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SUMMARY

On completion of the phase of participation in the intemational nuclear safety project
LACE (LWR Aerosol Containment Experiments), an in-house experimental project
was initiated within the framework of the activities undertaken in 1987 by the LACE-
ESPAÑA Consortium, sponsored by the Ministerio de Industria Comercio y Turismo,
with participation by the following organizations: CIEMAT, CSN, ENUSA,
TECNATOM, UNESA and UPM.

The programme consisted of a matrix of eleven experiments on aerosol retention
behaviour in submerged beds and suppression pools in water-cooled reactors under
severe accident conditions. For performance of these experiments an intermedíate
scale, multi-purpose facility was set up at the CIEMAT installations.

The facility - includes various systems: aerosol generation (Csl), mixing section,
injection line and pool vessel (8 m3), as well as the corresponding aerosol
instrumentation and a process control and data acquisition system.

The eleven experiments were successfully carried out between October 1991 and July
1992, the main thermalhydraulic magnitudes being reproduced and correct operation
of the aerosol instrumentation being achieved.

The decontamination factor valúes obtained demónstrate the retention capacity of the
pools for a series of different scenarios and conditions: particle size, single and
múltiple orifice injectors and different bubble, jet and steam fraction regimes.

The work was carried out by CIEMAT within the framework of the aforementioned
Consortium.

The datábase obtained may contribute to validation of retention models and codes
(SPARC and BUSCA), this activity being carried out within the Consortium by the
Polytechnic University of Madrid (UPM).
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1. INTRODUCTION

The LACE-ESPAÑA experimental Project is part of the activities initiated in 1987 by

a Spanish Consortium, promoted by the Ministerio de Industria, Comercio y Turismo

and including the following organizations: CIEMAT, CSN, ENUSA, TECNATOM,

UNESA and UPM, the aim being to carry out analytical and experimental studies of

the behaviour of aerosols under severe accident conditions in nuclear power plants.

On completion of the phase of participation in the international LACE programme

(LWR Aerosol Containment Experiments), in-house studies were undertaken with a

view to establishing an experimental plan on aerosol retention phenomena in water-

cooled reactor submerged beds and suppression pools. In order to address this

programme, a multi-purpose, intermedíate scale facility was designed and built at

CIEMAT, this having allowed the experiments to be carried out.

The objective of this document is to present in detail both the contents and results of

this experimental programme. To this end, the document is structured in three parts:

the first'includes a description of the facility, its systems and instrumentation; the

second describes the procedures drawn up for performance of the experiments, with

the operational sequence and measures; finally, the third part presents the

experimental results obtained, along with a discussion and the conclusions drawn.

This work has been carried out by CIEMAT within the framework of the Consortium.

The decontamination factor valúes obtained from the eleven experiments provide a

new datábase covering a wide range of conditions, which may contribute towards

validation and enhancement of the calculation tools developed for the study of

retention phenomena in pools and submerged beds, these being of the utmost

importance for estimation of the source term.
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2. EXPERIMENTAL QB.TECTIVES AND SPECIFICATIONS

2.1 Objectives of the retention experiments

The general objective of these experiments is to determine the overall decontamination

factor (DF) exercised by suppression pools for soluble aerosols of cesium idiode, Csl

[1]. The specific objectives are as follows:

To study the influence of the volumetric ratio (non-condensables/steam) on

Jhe DF.

To study the influence of the size of the aerosol on the DF.

To study the influence of injection rate (bubble or jet) on the DF.

To check models and correlations for the formation, ascent and rupture of

bubbles generated by discharge via a single orifice injector.

- ' To correlate the results obtained using single and múltiple orífice injectors,

taking into consideration the hydrodynamic differences generated by both

discharges.

To compare the experimental results with those calculated using the

available codes.

The ultimate aim of these studies is to contribute towards improving existing models

and correlations and to develop other, new models and correlations allowing

uncertainties to be reduced in this área.

With a view to accomplishing these objectives, a test matrix contemplating the

variables having the greatest influence on the decontamination process was configured.
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2.2 Obiectives of the facilitv

The LACE-ESPAÑA Project experimental facility was designed fundamentally as a

multi-purpose experimental testbench for work relating to containment. Due to its

design and equipment, the facility provides the versatility required for small and

medium-scale research projects in the following áreas:

Activities relating to the development and refinement of techniques

associated with aerosol generation and characterization.

The formation of simulated accidental aerosol/non-condensable gas/steam

mixtures.

Studies of transport and retention in piping and elbows, with simulation of

reléase paths.

Study of aerosol reten tion in submerged paths.

Studies of aerosol behaviour in condensing atmospheres.

Studies of interactions between aerosols and fission products.

Evaluation of containment venting and filtration systems.

Validation of models by way of sepárate effects experiences.

2.3 Specifications of the experiments

Bearing in mind that the objective of these experiments is the study of the

decontamination factor exercised by pressure suppression pools in BWR type reactors
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under severe accident conditions, the specifications of the experiments consist of a

grouping of a series of injection system and pool geometric and thermalhydraulic

parameters, along with the characteristics of the non-condensable gas/aerosol/steam

mixture.

The specifications of the retention experiments [2] aróse as a result of the

bibliographical studies carried out in order to define the scenario [3], with regard to

the degree of uncertainty existing as to the parameters exercising the greatest influence

on theoretical aerosol retention models, and of the conditions imposed by

dimensioning of the experimental facility; following regrouping on the basis of the

main variables, these specifications gave rise to a proposal for eleven experiments, as

shown in Table 1.

2.3.1 Fbced parameters

The fixed parameters common to all the experiments are Usted below, taking into

account the geometrical, thermalhydraulic and physicochemical aspects affecting the

pool and the non-condensable gas/aerosol/steam mixture.

Vessel-pool

Total height of the vessel-pool 5.0 m

Diameter 1.5 m

Pool water Ultrapure, 18 megohms.cm

Volume of water 5.0 m3

Pool water depth 3.0 m

Pool temperature 110 °C

Volume of the atmosphere 3.1 m3

Composition of the atmosphere Nitrogen N-52

Pressure of the atmosphere 3 bar-abs
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Saturation ratio (3 bar, 110 ° C)

Injection depth

Discharge position

0.475

2.5 m

Horizontal

Iniection mixture

Composition of the mixture

Injection temperature

Type of aerosol

Aerosol density

Injection time

Type of non-condensable gas in the

mixture and entrained

Steam

Non-condensable gas/Aerosol/Steam

150 °C

Soluble, Cesium Iodide (Csl)

4.5 g/cc

1 hour

Nitrogen (N-52)

Superheated

2.3.2 Variable parameters

The variable parameters are listed below, along with other geometric data.

Expected particle size

Steam fraction

Mixture flow

Discharge regime

Discharge geometry

2.0 ¡xm and 0.3 ¡xm (AMMD)

0.1, 0.3, 0.6, 0.9

400-3600 x 10-6 m3/s

Bubble, jet

Single orífice, 10 mm

Múltiple orífice, 3x3
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3. DESCRIPTION OF THE FACILITY

The LACE-ESPAÑA Project facility was designed and constructed at CIEMAT; it is

located in the south wing of Building 36 and is operated by the personnel of the

Instituto de Tecnología Nuclear.

The design of the facility was based on previous studies and calculations of accident

sequences affecting BWR type reactors [3]. These studies provided information on

the ranges of variation of the most significant parameters for definition of the

scenario. _Also taken into account were the conditions and results of small and

medium-scale expenments relating to hydrodynamic studies and the generation and

characterization of aerosols [4-10].

The facility is made up of a series of major sections forming a circuit: aerosol

generation system, mixing section, injection Une and vessel-pool. It includes also a

series of auxiliary systems: gas supply, steam generator, auxiliary gas scrubbing

system, water clean-up systems and chemical analysis systems. Figures 1 and 2

include a schematic diagram of the general layout of the different systems making up

the facility, and a general view of the facility itself.

The process instrumentation includes a wide range of temperature, pressure and flow

measuring sensors. The facility also includes specific instrumentation for the

characterization of aerosols, with on-line equipment backed by discontinuous

sampling.

The facility is equipped with a process control system providing centralized

supervisión of the plant, actuation on certain control loops and data acquisition (DAS).

Figure 3 shows an isometric diagram of the facility. The geometrie characteristics of

the major systems are included in Tables 2 to 4.



3.1 Fundamental systems

3.1.1 Aerosol generation system

The aerosol is generated by the vaporization-condensation method. The soluble

aerosol used was cesium iodide (Csl), due to its being representative of accident

situations, while the non-condensable gas was nitrogen (N2). The generation process

required the performance of laboratory-scale support experiments prior to system

design, during which the following were tested: N2 heaters, vaporization

chamber/oven and nucleation chamber.

The non-condensable gas chosen for the mixture is used in the aerosol generation

system as a carrier, and has to be heated considerably prior to injection in the

vaporization chamber. Two N2 heaters are used for this purpose, depending on the

flow. These two heaters are cylindrical stainless steel units with an eléctrica!

resistance in their lower part. The first has a heating power of 0.9 kW and the

second 6 kW. High purity (N-52) nitrogen flow is controlled by a mass flow meter,

with an estimated output pressure of 3.0-3.5 bar and an output temperature of 500-600

°C. Thé heater outlet line is heated by an auxiliary resistance and suitably insulated

to maintain the aforementioned temperature.

The Csl is heated and evaporated in a resistance oven fitted with a ceramic tube

measuring 1000 mm in length and 100 in internal diameter, with a heating power of

6.6 kW; temperatures of around 1,200 °C may be reached if necessary.

Various preliminary experimental studies were carried out in order to design the

vaporization chamber located inside this ceramic tube. The chamber used for the

single orífice experiments includes a single tube of refractory steel measuring 25 mm

internal diameter and 1,200 mm in length. In the case of the múltiple orífice

experiment, the chamber is a tube bundle containing 5 tubes of the same

characteristics and dimensions as described above, held together by tubesheets and
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corresponding coupling flanges. The ceramic Csl crucibles are located inside these

chambers. The process is initiated with melting of the compound at 624 °C,

continuous evaporation at 820 °C and sweeping with the carrier gas [11-13].

Theoretical studies were carried out using the RAFT code with a view to gaining

insight into the nucleation process and to predicting particle size [14]. On the basis of

these calculations two different nucleation chambers were designed, one (NC-1) for

particles of 0.3 ¡xm in diameter and the other (NC-2) for particles measuring 2.0 ¡xm.

Both were constructed of stainless steel. The first of these chambers has an internal

diameter of 14 mm and a total length of 168 mm, while the second has an internal

diameter of 267 mm and a total length of 1,007 mm.

In order to confirm the formation of cesium iodide particles, a fraction of the carrier

gas is extracted at the outlet of the nucleation chamber by means of a closed system

which includes exposed coupons of stainless steel; these are subsequently examined by

means of electrón microscopy techniques.

3.1.2 Heat exchanger

Given that the injection temperature is 150 °C and that the particles leave the

nucleation chamber at a temperature of 600 °C, a heat exchanger is required upstream

of the mixing section. Two heat exchangers of different dimensions were designed for

this purpose.

The aerosol and carrier gas arriving from the heat exchanger are mixed with suitable

fractions of steam and additional nitrogen in the mixing section, giving rise to the

accident mixture. The steam injected in this section must be slightly superheated in

order to avoid the potential for condensation; for this purpose a reheater is installed at

the outlet of the boiler, regulated to 170 °C.
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3.1.3 ínjection line

Once the desired mixture has been achieved, it is transported to the vessel-pool via the

Ínjection line. At the beginning of this line there is a flowmeter which measures total

flow prior to Ínjection. Downstream of this device is an on-line particle analyzer,

located cióse to the point of discharge, the aim of which is to determine particle size

distribution and numeric concentration.

This line is equipped with an air-operated control valve operating on the pressure

difieren tial between the Ínjection line and the atmosphere of the vessel, as a result of

which it is possible to control Ínjection. Given that the pool is pressurized to 3.0 bar,

a slightly higher pressure is required in the Ínjection line. A complementary control

valve is located cióse to the point of Ínjection, this allowing flow to be diverted to the

auxiliary gas scrubbing system if pressure conditions are inadequate.

