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ABSTRACT 

A Nuclear Aerosol lest Facility (NA TP) has been built and commissioned at 

Bhabha Atomic Research Centre to carry out simulation studies on the behaviour of 

aerosols released into the reactor containment under accident conditions. The 

experimental data obtained from the studies are useful for validating the various 

aerosol behaviour computer codes (such as the NAUA MOD-5, ASTF.C etc.) used in 

reactor safety assessment. The essential components of this facility are the 10 m 3 

stainless steel test vessel. Plasma Torch Aerosol Generator (PTAG). the associated 

instrumentation for monitoring the temperature and pressure in various parts of the 

test vessel and aerosol instrumentation to study the aerosol characteristics. 

This report presents the first phase of the studies wherein dry experiments 

have been conducted with metallic aerosols to understand the spatial distribution of 

aerosols, evolution of their size distribution and their depletion characteristics in the 

vessel. Results have clearly indicated that natural convection mechanisms are 

incapable of maintaining a homogeneously mixed aerosol environment in the vessel 

and stratification in the mass concentrations gets induced as a result of gravity. 

Subsequent experiments with turbulence generated by the use of a small fan in the 

vessel, show uniform concentrations of aerosols at various heights in the vessel at all 

times. These findings point at the fact that the assumption of homogeneity, which is a 

pre-requisite for all aerosol behaviour codes, may not be valid at all times for realistic 

situations. In such a case it may be necessary to account for spatial inhomogenity. An 

illustration of this has been carried out by developing such a model explicitly and 

comparing it with the experimental results. 

This report also discusses some new experimental techniques for estimation 

of density of metallic aggregates. The experimental studies have shown that the 

dynamic densities of aerosol aggregates are far lower than their material densities as 

expected by the well-known fractal theory of aggregates. In the context of codes, this 

has significant bearing in providing a mechanistic basis for the input density 

paiameter used in estimating the aerosol evolution characteristics. The data generated 

under the quiescent and turbulent conditions and the information on aggregate 

densities are now being subjected to the validation of the aerosol behaviour codes. 

Keywords: aerosol, simulai ion, containment, NATF, size distribution, lifetime, 

turbulence, code. 
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1. INTRODUCTION 

It is well known that in case of a severe nuclear reactor accident such as the core 

melt down accident, the release of the radioactive materials is mainly in the form of 

aerosols, in addition to some volatile species. For example, in the case of Chernobyl 

reactor accident, the releases occurring over a ten day period, constituted the noble gases, 

fuel and core debris, a large number of large sized ( 1 Os of um) as well as sub-micrometer 

sized aerosols. The latter were transported aerodynamically over large distances in the 

northern hemisphere. The radionuclide composition of the Chernobyl discharge on the 

10 t h day after the accident estimated from near and far field measurements of 

radioactivity, aerosols and debris and from atmospheric dispersion models is presented in 

Table 1.1 (Ref. Aerosol Science: Theory and practice) 

Table 1.1: Estimated radionuclide composition of the Chernobyl discharge 

on the 10 , h day after the accident 

Isotope Released % of core Isotope Released % of core 
activity inventory activity inventory 
(MCi) released (MCi) released 

Xe-133 4.5x10' 100 Ba-140 4.3 5.6 
Kr-85 1.5x10-' 100 Ce-141 2.8 2.3 

Kr-85m 5.0x10"' 100 Sr-89 2.2 4.0 
1-131 7.3 20 Sr-90 2.2x10'' 4.0 

Te-132 1.3 15 Np-239 1.2 3.2 
Cs-134 5.0x10-' 10 Pu-238 8.0x10"* 3.0 
Cs-137 1.0 13 Pu-239 7.0x10^ 3.0 
Mo-99 3.0 2.3 Pu-240 l.OxlO"3 3.0 
Zr-95 3.8 3.2 Pu-241 1.4x10-' 3.0 

Ru-103 3.2 i 2.9 Cm-242 2-lxlO' 2 3.0 

In the eventuality of an accident, the aerosols, mainly originating from the reactor 

core, find their path into the PHT system and subsequently into the containment which is 

the final barrier controlling their release into the environment. These, in turn, play a key 

role in assessing the risks associated with nuclear power plants. Hence, in the reactor 

safety analysis, studies on aerosol mechanics in the containment are an important step 

towards estimating their ultimate releases to the environment. These studies help to 
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strengthen the realistic (or conservative) estimates of the consequences of nuclear reactor 

accidents. 

Several theoretical and experimental studies have been carried out the world over 

to understand the complex mechanisms of particle dynamics and thermal hydraulics, 

which govern aerosol behaviour under accidental conditions. The theoretical studies have 

led to the development of several computer codes for estimating the releases, build-up, 

decay and transport of the aerosols and their chemical interactions with other species in 

the containment. 

Barring exceptional cases, most of the aerosol codes are based predominantly on 

the assumption of spatial homogeneity of the distribution of aerosols. The effect of local 

differences in aerosol concentrations on their removal processes is generally not 

considered. These limitations can lead to considerably unrealistic predictions, if large 

concentration differences occur in the air space. Moreover, a strong coupling between 

thermal hydraulic and the aerosol codes is also required for attaining a better precision in 

the code predictions. These couplings can be understood and incorporated into the codes, 

based on the inputs obtained from experiments carried out under well-defined conditions. 

1.1 Review of earlier studies 

Various experimental programmes have been designed the world over to validate 

the computer codes for aerosol behaviour. These include separate effect studies and 

integral tests carried out under idealized conditions in small-scale as well as large scale-

test facilities. Among several teii facilities built, mention may be made of the NAUA 

experiments, Marviken tests in Sweden, DEVAP program in France, NSPP tests at 

ORNL, DEMONA tests in Germany, LACE tests in USA, FALCON at Winfrith in UK 

and the more recent PHEBUS-FP tests in France (Venkat Raj, 1998). Some of these tests 

were designed to address very specific aspects of aerosol behaviour and transport 

following a given reactor accident sequence. For example, the Marviken tests (Rahn et 

ai, 1988) and the DEVAP tests (Marois and Megnin, 1994) were aimed at studying the 

deposition and transport of the fission products in the Primary Coolant System (PCS) of a 

power reactor. In most of these facilities, the high concentration of aerosols ( -10 g/m 3) 
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needed to simulate the releases during an accident have been generated using arc 

vaporizers, plasma torches, exploding wires, Na fires etc. 

