 11.6 4.91 11.1 

(a) All samples 
. 3 

are 0.0017 m STP, taken 7.6 from the wall. 
(b) No data 

TABLE II 

AEROSOL CONCENTRATION AT SEVERAL DISTANCES FROM THE VESSEL.WALL 

Test AC2 Distance · 
Sample From Wall 

No. em 

T3-29 A 7.6 
29 B 0 
29 c 30.5 
29 D 91 .4 -
29 E 142 
29 F 7.6 
29 G 7.6 

Mean 
C1 

C1, % 

(a) Adjusted for drift with 

Concentration (a) 
g Na/m3 

9.718 
9.348 

10.729 
10.946 
10.513 
10.140 
9.691 

10.155 
0.597 
5.88 

time to a common time. 

Elapsed Time 
Min. 

0 

2.5 
5 

8 

11 

16 
18 

'7 



TABLE III 

AEROSOL CONCENTRATION ACCURACY FOR SEVERAL METHODS 

Accurac~ 2 Percent 

Na Weight 
Basis Basis 

Sample Volume 12 12 

Analysis 8 22 

Total Error 14 25 

TABLE IV 

TYPICAL FILTER MATERIAL BLANKS 

Material Sodium, mg 

Gelman A/E fiber glass 0.20 

Gelman Acropor 3000 0.011 

Sierra impactor stage 0.014 

Sierra backup film 0.125 

Andersen ·stage 0.23 
Andersen backup filter 0.37 

B. Sampling Through Tube~ 

Sampling directly from the containment atmosphere as described 
in the preceding section avoids the errors and uncertainty 
associated with sampling through lines. The aerosol material 
deposited in the CSTF 5-cm long filter holder inlet is washed 
and added to the filter for analysis so that there is no loss. 
It averages 7% of the total sample. 

\ 

Direct sampling is not always possible. Sampling through 
lines is acceptable if the line is cleaned after each sample 
and the deposited material recovered for analysis. Otherwise, 
unknown line losses or gains may occur, resulting from gravity 
settling, diffusion and turbulent deposition to the tube walls. 
Even when the aerosol particle size is .known, prediction of 
line loss can be inaccurate. As an example, several samples 
of the containment atmosphere in CSTF test AC5 were taken sequ
entially through various sizes of tubes. Each·tube con~isted 
of a long str.aight entry section, a 90° elbow, a short length 



TABLE V 

SODIUM AEROSOL DEPOSITION HORIZONTAL IN TUBES 

Flow Rate Tube· Total % of Total Inlet 
Run .AC-5 cm3/sec ID Lengt1 

N Re 
N.:i Inlet Section Elbow. Sampler Filter Cone. 

Sam~l·e No. (SiP) mm m {a) m~ {·b) mg/m 3 {c) 
... 

T3Fl3 A 58.5 (d) (d) 507 22.1 4.6 95.4 8.15 
B 54.7 10.9 2 544 28.8 35.8 1.4 ·0·.2 62.8 7.5 7 
c 56.2 10.9 1 558 21.2 17.. 6 1.8 0.1 80.5 5.45 
D 57.1 10.9 4 567 31 .. 3 42.8 2.7 0.2 54.3 7.86 
[ 56.2 10.9 2 558 30.2 31.3 1.2 0.2 67.8 7.75 
F 56.2 7 .6 2 785 28 .. 4 27.9 3.1 3.0 66.0 7·.29 
G 54.7 17.3 . 2 343 27 .. 8 45.6 1.0 0.6 52.8 7.58 
H 112.8 7.6 2 1577 25.8 35.7 0.9 0.0 63.4 7.48 
I 13.3. 2 10.9 2 1374 23.6 26.7 1.9 0.0 71.4 6.82 
J 54.7 10.9 2 544· 23.6 33.3 1.2 0.2 65.5 6.90 
K 57.6 (d) (d) 499 22.3 --- 4.8 95.6 . 8.32 

Average 7.38 
Standard De vi ati on 1·. 0. 79 ( 11%) 