Downstream of the main control valve is a final length of line which reaches the

centre of the vessel and is joined to the injector. The diameter of this line decreases

progressively from 25.4 mm to the 10.0 mm of the Ínjection tube, finishing in the

discharge orífice. In one of the experimental matrix tests, this type of injector, known

as the single orífice injector, is replaced by a discharge system comprising nine

orífices measuring 10.0 mm in diameter in a 3x3 configuration, known as the múltiple

orífice injector. The entire Ínjection line is made of stainless steel (Fig. 4).

3.1.4 Vessel-Pool

The vessel-pool, the facility's multi-purpose system, was designed to incorpórate the

highest degree possible of flexibility, with a view to allowing containment simulation

expenences to be accomplished with both suppression pools and submerged lines and

closed atmospheres.
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The unit is a vertical cylinder with upper and lower hemispherical heads, measuring

502.6 cm in height and 148.0 cm in internal diameter. It was designed to opérate

under extreme pressure and temperature conditions, of 3.5 Kg/cm2 and 140 °C

respectively, and is constructed of stainless steel, the vessel wall measuring 8.0 mm in

thickness throughout (Fig. 5 and 6).

In order to allow hydrodynamic phenomena to be studied, 26 viewing glasses were

installed in the vessel, these making visual observation and image acquisition possible

during test performance.

In addition to the process instrumentation, the vessel is equipped with specific, on-line

instrumentation for the characterization of non-retained aerosols located in the free

volume of the vessel.

3.2 Auxiliary systems

3.2.1 Water purification system

The water used in the vessel and auxiliary retention system is ultrapure (reactive

grade), in order to avoid interference in chemical analysis of the samples extracted.

In this respect the water is treated by means of a two-stage (Millipore) purification

system. In the first of these stages, and following an initial treatment process of

reverse osmosis, the water produced is stored in polyethylene tanks, while in the

second the remaining organic and inorganic impurities are eliminated. This final

treatment is accomplished shortly before the water is used in the experiment, in order

to prevent its becoming impure or contaminated.

3.2.2 Steam generation system

Steam production is accomplished by means of a stainless steel boiler measuring 600
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mm in diameter and 1,000 mm in length, and equipped with three groups of heating

resistances allowing steam generation to be varied. The steam exits this unit at a

temperature of 139 °C and a pressure of 3.6 bar, and is superheated at the outlet to

150 °C for injection into the mixing section.

3.2.3 Auxiliary retention system

This system was designed for gas scrubbing, with aerosol retention by the venturi

effect; the submerged bed has a capacity of 0.5 m3 and is filled with ultrapure water

which is recirculated and cooled during the process. This equipment is connected to

the upper head of the vessel-pool and allows pool atmosphere venting operations to be

carried out during the experiment.

3.2.4 Gas supply system

The high purity nitrogen (N52, 99.9992%) is supplied from a battery of six

pressurized bottles located in an adjacent installation. The system is equipped with

Ínstrumentation for reduction and regulation of the inlet pressure to the plant panel,

where there are three mass flow meters used depending on the required flow.

3.2.5 Sampling and chemical control system

Throughout the test period, pH and conductivity are continuously determined via a

sample conditioning panel equipped with a pH electrode and conductivity cell.
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3.2.6 Additional nitrogen

The N2 carrier gas flow used for the aerosol generation system, for the preestablished

flow rate of 0.6 mg/s, is always the same: 10% of the total mixture. In those matrix

cases in which the fraction of non-condensable gases is greater than 10%, the

additional N2 is injected into the mixing section after having been heated to 150 °C in

a tubular oven.

3.2.7 -Auxiüary heating

The piping, vessel and other parts of the facility in contact with the aerosol and

mixture, which must be maintained at high temperatures during testing, are equipped

with individual heating units, controlled from the data acquisition system (DAS). All

the heated lines and systems incorpórate appropnate thermal insulation.

3.2.8 SampHng panels

In order to determine the mass concentration of aerosol and the ratio between the non-

condensable gases and steam, two sampling panels were designed, one portable and

located on the injection line and the other fixed on the venting line at the vessel outlet.

These panels consist of a high pressure, stainless steel filter holder, into which is

installed a fibre-glass filter. At the outlet of this device is a water-cooled heat

exchanger in which the steam is condensed, and two variable área flowmeters for

measurement of the fraction of N2.

Two types of samples are taken using this panel, which is located on the injection

line, one by means of the filter-holding device and the other with the cascade

impactor.
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The filters installed in the sampling panels allow the mass concentration of partióles to

be determined. In view of the test conditions, fibre-glass filters were used. Figure 7

shows a schematic diagram of the sampling stations.

3.3 Instrumentation

Instrumentación is included on all of the lines and equipment of the facility for

measurement of temperatures, flows and pressures, as well as all the variables of

interest as regards control of the experiments. The Figure 6 includes a detailed

diagram of the pool and systems.

3.3.1 Temperature measurement

Temperature measurements are made by means of chromel-alumel (ANSÍ Type K)

thermocouples (TC) and Pt-100 resistance temperature detectors (RTD), the signáis

from which are sent for recording to the DAS. The number and location of these

thermocouples and resistance temperature detectors are shown in Table 5.

Temperature measurements are completed by several dial thermometers located on the

vent and gas outlet lines.

3.3.2 Pressure measurement

Most pressure measurements are accomplished by means of pressure transducers and

are recorded by the DAS. These transducers measure the absolute pressure in the

vessel atmosphere, the carrier gas line, the steam line, the mixing section and the

injection line. Injection of the mixture is controlled by measurements of the

differential pressure between the injection line and the atmosphere of the vessel..-.
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3.3.3 Flow measurement

UCAR mass flowmeters were used to measure the nitrogen flows in the aerosol

generation line, the mixing section and the vessel vent Une. Measurement of the

flows of steam and of the mixture to be injected into the pool were accomplished

using orífice plates. Variable área flowmeters were also used for the sampling panels.

3.4 Aerosol characterization instrumentation

Specific instrumentation is installed for characterization of the aerosol to be injected

into the pool. The main parameters to be determined are: particle size distribution,

numeric and mass concentration of aerosols, particle shape and chemical composition.

For this purpose the different instruments and associated methodologies described

below are used.

3.4.1 Particle size optical analyzer

A particle size optical analyzer (POLYTEC HC-15) was used to determine particle

size distribution. This device has two optical heads and a control unit. One of the

heads is located on the injection line, the other being installed on the vent line [16].

The method used by the instrument for measuring is based on the amount of light

dispersed by a particle, this depending on its size. The instrument allows relatively

high concentrations (105 particles/cm3) and size ranges from 0.3 ¿¿m to 20.0 (¿m to be

studied, and has been used for on-line measurements, even at 150 °C and 3 bar.
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3.4.2 Cascade impactor

A cascade impactor located between the isokinetic sampling line and the sampling

panel makes it possible to measure mass concentrations and particle distribution. The

unit in question is a 10-stage impactor allowing sequential separation of particles to be

accomplished, on the basis of inertial effects, in the range 0.1 ^m to 60.0 ¿¿m.

3.4.3 Electron microscopy/image analyzer

Determination of the geometric size of the particles by scanning electrón microscopy

(SEM) is a widely used support technique. The photographs obtained are processed

by means of an image analyzer, allowing the following magnitudes to be determined:

particle diameter, X and Y axis projections, perimeter and particle shape factor.

The samples used for microscopy are stainless steel coupons which are exposed to a

current of the aerosol mixture. Electron microscopy also provides an elementary

analysis of the components of the aerosol prior to injection of the steam and additional

nitrogen.

3.5 Data acquisitlon system (DAS)

Most of the experimental measurements are performed by in-line instrumentation,

including thermocouples, resistance detectors, pressure transducers, flowmeters, etc.

The outputs from these sensors are channelled to the DAS (UNIVOX, FISHER

CONTROLS), which is capable of accepting up to 256 signáis, these being recorded

or sent to a computer for subsequent analysis.

Another of the functions of the DAS is automatic control during performance of the

experiments. This control includes the most critical process systems and certain of the

facility's loops, automatic valves and auxiliary heating system.
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4. EXPERIMENTAL PROCEDURES

This Chapter includes the specifications and procedures drawn up for performance of

the eleven experiments, and for evaluation of the corresponding results.

4.1 Pre-testing operations

4.1.1 General preparation of the facility

The activities carried out prior to performance of the experiments are as follows:

Cleaning of piping, vessel and auxiliary retention system.

Flushing with ultrapure water and sweeping with ultrafiltered dry air.

Checking of seáis and coupling systems and leak testing.

- ' Nitrogen scrubbing and injection line pressurization.

Checking of vessel and piping heating systems.

Checking of instrumentation and auxiliary equipment.

Checking of control and data collection system.

Checking of sampling, leak-tightness, conduct heating and system cooling

equipment.

Coupling of the lighting and imaging system.
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Assembly of the aerosol characterization equipment.

Preparation of the operating procedure depending on the test to be

performed.

Training of personnel in assigned áreas.

4.1.2 Operational phases of the different systems

On completion of the general facility preparation phase, a series of sequential

activities is initiated, the aim being to take the facility to experimental conditions.

These activities are as follows:

Pool filling: Filling of the pool with ultrapure water and simultaneous

final treatment of water. Water level as final condition: 2.91 m.

Pool heating (Stage 1): Heating of water at atmospheric pressure.

Water temperature as final condition: 90 °C.

Pool pressurization: Presurization of pool to test pressure using

Nitrogen N52. Pressure in the atmosphere as final condition: 3 bar.

Pool heating (Stage 2): Heating of water to test temperature. Water

temperature as final condition: 110 °C.

Loading of oven: Insertion of powdered Csl crucibles in oven, with

elimination of oxygen by Nitrogen ( N52) sweeping. Oven

atmosphere and Csl mass as final conditions: Nitrogen and 18 grams

in 4 crucibles.
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Carrier gas heating : Heating of carrier gas and auxiliary Nitrogen

(when necessary) until test temperature of the mixture is obtained.

Carrier gas temperature as final condition: 600 °C.

Heating of vaporization oven: Heating of oven to a temperature

suitable for Csl evaporation. Chamber internal temperature as final

condition: 820 °C.

Steam generation and reheating. Generation of the saturated steam

flow required to achieve the test fraction of non-condensable gases

and reheating of this steam to 150 °C.

Heating of piping and sections: Heating of the nucleation, mixing,

injection and sampling (main line) systems and of the atmosphere to

experiment temperature. Injection section temperature as final

condition: 150 °C

4.2 Performance of experiments

4.2.1 General boundary conditions

On conclusión of the preliminary operational phase, the general conditions of the

systems are as follows:

Carrier gas: The tempearture should be 600 °C, the pressure: 3.8 bar abs. and the

flow: 40 cm3/s at 150 °C and 3 bar.

Vaporization chamber: The temperature in chamber should be 820 °C.

Nucleation chamber: The overall temperature should be 820°C.
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Transport and mixing Une: The wall temperature should be 150 °C.

Steam generation: The boiler temperature should be in the 140 °C saturated steam

production mode with P= 3.6 bar absolute and the steam reheater regulated at 170 °C

with superheated steam outlet at 150 °C.

Injection Une: The wall temperature should be 150 °C and the line must be

pressurized with Nitrogen (3.25 bar abs.)

Vessel-pool: The water level should be 3 metres, the water temperature 110 °C and

the pressure in the atmosphere 3 bar abs.

Auxiliary retention system: It should be with 70% of capacity and the system heat

exchanger in operation with mains water circulation.

4.2.2 Experiment time schedule

The sequence of operations to be carried out during performance of the experiments is

indicated below.
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APPROX. TIME

-15 min.

-14 min.

0 min.

5 min.

9 min.

10 min.

10 min.

10 min.

35 min.

36 min.

40 min.

42 min.

50 min.

• 50 min.

52 min.

53 min.

57 min.

60 min.