The studies pertaining to the behaviour in the Containment System (CS) have 

gained special attention in the recent years. These studies led to a better understanding of 

the aerosol processes and thus helped in the improvement of various aerosol codes. For 

example, the DEMONA experiments were conducted in a 640m 3 model containment to 

investigate the behaviour of aerosols of oxides of metals such as oxides of Sn, Ag, Fe and 

Mg, generated using plasma torches, in a steam/air atmosphere. The results showed that 

the removal rates were strongly influenced by the condensation process and weakly 

depended on the aerosol material. However, they clearly demonstrated that mixing 

mechanisms due to natural convection may not be strong enough to overcome 

stratification effects caused due to diffusiophoretic processes and inhomogenity in 

temperature and steam/air composition (Kanzleiter, 1985). The NAUA code for aerosol 

behaviour was validated using these experiments (Bunz et al., 1987). 

The Phebus FP at France is an integral in-pile scaled-down facility, which aims at 

the simulation of the behaviour of the fission products in the core, reactor cooling system 

and the containment (Hardt et al., 1994). It was designed to validate computer codes 

devoted to severe accidents and to derive significant conclusions for the reactor scale. 

Similarly, the Falcon Test Facility at Winfrith Technology Centre, U.K. was used for 

carrying out specific experiments pertaining to aerosol behaviour in the primary circuit 

and the containment of a nuclear reactor under the International Standard Problem 

Exercise Number 34 (ISP-34) organized in 1992-94. The analysis of the experimental 

results was carried out using various computer codes. In one such study (Haware et al., 

1997), the containment analysis carried out using the NAUA Mod 5 code indicated that 

although the airborne concentrations predicted by the code are well within the 

uncertainties of measurement, the wall deposits were considerably over-predicted. 
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1.2 General Dynamics Equation of aerosol behaviour 

For the purpose of assessing the risk:, due to severe reactor accidents, a host of 

processes beginning with the sequence scenario of the accident, the inventory of various 

radionuclides in the core, thermodynamics of particle formation and interaction with 

vapour species, transport along tenuous PHT pathways and the ultimate fate in the 

containment need to be considered. Each of these steps is described by various computer 

programs (codes). For a complete assessment, each of these codes requires to be 

validated. Understanding aerosol behaviour in the containment is of considerable 

importance as it is the ultimate barrier between the reactor and the outside environment. 

Given a specified quantity of aerosol release in specified size classes, the 

subsequent evolution of the aerosols proceeds through various processes taking place in 

the containment volume. These are schematically shown in Fig. 1.1. 

Laak into atmoap ere o Removal by ESFs 

O O 

o o o o 
o ^ 

Wall d e p o s i t i o n s 
Gravitational s< t l ing 

Fig. 1.1: Schematic of the various processes governing 

aerosol evolution in a containment 
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In most codes, it is assumed that aerosols remain distributed homogeneously in 

space at all times. Based on this, a general dynamics equation, describing all these 

processes may be set up in terms of individual rate equations for the different processes 

as follows. 

M v j , + a [ / ( v ) i K v , / ) ] = I \ K ( y t v _ v . W v . t / W v _ v . t [ W 

dt dv 2 o 

- n(v, l)JA:(v, v ' ^ v ' , t)dx' - X(v)n(v, /) + S(v, /) 
o 

In the above, 

n(\,t) is the number concentration of particles of volume v at time t. 

is the condensation rate of vapour 

K(\y) is the coagulation coefficient between particles of volume v and v' 

considering all processes 

X(\) is the total removal rate due to all processes 

S(v,t) is the particle injection rate 

The expression for the condensation rate is obtainable using standard Mason's formula. 

The difficult aspects concern the expressions for X and K. They relate to a combination of 

processes. Most codes employ an additive form for combining the various processes as 

follows: 

K ( \ , V ) = K B r o w n i a n + K gravillon + ^Turbulent + ^Shear 

1 3 Indian scenario: Scope and objectives 

As a part of strengthening the prediction capabilities of the aerosol codes used in the 

context of the safety assessment of Indian PHWR reactors, a Nuclear Aerosol Test 

Facility (NATF) has been built at the Bhabha Atomic Research Centre, India (Sapra et 

al., 2002). It is a medium scale facility meant for carrying out aerosol behaviour 

experiments under simulated accidental conditions and validating the aerosol behaviour 

codes, mainly the NAUA MOD 5 code. The defined objectives of this facility are: 
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(i) Investigation of spatial and temporal behavior of metallic or oxide aerosols in 

a test vessel under simulated post-accident conditions of the containment 

atmosphere characterized by pressure, temperature and humidity. 

(ii) Study of aerosol scrubbing phenomenon in a water pool simulating the 

suppression pool of nuclear power plants. 

(iii) Validation of existing computer codes for aerosol behavior studies in the 

containment of nuclear power plants. 

(iv) Estimation of source term for atmospheric dispersion models. 

Studies have been carried out in this facility, which focus on the spatial 

distribution of the aerosols, the evolution of their size distribution, density and their 

depletion characteristics as a function of time in the test vessel. In this report, we describe 

the various components of this facility and the results of some of the experiments carried 

out so far. Theoretical developments for modeling the experimental findings and some 

new experimental techniques for estimating the density of the aggregates formed have 

also been discussed. The depletion characteristics have been compared with the 

predictions of NAUA MOD 5 aerosol behaviour code and these results have be<-'i 

highlighted. 

Although occasionally, a mention of the comparisons between the results of the 

experiments and the code predictions have been made, the details of the code description, 

parametrisation and other specific studies have not been included in this report. Some of 

these details are presented in Arshad et al., 2002. Predictions of the temporal evolution of 

the size distributions and modifications of the code to include special aerosol effects have 

also been carried out. It is planned to present these code related aspects in a separate 

report to be brought out in the future. 

***** 
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2. DESCRIPTION OF THE NATF 

The main components of the test facility are (i) the test vessel and its auxiliary 

control instrumentation, (ii) the aerosol generator and (iii) instrumentation for aerosol 

measurements. The brief description of each of these components is given below: 

2.1 Test Vessel 

The schematic diagram and the photograph of the test vessel are shown in Figs. 

2.1(a) & 2.1(b). It is a stainless steel cylindrical vessel with conical end fittings, having 

an air space volume of about 10 m 3 . The design and dimensional parameters of the vessel 

are given in Table 2.1. 

Table 2.1: Design and dimensional data of the test vessel 

Material of construction Stainless steel 

Design code ASME section VIII Division I 

Design Pressure - Internal 1.7 kg/cm 2 @300"C 

External Pressure 0.28 kg/cm2 % 100UC 

Vessel I.D. 2250 mm 

Vessel O.D 2262 mm 

Shell Height 2012 mm 

Conical top height 548 mm 

Conical bottom height -550 mm 

Total height including legs 3210mm 

Shell surface area 14.22 m 2 

Conical top surface area 4.38 m 2 

Conical bottom surface area 4.38 m 2 

Total free air volume 9.85 m 3 
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Fig. 2.1(a): Schematic diagram of the test vessel 
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Fig. 2.1(b): Photograph showing the test vessel fitted with various probes 

for auxiliary instrumentation 
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The vessel is equipped with one pressure gauge and 28 temperature sensors. 1 lie 

temperatures of the bulk gas and the wall of the vessel are monitored at different levels. 

