
C6fiV-E-

COMPARISON OF COMPUTER CODE CALCULATIONS
WITH EXPERIMENTAL RESULTS OBTAINED
IN THE NSPP SERIES OF EXPERIMENTS

M. L TOBIAS*
Oak. Ridge National Laboratory

Summary

CONF-8709119—1

E 7 0 1 4 4 1 6

"The submitted manuscript has been
authored by a contractor of the U.S.
Government under contract No. DE-
A C O 5 B40H2i<wo. Accordingly, the u s .
Government retains a nonexclusive,
royalty-free license to publish or reproduce
the published form of this contribution, or
allow others to do so. for U.S. Government

purposes-

A series of aerosol experiments has been performed over several

years at the NSPP facility at ORNL in a cylindrical vessel having a

volume of 38.3 m3. Experiments were done on several aerosols in

air atmospheres at Varying temperatures and humidity conditions of

interest In forming a data base for testing aerosol behavior models

used as part of the process of evaluating the "source term" in

light water reactor accidents. This paper deals with the problems

of predicting the observed experimental data for suspended aerosol

concentration with aerosol calculational codes. It has been found

that it is possible to match results for individual dry aerosol ex-

periments in the NSPP with calculations by selecting appropriate

combinations of dynamic and agglomeration form factors. Experi-

ments in saturated air-steam atmospheres present additional prob-

lems in modeling. There, the calculational results are strongly

dependent on the saturation ratio, which is a strong function of

the often complex heat transfer processes that must also be

modeled. The form factor combinations to be used for calculations
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are hard to justify theoretically and are less effective in achiev-

ing agreement between calculation and experiment. Problems raised

by the modeling of condensation on individual particles by the

Mason equation are discussed. The experimental observations made

for concrete aerosol and mixed aerosol experiments demonstrated the

need for fundamental studies of aerosol interactions with moisture

as well as for improvements in the codes themselves.

1. INTRODUCTION

The Nuclear Safety Pilot Plant (NSPP) project is part of the LWR

Aerosol Release and Transport (ART) Program at the Oak Ridge National

Laboratory, sponsored by the Division of Reactor System Safety, Office

of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission.

Data have been collected on the behavior of aerosols in containment

under conditions assumed to occur in postulated LWR accident sequences.

These data are to provide experimental validation of aerosol behavioral

codes under development elsewhere.

The NSPP system is composed of a test vessel, aerosol generating

equipment, analytical sampling equipment, and system parameter measuring

equipment. The insulated vessel is a stainless steel cylinder with

dished ends having a diameter of 3.05 m, a total height of 5.49 m, and

a volume of 38.3 m3. Steam is introduced into the vessel at a

point ~0.6 m above the low point of the vessel floor.

The test program provided for the study of the behavior within the

NSPP vessel of a variety of aerosol materials including those produced

by vaporizing concrete powder. The aerodynamic behavior of aerosols of

U3O8, Fe2O3, and concrete were studied individually to establish their



characteristics and various mixtures of these were studied to establish

their interaction and collective behavior. The tests were conducted in

an environment of either dry air [relative humidity (RH) <20%] or steam-

air [relative humidity (RH) ~100%] with aerosol mass concentration as a

function of time being the primary observation.

Seven tests on the behavior of U3O8 aerosol in steam were com-

pleted, 1 and the significant effect of steam on the behavior of aerosols

was demonstrated. Six tests were performed on the behavior of Fe2<33

aerosol; one in dry air and 5 in a steam environment were completed.2 A

study into methods for generating a concrete aerosol was accomplished,

and three tests on concrete aerosol, one in dry air and two in a steam

environment, were conducted. It has been demonstrated that condensing

steam enhances the rate of removal of either U3O8 aerosol or Fe203 aero-

sol from closed volumes, but it seems to have a lesser effect on the

rate of removal of concrete aerosol. A series of four tests studying

the effect of steam on the behavior of two component aerosols (U3O8 +

Fe2O3) was completed.3

In what follows, some problems of modeling the experiments with a

computer code will be described. (This discussion, it must be under-

stood, deals only with comparing calculations with experiment, and is

not intended to evaluate the adequacy of codes for use in reactor acci-

dent analysis.) First, a dry aerosol experiment (NSPP test 511) will be

discussed. It will be shown that it is fairly easy to correlate the ob-

served suspended concentration for this test by use of a selected com-

bination of shape factors. Next, the steam-aerosol experiment NSPP 501

will be considered. This problem offers considerably more difficulty in



predicting the behavior by code calculations. The results are sensitive

to the humidity conditions, which in turn, are dependent on the thermal-

hydraulics calculations. Finally, experiment 601 will be discussed, in

which two aerosols, one of iron oxide and the other of concrete, were

generated together in a steam atmosphere.