(d) No tube used. Standard CSTF filter holder 
(c) Co~nected to containment conditions 
(b) Elbow with 4-cm radius and ~30 em downstream tube 
(a) Total length, including elbow and 30-cm downstream section 



of tube and the standard CSTF sampling filter in series. 
After sampling, the tube was cut just upstream of the 
elbow and the sections were washed and analyzed for sodium. 
The fractions of total sodium in each section and the filter 
are listed in Table V. The data show greater line loss with 
greater length and diameter. The aerosol si~e was measured 
by a Cascade impactor to be 3.3 ~m aerodynamic mass median 
diameter (Ar~MD} with crg = 2.54. The calculated line depo
sition due to· settling under laminar flow conditions in the 
straight inlet section are given in Table VI. The measured 
line loss is much greater than predicted, which is attributed 
to turbulent entrance effects. The difficulty of estimating 
line loss by simple calculation is obvious. The deposition 
i.n the 30-cm long section containing the elbow averaged 1.7%. 
This is much lower per unit length than the inlet section, 
but still more than would be predicted. 

TABLE VI 

COMPARISON OF PREDICTED VS MEASURED LINE LOSS 

Line, Loss 
Sample Length 

Cal cul ated(a) No. m Measured 

c 0.67 0.1 17.6 
B, E' J 1.67 0.3 33.5(c) 

D 3.67 0.7 42.8 

(a) Straight horizontal inlet tube, 10.9-mm ID. See Table V for 
flow details. 

(b) Settling in laminar flow for 3.3 ~m AMMO, crg = 2.54 particles. 
S~e Reference (2), Equation 26.14. 

C. Variation of Concentration with Containment Location 

1. In-Vessel Cluster Samplers 

The four "thief" sample locations are supplemented in some 
tests by sample clusters hung at 10 locations within the 
CSTF atmosphere. Each cluster contains 12 filter holders, 
each with a separately controlled solenoid valve. Figure 

· 3 shows a bottom view of a cluster retrieved from the con
tainment vessel after test ABl. 

The clusters are suspended from cables so that the inlet 
tubes point downward. This arrangement can cause a shadow
ing P.ffect for large particles but the expected effect 1s 
small. Alternative orientations were considered but were 



FIGURE 3. Bottom View of an In-Vessel Cluster Sampler. (779932-9CN) 
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779932-9cn 

rejected because of potential particle contamination 
under nonsampling periods. At predetermined times, 
one solenoid valve in each of the 10 clusters was oper
ated, thereby providing simultaneous samples at 10 
spatial locations. Each cluster is attached to a tube 
that penetrated the containment vessel and leads to a 
rotameter, manual flow control valve, and vacuum source. 

The precision of the cluster sample method is expected 
to be lower than for the thief samples. The samples 
are exposed to the test atmosphere for the entire duration 

IJ 

of the test. Diffusion and convection effects deposit , L . · 
materia 1 on the filters necessitating background c.o.M-:f ~c(lrrcc:...llbvt. 
t io~-s: As the concentration decreases at later times in 
a test, the standard deviation between clusters increases 
from about 8% to 40%. 

HEDL 7806-14.7 

Figure 3. Bottom view of an 
In-Vessel Cluster. 

Figure 4. Suspended Mass Con
centration Test AB2. 

2. Comparison of Cluster and Thief Data 

Airborne concentration determined by the two sampling 
methods during test AB2 plotted in Figure 4. The concen
trations agree within an error band of ±30% 



The concentrations in Figure 4 are expressed in terms of 
containment conditions, hence a correction for each sample 
volume is necessary. Absolute containment pressure is 
recorded continuously to ±~5%. Because of temperature 
variations within containment, temperature corrections are 
made using an average atmosphere temperature. This average 
is obtained at sample time by using ten thermocouples 
distributed throughout the vessel volume. The accuracy 
of these couples is estimated to be ± 0.8% of the absolute 
temperature, although the deviation of a location high or 
low in the vessel could be more. The atmosphere temperature 
in test AC5, for example, had a standard deviation of goc 
at the start of sodium spray, deminishing to 3°C after 
natur·al convention currents were established. The error in 
the correction to containment coriditions is estimated to be 
less than 3%. 