The sensors are connected on-line to a multi-channel scanner device coupled to a PC. The 

vessel is fitted with probes for sampling aerosols, which are stainless steel tubes having 

3/8* inch diameter with lengths varying upto 1 m. Assemblies have been placed in the 

vessel for inserting dynamic deposition coupons (Fig. 2.2) for estimating the wall 

deposition rate at various locations coupled with the temperature measurement at that 

point The arrangement is such that a filter paper or a substrate can be placed on the 

circular plate of the deposition coupons. The schematic of the probe designed for 

measuring the vessel wall temperature is shown in Fig. 2.3. 

Provisions have been made for injecting aerosols and steam into the vessel. Steam 

line ( l"dia) is provided to introduce the steam into the vessel at a pressure of 2 kg/cm 2 . A 

drain line is connected at the bottom of the vessel to drain out the condensed water during 

wet experiments with steam. A HEPA filtration unit is attached at the top of the vessel to 

clean the aerosol bearing air and discharge it into the open atmosphere. This is also 

intended for carrying out experiments for testing the filtration efficiencies of the filter 

banks at high concentrations and at relatively higher temperatures. A bypass line 

excluding the filtration system has also been provided for carrying out atmospheric 

dispersion studies using enviro-friendly tracers. 

2.2 Plasma Torch Aerosol Generator 

A Plasma Torch based Aerosol Generator (PTAG) system, commonly used in 

several test facility studies the world over, has been installed for generating the test 

aerosols for the experiments. Fig. 2.4 shows the schematic of the PTAG along with its 

components. The details of the design and characterization of the system have been 

discussed in detail by Shreekumar et al. (1996). 
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Fig. 2.2: Deposition coupon with thermocouple connections 

V e s s e l 
W a l l 

Fig. 2.3: Probe for measurement of vessel wall temperature 



Plasma Torch Based Aerosol Generator 
1. Plasma Torch 5. Water Flow Meter 9 Water pump 
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3. Sampling Ducts 7. Powder Feeder HF Igniter 
4. Water Header 8. Control Console j2 Water Tank 

(ïflrCî 

Fig. 2.4: Schematic diagram of the Plasma Torch Aerosol Generator System 

along with its various components 



I*hc main criterion for the selection of a PTAG is its capability to generate a 

highly intense source of evaporated and re-condensed metallic aerosols, for accident 

simulation studies, the concentrations required are of the order of few g/m3 or generation 

rate in g/sec. The elevated temperatures in the containment due to core melt down 

condition would in all probability give rise to condensation type of aerosols and hence, 

generators based on vaporization and condensation technique are aptly suited for such 

studies. Aerosols generated by a plasma torch meet this requirement. This process not 

only yields an intense and continuous source of aerosols but can also generate aerosols 

from metals, ceramics and composites (Ruhmann and Peehs, 1993). 

The Plasma torch used in the NATF consists of a conical shaped thoriated 

tungsten cathode and a copper nozzle as anode. Argon is used as the primary plasma gas 

and once the flame is stabilized, nitrogen is added to increase the power. The temperature 

of the plasma core has been estimated to be about 15000°C. An RF igniter in conjunction 

with a DC power supply is used for generating and sustaining the plasma. The powder of 

the material to be aerosolized is injected into this flame using a turn-table type powder 

feeder. Argon gas at a flow rate of about 5-7 1pm is used to control the smooth flow of the 

powder into the plasma flame. The entire plasma torch assembly is water cooled through 

circulation pumps and the adequacy of water flow is ascertained through flow switches. 

The evaporated material is transported to a plenum chamber, which is a double 

walled water-cooled stainless steel horizontal chamber (300 mm diameter) followed by a 

transport tube of length of about 1.5 m. This assembly consists of a divergent head 

segment at the plasma torch end and a convergent segment at the test vessel end. 

Diluting extra gas in the range of about 50-100 1pm is added through an annular duct 

provided at the plasma torch segment of the chamber. The diluting air helps in cooling 

the gas as well as in increasing the transport rate through the chamber. This transport tube 

has seven sampling ports equispaced over a total span of 1 m. The end of the plenum duct 

is connected to the test vessel. 

A series of initial experiments were conducted to characterize the PTAG with 

respect to several operating parameters such as the gas flow rates, powder feeder rate, 

torch power etc. The effect of these parameters on the size distribution of the metallic 

aerosols generated by the PTAG have been well studied and these details are reported in 
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Shreckumar el al (1°%). On the basis of these experiments, the typical range of the 

operating parameters of the PTAG system is found to be as shown in Table 2.2. The 

optimal parameters are chosen depending on the desired aerosol characteristics. 

Table 2.2: Typical range of operating parameters of PTAG 

Torch Power 3-20KW 

Current 150-400 A 

Voltage 20-40V 

Primary Plasma gas Argon (20-25 1pm) 

Secondary Plasma gas Nitrogen (1-5 1pm) 

Powder feed rate 2-lOg.min'1 

Powder carrier gas Argon (5-15 1pm) 

Dilutant gas Compressed air/Argon (100 1pm) 

23 Aerosol Instrumentation 

For sampling the aerosols in the vessel air space, grab samplers fitted with 1" 

diameter membrane filters have been used. Mass-size distributions of the particles have 

been measured by cascade impactors (CI), both 8-stage and 14-stage (low pressure 

impactor). These particle sizers segregate the particles into various size ranges based on 

the principle of inertia! impaction. The masses collected on the substrates placed in the 

impactor have been estimated both by gravimetry and by analytical techniques such as 

Atomic Absorption Spectrometry (AAS). On some specific occasions, when the aerosol 

concentrations were low, a Quartz Crystal Microbalance cascade impactor (QCM-CI) and 

an Optical Particle Counter have been used for estimating airborne mass and number 

distributions, respectively. The former is an impaction based, real-time, mass-size 

distribution measurement unit that operates at a flow rate of 0.24 1pm. The OPC is a 

single particle counter and works on the principle of scattering of light by the particles, 

wherein the intensity of the scattered light is proportional to the particle size. The number 

of light pulses determine the number concentrations of the particles. The cascade 

impactor, QCM-CI and the OPC are shown in Figs. 2.5 (a), (b) and (c) respectively. 
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(c) 