TASK TO BE PERFORMED

INITIATION OF INERT GAS SWEEPING

VENTING (Setting of flows and mixing)

INITIATION OF POOL INJECTION

INITIATION OF COUPON SAMPLING (4 minutes)

COMPLETION OF COUPON SAMPLING

INITIATION OF IMPACTOR SAMPLING (25 minutes)

INITIATION OF ATMOSPHERIC SAMPLING (40
minutes

INITIATION OF AUXILIARY ATMOSPHERIC
SAMPLING (40 minutes)

COMPLETION OF IMPACTOR SAMPLING

INITIATION OF COUPON SAMPLING (10 minutes)

COMPLETION OF COUPON SAMPLING

INITIATION OF INJECTION FILTER SAMPLING (10
minutes)

COMPLETION OF ATMOSPHERIC SAMPLING

COMPLETION OF AUXILIARY ATMOSPHERIC
SAMPLING

COMPLETION OF INJECTION FILTER SAMPLING

INITIATION OF COUPON SAMPLING (4 minutes)

COMPLETION OF COUPON SAMPLING

END OF EXPERIMENT

During the experiment the POLYTEC optical instrument allows 25 one minute-long

measurements to be taken; twenty of these are distributed along the injection line with

the remainder on the pool atmosphere outlet line.
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4.2.3 Experimental measurements

Table 6 lists the measurements to be taken during the experiments, including the type

of measurement, location, method used and errors.

4.2.4 Sampling procedure

The objective of parameter tracking during the sampling process and subsequent

studies is to determine the mass concentration of aerosol and the ratio of condensables

(steam) to non-condensables (nitrogen) in the mixture. The procedure applied

consisted of channelling a given volume of the mixture across the sampling panels

described above (point 3.2.8).

Connection of the sampling panel to the main Une (L-4) is accomplished by way of an

isokinetic probé, the end of which branches into two parallel outlets, one to the filter-

holder via opening of valve V4-3, and the other to the impactor via valve V4-3 bis.

The lines leading to these systems are heated by means of an auxiliary resistance with

a capacity allowing the temperature of the assembly to be maintained at around

170°C.

Connection of the other panel to the atmosphere of the vessel is by way of valve V7-

13; in this case also, the lines leading from the vessel to the filter holder are heated in

order to prevent condensation of the steam occurring inside.

The sampling procedure is as follows: the filter membrane is weighed and inserted in

the filter holder, which is then closed by means of screws, and the system is tested for

leak-tightness by means of a reduced nitrogen flow at a pressure of 2 bar. The heater

for the line leading from the sampling point to the filter holder is then switched on,

the temperature being set at 170 °C. The sampling operation is initiated by opening

the corresponding isolation valve, V4-3 or V4-3 bis on the injection line and V7-13 on
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the upper part of the vessel. The flow is established by adjusting the manually

operated regulating valves on the panel and observing the flow of non-condensables on

the variable área flowmeter.

On completion of the sampling operation, which is performed under preset conditions

and times (10 minutes for the filter holder and 25 minutes for the impactor), the filter

holder and impactor body are disconnected and taken to the laboratory, where they are

kept in a drying oven, regulated at 110 °C, until they are disassembled for

determination of the material retained.

The other sampling procedure used for aerosol characterization by scanning electrón

microscopy, described above, consists of inserting thin coupons of steel with a good

surface finish in special housings fitted with suitable valves and seáis, these being

coupled to the facility in the vicinity of the área in which the aerosol is formed.

The particle capture procedure used in this case consists of partially opening outlet

val ve V4-2, located on the main line, in order to channel a fraction of the total flow

of the nitrogen/aerosol mixture through the coupon housing; on exiting this housing

the mixture is passed through a washing bottle containing ultrapure water, where the

flow conditions are observed by the bubbling produced. The water in the washing

bottle is subjected to chemical analysis in order to determine its cesium iodide content.

4.2.5 Tracking of pool hydrodynamic phenomena

The phenomenon to be studied in this case consists of defining the área of transfer of

matter between the water in the pool and the injection mixture (condensables/non-

condensables/aerosol) rising through the pool in the form of globules and bubbles, the

size of which is dependent upon injection flow, the geometry of the injector, the

composition of the mixture and the thermalhydraulic conditions.
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The objective of hydrodynamic phenomena tracking is to determine the shape, volume

and rise velocity of the bubble during its existence in the pool. This is accomplished

by way of a series of viewing glasses: three rectangular in shape and measuring 30x16

cm, located at the level of the injector, and twenty-three circular and measuring 20 cm

in diameter, located in columns 90° apart and on the upper head. These viewing

glasses facilitate both lighting of the inside of the vessel and the acquisition of images

during the experiment.

Lighting is accomplished by means of halogen spotlights located at the same and

higher levéis as the injector, via viewing glasses located laterally and frontally with

respect to the point of injection. In order to capture images of the different stages of

evolution of the mixture injected into the pool, two video cameras (SONY CCD 8

mm) are available, one at the level of injection and the other mobile at higher levéis.

The image captured is transmitted to a video recorder (VHS), which alternately

records from one or the other camera throughout the one hour duration of the

experiment.

The hydrodynamic tracking specified for each experiment includes the following:

Two levéis of imaging: Injector level and mean interface level.

Two positions: Frontal and lateral with respect to the injector.

Duration: 30 minutes (injector level, frontal)

30 minutes (injector level, lateral). Simultaneously, for

thirty minutes, mean level and interface.
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4.3 Post-experiment operational methodology

4.3.1 Sample extraction and collection

Throughout performance of the experiment, and in accordance with the procedure

described in point 4.2.4, a series of samples is taken. Both these samples and those

taken subsequently from the aqueous volumes and the pipe flushing water are

subjected to chemical analysis, in order to obtain the following information:

.Dissolution of the material retained by the fibre-glass filters, with the filter

holder flushing water, provides a sample which is chemically analyzed for

cesium iodide content. Mass concentration is deduced from the analytical

and sample flow results.

The mixture nitrogen fraction is determined from the flow valúes

observed throughout the sampling period at the panel variable área

flowmeters.

The mixture steam fraction is determined from the amount of condensed

steam. Chemical analysis of this condénsate may provide information on

the presence of cesium iodide arising from particles not retained by the

filter.

Scanning electrón microscopy of the filtering membrane (whenever the

material allows this) and of the steel coupons provides the size,

morphology and elementary chemical analysis of the deposited

particles.

Quantitative chemical analysis of the liquid samples obtained provides

information on the cesium iodide concentration in dissolution and on

deposition in each system.
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With regard to sample extraction and preparation, the location and nature of the

samples and the parameters to be controlled during these operations are described

below.

Sampling via the isokinetic probé on the iniection Une

Fluid sampled: Mixture (nitrogen/aerosol/steam).

Solid samples: (Aerosol deposited).

47 mm filtering membrane (fibre-glass)

Cascade impactor filtering membranes

Liquid samples: (Mixture steam condensation)

Condénsate from filter

Condénsate from impactor

Gas samples: (Nitrogen flows) from filter and impactor sampling

respectively.

Parameters controlled:

Line temperature: 150 °C

Sampling time: Filter 40 minutes; impactor 25 minutes.

Stability of flow through variable área flowmeters.

Cooling in the steam condenser.

Volume of condénsate in collection housing.
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Sampling via the upper panel from the atmosphere of the vessel-pool

Fluid sampled: Mixture (nitrogen/non-retained aerosol/non-condensed steam).

Solid samples: (Aerosol deposited).

47 mm filtering membrane (fibre-glass)

Liquid samples: (Mixture steam condensation) from filter

Gas samples: (Observed nitrogen flow)

Parameters controlled:

Line temperature: 150 °C

Sampling time: Filter 40 minutes.

Stability of flow through variable área flowmeter.

Cooling in the steam condenser.

Volume of condénsate in collection housing.

Following weight variation control, the deposited aerosol is carefully washed from the

solid sample collecting filters using ultrapure water and appraised; this gives a series

of solutions which is subjected to chemical analysis in order to determine the

concentration of cesium iodide. The volumes of condensed steam are likewise

analyzed.

Extraction of pool water

One way of sampling immediately after the experiments are completed - prior to

actuation of the mixing system used to achieve homogenization of the concentration of

cesium iodide left in the pool - consists of taking several samples via the chemical

control system conditioning panel. These samples, along with those taken during the
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experiments from the área adjacent to the injector, comprise an initial batch allowing

chemical analysis of cesium iodide to be undertaken shortly after completion of the

injection phase.

A second batch of samples includes those taken the following day from the lower part

of the pool, when temperatures cióse to 60 °C have been attained in the water. The

cooling procedure consists of allowing the temperature to decrease to 90 °C, followed

by depressurization and cooling to 60 °C.

A total five samples of the contents of the pool are taken from different heights, as

from the level of the injector: 0.5 m, 1 m, 1.5 m, 2.0 m and 2.5 m, with a further

sample being taken from the bottom. A fraction of 200 mi of these samples is

subjected to chemical analysis, the rest being held in reserve for possible repetitions of

analysis or the need to concéntrate when the detection threshold of the analytical

technique is not reached.

Chemical analysis of the set of samples taken from the pool makes it possible to

deduce the mean concentration of retained cesium iodide, this being a fundamental

datum fór determination of mass balances.

Flushing water

On completion of the experiments, the section of the facility located between the outlet

of the oven and the vessel is disassembled, this section consisting of the nucleation

chamber, nucleation chamber-heat exchanger connection, heat exchanger and injection

line. Each of these sections is carefully washed in ultrapure water, the volume of

water used in this process being collected for subsequent appraisal. A part is

subjected to chemical analysis for determination of the cesium iodide deposited in each

section, a further batch of the different solutions obtained being held in reserve.
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Auxiliarv retention svstem water

During the facility preparation phase, this system is filled with a 300 litre volume of

ultrapure water in order to ensure the capacity to retain both the aerosol in the

mixture, during the process of stabilizing conditions prior to injection, and the vent

volume extracted from the atmosphere of the vessel during the experiment. Several

samples are taken from the volume of water in the system following main line vent

discharging.

On completion of the experiments, the vent line from the atmosphere of the vessel to

the auxiliary retention system (L-7) is flushed, the water used in this process being

added to the initial volume, which is then sampled.

4.3.2 Aerosol characterization

For characterization of the particles of cesium iodide the facility is equiped with

specific, in-line inertial and optical aerosol instrumentation, which allows several

measurements to be performed over time. The cascade impactor allows only one

measurement to be taken during the experiment, whereas with the optical instrument

between eight and twenty may be performed.

Cascade impactor

The procedure applied to measurement in this case, with connection to the sampling

panel, is described in point 4.2.4. The type of sample obtained and corresponding

conditions are dealt with in point 4.3.1.

Aerosol characterization is performed on the basis of the amounts of cesium iodide

collected in each of the ten stages, along with those collected from the cyclone and

assembly end filter respectively. The filtering support from each stage is weighed on
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a high-sensitivity balance prior to being incorporated in the equipment. On

completion of the experiment, these are disassembled and each filter is re-weighted.

The difference between these two weightings indicates the amount deposited; this

amount will be greater in those stages having the largest mass of particles in overall

distribution.

Each of the filters and other equipment áreas in which particles may have been

deposited are carefully washed, this giving a series of solutions which are appraised

and subjected to chemical analysis.

It is important that the flow of mixture (nitrogen/aerosol/steam) circulating through

the impactor during sampling be recorded, since the speed at which it passes through

the different stages of the impactor will determine the size of the particles deposited in

each. The total flow through the impactor is obtained by adding to the nitrogen flow -

measured at the sampling panel variable área flowmeter - the volume of condénsate

collected, converted to steam volume for the pressure and temperatura conditions,

measured by PIT 4.1 and TE 4.3.

The impactor provides information on the mass distribution and the aerosol ratio,

this latter being obtained from the total mass collected in the impactor and the

sampling time for this unit.

POLYTEC optical analvzer

This equipment is made up of a control unit and two optical heads, one located on the

injection line (L-4) between the mixture flowmeter and the air-operated control valve,

and the other on the vent line (L-7) stretching from the atmosphere of the vessel to the

auxiliary retention system. Both heads are equiped with sepárate heating elements

located in the measuring cells, designed to maintain the temperature at approximately

200 °C. The heads also have a cooling system, based on mains water cireulation, to

protect their electronic components. During the measuring process, both the cooling
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water flow and the temperature of the heating system are controlled. The heads are

interconnected to the control units of the instrument by quick-acting connectors, the

connection being switched from one to the other depending on the point being

measured.