IV. AEROSOL PARTICLE SIZE MEASUREMENT 

Aerosol particle size information is obtained by several methods in the 
CSTF: 

• Cascade impactors 
• Deposition coupons 
• Gravity settling chamber 

• Airborne mass attenuation rate 
• Electron microscopy 

A. Cascade Impactors 

Two types of multi-jet impactors are used to help evaluate biases 
that might be associated with particular impactor designs. An 
8-stage circular jet impactor (Andersen Mark III High Temperature 
Sampler*) and a 6-stage ·rectangular jet impactor (Sierra Model 
226 Stack Sampler**) were both used. Figures 5 and 6 are photo
graphs of these impactors. The photographs show the stages indi
vidually covered with precut fiberglass paper. Samples taken 
with and without the glass tiber co 11 ecti on surface agree very 
closely, hence the paper mat is used in all samples to minimize 
re-entrainment and to simplify deposit analysis. 

The stage accumulations of sodium are obtained by washing each 
stage collection paper with water and analyzing the water by 
flame emission spectrometry. Suitable allowance is made for 
background sodium in the glass fiber paper. Losses to the impac
tor walls are ignored. The sample size is controlled so that the 
maximum deposit on any single stage is 5 mg as Na to minimize 

* Manufactured by Andersen 2000, Inc. Atlanta, GA. 
** Manufactured by Sierra Instrument Company, Carmel Valley, CA. 

)1.. 
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7893063-34 7893963-32 

Figure 5. Circular Jet Impactor Figure 6. Rectangular Jet Impactor 

particl~ bounce and re-entrainment. The collection character
istics of each impactor stage are assumed to be controlled by 
the dimensionless impaction parameter: 

\'Jhere: 

~ = pvd
2

C [l] 
18 ~D 

~ = Impaction parameter (dimensionless), 
v = Gas velocity (cm/s), 
p = Particle density (g/cm 3 ), 

d = Particle diamP.ter (em), 
~=Gas viscosity (g/cm s), 
D = Impactor jet diameter (em), and 
C = Cunningham slip factor (dimensionless). 

At the point of the impaction curve where 50% of the particles 
are collected, the impaction parameter~ takes the value w50 • 
The 50% size is thus: 

· dso = ( 18 ~D~s o ) 0 
• 

5 

pvC 
[2] 

/3 



Where: 

d50 = Particle diameter at 50% point on efficiency 
versus size curve, and 

~ 50 = Impaction parameter for the jet at the 50% 
efficiency point. 

Equation (2) is used to determine d50 values at flow conditions 
different from those used to calibrate the impactor; it can also 
be used to relate the to the value under calibration condi-
tions. If C is assumed to be constant, the d50 can be expressed 
as: 

dso 

Where: 

ll ref 
( 

Q )o.s 
= (dso}ref -,,- • -Q 

'"'ref 

d50 = Aerodynamic diameter at sampling conditions, 
ll = Viscosity of gas at sampling conditions, 
Q = Gas flow rate at sampling conditions, and 

[3] 

/4 

ref= Subscript indicating value of parameter under calibration 

or reference conditions. 

Stage cut-off diameters for the two types of impactors used 
i~ the CSTF are listed in Table VII. 

The d50 values listed in Table I for the Andersen impactor are 
those recommended by the manufacturer. These values are in 
good agreement with calibrat~Qn data for the same instrument 
provided by Cushing, et al l J using ammonium flourescein and. 
polystyrene latex spheres. The d50 values for(~he Sierra 
impactor are taken directly from Cushing, et al J. 

The reference cut-off diameters listed in Table VII are adjusted 
for actual sampling conditions using Equation (3) and used to 
calculate particle size distributions by the method described by 
Mercer~> • An example calculation is shown in Table VIII. 