Fig. 2.5: Photographs showing the aerosol measuring instruments 

(a) 8-stage Cascade Impactor, (b) Quartz Crystal Microbalance Cascade 

Impactor and (c) Optical Particle counter 
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The size cut-offs for the particle sizing instruments used in the experiments are presented 

in Table 2.3 

Table 2.3: Size cut-offs of the particle sizing instruments 

Cut-off sizes (in um) 

Stage 8-stage 14-stagc Andersen 10-sUge Quartz crystal Optical Particle 

No. Andersen CI low pressure CI microbalance CI Counter 

(a 28Ipm) « § 3 Ipm) (Ca) 0.24 Ipm) ( a 2.8 Ipm) 

1 >9.0 >35.0 >25.0 >2.0 

2 5.8 21.7 12.5 1.0 

3 4.7 15.7 6.4 0.7 

4 3.3 10.5 3.2 0.5 

5 2.1 6.6 1.6 0.4 

6 1.1 3.3 0.8 0.3 

7 0.7 2.0 0.4 0.2 

8 0.4 1.4 0.2 (LP) 0.1 

9 <0.4 (BF) 0.9 (LP) 0.1 (LP) 

10 0.52 (LP) 0.05 (LP) 

11 0.23 (LP) 

12 0.11 (LP) 

13 0.08 (LP) 

14 <0.08 (BF) 

In some of the experiments, indigenously developed Particle Aerodynamic Size 

Separators (PASS) were used for estimating the size distributions. This was mainly to test 

their performance vis-a-vis the Andersen Impactors under high concentration conditions 

involving metallic aerosols, which are not easy to attain in laboratory studies. 

***** 
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3. E X P E R I M E N T A L S T U D I E S 

The experimental studies presented in this report were planned from the point of 

view of understanding the physical processes of coagulation and removal and their 

interaction with the physical state of the host medium. These physical mechanisms form 

the core of the aerosol behaviour computer codes. In a broad sense, the aerosol systems 

of nuclear interest may be classified as (i) dry solid particles (ii) particles in the presence 

of steam, and (iii) volatile and semi-condensible vapours. The first phase of the studies, 

being presented here, dealt with the validation of the dry aerosol behaviour through 

suitably controlled experiments. These focused on examining the spatio-temporal 

variations of the air-borne concentrations and the evolution of the size distribution and 

comparisons with the code predictions. However, before the above mentioned aspects 

could be investigated, a few preliminary runs were carried out in the test facility which 

are described below. 

3.1 Initial Pilot Experiments 

Experiments have been carried out with metal powders such as Tin, Zinc and 

Manganese. A few pilot experiments were carried out to arrive at an optimized sampling 

protocol and to gain confidence in aerosol measurements. These experiments helped in 

deciding the choice of the technique for analyzing the aerosol samples (namely, 

gravimetry or chemical analysis using Atomic Absorption Spectrometry (AAS)). The 

chemical analysis techniques were standardized based on these experiments. In addition, 

the leak proof transport of aerosols from the source of generation to the exit from the test 

vessel was ascertained via a mass balancing exercise carried out at various stages of the 

facility. 

3.1.1. Sampling Protocols 

The sampling protocols require careful considerations. Since each sample 

removes material from the air space, too many samples would interfere with the other 

removal processes in the vessel. Hence it was necessary to optimize the number of 

samples and their sampling schedules. A practically convenient sequence of sampling 
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(periodicity, flow rate and duration) were evolved so that the mean depletion rate 

expected because of sampling would be less than 5% of the removal rate expected by 

aerosol plate-ou; mechanisms. At low concentrations, the masses collected on the glass 

fibre filter paper substrates could only be analysed using appropriately calibrated 

chemical techniques. 

In general, the following protocols were adopted for all the experiments. The 

material to be aerosolized was pre-weighed and fed into the plasma torch at a feed rate of 

2-5 g/min. The aerosolised powder emerging from the torch was carried through the 

plenum chamber into the test vessel by the argon carrier gas and an additional dilution 

flow (compressed air or argon gas at a flow rate of about 100 1pm). The aerosol 

generation was continued for a period of about 15-20 minutes. During this period, grab 

samples for estimation of the total mass concentrations were taken every 2 min. from the 

plenum chamber very close to the point of aerosol entry into the vessel. This 

concentration is representative of the aerosol loading being injected into the vessel. 

The gross mass concentrations were measured at various ports present at different 

heights in the vessel. The experience with a first few runs showed near lateral uniformity 

at all times. Based on this, it was decided to restrict the subsequent measurements only at 

two heights in the vessel (Port 11 and Port 6 at 50 cms and 227 cms from the top of the 

vessel, respectively). After the generation was stopped, the mass measurement in the 

vessel at the two heights was continued at regular intervals to study the temporal 

variations till the concentration in the vessel reached almost the background levels. 

Intermittent measurements for estimation of the mass-size distribution were also carried 

out using the cascade impactors. 

3.1.2 Mass Balancing Exercise 

At the end of every experiment, a two-stage mass balancing exercise was carried 

out to ensure that the masses deposited at every stage of the facility are accounted for. 

(This was carried out for the first four experiments only.) The first stage is to compare the 

mass of powder injected into the plasma torch from the powder feeder with that deposited 

in the plenum chamber as well as that leaving it. The second stage of mass balancing was 

within the test vessel which accounts for losses due to sampling and venting, deposits in 
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the pipes and that remaining airborne at the end of the input. On the whole, masses could 

be accounted for within an accuracy of about a maximum of 15%. This error may be 

attributed to incomplete collection of powder deposits from various parts of the vessel, 

uncertainties in estimation of masses and the stoichiometry of the deposits. The vessel 

was subsequently washed with water in order to be ready for the next experimental run. 

3.2 Eeffect of turbulence on aerosol homogeneity 

As mentioned earlier, aerosol homogeneity is a crucial assumption used in the 

codes. However, it may be noted that even if the aerosols are initially rendered 

homogeneous, they may not remain so throughout, unless sufficient mixing currents and 

turbulence levels exist in airspace. Although the role of turbulence on particle deposition 

is well established, (Friedlander and Jonestone, 1957; Lai and Nazaroff, 2000; Crump 

Sienfeld, 1981 and Jonas and Bunz, 1987), there do not seem to exist many studies to 

understand the relationship between air turbulence and spatial aerosol homogeneity. 

Hence, of the eight experiments conducted, the later five experiments aimed at exploring 

this effect. Also at the same time, the role of turbulence in aiding particle deposition was 

studied. Turbulence was rendered in the test vessel by means of a small fan of diameter 

30 cms, placed inside the vessel. The experiments performed in the facility may be 

classified into two main categories based on air turbulence in the vessel, namely, under 

quiescent conditions (Expts. 4&5) and under turbulent conditions (Expts. 6-8). These are 

described along with the results obtained in the following paragraphs. 