The measuring process is preceded by selection of the working voltage: high voltage

(particle sizes from 0.3 /¿m to 10 /¿m) and low voltage (particle sizes in excess of 3

/¿m); the sampling time and measuring block are also established. Another parameter

which must be known is the flow rate through the measuring cell with the instrument

installed on_the Une.

This instrument comes factory calibrated on the basis of standard particles of látex, a

complementary calibration being required for particles generated from compounds

having a refraction index different from that of látex. Occasionally, these

recalibrations may be substituted by contrasting the response of this optical instrument

to that obtained from the inertia-based impactor or to the results obtained from

electrón microscopy.

The optical analyzer is capable of storing eight different measurements, which may be

extended to more than twenty through incorporation of a PC. The data are grouped in

tables showing the voltage, number of particles, mass or volumetric percentage, mean

valúes, geometric deviation and total number of counts for each of the equipment's

128 channels.

Scanning electrón microscopy (SEM)

This instrumental method, applied to the observation of steel coupons previously

exposed to the aerosol environment, provides information on particle morphology and

size. The photographs obtained by microscopy are subsequently subjected to digital

image processing techniques, which allow a statistical distribution of sizes to be

achieved. The image analysis procedure requires a mínimum number of 300 particles
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in the photographs obtained.

The coupon exposure procedure is described in point 4.2.4. Bearing in mind that

three samples are taken during the experimental period and that different parts of the

coupons are analyzed, some twenty photographs may be obtained per process of

microscopy, these being subjected to a process of selection for subsequent image

analysis.

4.3.3 Chemical analysis

The samples taken during the experiment and subsequent phase, as described above,

give rise to a series of aqueous solutions which are subjected to quantitative chemical

analysis in order to determine iodine and cesium content.

The analytical methodology used, following refinement of the instrumental techniques

selected [17, 18], is as follows:

Iodine determination: Selective ion electrode.

Cesium determination: Fíame photometry

Atomic absorption (graphite oven)

Purity of pool and
flushing water: Plasma spectrometry

Sample solvent: Ultrapure water

Sample volume: Appraised to 25, 100 or 250 mi according to

the type of sample and available amount.

Glass or polyethylene crucibles.
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Sampling: During the experiment and on the following

day.

Priority of analysis: Iodine determination, on the same day as

performance of the experiment, using the

samples taken from the pool and those

corresponding to sampling with the filter and

impactor.

Total number of samples
for analysis: Approximately forty (the iodine and cesium

content being the determining factor in all

cases).

Scanning electrón microscopy (SEM) incorporates a technique known as electrón

probé X-ray micro analysis (EPXMA) which allows the chemical composition of the

particles to be determined. This means that elementary analysis of the iodine and

cesium content may be carried out at the same time as microscopic analysis of the

particles-deposited on the coupons.

4.3.4 Image analysis

Following tracking of the hydrodynamic phenomena (see point 4.2.5), the most

significant images are selected and prepared for statistical processing. The variables

to be determined are as follows:

Diameter of the initial globule

Globule rupture height for stable bubbles

Diameter, volume and deposition and transfer área of the equivalent

spherical bubble
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Eccentricity

Rise velocity

The process begins with frame by frame visualization of the film with a view to

cutting consecutive images of the evolution of one same bubble, selected as from the

moment of formation.

The basic hardware used for the digital image processing system is of the MIP

(Microm Image Processing) type, which includes a black and white and colour image

acquisition unit, a decoder-coder for image conversión to RGB (Red, Green and

Blue), and a central processor.

Once an image has been captured by the analyzer, it is subjected to a digital process

which includes a series of operations, such as image rotation, translation, filling-in,

segmentation and classification, aimed at accomplishing statistical processing.

4.3.5 Mass balance

On completion of the experiments, and chemical analysis of the samples, the mass

balance is carried out, this covering the following áreas:

Vaporization chamber

Nucleation chamber

Nucleation chamber-heat exchanger connection

Heat exchanger

Injection line

Vessel-pool

Auxiliary retention system
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Vaporization chamber. In this section the mass of evaporated cesium iodide is

obtained by the difference between the amount originally introduced in the oven

loading operation (see point 4.1.2) and the amount not evaporated. On completion of

the experiment, the entire assembly is extracted and the support and crucibles are re-

weighed, these latter being identified by a number indicating their position in the

oven. The chamber is then carefully dry-cleaned in order to ensure recuperation of all

the non-evaporated product.

Nucleation chamber. Determination of the mass of Csl deposited in this chamber is

accomplishgd on the basis of the results obtained from chemical analysis of the two

elements present in the solution generated during flushing of this section.

The same procedure is applied in the case of the connection sections, the heat

exchanger and the injection Une: analysis of the solutions obtained from flushing of

these áreas.

Vessel-pool. Several samples are taken from the vessel-pool (point 4.3.1). Chemical

analysis of these different samples provides mean valué of Csl concentration in the

pool. Multiplying this valué of concentration by the volume of water (5.14 m3) gives

the total amount of cesium iodide retained in the pool.

Auxiliary retention system. Chemical analysis of the samples taken from this system

and the duration of the experiment provide the Csl removal rate from the atmosphere

of the pool.

When calculating the retention valué of this system, on the basis of chemical analysis

of the samples taken, the amount of cesium iodide collected by the main line vent (L-

4) prior to initiation of injection must be taken into account.
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4.3.6 Results analysis

Analysis of thermalhvdraulic results

During performance of the experiment the DAS receives signáis from the

measurement sensors, control loops and components, which it records in simplified

graphic format. Simultaneously, and at intervals of one second, the system sends

these signáis to the data storage system (FIX), where they are kept in ASCII type

files.

The data are integrated in the IBM-3090 computer by means of suitable procedures;

here the files generated by the FIX are read and tables and graphics are prepared.

Simultaneously, mean valúes are obtained for all the variables, with their

corresponding deviations, and indirect parameters such as partial flows, steam fraction

and total flow are calculated.

Analvsis of chemical results

The sampling process data and corresponding chemical analyses are used to draw up

an input file for a FORTRAN programme which calculates the following: the grams

of compound deposited in each system, the percentages of total flow sampled

(impactor, upper and lower filters), injection rates and amounts retained.

Evaluation of the chemical results is carried out separately on the basis of the

analytical data for iodine and cesium, a molar ratio of one to one being taken into

account.
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Analvsis of results from aerosol characterization equipment

Electron microscopy and image analysis

Digital image processing of the photographs obtained by microscopy provides a

number of ASCII files containing information on the following: number of particles,

área, perimeter, máximum diameter, minimum diameter, equivalent diameter and

equivalent volume of each. A series of programmes has been developed for

calculation of mean valúes and standard deviation, applicable both to individual

analyses and to the overall analysis set, for classification of particles into groups on

the basis of equivalent diameter and display of the corresponding histogram.

Inertial instrument (Cascade impactor)

A calculation programme has been developed for processing of data on temperature,

flow and pressure (observed during the experiments) and equipment geometric data,

the aim being to correct the cut-off sizes of each stage. The results are used, along

with those provided by chemical analysis for each stage, to produce a log-normal

graphic display showing mean valúes and standard deviation.

Optical instrument

The optical instrument carries out an entire series of calculations which significantly

simplify results processing, providing mean size, median size and standard deviation

for each of the measurements performed. These data allow the mean particle size for

each experiment to be calculated.
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4.3.7 Calculation of the decontamination factor

Definition: The Decontamination Factor (DF) is defined as the quotient between the

mass injected into the submerged bed and the non-retained mass released into the

atmosphere.

injection rate x test duration
DF =

atmospheric reléase rate x test duration

Determination criteria

The injection rate selected is that obtained from the lower sampling system, taking

into account the following aspects:

1. Proximity to the injection point.

2. The availability of two independent measures taken at different times by

means of a filter and a cascade impactor, injection rate calculations being

performed separately.

The reléase rate from the submerged bed is obtained by sampling an aliquot of the

atmosphere via the upper sampling panel and measuring the volume of condénsate and

the flow of nitrogen extracted. Calculation of the percentage extracted and the mean

mass obtained will provide the total mass released to the atmosphere.
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5. EXPERIMENTAL RESULTS AND DISCUSSION

This Chapter presents the experimental results obtained for each of the eleven

experiments included in the matrix.

In order to facilítate results evaluation and allow decontamination factors to be

correlated with the variables of influence selected, the eleven experiments were

regrouped as follows:

..Smaller particle size experiments (nucleation chamber NC-1), bubble

regime: RT-SB-12/13, RT-SB-08/09, RT-SB-04/05 and RT-SB-00/01.

Larger particle size experiments (nucleation chamber NC-2), bubble

regime: RT-SB-14/15, RT-SB-10/11, RT-SB-06/07 and RT-SB-02/03.

Smaller particle size experiments (nucleation chamber NC-1), jet regime:

RT-SC-01/02.

Larger particle size experiments (nucleation chamber NC-2), jet regime:

RT-SC-P/01.

Smaller particle size, múltiple orifice experiment (nucleation chamber NC-

1), bubble regime: RT-MB-01/02.

All the experiments were carried out within similar time Windows and with similar

sequences of events, and the evolution of thermalhydraulic and nitrogen/aerosol/steam

characterization parameters was tracked in the following áreas: injection Une, pool and

vessel atmosphere. In all cases the procedures established in Chapter 4 were

followed.
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The experiments were performed satisfactorily, in accordance with the previously

established plans. Events occurred on only two occasions, making it necessary to

repeat the tests from the beginning. These events were depressurization of the system

and carrier gas leakage at the inlet to the aerosol generating oven.

5.1 Thermalhydraulic resulte

Determination of the decontamination factor necessarily implies the need for accurate

information on the mass injected into the pool (aerosol mass rate and test duration)

and on that emerging from it. Characteristic data on the mixture injected into the pool

are presented below, along with data on the atmosphere and corresponding effluents.

Tables 7, 8 and 9 show parameters relating to temperatures, pressures, flows, steam

fractions and saturation ratio. All the parameters included in the Tables are expressed

in terms of mean valúes, obtained from the data residing in the data storage system.

The valúes of the saturation ratio of the pool-atmosphere system (defined as the

quotient between steam pressure at the temperature of the water in the pool and total

pressure) are around 0.47. Relative humidity (defined as the quotient between the

steam pressure in the atmosphere and the saturation pressure at the temperature of this

atmosphere) is deduced on the basis of the steam fraction in the pool atmosphere, the

valúes obtained for this parameter being cióse to saturation in experiments RT-SB-

14/15, 10/11, 02/03, 12/13 and 08/09, and somewhat removed from saturation in the

rest.

In all the experiments, the duration of injection into the pool was 60 minutes; in all

cases injection was seen to be continuous throughout this interval, the boundary and

operating parameters remaining stable in all the experiments.



- 4 0 -

Appendix A includes the evolution of the main thermalhydraulic variables in graphic

form, along with a comparison between the preset matrix valúes and those obtained

experimentally.

5.1.1 Thermalhydraulic conditions at the pool inlet

Characterization of the gas at the inlet to the pool: aerosol injection rate and mass

concentration; test duration and the thermalhydraulic characteristics of the mixture,

are specified for each experiment. Tables 10, 11 and 12 show the mean valúes

obtained during the experiment for the following magnitudes: inlet gas flow, injection

rate, aerosol concentration and water depth and temperature.

The total volumetric flow of mixture gas was determined by adding the steam flow

injected to the entrainment nitrogen and auxiliary nitrogen flows, in the case of tests

performed with a nitrogen fraction greater than 0.1. This total flow was measured

cióse to the point of injection by means of an orífice píate. These flows are shown in

mass and volumetric terms, in relation to the pressure and temperature conditions

under which measuring was performed in each of the experiments.

As may be observed, the experimental injection flow valúes agree with the design

valúes of 400 cmVs and 2,000 cm3/s, for bubble and jet regimes respectively.

In the case of the múltiple orífice test, RT-MB-01/02, the injection flow was 16%

lower than the design valué. On the other hand, since the gas tends to circuíate in the

upper part of the pipe, and in view of the conical design of the múltiple injection

orífices, practically no flow was observed across the three lower orífices, as a result

of which the injection flow across each of the remaining 6 orífices amounted to 503

cmVs. In all the experiments, the absolute injection pressure was cióse to 3.45 bar-

abs., this valué being previously determined as that required to overeóme the pressure

in the atmosphere of the vessel, the hydrostatic pressure of the water (2.5 water
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column) and the load losses occurring in the injection line.