The last two columns of Table VIII are plotted on log-probability 
paper in Figure 7. The aerodynamic mass median diameter (AMMO) 
is the intercept of the line respresenting the best fit of the 
data with 50% mass point. The geometric standard deviation is 
obtained by dividing the M~MD by the particle diameter at · 
15.84% 



Stage 
No. 
0 
1 
2 
3 
4 
5 
6 
7 

Backup 
Fi 1 ter 

TABLE VII 

REFERENCE STAGE CUT-OFF DIAMETERS FOR CASCADE 
IMPACTORS USED IN THE CSTF 

Andersen Mark III 

d
. (a) 

-' 50 
Stage 

0 
1 
2 
3 
4 
5 
6 
7 

llm 
13.2 
8.3 
5.64 
3.8 
2.45 
1?.25 
0. 77 

. 0.52 

Sierra Model· 226 

Stage 
1 
2 
3 
4 
5 
6 

d 
(b) 

50 
llm 
18.0 
11.0 
4.4 
2.65 
l. 70 
0.95 

(a) Flow conditions.: 14.1 
21°C and l atmosphere 
mats. 

actual liter/min at 
pressure. Precut glass ..Clber 

(b) Flow conditions: 7.0 
22oc and 1 atmosphere 
mats. 

actual liters/min at 
pressure. Precut fiber,· _ - \ .. ,, .. - -'-·~· 

• . O,i:.if (~ 

TABLE VII 

EXAMPLE OF CASCADE IMPACTOR DATA TREAIMENT(a) 

Sodium(b) 
One Minus 

d5o Mass Cumulative Cumulative 
mg Fraction Fraction Fraction llm 

l. 102 0.0485 0.0485 0.951 11.6 
2,442 0.1075 0.1560 0.844 7.27 
4.072 0.1793 0.3353 0.665 4.94 
3.282 0.1447 0.4798 0.520 3.33 
4.472 0.1970 0.6768 0.323 2.14 
4. 772 0.2102 0.8870 0.113 1.09 
2.112 0.0930 0.9800 0.020 -.0.674 
0.362 0.0159 0.9959 0.004 0.455 
0.090 0.0041 1.0000 0 

22.706 1.0000 

(a) Andersen Mark III impactor, sample AC5, T412, taken 1437 minutes 
after start of Na spray, -l42°C, 98.6 kPa absolute pressure, flow 
rate 14.2 standard liters/min. 
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Figure 7. Typical Cascade Impactor Data Plot 

B. Deposition Coupons 

Differential deposition rates are obtained by inserting 
stainless steel coupons (51-mm diam) into the vessel atmos
phere through the wall ports. Aerosol deposited on the upper 
surfaces of the coupons is subsequently removed with water 
and analyzed for sodium content. Based on exposure time and. 
airborne sodium concentration, a deposition velocity (gravity 
settling velocity) is calculated from Equation [4]. 

ut = . Na deposition flux 
Na Suspended mass concentration 

A settling diameter can be computed from the deposition 
city ut and Stokes law, as indicated in equation [5]. 

Where: 
ds Mean settling diameter 
~f = fluid viscosity, 
g = a~e~l~ration due to gravity, and 

pp = effective particle density. 

vela-

[5] 

j{r; 





In using equation [5], the particles were assumed to be 
spherical with unit density in order to compare with the 
similar assumption used for the cascade impactor data. 

Using ± 10% and ± 15% for the average errors in the depo
sition flux and suspended concentration, respectively, the 
error for ds is ± 18%. 

C. Gravity Settling Sampler 

A gravity settling chamber was built to withdraw particles 
under low shear conditions. Large agglomerate particles can 
theoretically be fractured in the cascade impactors, and the 
horizontal elutriator is used to help evaluate whether parti
cle breakup in the impactors is significant. 

The sampler consists of a vertical array of 16 rectangular 
flow channels, each of which is 2.49 mm high, 50.4 mm wide, 
and 203 mm long. The unit is backed up by a high efficiency 
filter so that the total mass of aerosol entering the sampler 
can be determined. The gravity settling sampler is pictured 
in Figure 8. The horizontal flow channels are formed from 
thin stainless steel sheets. After a sample is withdrawn, the 
sheets are cut into transverse segments and the deposit removed 
in a water wash. Particle size distribution is computed by 
iteration until the observed deposition profile fits one com
puted on the basis of laminar flow. 