3.2.1 Quiescent Experiments 

Expts. No. 4 and 5 carried out with Sn aerosols are representative of aerosol 

behaviour in calm environments. The results of the measurements of the gross mass 

concentrations in Expt. 4, indicated that the concentration levels at the end of aerosol 

generation obtained at the upper (Port 11 ) and the lower part (port 6) of the vessel were 

significantly different (0.36g/m 3 and 0.25 g/m 3 respectively). This implied that, it is 

difficult to achieve spatial homogeneity of aerosols by injection flow alone without 

employing stirring elements. Also, the initial inhomogeniety continues to remain so over 

long periods of time. This is depicted in Fig. 3.1. 
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Guided b) the above experiment, one would like to examine a situation in which 

the aerosols were forced to mix through a stirring element and allowed to evolve 

subsequently without this element. It would be then simpler to interpret the evolution 

through mathematical models for an initially mixed aerosols. In a subsequent experiment 

(Expt.5), a fan placed at the bottom of the vessel was run for a brief period to achieve 

initial homogenization and subsequently switched off before the temporal variations were 

studied. With this, a uniform concentration of 0.5 g/m 3 was achieved at both ports 6 and 

11 at the beginning. The subsequent airborne mass measurements in the calm 

environment carried out showed a gradual onset of differences in airborne concentrations 

at the upper and lower parts of the vessel (Fig. 3.2). The concentration in the upper part 

depleted much faster as compared to that at the lower part. This may be conceptually 

perceived in the following manner. As inferred from the size distributions measured in 

these experiments, particle removal is governed mainly by gravitational sedimentation, 

while the Brownian and turbulent diffusion deposition rates are negligible. Hence, as time 

progresses, the differential depletion profiles at the two heights of the vessel are due to 

the gradual onset of gravity-induced inhomogeneity. In view of the calm conditions 

present inside, the residual air currents were insufficient to offset the gravity effect. The 

slower depletion rate at the lower port is due to the fact that the concentration at this level 

is steadily replenished by the particles sedimenting from the upper layers until a point in 

time when the characteristic sized particle crosses the lower level. Since standard models 

are not available for explaining stratification, an analytical model has been developed and 

is presented in the next section. 

The experiments clearly indicated that the natural convective currents in the test 

vessel under ambient conditions of temperature and pressure were inadequate to maintain 

a uniform concentration of aerosols at all times in the vessel; as a result, externally 

induced means of homogenization need to be incorporated. The question remains as to 

the level of mechanical turbulence that would be sufficient to maintain all time 

homogeneity in the vessel. 
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Fig. 3 .1: Airborne concentrations at Port 6 (lower) and Port 11 (upper) 

for quiescent conditions as in Exp. 4 
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Fig. 3.2: Airborne concentrations at Port 6 (lower) and Port 11 (upper) 

for quiescent conditions as in Exp. 5 
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3.2.2 Experiments with induced turbulence 

In order to study the effect of the level of turbulence on aerosol homogeneity. 

Expts. 6, 7 and 8 (using Zinc aerosols for the former and Manganese aerosols for the 

latter two experiments) were performed at two different levels of turbulence generated by 

a fan. This external turbulence was maintained in the vessel throughout the total 

measurement period until background concentration levels were reached. In experiments 

6 and 7, the fan speed was maintained at a maximum value of 1200 rpm resulting in an 

initial uniform concentration of 0.887 g/m 3 and 0.33 g/m 3 respectively. The time 

depletion curves for the two ports, were also found to be similar in both the experiments 

(shown in Fig. 3.3 (a) and (b)) although the mean lifetime of the aerosols were about 75 

min in Expt. 6 and about 115 min in Expt. 7. The interesting aspect to be noted was that 

complete homogenization in the vessel was achieved so that the data was amenable for 

direct inter-comparisons with the code predictions. 

Expt. 8 was performed under the condition of reduced turbulence obtained by 

reducing the fan speed to 600 rpm. The initial homogeneous concentration achieved in 

the vessel at both the ports was 0.174 g/m 3. The temporal variations were followed for 

about 1400 min till the background concentrations in the vessel were reached (Fig. 3.4). 

These indicated that while the concentrations were homogeneous in the initial phase till 

about 400 min, a slight stratification was observed at later times with lower port (port 6) 

showing elevated concentrations. This again points to the role of gravity in aiding 

inhomogenity in the vessel. An overall lifetime of about 150 min. was observed in this 

experiment. 
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Fig. 3Ja: Airborne concentrations at Port 6 (lower) and Port 11 (upper) 

for turbulent conditions (fan speed 1200rpm) as in 

Exp. 6 (Peak concentration = 0.887 g/m 3) 
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Fig. 3 3 b : Airborne concentrations at Port 6 (lower) and Port 11 (upper) 

for turbulent conditions (fan speed 1200rpm) as in 

Exp. 7 (Peak concentration = 0 3 3 g/m 3) 
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Fig. 3.4: Airborne concentrations at Port 6 (lower) and Port 11 (upper) 

for turbulent conditions (fan speed 600rpm) as in 

Exp. 8 (Peak concentration » 0.174 g/m3) 
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Table 3.1 presents a summary of the operating conditions for the experiments 

carried out so far. 

Table 3 . 1 : Summary of experimental tests carried out in NATF 

Powder Power Dilution Cone, fed into { Condition 

the vessel 

Expt. 1 Sn 12KW Argon 4.88 g/m 3 Without fan 

Expt. 2 

Expt. 3 
Unsuccessful Experiments 

Expt. 4 Sn/Zn 12KW Argon 3.22 g/m 3 Quiescent conditions 

Expt. 5 Zn 12 KW Argon 1.64 g/m 3 Quiescent conditions 

Expt. 6 Zn 13.5KW Argon 3.07 g/m 3 Turbulent conditions 

fan speed = 1200rpm 

Expt. 7 Mn 13.5KW Argon 2.20 g/m 3 Turbulent conditions 

fan speed= 1200rpm 

Expt. 8 Mn 13.5KW Argon Turbulent conditions 

fan speed=600 rpm 

3 3 Size distribution measurements 

The size distribution measurements were carried out during and soon after filling 

up the vessel. The sampling durations were kept short (1-5 mins.) in early time 

measurements in order to minimize the overloading of the 8-stage impactors, and were 

increased to about 30 min. towards the late phase of the experiments when the 

concentrations in the vessel decreased by several orders. The size distributions were 

observed to be generally bimodal with one mode in the micrometer range and the other in 

the submicron range. The Mass Median Aerodynamic Diameters (MMAD) were found to 

range from 2.8 urn and Geometric Standard Deviation (GSD) of about 2. Interestingly, as 

time progressed, the changes in the size distribution parameters were found to be small. 