The steam fraction was calculated as the quotient between the volumetric flow of

steam injected into the mixing chamber and total flow, both being converted to the

same pressure and temperature conditions.

The Csl injection rates shown in Tables 10, 11 and 12 are those obtained from the

sampling station located on the injection line (L-4), by means of chemical analysis of

the samples from the impactor and filter.

Mass concentration was obtained by the quotient between the mass injection rate and

the total volumetric injection flow. Numerical concentration was obtained directly

from the optical instrument located on the line.

The depth of injection (2.5 m), the temperature of the water in the pool (110 °C) and

the pressure of the atmosphere (3 bar-abs.) remained practically constant throughout

performance of the experiments.

Both thé experimental valúes of aerosol injection rates and concentrations were

significantly lower than what was foreseen in the design matrix. This is explained by

the amount of deposits that occurred in the nucleation chamber, heat exchanger and

injection line, which were much higher than what was foreseen during the design

phase. Nevertheless, the number and mass of the particles injected were sufficient for

correct operation of the particle measuring systems and for chemical analysis of the

pool water.

As regards possible steam condensation in the main line (L-4), particularly in the final

stretch of the injection line entering directly into contact with the pool water, it is

estimated that, owing to the low thermal gradient existing, the condensed mass is

insignificant in all cases, with one single possible exception, experiment RT-SB-10/11,

in which the thermal gradient (25 °C) is higher than expected. However, the fact that
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in this experiment the fraction of injected steam was 0.35, far below the saturation

valué (0.68), leads us to give little importance to the possible condensation.

5.1.2 Injection velocity and regime

The injection mixture is made up of nitrogen, as the non-condensable gas, steam, as

the condensable gas, and a soluble aerosol, cesium iodide.

It is important that exact knowledge of the injection velocity be available, since this

valué determines, on the one hand, the type of injection regime (bubble or jet) and, on

the other, the initial globule size, rupture height and hydrodynamic phenomena

occurring in the pool. Depending on the valué of injection flow, the hydrodynamic

phenomena will reflect different correlations, indicating predominance of forces of

inertia, viscosity or surface tensión. Under the experimental conditions applied, the

transition rate from bubbly flow to jet flow is approximately 800 cm/s [7],

Tables 13, 14 and 15 show once more the valúes of volumetric and mass nitrogen and

steam flows, molar steam fraction and calculated injection velocity. As may be seen,

the velocities attained during the experiments corresponded to the bubble and jet

regimes foreseen in the design matrix. The type of regime was confirmed visually

and on film. Given that the injectors are horizontal, the outlet velocities included only

a horizontal component.

5.1.3 Gas flow and velocity at the pool outlet

In view of the fact that the vessel-pool remains pressurized throughout the experiments

(~ 3 bar-abs.), it is not possible to perform continuous, total extraction from the

atmosphere, which would allow the mass of aerosols (Csl) contained therein to be

determined directly. Consequently, the decisión was taken to take representative
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samples of the pool atmosphere over the máximum length of time, with successive and

partial extractions from this atmosphere.

The sampling criterion adopted was to extract amounts proportional to the fractions of

nitrogen injected, these ranging from 0.35% for the 0.9 fraction to 12% for the 0.1

fraction. Sampling was performed at the upper sampling station, the Csl aerosol

extracted being captured by means of a filter. The steam was then condensed in order

to determine flow, and nitrogen was measured. The quotient between the two flows,

converted to identical pressure and temperature conditions, gives the atmospheric

steam fraction. The sum of the flows will be the total flow sampled.

The duration of the sampling process was 25 minutes in tests RT-SB-10/11, RT-SB-

08/09 and RT-SB-00/01, this increasing to 40 minutes in the remainder of the

experiments. The total volume of the atmosphere of the vessel is 3.54 m3. Given that

this atmosphere is at known valúes of pressure and temperature, it is possible to

deduce the atmospheric volume sampled.

The flow valúes obtained by sampling the upper atmosphere, the steam fraction

measured and the saturation ratio corresponding to the atmosphere are shown in

Tables 16, 17 and 18.

The interface velocity shown in these Tables is calculated on the assumption of a state

of equilibrium between the inlet gas and the pool. The gas at the pool-atmosphere

interface will be the nitrogen injected during each of the tests plus the amount of

steam corresponding to saturation under the pressure and temperature conditions

actually existing in the pool. The surface velocity shown in the Tables is determined

by the quotient existing between the nitrogen and outlet steam flows and the área of

the pool-atmosphere interface (1.76 m2, D = 1.5 m).
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5.1.4 Average pool temperaturas

The pool is instrumented with resistance temperature detectors, located at eight

different levéis. Each level includes three such detectors, located 120° from each

other. Tables 19, 20 and 21 show the elevation of each of these eight levéis, the

injector representing elevation zero. The elevation 330 is located at the atmosphere.

In the experimental matrix designed, the injection temperature is fixed at 150 °C, the

pool temperature being 110 °C. It has been determined that, in spite of this

temperature difference, there is no appreciable increase in the temperature of the

water, due to the small fraction that the injected mass represents in comparison to the

mass of water.

The temperature valúes included in Tables 19, 20 and 21 are the mean of the valúes

measured using the three resistance temperature detectors at each level. As may be

seen, the deviation with respect to the valué foreseen in the matrix is lower than 1%

in all the experiments.

These tables also indícate the boiling temperature of the atmosphere at the test

pressure (a unit saturation ratio implies boiling of the water in the pool). It may be

seen that the pool remains subcooled in all cases, with temperatures some 20 °C lower

than the saturation temperature.

The resistance temperature detectors located at each level have different lengths,

adapted to the cone theoretically generated by the plume of ascending bubbles. The

objective of this design is to observe the temperature stratification in this plume. Such

stratification is, in fact, not evident, since the temperature difference between levéis is

within the RTD error and does not follow the criterion of decrease which would be

expected if such stratification existed. This phenomenon may be explained in terms of

the large volume of water existing in comparison to the volume injected.
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5.2 Aerosols

This sectíon includes a description and discussion of the experimental results obtained

in relation to aerosol transport from the source of generation to the atmosphere of the

vessel, via the different systems and the injection line. The following experimental

magnitudes are analyzed: generation rate, deposition in the nucleation chamber and

main line, pool injection rates, aerosol size measurements and decontamination

factors.

5.2.1 Generation source

The design matrix included establishment of a mass aerosol rate of 0.6 mg/s per

orífice, generation of two different particle sizes (aerodynamic mass median diameter

of 0.3 ¿im and 2 jura), and a mass of approximately 2 grams of aerosol to be injected

into the pool throughout the hour each experiment lasted, except in the case of the

múltiple orífice experiment, in which case the mass amounted to approximately 19

grams.

In this respect, approximately 9 grams of Csl were introduced into the vaporization

oven in three of the experiments (RT-SB-10/11, RT-SB-08/09 and RT-SB-00/01), 90

grams in the múltiple orífice experiment (RT-MB-01/02) and 18 grams in the rest.

The Csl is inserted in alumina crucibles measuring 10 cm2 in área. The excess Csl

inserted allows the área of evaporation to remain practically unaltered, as a result of

which the amount to be injected during the test remains constant. The oven

temperature setpoint is 820 °C, the crucibles being located in the central parí of the

unit.

Actual carrier gas flow was 90 Ncm3/s in all the single orífice experiments, with both

bubble and jet regimes, and approximately 810 NcrrrVs in the case of the múltiple

orífice experiment. The carrier gas was heated to 600 °C prior to passing through the
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oven.

In the tests performed with a fraction of non-condensables in excess of 0.1, additional

nitrogen, previously heated to 150 °C, was added at the level of the mixing chamber.

5.2.2 Mass balance

Tables 22, 23 and 24 show the amounts of Csl deposited in the main lines and the

resulting injection rates, as well as those derived from pool atmosphere sampling.

The amount of non-evaporated Csl left over in the oven served as an indicator,

allowing the assumption that the rate had remained constant throughout the expe-

riment.

The mass of aerosol deposited on the walls of the oven was not considered a

significant part of the experimental data, since it corresponds to the vapours present at

the end of the test, which condense as the oven cools down.

The amount of Csl deposited in the nucleation chamber is the result of the following

parameters: geometry, velocity, aerosol concentration and temperature gradient

between the carrier gas and the wall of the nucleation chamber. Table 22 shows that

the quantity deposited amounts to approximately 2% of the total in the smaller

nucleation chamber, and to some 25% in the case of the larger of these chambers

(Table 23).

The percentage recuperated in the mass balance and shown in the aforementioned

Tables constitutes an initial criterion regarding the accuracy of the experiments.

Special mention should be made in this respect of the fact that the average mass

recuperated exceeded 85%, amounting to 70% in experiment RT-SB-00/01, the most

unfavourable case.
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Comparison of the results obtained from the independent analyses of iodine and

cesium shows that, with certain exceptions, these results are reasonably similar. The

discrepancies observed might be attributed to the different analytical methodologies

used. It may be assumed that the unlocated Csl would be distributed mainly among

those systems experiencing the highest levéis of deposition (vaporization and

nucleation chambers).

Appendix B includes a graphic representation of the mass balance for each of the

experiments, along with a detailed diagram of the amount deposited in the nucleation

chamber, heat exchanger and injection line.

5.2.3 Injection rate

The injection rates shown in Tables 22, 23 and 24 were obtained from the samples

taken using the impactor and filter at the injection line sampling station, which were

subjected to chemical analysis for iodine and cesium; this made available four

injection rate valúes.

The volume of condénsate having been measured, and knowledge of sampling time

and nitrogen flow being available, the steam fraction of the mixture and the fraction of

total sampled flow are obtained. Chemical analysis of the water used to flush the

filter and the different stages of the impactor allow the mass of aerosol transported by

the deviated flow to be determined. By extrapolating this to the total injection flow on

the main line, the injected aerosol rate is obtained, this being shown in the previous

Tables.

The procedure applied in order to obtain the valué for the aerosol emerging to the

atmosphere of the vessel is similar to that applied to sampling vía the filter and

impactor. During the 40 minutes of the central part of the experiment, sampling was

accomplished via the upper sampling station. The data for nitrogen flow, condénsate
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volume and sampling time make it possible to calcúlate the volume of the atmosphere

extracted and its percentage with respect to the total volume.

Precise knowledge of the injection rate at the inlet and outlet of the pool is of the

greatest importance as regards determination of the decontamination factor. Tables

22, 23 and 24 give four injection rate valúes for the iodine and cesium measurements

at the filter and impactor and for the outlet rate from the atmosphere.

Certain of the four aforementioned valúes per experiment were eliminated due to their

differing by approximately 30% from the balance adjustment, on the basis of the

criterion of mass injected being equal to mass retained in the water plus mass released

to the pool atmosphere.

5.2.4 Aerosol concentration

Table 25 shows the concentration of aerosol in the pool inlet gas, determined from the

injection rate data obtained via the impactor and filter. Concentration at the inlet is

obtained'by dividing the injection rate by the total injection flow. This concentration

applies to the pressure and temperature conditions measured during the experiment.

Table 25 also shows the concentration at the outlet of the atmosphere, obtained in a

way similar to the inlet concentration, Le., by dividing the mass rate of aerosol

extracted by the volumetric flow of gas vented. It should be remembered that this

flow corresponds to water and nitrogen under vessel atmosphere conditions.

On the main line (L-4), the numeric concentration of particles is measured using the

in-line optical instrument. The concentration in the atmosphere is presented only in

terms of mass, since the numeric concentration of particles is very small and the

optical instrument sampling time is very short in comparison to the forty minutes of

sampling via the filter. Only experiment RT-SB-08/09 provided a sufficient number
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of particles for the measurement to be acceptable, as shown in Figures C-5 and C-6 in

Appendix C.

5.2.5 Size distribution

Optical instrument

The results obtained using the optical head located on the injection line are shown in

Tables 26, 27 and 28. Particle size, expressed in terms of CMD (count median

diameter), and geometric standard deviation (GSD) are shown. Appendix C includes

volumetric and numeric differential curve for a representative measure from each test.