FIGURE 8. Gravity Settling Sampler. (7803063-4) 

1/ 



D. Calculation From Airborne Attenuation Rate 

The mean aerodynamic settling diameters can be calculated from 
the airborne concentration curves by differentiating the curves 
at times when the source is zero and equating with the Stokes 
settling removal term. This neglects wall plateout, which is 
reasonable in view of the fact that in the CSTF 93% of the mass 
settles and only 7% plates. Thus, 

[6] 

Where: 

C = Time dependent suspended mass concentration, 
ut = Terminal settling velocity, 
A

5 
= Horizontal surface area, and 

V = Gas volume. 

The settling velocity, u , is calculated-by equation [6] and 
the settling diameter calculated from Stoke's law (Equation 5). 

Using ± 15% and ± 25% as the average errors in measuring c· 
and dC/dt, respectively, the combined error in ds by this method 
is ± 29%. 

E. Electron Microscopy 

Electron microscope grids covered with carbon film are used to 
col1ect particle samples by gravity settling. The qrids are 
mounted on a rod that inserts into the vessel through a sliding 
gland. The grid support rod is encased in a tube and sealed by 
0-rings. The 0-ling seals permit withdrawal of the grids from 
the vessel without exposing them to any other atmosphere. The 
0-ring seal is not broken until the holder is placed within a 

·controlled atmosphere glove box, thus avoiding changes in 
physical shape of the hygroscopic sodium oxide particle~ due to 
exposure to a humid atmosphere. 

Particle size distribution is not obtained for the CSTF electron 
microscope samples because representative samples of the suspen= 
ded particles are not obtained by the simple gravity settling 
method used. Attempts to take representative samples by dilution 
and electrostatic precipitation have not been successful to date. 
However, electron microscope photographs of the gravity settled 
samples confirm the large sizes calculated by other methods. 

F. Comparison of Methods 

Particle size information obtained by the various methods dis
cussed in the preceding sections can be compared if the data 



Figure 9. 

are all converted to the settling diame4!r, d
5

• Cascade 
impactor .data and computer code HAA-38\ output can be 
converted to ds by Equation [7]. 

Where: 

(ds) = ANMD exp (ln2 crg) 
a 

(ds) = aerodynamic·settling mean diameter 
.. a 

A~1~10 = aerodynamic mass median diameter 
ag = geometric standard deviation. 

Figure 9 shows data from CSTF test AB2 made by Andersen 

[7] 

cascade impactor, Sierra cascade impactor, deposition coupon, 
gravity settling sampler, and calculation from suspended 
concentration decay. Also shown is a HAA-3B prediction. Parti
cle diameters computed by the various measurement techniques 
agree quite well·with each other and with HAA-3B predictions 
except for the early sample. In general, the measurements fall 
within a 20% error band. The fact that the cascade impactor 
data re in agreement with the other methods suggests that 
particle fracture and re-entrainment in the impactor stages is 
not significant for the sampling conditions used in the CSTF. 
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V. AEROSOL SOURCE RATE DETERMINATION 

The aerosol source for CSTF experiments is generated from burning 
sodium in an air atmosphere by either a pool fire or a spray fire. For 
the pool fire, the duration of burning is controlled by·closing a lid 
on the burn pan to terminate the fire while it is still burning vigor
ously. The average source rate is then determined by post-test washing 
of the containment vessel surfaces to obtain the total released sodium 
mass and dividing this by burning time. The· resulting accuracy is ± 8% 
for the average source term, though the instantaneous rate could differ 
by± 20% from the mean. After the burn pan lid is closed, the source 
is known to be zero. 

In tests where the aerosol is generated by a sodium spray fire, the 
sodium drops are small (on the order of 500-pm MMD) and the fall distances 
are sufficiently large to completely oxidize the sodium. An estimate 
of the fraction of sprayed sod·ium which is released as an aerosol is made 
by selective post-test washing of vessel areas. For short duration sprays 
(<"'10 miri), the aerosol generation rate is very nearly 100% of the spray 
rate. For longer duration sprays, crusting of the spray nozzle distributes 
the spray pattern and causes some of the sodium to burn as a local pool 
fire, thus reducing the fraction aerosolized, in some cases to as low as 
10% of the spray rate. 