Specifically, the variations of the measured size distributions at progressive time 

intervals for Expt. 5-8 are presented in Fig. 3.5 (a,b,c & d). Under quiescent conditions as 
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in Expt.5, there seems to be a predominant coarse mode at around 3.0 um with a weak 

fine mode at 0.7 um (Fig. 3.5a). With increasing time, the overall concentration decreases 

as expected. Interestingly, the coarse mode shows an initial increase followed by a 

gradual decrease at later times. Conversely, the fine mode shows a gradual increasing 

trend. These trends are separately depicted in Fig.3.6a. At large times, the two modes 

seem to converge to a single mode of size 1.5 um. These patterns are a result of complex 

interactions between coagulation and removal. 

The size distributions in the presence of high turbulence seem to indicate strong 

bimodal character as shown in Figs. 3.4b&c. The MMAD variations with time show that 

while the coarse mode shows an initial increase and a subsequent decrease in Expt. 7, a 

progressive decrease is seen in Expt. 6. Although these fine differences at early times are 

not easy to explain, it appears that the coarse mode tends to decrease at large times while 

the fine mode increases. (Fig. 3.5b&c). Considering various uncertainties, it may be 

concluded that modes tend to merge to a single mode at large times. This is also borne 

out by the preliminary studies conducted with aerosol behaviour codes such as the 

NAUA MOD-5. 

In the intermediate turbulence level experiment (Exp-8), the two modes are not 

well separated and the size distribution may be considered as monomodal. (Fig. 3.4d) It 

appears that this mode remains almost stable throughout the experiment. (Fig. 3.5 a&b) 

There seems to be a dynamic balance between change in the mode size due to the 

coagulational growth and the removal processes. ' 
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Fig. 3.5a: Evolution of Zn aerosol size distribution in Exp. 5 

(Queiscent conditions, t=0 is the time when PTAG is switched oft) 
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Fig. 3.5b : Evolution of Zn aerosol size distribution in Exp. 6 

(Turbulent conditions, fan @1200rpm) 
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Fig. 3.5c : Evolution of Mn aerosol size distribution in Exp. 7 

(Turbulent conditions, fan @l200rpm) 
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Fig. 3.5d: Evolution of Mn aerosol size distribution in Exp. 8 

(Turbulent conditions, fan @600rpm) 
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Fig. 3.6a: Variation of the fine and the coarse mode MMADs with time for 

Quiescent conditions (Expt. 5) 
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Fig. 3.6b: Variation of the coarse mode M MAI)» with time 
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Fig. 3.6c: Variation of the fine mode MMADs with time 

35 



3.4 Aerosol mean life time 

In order to provide a summary index of the aerosol removal ability of the test 

vessel under a given set of experimental conditions, it may be worthwhile to introduce 

the concept of the aerosol life time. If the mass or the number decay were strictly an 

exponential process, one could obtain the mean lifetime by simple log-linear fits to the 

mass depletion data. However, since aerosol depletion involves complex non-linear 

interactions, aiding growth and abetting removal, they are not exponential processes. 

Hence, in such a situation the mean lifetime may be more generally defined as the mean 

survival time represented by the integral 

r = J-]M(t)dt 

MQ 0 

where A/o is the initial mass concentration and M(() is that at time t in the vessel. 

In general, r depends upon the initial concentration, the particle size distributions 

and the removal mechanisms. It is perceived as a useful quantity for quick decision 

making for reactor safety assessment purposes. It gives an estimate of how long the 

aerosols might remain airborne. Also, one can obtain an estimate of total mass that might 

be leaked due to vents and hence r can serve as a possible index of the containment 

behaviour of aerosols. Experimentally, it may be determined by estimating the area under 

the mass depletion curve and dividing it by the peak concentration. 

The values of r for the various experiments carried out are listed in Table 3.2. As 

may be seen that r is longest (about 350 mins.) in Expt. 5 (quiescent conditions) and is 

considerably reduced in the presence of turbulence. However, its dependence on the 

initial mass concentration is clearly evident in Expt. 6 and 7, with r being smaller for 

higher initial concentrations. It may be interesting to develop an empirical formulation 

for r in terms of the initial concentrations, the size of the particles and the containment 

parameters. 
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The results of measurements pertaining to all the experiments discussed above 

(Expt. Nos. 4-8) are summarized in Table 3.2. 

Table 3.2: Summary results of the experiments 

Expt. 
No. 

Type of 
aerosols 

Turbulence 
condition 

Initial max. 

concentration in 

the vessel 

Life time of 

aerosols in the 

vessel 

Range of 

M M A D s 

(urn) 

Range of 

GSD 

4 Sn Quiescent 0.374 g / m J 350 mins. Uni-modal 

2.8-3.4 2.0-3.2 

5 Z n Quiescent 0.523 g / m J 220 mins. Bimodal 

0.5-1.1 

1.78-4.0 

1.6-3.3 

1.8-2.0 

6 Z n High turbulence 0.887 g / m J 76 mins. Bimodal 

0.3-0.6 

2.0-4.8 

1.7-4.5 

1.5-2.8 

7 M n High turbulence 0.342 g / m J 127 mins. Bimodal 
0.36-1.1 
1.8-6.1 

1.3-2.3 

1.8-3.0 

8. M n Intermediate 

turbulence 

0.174 g / m J 169 mins. Uni-modal 

1.5-2.3 2.2-4.1 

***** 
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4. INVESTIGATION OF PARTICLE DENSITIES 

It is well known that particles formed Iron1, vapour condensation under dry 

conditions form fractal non-compact aggregates. This would hold true for the particles 

generated using the PTAG. In fact, a visual and microscopic inspection of the particles 

collected from wall deposits indicated that they are highly porous and possess a ramified 

structure. This is clearly seen in the SEM micrographs of Zn aerosols shown in Fig. 4.1. 

Fig. 4.1: SEM micrographs of Zn aerosols produced using PTAG 

A knowledge of the effective density of the particles is required for obtaining the 

measured mass concentrations. Earlier investigators (Kutz and Schmidt-Ott, 1993; 

Schmidt-Ott and Wustenberg,, 1995; Bronec et al., 1999) have proposed methods based 

on mobility sizers and cascade impactors to determine fractal dimensions and particle 

densities. To this end, a methodology was evolved (Sapra et al. 2002b) based on the 

simultaneous measurements of mass and number size distributions using a Quartz Crystal 

number concentrations (to be input into standard codes for aerosol behaviour) from the 

38 



Cascade Impactor (QCM-CI) and Optical Particle Counter (OPC). which is described in 

detail in the following section. A few experiments were conducted to determine the in-

situ density of the particles and the fractal dimensions. In order to avoid overloading of 

these instruments, sampling was carried out from the vessel when the aerosol 

concentrations were rather low (- 1 mg/m 3). 