2. MODELING OF THE DRY AEROSOL EXPERIMENT, NSPP TEST 511

Experiment 511 involved the generation of iron oxide aerosol in a

dry air atmosphere (relative humidity <20%). The aerosol was generated

by simultaneously feeding oxygen and 500 g of iron powder into a plasma

torch generator over a 10 min period. The vessel atmosphere was

initially at atmospheric pressure and 298 K. A fan-mixer was operating

during the first 10 h of this 24 h test.

The conditions of the experiment were modelled with the CONTAIN

code.1* This code includes the capability of calculating the thermal hy-

draulics aspects of an aerosol experiment. That is, the code can model

the aerosol's behavior under varying conditions of temperature, pressure

and humidity produced by heat or material flows or heat generation. (In

the present example, the thermal hydraulics aspects were unimportant.)

Figure 1 shows the results of four calculations compared with ex-

periment. The experimental data are indicated by the circles. Note

first of all that the initial concentration is generally well matched by

all the calculations. (Usually this seems to be the case, in this

writer's experience, and this success appears to be independent either

of the code or the particular user.) In Case 1, the "hard sphere"

approximation value of 1.0 was used for both the dynamic shape factor

"chi" and the agglomeration shape factor "gamma." The calculated



concentrations, depicted by the solid curve, are higher than the mea-

sured values over most of the time range, and fall below the measured

values at about 60 ks. In a dry atmosphere, the primary iron oxide

aerosol particles form web-like chain agglomerates,3 not spheres, and

use of appropriate shape factors could account for this fact. Doubling

both chi and gamma in Case 2 produces a similar but slower decaying

curve. In Case 3, the agglomeration shape factor is raised to 10 and

chi is reset to 1.0. This change produces an expected, but excessive,

concentration decay rate as seen in the dotted curve. Finally, by

leaving gamma at 10 and increasing chi to 4.0, the calculated curve

falls in line with the experiment quite satisfactorily. (The uncer-

tainty in the farthest point to the right is roughly 50%.) As can be

seen, this after-the-fact adjustment of the calculation was not dif-

ficult. At this point, it is not known whether the values of the shape

factors for iron oxide can be determined in this way. However, without

knowing them, achieving the agreement shown by Case 4 would be a matter

of good luck only.

3. MODELING THE IRON OXIDE AEROSOL IN STEAM EXPERIMENT,
NSPP TEST 501

Test 501 was the first in a series of tests using Fe2O3 aerosols.

The vessel initially contained air at a pressure of 38.1 kPa (abso-

lute). Steam was introduced to bring the vessel atmosphere to an aver-

age temperature of 382 K and a pressure of 201 kPa (absolute); this pro-

cedure required about 1 h. At his point the rate of steam injection was

reduced and the temperature and pressure allowed to stabilize. The



Fe203 aerosol generation was then started and introduction into the

steam-air environment continued for 14 min. Steam injection at the low

rate was continued for a period of 6 h to compensate for loss by conden-

sation within the vessel. During this period the pressure and tempera-

ture increased to 251 kPa (absolute) and 390 K at 2.8 h; at termination

of steam injection the values were 240 kPa and 389 K. Vessel cooldown

continued for the next 18 h.2

As remarked earlier, the CONTAIN code can model the thermal-

hydraulic conditions but these are often difficult to calculate accur-

ately, for various reasons unrelated to the code itself.5 Basic heat

transfer data — physical properties, temperature and pressure distribu-

tions, material flows — are subject to significant uncertainties. For

example, the physical properties of the insulating materials with which

the vessel is covered are quite approximate and their effectiveness is

dependent upon the technique and completeness with which they were in-

stalled.