It should be taken into account that the volume percentage is equivalent to the mass

percentage.

Certain functional anomalies affecting the optical instrument during test RT-SB-00/01

prevented measures being obtained from the injection line.

With regard to optical measurements on the vent line, only in the case of test RT-SB-

08/09 was the number of particles counted sufficient for the measure to be considered

acceptable.

Inertial instrument (Cascade impactor)

Tables 26, 27 and 28 show the average valúes expressed in terms of AMMD

(aerodynamic mass median diameter) and the deviations (GSD) corresponding to the

measurements performed using the cascade impactor. Samples of the mixture were

taken in all the experiments. The study was completed by adjusting the data by means

of a least squares log-normal distribution. In accordance with this type of

distribution, the cut-off diameter must be represented on a logarithmic scale and the
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accumulated fraction on a Gaussian scale. This latter process of conversión introduces

sizeable errors on the scale of probabilities for minor errors in the masses measured at

the tails of the curves, as a result of which excessive weight is given to these points.

This dispersión may be corrected by conferring to each point a weight inversely

proportional to the variance associated with it. Thus, the weight of each point, with

least squares correction, is w=exp(-x2), where x is the fraction of mass accumulated.

These same Tables show the valúes of the correlation coefficient "r". Valúes of "r"

cióse to 1.00 indícate good data adjustment, while valúes below 0.90 indícate a

significant deviation from the log-normal distribution.

Appendix D includes the histograms corresponding to each of the measurements and

equivalent numerical data for possible use in analysis based on the calculation codes.

Electron microscopy and image analysis

In all the tests, particle samples were taken at the outlet of the nucleation chamber, by

exposure on stainless steel coupons. These coupons were subsequently studied by

means of scanning electrón microscopy (SEM) techniques, the photographs then being

subjected to an image analysis process. The results obtained are summarized in

Tables 26, 27 and 28. These measures may be used to characterize the aerosol

source, which constitutes the basis for the simulated accident mixture. It also allows

the efficiency of the nucleation chambers used to be verified.

It should be mentioned that the size of the particles changes as they move along the

injection line to the pool, as may be verified by comparing the measurements

performed in the nucleation chamber and those carried out by means of the optical

instrument and the cascade impactor located on the injection line.
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Appendix E includes a selection of photographs of particles from each of the tests,

along with the histograms corresponding to the distributions measured. Appendix F

contains a graphic presentation of the results obtained from the semi-quantitative

chemical analysis performed on individual particles coUected by means of coupons,

using the EPXMA (Electron Probé X-ray Microanalysis) method.

Comparison of sizes

In order to compare the experimental measures obtained by means of the different

instruments used, it was necessary to convert the count median diameter (CMD)

measured by the optical instrument into the aerodynamic mass median diameter

(AMMD) measured by the cascade impactor. It was also necessary to convert from

numerical distribution of the particles to terms of mass, this implying assumption of a

unimodal log-normal distribution and use of Hatch-Coate equations [19]. This

conversión is valid only for log-normal distributions. Study of the distributions shows

that the log-normal situation exists in the central part and that deviations occur at the

extremes, as a result of which this comparison was attempted.

¡

In those experiments in which there is a percentage of particles exceeding 10 ¡xm, the

detection limit in the case of the optical instrument size ranges selected, it is not

possible to compare the two results since this instrument is not capable of observing

the entire distribution, as a result of which the median valúes obtained are lower than

in the case of the cascade impactor.

Table 29 compares the valúes measured by the optical instrument (CMD), following

conversión, with the AMMD valúes obtained with the cascade impactor. It may be

observed that in experiments RT-SB-08/09, RT-SB-12/13, RT-SC-01/02 and RT-SB-

06/07, the valúes calculated as possible extremes (for a density, p, equal to that of the

compound, and for p equal to half the puré compound) give a range for each test,

within which is to be found the measured AMMD.
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Finally, in test RT-MB-01/02, the measured AMMD is sufficiently small for the

number of partióles measuring more than 10 microns to be insignificant.

Nevertheless, the difference between the calculated and measured valúes is larger than

in the remaining experiments. Attention should be brought to the fact that this test is

the one in which the particle distribution, measured using the inertial instrument, is

furthest removed from the theoretical log-normal distribution (see Table 28).

In relation to the bubble regime experiments (RT-SB), and as regards comparison

between the size distributions obtained during the experiments and the design valúes,

two fundamental facts may be observed: firstly, that what was obtained experimentally

was not a monodisperse aerosol but rather a size distribution, and secondly, that the

median valúes measured are significantly higher than the design valúes (0.3 /¿m and

2.0 ¿¿m); nevertheless, it may be observed that the particles generated in the smaller

nucleation chamber (NC-1) are smaller than those generated in the larger (NC-2), as

was to be expected.

The same phenomena are observed in the experiments performed with a jet regime.

5.2.6 Decontamination factor

Following performance of the mass balances for each experiment, and determination

of the pool injection and atmospheric reléase rates, the decontamination factor, DF,

was determined, this being defined as the quotient between the mass injected into the

pool and the non-retained mass emerging to the atmosphere.

As has been pointed out above in relation to the mass injected, each experiment was

performed on the basis of six data sets obtained as follows: four directly,

corresponding to the rate obtained from the filter and impactor, with their

corresponding iodine and cesium analyses, and those deduced from the balance of

masses in the pool.
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The impactor and ñlter rates presenting an error in balance of around 30% were

rejected. This criterion was established in view of the fact that the error involved in

the sampling operation, inherent to the procedure applied, was considered to be of this

order of magnitude. In this respect, the four direct rates obtained in experiment RT-

SB-10/11 were rejected, the decontamination factor being calculated in this case on the

basis of pool mass balance, assuming the mass injected to be the sum of that retained

in the submerged bed and that emerging to the atmosphere.

Two valúes were likewise available for quantification of the non-retained aerosol

released to the atmosphere, these being the valúes corresponding to the iodine and

cesium analyses.

The decontamination factor for each of the experiments included in the matrix was

determined using these data, the results being shown in Table 30. The

decontamination factor is expressed as an interval, taking into account the máximum

and minimum valúes obtained.

A study was made of the influence on the decontamination factor of particle size,

steam fraction and type of injection regime. In order to analyze this, the 11

experiments were classified in various groups on the basis of: particle size (small and

large), steam fraction (0.1 to 0.9), injection regime (bubble and jet) and injector type

(single and múltiple orífice). In all cases injection was horizontal.

The reference aerosol sizes defined in the proposed matrix were 0.3 /¿m and 2.0

these being representative of groups of aerosols smaller and larger than 1

respectively. While in the first of these groups the dominant retention mechanism is

diffusion, in the second the main mechanisms are gravity and centrifugal impaction

[16].

From analysis of the experimental results for aerosol sizes it may be deduced that the

particles injected into the pool are not monodisperse but a size distribution. This fact
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may be appreciated from the measurements performed using the optical instrument,

cascade impactor and scanning electrón microscopy (SEM), Appendices C, D and E.

Additionally, it can be seen that the process of particle retention in the water is

dependent on the size of the particles, those measuring more than 1 /¿m being retained

almost totally and those of lesser size mainly escaping the process. This is reflected

in the comparison of particle distributions at the inlet and outlet of the pool, measured

using the optical instrument (Appendix C, experiment RT-SB-08/09, Figures C-3 to

C-6 . Indeed, the distribution at the outlet of the pool is displaced appreciably

towards smaller sizes, in comparison to that existing at the inlet. Consequently, in

analyzing the phenomenon of decontamination by means of physical models and

calculation codes, detaüed attention should be given to the distribution of the particles

in the injection flow.

In order to allow for qualitative correlation of the decontamination factors obtained, a

reference parameter "a" was defined for each size distribution, this being the mass

fraction of particles having a diameter of less than 1 ¿tm. The valúes of "a" for each

experiment are given in Table 30. As has been seen above, división into two groups

on the basis of a reference size of 1 jum is justified by the prevailing aerosol retention

mechanisms. In this respect, a parametric study performed using the SPARC code

confirmed the relative importance of aerosols measuring less than 1 /xm in the

decontamination factor [16].

Figure 8 shows the experimental decontamination factors for the 11 tests versus the

coefficient "a". Also shown are the DF valúes calculated using the SPARC code for

a steam fraction of 0.1, in relation also to the reference parameter "a".

The following may be deduced from this comparison:

a) In spite of the size dispersión obtained, a rapid decrease in the

decontamination factor is observed as the proportion of particles measuring
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less than 1 ¿im increases. This ratifies the fact that retention is decreased

in the case of the smaller particles and considerably higher in the case of

larger particles.

b) The jet regime with horizontal injection would appear to show a somewhat

higher capacity of retention than the bubble regime under similar

conditions. Taking into account the fact that only two of the eleven

experiments were carried out using this regime, it would be necessary to

confirm this greater capacity for retention by means of additional

experimental data.

c) The múltiple orífice experiment shows higher levéis of retention than those

performed using a single orífice; this would appear to indicate that the

múltiple orífice effect favours retention, although in this case also

additional experimental data would be necessary to confirm this.

d) The generic calculations performed using the SPARC code provide lower

valúes than those obtained from the experiments; this demonstrates that the

code is conservative from the point of view of source term analysis.

It is possible to observe the steam fraction mfluence for the bubble experiments in

Fig.9. There are two groups, those experiments with a steam fraction lower than the

saturation fraction, and those other experiments whose steam fraction is greater. Every

group has its own straight line with greater DFs in the second case. This could be

because of steam condensation onto the particles after the injection into the pool, so

their sizes could increase and a could derease.



- 5 6 -

6. GENERAL CONCLUSIONS

The experimental programme consisted of eleven experiments dealing with aerosol

retention by submerged beds, simulating a BWR nuclear power plant suppression pool

under different conditions: particle size, injected steam fractions, injection regime and

type of injector.

The eleven experiments were successfully completed, with achievement of the valúes

foreseen for the main thermalhydraulic magnitudes and correct functioning of the

specific and general process aerosol instrumentation.

Analysis of the aerosols deposited in the different systems of the facility and in the

auxiliary systems has made it possible to accurately determine mass balance. In this

respect, mention should be made of the fact that the average mass of aerosols

recuperated exceeded 85%.

It should also be mentioned that the mass rates and concentrations of aerosols injected

into the pool were lower than expected. The reason for this is that aerosol deposition

in the main Une, particularly in the nucleation zone, was much higher than forecast.

The population of aerosols measured by means of the different instruments showed a

size distribution rather than monodisperse aerosol.

It was observed that the aerosol retention process in the pool depends heavily on the

size of the particles. Particles larger than one micron are practically all retained,

while most smaller particles escape.

Comparison of decontamination factors on the basis of the fraction of particles

measuring less than 1 ¿un allows the following tendencies to be deduced with respect

to the parameters studied:
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a) The decontamination factors decrease strongly as the proportion of smaller

particles increases.

b) The jet regime experiments (horizontal injection) show a greater retention

capacity than those performed under similar conditions but with a bubble

regime.

c) The múltiple orífice experiment shows higher levéis of retention than

those performed with single orífices.

d) A certain increase in the decontamination factor can be appreciated with

increasing steam fraction for those bubble experiments whose steam

fraction is greater than the saturation fraction.

e) The theoretical boundary calculations performed using the SPARC code

show lower decontamination factor valúes than those obtained from the

experiments, this demonstrating the conservative nature of this code for

source term estimation.

The tendencies described are clearly qualitative in nature, and will have to be

confirmed in the future by further experiments, especially in the case of the jet and

múltiple orífice regimes.

Establishment of precise quantitative laws would require sepárate effects experiments

avoiding the overlapping of phenomena, particularly that due to particle size, the

weight of which is predominant as regards the decontamination factor. This would

imply fixing the aerosol source and ensuring máximum experiment repeatability by

means of uniform dispersal aerosol generation systems, despite the fact that this would

not totally reproduce the actual conditions of an accident-induced mixture.
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The pre- and post-test analytical calculations for the LACE-España project was

performed by the "Universidad Politécnica de Madrid" [17],[18 ].