A factor affecting the source term is the absorption of the water vapor 
by the suspended particles to form NaOH·xH20. This mechanism increases 
the suspended mass and changes the physical properties of the agglomerated 
particles. The importance of this effect5~ill depend on the specific 
conditions of the test or plant accidentt '· 

VI. MISCELLANEOUS MEASUREMENTS 

A. Integral Settled Mass 

The final distribution of aerosol within the vessel is of interest 
for aerosol code comparison, settled mass is determined by use of 
ten deposition trays located throughout the vessel on the bottom 
head, deck and upper catwalk. These are removed at the end of the 
test and analyzed for total sodium content. This method of measuring 
average integral settling flux is accurate to± 5% for only one loca
tion, but considerable differences are found between locations. As 
an example, in test ACl, with a spray fire source, the mean of ten 
sampling locations was 0.267 g Na/cm2 and the standard deviation was 
0.137 g Na/cm2. This large deviation is partially due to some of 
the samplers being located in shadowed regions. 

B. Integral l4all Plated~ 

Aerosol deposits on vertical surfaces are determined by decontami
nating measured areas of about 0.1 m2. Selected locations are wiped 
with a series of three damp swabs. The deposits are very soluble, 
99% of the sodium is removed by the first swab. The method is 
~ccurate to ± 10% for any single location, but considerable differences 

. ' .. 



are found between locations. For example, .in test ACl, washes 
at four elevations averaged 0.00263 g Na/cm2 , with a = 0.0018. 
This plating flux is approximately 1% of the deposition flux 
to upward facing horizontal surfaces. 

C. Overall Material Balances 

The quantity of sodium delivered to the vessel is measured by 
load cells on the sodium supply tanks to ± 0.5% accuracy. At 
the end of each test the vessel is washed and steamed to recover 
deposited sodium. Any sodium in the external air cleaning system 
is determined and an overall sodium balance is made. 

The fraction of the sodium aerosolized is determined by adding the 
amount in the a.ir cleaning system to the deposited quantities. 
We estimate the overall material balances to be accurate within 
± 8%. 

VII. CONCLUSIONS 

The sampling methods used in the CSTF are described.and assessed for 
precision and accuracy. During a test approximately 1000 determinations 
are made from the samples taken. From an analysis of errors associated 
with the methods we conclude that: 

1) Through-the-wall samplers can provide suspended mass concentration 
values accurate to 14% for sodium and 30% for total mass. 

2) Remotely controlled in-vessel cluster samples are accurate at early 
times to 20% for sodium and 30% for total mass. At longer times, 
when concentrations are very low; these values increase to 40% and 
50%, respectively. 

3) Sampling through tubes is shown to produce variable and unpredictable 
errors, unless the tube is washed and analyzed after each sample_ 

4) 

5) 

6) 

7) 

Particle size distributions measured with two types of cascade impac
tors agree within 20% of sizes derived from settling measurements; 

Source rate determinations during pool fire tests are accurate to 
20%. ·spray fire source rates are less well known, with errors 
ranging from 25% to 500%. 

Integral settling flux determinations are accurate to 10%; similar 
determinations of integral plating on vertical ~alls are accurate 
to 20%. 

Overall material balances at the end of CSTF tests are accurate 
to 8%. 



,. , 

,. VIII. REFERENCES 

1. R. Dennis, "Handbook on Aerosols," TID-266.08, 1976 (p. 96). 

2. N. A. Fuchs, "The t~echanics of Aerosols," The MacMillan Co., 
New York, p. 112 (1964). 

3. K. M. Cushing, et al, "Particulate Sizing Techniques .for Control 
Device Evaluation: Cascade Impactor Calibrations," EPA-600/2-76-280, 
Southern Research Institute, Birmingham, Alabama, October, 1976. 

4. T. T. Mercer, "The Interpretation of Cascade Impactor Data," 
Industrial Hygiene J., 26, 1965, pp. 236-241. 

5. R. K. Hilliard, J. D. McCormack and A. K. Postma, "Aerosol Behavior 
During Sodium Pool Fires In A Large ve·ssel-CSTF Tests ABl and AB2," 
HEDL-TME 79-28, June, 1979. 

6 · ~! e .,..g~.ef. <t ll 
~~~G 

I 