In Fig. 2, the time variation of pressure and temperature in the

vessel atmosphere for run 501 are plotted in the lower and upper part of

the figure, respectively. The first calculation run using the CONTAIN

code generated too high values. To improve results, it was assumed that

the thermal insulation around the vessel was not as effective as the

dimensions and physical properties indicated. By lowering the thick-

ness, both uncertainties could be dealt with. The 50% and 88% curves

were found to bracket the observed variation, and a reduction of the in-

sulation to 25% of the original thickness (the 75% "cut" curves) led to

a fair agreement with the data. However, as far as the humidity level



Is concerned, duplicating the saturation level in the calculations has

proved to be a particularly intractable problem. This difficulty is an

important one, for in the code, condensation of water on the aerosol

occurs if and only if the saturation ratio exceeds 1. (For simplicity,

this remark has omitted considerations of capillary action or of the

Kelvin effect.) Consequently, particle growth due to condensation may

be greatly over- or under-estimated, if the saturation ratio is calcu-

lated incorrectly.

The airborne concentration curves in Fig. 3 show the rather poor

agreement achieved with this adjustment in the insulation thickness.

The shape factors were taken as 1.0, in conformance with the ideas of

Schock et al. concerning aerosol behavior in saturated atmospheres.

(In such atmospheres, the chain-agglomerate forms, characteristic of

iron oxide aerosols under dry conditions, changes to spherically shaped

clusters due to surface tension effects.) At about 25 ks, the concen-

tration falls off sharply due to moisture condensation build-up on the

aerosol. While matching of the concentration data up to 20 ks might be

possible by insulation thickness adjustment alone, since two of the in-

sulation curves bracket the data to that time, there is no resemblance

between observation and calculation after that time. We note that all

through the experiment, the atmosphere was, to the best of the experi-

menter's knowledge, saturated, since the vessel pressures and tempera-

tures correspond to that state. Moreover, there was a substantial pool

of condensed water in the bottom of the vessel. (It is important to

remember that the known fraction of non-condensible gases has to be



accounted for in calculating the saturation ratio. The temperatures and

pressures in. Fig. 2 are for a steam-air mixture, not for steam alone.)

Therefore, according to the Mason equation-based calculation of conden-

sation in CONTAIN (and in other codes that include condensation), the

aerosol particles will grow and fall out more rapidly. This idea is in

sharp disagreement with the sustained aerosol concentration at times

after 20 ks. Even if large measurement errors are assumed in the long

term concentration (these are believed to have an uncertainty of about

50%), the disparity still remains.

We now consider whether it is possible to better represent the ex-

perimental results by the use of form factor combinations alone, sup-

pressing condensation on the aerosol in the calculations. In Fig. 4,

the data are compared with such CONTAIN code results. The logic of the

form factor selections is that a high value of x ("chi") helps to keep

the aerosol suspended, while increasing the agglomeration from factor Y

("gamma") will tend to cause more rapid particle growth and hence more

rapid fall-out. Since agglomeration will decrease at lower particle

number concentrations, the proper combination of the factors may produce

the markedly slower decline of concentration after 20 ks. The figure

shows that changing Y from 1.0 to the higher values of 10, 12, or 15

produces a good part of the desired effect. At long times however, the

curves show little sensitivity in slope for values of x from 1 to 12.

Clearly, it is difficult to fit the calculations to the observa-

tions. Just as difficult is finding a physical justification for using

form factor values that are widely different from 1, when microscopic



examination of the iron oxide particles shows definite clumping into

roughly spherical shapes.2

4. A MIXED-AEROSOL EXPERIMENT, NSPF TEST 601

In this section no comparison of calculation with experiments is

offered. Rather the problems of modeling an experiment where two aer-

osols are generated in steam are discussed.

Experimental run 601 was considered a preliminary to the planned

series of tests for studying the behavior of a mixture of aerosols in a

steam environment. It was conducted to develop some operating/sampling

experience with concrete aerosols and to obtain an early look at the be-

havior of a mixed aerosol in steam.