In view of the complexity of the experiments performed, quantitative interpretation

requires the performance of analytical studies based on the use of pool calculation

codes (SPARC, BUSCA) giving accurate consideration to retention phenomena, in

particular to actual particle size distnbutions.
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TABLE 1. PROPOSED EXPERIMENTAL MATRIX

Test Injection mix Steam
Ref Nitrogen Steam Total Fraction

Flow (xlO-3m3/s)

Discharge Size
Regime AMMD(ym)*

RT-SB-12/13
RT-SB-08/09
RT-SB-04/05
RT-SB-00/01

RT-SB-14/15
RT-SB-10/11
RT-SB-06/07
RT-SB-02/Q3

RT-SC-01/02
RT-SC-P/01
RT-MB-01/02

0.36
0.28
0.16
0.04

0.36
0.28
0.16
0.04

1.80
1.80
3.24

0.04
0.12
0.24
0.36

0.04
0.12
0.24
0.36

0.20
0.20
0.36

0.40
0.40
0.40
0.40

0.40
0.40
0.40
0.40

2.00
2.00
3.60

0.1
0.3
0.6
0.9

0.1
0.3
0.6
0.9

0.1
0.1
0.1

Monoorifice
n

11

11

i !

1 )

, ,

, ,

1 )

í i

Multiorifice

0.3
0.3
0.3
0.3

2.0
2.0
2.0
2.0

0.3
2.0
0.3

* AMMD: Aerodinamic Mass Median Diameter

Aerosol mass flow rate: 0.6 mg/s Monoorifice discharge

5.4 mg/s Multiorifice discharge
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TABLE 2. GEOMETRICAL CHARACTERISTICS OF AEROSOL GENERATION
AND TRANSPORT SYSTEMS

Component total inner deposition total
lenght diameter área volume
(cm) (cm) (cm2) (cm3)

Evaporation
Chamber

Nucleation
Chamber NC-1

Nucleation
Chamber NC-2

Coupling

Heat
Exchanger (1)

Heat
Exchanger (2)

Mixing section

Injection Une

Injector

156.5

16.8

100.7

18.8

63.8

115.4

50.0

300

99.0

2.16

1.4

26.7

5.45

1.4

5.45

2.6

2.7

1.0

1.1E3

90.5

6.6E3

195.0

294.0

1.9E3

408.0

2.5E3

762.8

573.5

40.8

3.7E4

199.0

112.6

2.6E3

265.5

1.7E3

491.0

Materials Evaporation chamber: heat resistive steel (= AISI 310 S)
Components: AISI-304
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TABLE 3. CHARACTERISTICS OP THE VESSEL-POOL

DIMENSIÓN (cm) VOLUME (m3)

Diameter (ID)
Total height
Cylinder height
Top Head Height
Bott Head Height

148.0
502.6
435.3

33.8
33.8

Cylinder
Top H.
Bottom H.
Total V.

7.53
0.41
0.41
8.34

Material:
Thickness:
Desing P.:
Test P.:
Desing T.:
Radiographied:
Desing Code:
Thermal
Isolation:

AISI-304L
8. mm
3.5 Kg/cm2

5.35 Kg/cm2
140°C
10%
ASME VIII, Div-1

Glass fiber
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TABLE 4. GEOMETRICAL CHARACTERISTICS OF THE VESSEL-POOL

Heat transfer surface (m2)

Top head 2.47
Non submerged cylinder 8.47
Inner surfaces 0.04
Total surface 11.13

Particle deposition área

Top head-
Bottom head
Cylinder
Total área

Glass Windows

Number
Dimensión (cm)
Área (cm2)
Thickness (cm)
Conductivity (w/mk)
Refraction index

2.47
2.47
20.52
25.46

Circular

23
20
227
2.0
1.2
1.48

Rectangular

3
30x16
338
2.0
1.2
1.48
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TABLE 5. THERMOCOUPLES AND RTDs LOCALIZATION

Localization Number

Gas heater 6 TC
Evaporation chamber 5 TC
Nucleation chamber 3 TC
Heat exchanger 5 TC/RTD

Mixing section 4 RTD
Steam generator 2 TC/RTD

Injection seetion
Vessel-pool
Venting line

Sampling stations 3 RTD

2
30
1

RTD
RTD
RTD
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TABLE 6. EXPERIMENTAL MEASUREMENTS

NUM MEASUREMENT LIME MESUREMENT
NUMBER

METHOD ACCURACY

1. Aerosol mass concentra-
tion.

L-4 > 2 Chemical analysis
of the filters and
cascade impactor

2.

3.

4.

5.

6.

7.

8.

9.

10.

Csl mass concentration
in vessel atmosphere
(vent line).

Particle size distribu-
tion.

Particle size distribu-
tion.

Shape and particle dis-
tribution.

Particle composition.

Particle size distri-
bution.

Shape and particle si-
ze -distribution.

Particle composition

Nitrogen flow rate in
generation system.

L-7

L-4

L-4

L-4

L-4

L-7

L-7

L-7

L-1

> 2

1

> 2

> 6

> 2

> 2

> 2

> 2

on line

Chemical analysis
of the filters

Cascade impactor,
chemical analysis
for Cs and I

Optical instrument
(POLYTEC)

Deposition in cou-
pons, SEM, image
analysis

EXPMA

Optical instrument

Deposition in cou-
pons, SEM, image
analysis

EPXMA

Mass flow meter

+1-25%

+1-25%

+1-3%

Unknown

Unknown

+1-3%

Unknown

Unknown

+1-2%

11. Nitrogen flow rate in
the mixing section.

12. Volumetric steam flow
rate.

13. Total volumetric flow.

L-1 on line Mass flow meter +1-2%

L-3 on line Orifice píate +1-5%

L-4 on line Orifice píate +1-5%
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TABLE 6. EXPERIMENTAL MEASUREMENTS (cont'd)

NUM

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

MESUREMENT

Nitrogen flow rate.

S team flow rate.

Temperature in nitrogen
heaters .

Temperature in the eva-
poration chamber.

Temperature in the nu-
cleation chamber and
heat exchanger.

S team temperature.

Additional nitrogen tem-
perature.

Temperature in the mi-
xing section.

Injection temperature.

Temperature in the vent
line.

LINE

L-7

L-7

L-l

L-4

L-4

L-3

L-l

L-4

L-4

L-7

MEASUREMENT METHOD
NUMBER

on line

1-2

on line

on line

on line

on line

on line

on line

on line

on line

Mass flow meter

Condénsate

Termocouples

Termocouples

Termocouples

RTD

RTD

RTD

RTD

RTD

ACCURALY

+1-5%

+1-2%

+/-3-5°C

+/-3-5°C

+/-3-5°C

+/-1 °C

+/-1 °C

+/-1 °C

+/-1 °C

+/-1 °C

24. Pool water temperature. VP on line

25. Temperature in the at-
mosphere.

26. Temperature in the pi-
pe wall.

27. Pressure in the nitro-
gen line.

28. Steam pressure.

VP on line

L-3/4/7/5 on line

L-l on line

L-3 on line

RTD at different +/-1 °C
heights and angles

RTD at different +/-1 °C
heights and angles

Thermocouples and +/-1-5°C
RTD

Pressure transdu- +/- 5%
cer

Pressure transdu- +/- 5%
cer
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TABLE 6. E X P E R I M E N T A L M E A S U R E M E N T (cont'd)

NUM

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

EF
L-1
L-3
L-4
L-5
L-7
VP

MEASUREMENT

Injection pressure.

Pressure in the atmos-
phere.

Pool water volume

Pool water pH

Pool water purity

Csl concentration in
the pool water

Total mass balance: Cs

Total mass balance: I

Hydrodynamic image

Bubble parameters

= Entire facility
=. Nitrogen line to aerosol
= S team line
— Injection line
= Sampling line
= Vessel-Pool vent line
= Vessel-Pool

LINE

L-4

VP

VP

VP

VP

VP

EF

EF

VP

VP

MEASUREMENT METHOD
NUMBER

on line

on line

1

1

1

8-12

25-35

25-35

1 hour

—

generation system

Pressure transdu-
cer

Presure transdu-
cer

Level indicator

pH meter

Conductivimeter

Inst rumental che-
mical analysis

Flame-atomic
emission

Iodine ion-selec-
tive electrode

Video

Image analyzer
MICROM

ACCURACY

+/- 5%

+/- 5%

+/-5 cm

+/-10%

+/-10%

+/-5-10%

+/-5-10%

+/-5-10%

Unknown

Unknown
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TABLE 7. THERMALHYDRAULIC PARAMETERS IN THE TESTS:
RT-SB-12/13; 08/09; 04/05; 00/01

PARAMETER RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

Tempera tures (°C)

Injection
Pool
Atmosphere
Evaporation chamber

Pressures (reí bar)

Steam line -
Injection line
Vessel atmosphere
Inj-Atm dífferential

Flow rate

Carrier gas (Ncm3/s)
Additional gas(Ncm3/s)
Steam lernas)
Total injection(cm3/s)

Steam fraction
Atm steam fraction
Atm sat ratio
Relative humidity

167.6
109.5
107.7
757.4

2.35
2.28
1.98
0.29

84.8
674.1

42.8
420.2

0.11
0.36
0.47
0.77

153.0
111.9
109.4
775.0

2.38
2.32
1.96
0.37

75.0
426.0
139.0
381.7

0.38
0.44
0.48
0.91

164.7
109.6
107.6
788.0

2.34
2.29
1.91
0.39

84.4
235.7
217.8
388.0

0.58
0.19
0.47
0.40

140.4
110.3
108.8
761.0

2.33
2.29
1.99
0.30

78.7

358.6
384.9

0.90
0.22
0.47
0.46
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TABLE 8. THERMALHYDRAULIC PARAMETERS IN THE TESTS:
RT-SB-14/15; 10/11; 06/07; 02/03

PARAMETER

Temperatures <°C)

Injection
Pool
Atmosphere
Evaporation chamber

Pressures (reí bar)

Steam line
Injection line
Vessel atmosphere
Inj-Atm differential

Flow rate

Carrier gas (Ncm3/s)
Additional gas(Ncm3/s)
Steam (cm3/s)
Total injection(cm3/s)

Steam fraction
Atm steam fraction
Atm sát ratio
Relative humidity

RT-SB-14/15

144.9
109.5
108.0
754.8

2.43
2.38
1.98
0.28

89.6
662.7

45.7
389.2

0.15
0.34
0.45
0.76

RT-SB-10/11

124.1
112.4
110.3
714.6

2.40
2.35
1.89
0.39

78.5
542.3
143.9
410.9

0.35
0.32
0.47
0.68

RT-SB-06/07

157.7
110.1
107.7
756.9

2.45
2.41
1.96
0.35

90.6
248.1
207.9
376.5

0.56
0.17
0.45
0.38

RT-SB-02/03

140.8
109.7
107.3
761.9

2.41
2.37
1.98
0.32

89.4

44.1
452.9

0.87
0.34
0.45
0.76
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TABLE 9. THERMALHYDRAULICS PARAMETER IN THE TESTS:
RT-SC-01/02; RT-SC-P/01; RT-MB-01/02

PARAMETER RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

Temperatures <°C)

Injection
Pool
Atmosphere
Evporation chamber

165.3
109.4
108.8
764.8

158.9
109.8
109.1
760.8

171.3
109.3
109.0
678.1

Pressures (reí bar)
Steam line
Injection line
Vessel atmosphere
Iny-Atm differential

2.47
2.43
1.99
0.25

2.47
2.40
2.00
0.25

2.54
2.49
1.82
0.26

Flow rate

Carrier gas (Ncm3/s)
Additional gas(Ncm3/s)
Steam (cm3/s)
Total injection(cm3/s)

Steam fraction
Atm steam fraction
Atm sat ratio
Relative humidity

89.9
3691.2

201.7
2095.2

0.10
0.33
0.46
0.72

89.9
3576.7

196.6
2030.8

0.11
0.33
0.47
0.70

813.
4603.
319.

3023.

0.
0.
0.
0.