4.1 Theoretical Formulation 

Let the aerosol particles, characterized by a fractal dimension / be made up of 

primary particles of diameter d0 and density po. The mass m(d) and the density p\d) of a 

particle of geometrical diameter d is given by (d>d0) 

m(d) = B.df and p(d) = {tBIn)df~~l where,B = {tt/6)p0di
0'/ (4.1) 

The Optical Particle Counter determines the number size distribution fiN/bd) with 

respect to the optical diameter, which may be taken as d itself. On the other hand, the 

cascade impactors yield the mass-size distribution (6M/6da) with respect to the 

aerodynamic diameter da which may be related to d through the standard relationships. 

From this, (bMlbda) may be expressed in terms of 6N/bd as follows: 

SM ...SN 5d IB r ..rJ^XjV^SN 

W.-^-â-W.'T^'-1^ k ! » <4'2) 

where, p, is the standard density with respect to which the impactor is calibrated. We 

now fit power-law distributions for the observed number and mass size distributions in 

the form 

^ - A T > and ^ = Cda~v (4.3) 
Sd Sda

 a v ' 

where A , C, ß and v are the parameters obtained through the fits. Eqs. (4.2) and (4.3) 

may be shown to yield 

C = [2AB/(/-\)lxpt 16Bf/+,-flW-» and v = (2ß-f-3)/{f -1) (4.4) 

Eq.(4.4) may be used to obtain the fractal dimension / and the density related 

parameter B. 
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4.2 Experiments and Results 

Experiments were conducted in the laboratory using two types of aerosols, viz., 

(i) ambient room aerosols, (ii) incense stick smoke aerosols and in the NATF veseel 

using (iii) metal (Tin) aggregate aerosols. Number concentrations were monitored using 

the optical counter (PMS, LASAIR 1001) having 8 size intervals ranging from 0.1 -2.0 

urn. Mass measurements were carried out using Quartz Crystal Microbalance Cascade 

Impactor (QCMCI, California Instruments) having 10 aerodynamic size intervals ranging 

from 0.05-25 um. The data were fitted to power-laws and the coefficients A, C, v and ß 

were extracted as shown in Figs 4.2 and 4.3 for mass and number concentrations 

respectively. The fractal dimensions and the density parameters were calculated for each 

of the cases. The results are shown in Table 4.1. 

Table 4.1: Variation of estimated density of particles with size 

Particle density (g/cc) for 

Optical diameter Room Incense stick Metal 

(um) Aerosols aerosols Aggregates 

0.2 2.0 1.4 2.7 

0.5 1.2 1.1 0.7 

1.0 0.9 0.9 0.3 

Fractal dimension 2.5 2.7 1.6 

As seen from Table 4.1, the incense stick-smoke and room aerosols yield fractal 

dimensions of 2.7 and 2.5 respectively indicating nearly compact structures. In contrast, 

the metal aggregates showed low fractal dimension (1.6) and hence a rapid decrease of 

densities with increasing size. This is as expected from the cluster-cluster aggregation 

models generally employed to describe metal aerosol coagulation. 
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Fig. 4.2: Power law fits to the mass size distribution of aerosols 

as measured by QCM-CI 
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Fig. 43: Power law fits to the number size distribution of aerosols 

as measured by OPC 
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The fractal dimension estimates of about 1.6 confirmed the known fact that the 

agglomerates were highly porous objects. Since it is expected that the plasma torch 

generated aerosols could carry substantial bipolar charges, it is likely that this has added 

to the ramification of the growing particles. The particle densities were found to decrease 

rapidly with increasing size. In the range of 0.2-2 urn, the densities decreased from a 

value of 2.7 g/cc-0.1 g/cc. These results give an insight into the realistic particle densities 

to be used as inputs in the computer codes for aerosol behaviour. 

***** 
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5. GRAVITY-INDUCED STRATIFICATION M O D E L 

A quantitative interpretation of the observed results (Expts.4 and 5) of 

stratification under quiescent conditions are complicated by the fact that aerosol 

coagulation and evolution occurs in air space under the condition of spatial non-

uniformity. There are no standard codes to handle this situation and the problem requires 

a separate theoretical treatment. 

When aerosols are injected into large volumes, a basic question concerns the 

extent to which aerosols in the vessel would remain homogeneously mixed at all times. 

To understand this, experiments were conducted under quiescent atmosphere conditions 

on one hand (Expt. 4 and 5) and turbulent conditions (Expts. 6,7 and 8) achieved with a 

fan kept fully rotating throughout the experiment, on the other. The latter experiment 

indicated uniform mixing and will not be discussed in this study. In contrast, in the 

quiescent condition experiments, the mass concentrations monitored at the lower 

sampling port of the vessel showed far longer aerosol lifetimes as compared to a more 

rapid decay observed in the upper port (Fig. 3.1 and 3.2). This onset of stratification is 

brought about by the action of gravitational settling of aerosols in bulk air space. 

The observed results cannot be explained by the commonly used codes, such as 

NAUA-5, which are based on the assumption of a spatially homogeneous aerosol 

(Beonio-Broccheieri et ai, 1988) at all times. Hence, a model has been developed by 

explicitly including gravity-induced inhomogeneity in the bulk air space in addition to 

coagulation, for polydisperse aerosols (Mayya et al., 2002). 

5.1 Mathematical description of the model 

In the quiescent air approximation, bulk diffusion induced by turbulence as well 

as losses of particles to the top and side walls, may be set to zero. Considering only 

coagulation and gravity-induced drift, the evolution of the aerosol may be given by 

(Drake, 1972): 
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(5.1) 

where 

\ = (4n/3) (raWp)s, is the volume of particles related to the aerodynamic radius ra , 

rt(x,v,f)=number concentration of particles at point (x,t) between volumes v and v+dv, 

K(v,v')=coagulation kernel, 

J /

g(v)= k ra

2 - c. v 2 7 3 is the gravitational settling velocity where 

We prescribe an initially homogeneous aerosol, i.e. 

n(x,v ( 0)=«og(v) 

where, g(v), normalized to unity, is the number concentration distribution function in 

volume variable v, and n0 is the total number of particles per cc. 

If gravity induced drift were to be the only operating mechanism, the given 

polydisperse aerosol would have evolved according to the formula 

where H(z) is the Heaviside function, defined as 

H(z) = 0 forz<0and 

=1 for z>0. 