The test aerosol was generated by introducing a mixture of equiv-

alent masses of iron powder and limestone concrete powder into the

plasma torch (FT) aerosol generator. To prepare the test atmosphere,

steam was introduced into the vessel atmosphere (air) to an average tem-

perature of 380 K and a pressure of 0.168 MPa (absolute). This step re-

quired about 1 h; at this point, the rate of steam introduction was re-

duced and the temperature and pressure allowed to stabilize. The mixed

aerosol generation was then started, and introduction into the steam en-

vironment continued for 22.5. min. Steam injection at low rates was

maintained for 6 h to balance steam losses caused by wall condensa-

tion. Over this period, the temperature and pressure slowly increased

until, at 4.2 h, the values reached a maximum of 396 K and 0.260 MPa,

respectively. The rate of steam injection was reduced and, at 6 h, the

values for temperature and pressure were 390 K and 0.225 MPa. The



vessel was allowed to cool for 18 h after tertaination of the steam

injection.

Figure 5 displays the observed concentrations vs time of the con-

crete and iron oxide aerosols. The iron oxide curve is seen to fall off

far more rapidly than the concrete curve. It is not easy to duplicate

this result computationally since present aerosol codes do not

distinguish completely between aerosol species in a given run. In the

CONTAIN code, for instance, a mixture of aerosols have only one density

and one pair of form factors. The components can differ only in their

quantity and manner of introduction and in their size distribution. If

these are sufficiently similar, then the concentration curves would be

simply proportional: there is, as far as the code is concerned, a sin-

gle aerosol, part of which has one label and part another. At the

present time, an alternative approach might be to treat the aerosols in-

dependently of one another, in two separate computer runs. The basis

for following such an approach may be seen in Figs. 6 and 7 where the

aerosol concentrations are compared on the basis of the ratio to the

respective initial concentrations. The data for the iron oxide compo-

nent (Fig. 6) may be fitted to a fairly good straight line. Super-

imposed on this is the data for a single component run for iron oxide in

steam, experiment 503. This data forms a backward S-shape different

from the dashed straight line fit for experiment 601. Figure 7 compares

the data for concrete in experiment 601 with the single component ex-

periment for concrete, test 521. Here, the least squares lines would be

of slightly different slopes, but it would be hard to justify distin-

guishing between them. All of them, however, would slope much less than



the straight line for iron oxide on Fig. 6. The data for experiment 531

have been included and they are very little different from those of the

steam experiment 521.

It seems clear that in this case, given the present code capabil-

ities, a separate treatment for the two aerosols could achieve a more

satisfactory representation than calculating Lnem together. In other

cases, if the analyst believes that interaction bei.ween aerosol species

is of principal concern, a single calculation may be more appropriate.

If a two-calculation procedure is followed, then co-agglomeration be-

tween the species is neglected in favor of accounting for the fact that

different aerosols may have different densities and shape factors.

Moreover they may react differently to the presence of moisture. Com-

parison of microphotographs7 of iron oxide particles for wet and dry

aerosol tests clearly shows a change to spherical shapes in the presence

of the steam in the test atmosphere. Corresponding photographs of con-

crete aerosols8 seem to show they are not affected in the same way.

(However, this observation is based on limited data and needs further

validation.)

Lastly, it is quite striking that the sort of precipitous-appearing

drop-off in concentration shown in the calculated curves of Fig. 3 is

not seen in any of the concrete experiments. This calculated drop off

is a consequence of the predicted condensation of steam on the aerosol

particles which increases their diameter and hence their rate of fall-

out. The measurements do not agree with this in spite of the fact that

the atmosphere is believed to have been saturated during the entire time

following the introduction of the aerosol.



CONCLUSIONS

The body of data collected in the NSPP program of aerosol experi-

ments in dry and steam atmospheres forms a valuable basis for testing

aerosol codes. Code comparison work is still being done, and what has

been presented here is only a oartial indication of what studies need to

be done. It is seen that dry aerosol concentration data may be modeled

by selecting combinations of -.;• pe factors, but obviously these need to

be determined independently in ad.ance. Second, the observations for

steaa atmospheres seem at present to conflict with the code calculations

in suggesting that condensation on the particles does not proceed

according to Mason equation predictions, neither for iron oxide or for

concrete. Finally, the results seem to indicate that separate calcula-

tional treatment for components of a mixed aerosol can be a useful al-

ternative approach as the aerosol codes now stand.
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