Then the fraction of the total airborne mass M ( J C , / ) assumed to be proportional to 

the total air borne particle volume, may be given by 

where, #\X.x/kt)V2 ) is the fractional cumulative initial mass for the radius lying between 

0<ra<(xlkt)m. 

Eq.(5.3) implies that with only gravitational settling, the observed M{x,t) should 

be identical to the cumulative mass (as measured by a cascade impactor) below an 

aerodynamic radius of (x/kt)u2. That is, the mass depletion is tantamount to a gradual 

c = (2pg /9r / ) (3 / 4 ; r ) 2 / 3 and k=(2g/9rj) (/p=particle density, r/=air viscosity). 

i (x ,v ,O = n 0 g ( v ) - t f ( * - ^ ( v ) r ) (5.2) 
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unfolding of the mass-size spectrum. Then the temporal mass decay patterns at the two 

ports collapse into a single curve with scaled time t, (= t/x). However, experiments 

showed a perceptibly faster decay at the lower port as compared to the upper port which 

may be explained by adding the coagulation term as a weak modifier over and above the 

settling aerosol. Mathematically, it is equivalent to the ansatz 

r j (x ,v , / ) * n0g(x,\j).z(x,t) (5.4) 

Upon substituting this and integrating over all v, the coagulation factor x(x>0 satisfies the 

nonlinear, first order, partial differential equation 

* , ( x / / ) ^ = / c 2 ( W 0 ^ - ^ ( * / / ) , 
Ot OX 

(5.5) 

where, R\(x/t\ R2(x/t) and R3(x/t) are the integrals of g(v), -(\I2)K(\,V) g(v)g(v') and 

Vg(v) g(v) between v,v'= 0 and (xlctfn. Through a series of transformations one can 

solve the above equation in the form of a quadrature. We obtain 
- i - i 

i+x.il4-
x[ V , 

Ï ( A 

) I ' J 
1 

RAu)du (5.6) 

5.2 RESULTS AND DISCUSSIONS 

The gross mass decay curves at the two ports are shown in Fig.5.1. These are 

replotted w.r.t. their respective scaled times (ts) and shown in Fig. 5.2. In the latter, the 

curve for the upper port is above that for the lower port, thereby indicating a higher effect 

of coagulation at the lower port. 

The size distributions generated by the 8-stage cascade impactor were used to 

estimate the coagulation correction factors at the two ports. As seen from Eq.(5.6), this 

factor is larger at larger depths. The cumulative mass fractions, when multiplied by these 

factors for the two ports (Fig. 5.2), are seen to follow the observed decay curves fairly 

well. Thus, aerosol mass fractions surviving at different heights in quiescent air can be 

uniquely related from theory to the coagulation corrected cumulative mass-size 

distribution functions through the concept of scaled times. 
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Fig. 5.1: Observed variation of mass concentration with real time 

(Port 11: 50 cm from top of vessel; Port 6: 227 cm from top of vessel) 
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Fig.5.2: Comparison between experimental and theoretical estimations 

A: Experimental: port 11; A': Theoretical: port 11 

B: Experimental: port 6 ; B': Theoretical: port 6 
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In the inhomogeneous aerosol conditions, two-port measurements are insufficient 

to estimate the total suspended airborne mass. This can only be carried out by using 

theoretical profile for interpolating the concentration with height using the two-port data 

The above theory is used to carry out this validation. The variation of the mean 

concentration (total suspended mass divided by the volume of the vessel) estimated in 

this manner is shown in Fig. 5.3 for Expt. 5. 

Although not within the scope of this report, a brief mention of the comparison of 

the mean concentration estimated as above with that of the predictions of the N A U A 

M O D 5 code may be made. This is depicted in Fig. 5.4. As may be seen the two curves 

follow each other very closely, excepting at large times where deviations begin to grow. 

The possible cause for these deviations could be the uncertainties in the measured data as 

during this time, the concentrations are almost close to the background ambient levels. 

This agreement provides an additional support to the overall validity of the stratification 

model. 

Jckickic 
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Fig. 5 3 : Time variation of the mean concentration estimated from the two port 

data using the stratification model 
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Fig. 5.4: Comparison between the estimated mean concentration and that predicted 

by the NAUA-MOD 5 code. 
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6. SCOPE FOR F U T U R E W O R K 

An aerosol test facility has been built and operated at the Bhabha Atomic 

Research Centre for carrying out nuclear aerosol behaviour studies from the point of view 

of validating the aerosol codes used in the context of nuclear reactor accidents. Several 

experimental runs have been carried out in this facility. The results of these experiments 

are clearly indicative of the fact that the assumption of homogeneity of aerosol 

concentrations inherent in all codes is not valid at all times, especially under low 

turbulence conditions. In the initial phase of a reactor accident, the aerosols in the 

containment will be well mixed due to convective processes induced by high 

temperatures as a result of core-melt down processes. However, as time progresses, the 

intensity of these processes would begin to subside as the temperature of the containment 

begins to approach ambient temperature. Also, there is no possibility of any other 

external agent causing turbulence in the containment. Although aerosol concentrations 

would be low at late times, they could still be sufficient to be of concern in the event of a 

subsequent containment breach. Hence, it may be necessary to modify the codes to 

incorporate this effect arising out of concentration inhomogeneity and gain confidence in 

their ability to predict aerosol concentrations. 

The experiments carried out with a rotating fan provide valuable data for 

validating different codes. An important aspect of the present study is that it is capable of 

providing mechanistic basis for the various parameters inherent in these codes. It is a 

common knowledge that in the absence of the mechanistic basis a system of parameters 

can always be tuned so as to agree with a given set of experiments. The choice of one 

code against another should be made depending on which of them predicts best for the 

realistic system of parameters. This exercise is now currently underway with respect to 

N A U A M O D 5 code and the ASTEC code. Initial indications are that the predictions of 

the N A U A M O D 5 code deviate considerably from the results of the turbulent condition 

experiments while the ASTEC code predictions are not too far off from the same. 

However, a conclusive statements can only be made after examining the performance of 

the two codes vis-à-vis the details of all the measured quantities such as the wall loss 

rates, evolution of size distributions and the mass depletion rates. 
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The focus of the future experiments in the facility includes the validation of the 

codes that account for aerosol removal by condensation (i.e., in the presence of steam) 

and by bubbling through suppression pools. Modification of the facility to carry out these 

experiments are in progress. Experiments to test the performance of various filtration 

elements and spray systems also need to be carried out. Also, it is intended that the 

facility be made available for studying several basic aspects connected with the evolution 

of high concentration aerosols, chief among them being the effect of the structure of the 

particles and the effect of electrical processes on the removal characteristics. These 

studies have the potential o f making important contribution to our understanding of how 

nuclear aerosols behave in confined environments. 

***** 
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