2
0
7
6

11
34
49
72
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TABLE 10. POOL INLET THERMALHYDRAULIC CONDITIONS IN THE
TESTS: RT-SB-12/13; 08/09; 04/05; 00/01

RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

Inlet gas

Total flow rate (g/s)
Temp (°C)
Reí press (Kg/cm2)
Vol flow rate (cc/s)
Mol steam frac

Aerosol mass
flow rate

Impact (mg/s)
Filter (mg/s)

1.027
167.5
2.28
420.2
0.11

I Cs

0.167 0.146
0.140 0.130

0.878
153.0
2.32
381.7
0.38

I

0.091 0
0

Cs

.082

.086

0.790
164.7
2.29
388.0
0.58

I

0.116 0
0.131 0

Cs

.098

.132

0.707
140.4
2.27
384.9
0.90

I

0.076 0
0.074 0

Cs

.059

.070

Aerosol concentration

Impact(mg/cm3) 4.0E-4 3.5E-4 2.4E-4 2.2E-4 3.0E-4 2.5E-4 2.0E-4 1.5E-4
Filter (mg/cm3) 3.3E-4 3.0E-4 - 2.2E-4 3.4E-4 3.4E-4 1.9E-4 1.8E-4

Optical I. (n/cm3) 1.9E5 6.3E4 5.0E4

Time (min) 60. 60. 60. 60.

Pool

Submergence
Temp (°C)

2.50
109.5

2.50
109.8

2.50
109.6

2.50
110.3
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TABLE 11. POOL INLET THERMALHYDRAULIC CONDITIONS IN THE
TESTS: RT-SB-14/15; 10/11; 06/07; 02/03

RT-SB-14/15 RT-SB-10/11 RT-SB-06/07 RT-SB-02/03

Inlet gas

Total flow rate(g/s)
Temp (°C)
Reí press (Kg/cm2)
Vol flow rate (cc/s)
Mol steam frac

Aerosol mass
flow rate

Impact (mg/s)
Filter (mg/s)

1.017
144.9
2.38
389.2
0.15

I Cs

0.029 0.025

Aerosol concentration

Impact (mg/cm3) 7.6E-5 6.4E-5
Filter (mg/cm3)

Optical I. (n/cm3) 5.9E2

Time (min)

Pool

Submergence (m)
Temp (°C)

60.

2.50
109.5

1.034
124.1
2.34
410.9
0.35

I Cs

2.0E4

60.

2.50
112.7

0.951
157.7
2.41
374.5
0.56

I Cs

0.082
0.040

2.2E-4
1.1E-4

3.6E4

60.

2.50
110.1

0.863
140.8
2.37
452.9
0.87

I Cs

0.112 0.085
0.156 0.130

2.5E-4 1.9E-4
3.4E-4 2.9E-4

1.3E4

60.

2.50
109.7
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TABLE 12. POOL INLET THERMALHYDRAULIC CONDITIONS IN THE
TESTS: RT-SC-01/02; RT-SC-P/01; RT-MB-01/02

RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

Inlet gas

Total flow rate (gis)
Temp (°C)
Reí Press (Kg/cm2)
Vol flow rate (cm3/s)
Mol steam fract

Aerosol mass I
ñow rate

Impact (mg/s) 0.185
Filter (mg/s) 0.194

5.394
165.3
2.43
2095.2
0.10

Cs

-
0.145

5.228
158.9
2.39
2030.8
0.11

I Cs

0.084
0.090

7.782
171.3
2.49
3023.6
0.11

I Cs

1.623 1.551
-

Aerosol concentration

Impact (mg/cm3) 8.8E-5 - 4.1E-5 - 5.4E-4 5.1E-4
Filter (mg/cm3) 9.2E-5 6.9E-5 4.4E-5

Optical I. (n/cm3) 5.2E3 6.6E2 1.1E4

Time (min) 60. 60. 60.

Pool

Submergence (m) 2.50 2.50 2.50
Temp (°C) 109.4 109.8 109.2
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TABLE 13. POOL INLET GAS FLOW RATE AND VELOCITY IN THE TESTS:
RT-SB-12/13; 08/09; 04/05; 00/01

RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

Initial time (min)

Final time (min)

Mass flow rate

Nitrogen (g/s)
Steam (g/s)

Volumetric flow rate

Nitrogen (cm3/s)
Steam (cm3/s)
Total flow (cm3/s)

Molar steam fraction

Injection vel (cm/s)

Inj regime

0.

60.

0.953
0.075

374.7
45.6

420.2

0.11

535.0

bubble

0.

60.

0.630
0.247

236.6
145.0
381.7

0.38

486.0

bubble

0.

60.

0.418
0.372

162.6
225.4
388.3

0.58

494.0

bubble

0.

60.

0.104
0.602

38.5
346.4
384.9

0.90

490.0

bubble
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TABLE 14. POOL INLET GAS FLOW RATE AND VELOCITY IN THE TESTS:
RT-SB-14/15; 10/11; 06/07; 02/03

RT-SB-14/15 RT-SB-10/11 RT-SB-06/07 RT-SB-02/03

Initial time (min)

Final time (min)

Mass flow rate

Nitrogen (g/s)
Steam (g/s)

Volumetric flow rate

Nitrogen (cm^/s)
Steam (cm^/s)
Total flow (cm3/s)

Molar steam fraction

Injection vel (cm/s)

Inj Regime

0.

60.

0.914
0.103

331.0
58.1

384.2

0.15

495.5

bubble

0.

60.

0.770
0.264

267.1
143.8
410.9

0.35

523.1

bubble

0.

60.

0.446
0.505

164.8
290.7
374.5

0.56

476.8

bubble

0.

60.

0.158
0.704

56.9
393.9
452.9

0.87

576.6

bubble
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TABLE 15. POOL INLET GAS FLOW RATE AND VELOCITY IN THE TESTS
RT-SC-01/02; RT-SC-P/01; RT-MB-01/02

RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

Initial time (min)

Final time (m)

0.

60.

0.

60.

0.

60.

Mass flow rate

Nitrogen (g/s)
Steam (g/s)

5.026
0.369

4.827
0.401

7.182
0.599

Volumetric flow rate

Nitrogen (cm3/s)
Steam (cm3/s)
Total flow (cm3/s)

Molar steam fraction

Injectión vel (cm/s)

1880.6
214.6

2095.2

0.10

2667.7

1798.3
1232.5
2030.8

0.11

2585.7

2676.2
347.4

3023.6

0.12

641.6*

Inj Regime jet jet buble

* Multiorifice injector (nine holes. 1 cm diameter)
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TABLE 16. POOL OUTLET GAS FLOW RATE AND VELOCITY IN THE TESTS:
RT-SB-12/13; 08/09; 04/05; 00/01

RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

Sampling time (min)

Volumetric flow rate

Noncondensable Icm^/s)
Condensable (cm3/s)
Total flow (cm3/s)

Steam fract

Saturation fract

Interfatial V. (cm/s)

43.

356.5
316.2
672.7

0.36

0.47

0.038

25.

165.5
136.4
301.9

0.45

0.44

0.017

42.

160.3
142.1
302.4

0.19

0.47

0.017

25.

40.7
36.3
77.0

0.22

0.47

0.004

TABLE 17. POOL OULET GAS FLOW RATE AND VELOCITY IN THE TESTS:
RT-SB-14/15; 10/11; 06/07; 02/03

RT-SB-14/15 RT-SB-10/11 RT-SB-06/07 RT-SB-02/03

Sampling time (min)

Volumetric flow rate

Noncondensable (cm3/s)
Condensable (cm3/s)
Total flow (cm3/s)

Steam fract

Saturation fract

Interfatial V. (cm/s)

40.

342.3
280.1
622.4

0.34

0.45

0.035

33.

298.3
157.4
455.8

0.34

0.47

0.026

40.

167.8
137.3
305.1

0.17

0.45

0.017

40.

59.1
48.4

107.4

0.34

0.45

0.006
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TABLE 18. POOL OUTLET GAS FLOW RATE AND VELOCITY IN THE TESTS:
RT-SC-01/02; RT-SC-P/01; RT-MB-01/02

RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

Sampling time (min) 40. 40. 42.

Volumetric flow rate

Noncondensable (cm3/s) 1878.7
Condensable (cm3/s) 1600.4
Total flow (cm3/s) 3475.4

1799.3
1595.6
3395.0

2861.2
2749.0
5610.1

Steam fract 0.33

Saturation 0.46

Interfatial V. (cm/s) 0.198

0.33

0.47

0.193

0.34

0.49

0.319

TABLE 19. POOL WATER MEAN TEMPERATURES IN THE TESTS:
RT-SB-12/13; 08/09; 04/05; 00/01

RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

Height
Height
Height
Height.
Height
Height
Height
Height

-3 cm
0 cm
5 cm

35 cm
74 cm

140 cm
210 cm
330 cm

109.7
109.8
109.1
109.4
109.7
109.5
109.3
108.1

111.9
112.0
111.8
112.0
111.8
111.9
111.6
109.6

109.8
110.2
109.6
109.5
109.8
109.6
109.4
107.9

110.5
110.5
110.3
110.3
110.5
110.7
109.9
108.7

Saturation temp 133.3 133.1 132.4 133.3
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TABLE 20. POOL WATER MEAN TEMPERATURES IN THE TESTS:
RT-SB-14/15; 10/11; 06/07; 02/03

RT-SB-14/15 RT-SB-10/11 RT-SB-06/07 RT-SB-02/03

Height
Height
Height
Height
Height
Height
Height
Height

-3 cm
0 cm
5 cm

35 cm
74 cm

140 cm
210 cm
330 cm

109.7
109.8
108.7
109.5
109.8
109.6
109.4
108.4

112.5
112.6
112.4
112.3
112.6
112.5
112.1
110.2

110.2
110.3
109.1
110.0
110.3
110.2
109.9
108.1

109.8
110.3
109.7
109.6
109.9
109.7
109.5
107.4

Saturation temp 133.3 132.2 133.1 133.3

TABLE 21. POOL WATER MEAN TEMPERATURES IN THE TESTS:
RT-SC-01/02; RT-SC-P/01; RT-MB-01/02

RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

Height
Height
Height
Height
Height
Height "
Height
Height

3 cm
0 cm
5 cm

35 cm
74 cm

140 cm
210 cm
330 cm

109.4
109.6
108.7
109.2
109.5
109.3
109.1
108.8

110.2
110.3
109.9
109.8
110.2
110.1
110.0
109.2

109.1
109.7
109.3
109.0
109.2
110.1
109.5
109.0

Saturation temp 133.4 133.6 131.4
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TABLE 22. MASS BALANCE IN THE TESTS: RT-SB-12/13; 08/09; 04/05; 00/01

RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

Inicial Csl (g)

Deposition (g)

No evaporaded
Furnace
Nucleation 0.
Heat exchanger
Injection line
TOTAL

% Recovered

Aerosol niass flow

Impactor
Filter

Atmosphere

Mass rate (mg/s)
Total atm (mg)

Pool

Total (mg)

% Recovered

Impactor
Filter

]

8.
1.
0.
0.
1,

12.

73,

rate

0,

1

,623
,881
,238
,517
,350
,608

.22

Cs

18.

8.005
1.663
0.232
0.449
1.192

11.540

66.62

(mg/s)

,167
0.140

3.
1

586

97
116

2E-4
.14

.8

.61

.31

0.146
0.130

: 1.8E-4
0.665

467.1

88.87
100.20

4
1
0
0
1
7

83

0
-

5.

I

.280

.844

.216

.143

.081

.563

.42

.091

7E-3
20.6

189

64
58

.9

.00

.61

9.

Cs

3.887
1
0
0
0
6

75

0
0

4.
15

197

71
68

.747

.191

.110

.897

.833

.79

.082

.086

4E-3
.7

.1

.76

.89

I

7.960
5.012
1.189
1.684
1.141

16.985

95.68

0.116
0.131

6.9E-4
2.48

431.4

103.72
92.16

Cs

18.

8.139
5.134
1.042
1.548
0.972

16.836

92.62

0.098
0.132

4.6E-4
1.64

-

-
-

I

2.978
2.344
0.049
0.029
0.749
6.149

70.10

0.076
0.074

5.7E-4
2.06

187.2

68.76
70.82

Cs

9.

2.606
2.055
0.047
0.024
0.672
5.404

62.13

0.059
0.070

2.8E-4
0.991

211.0

99.69
84.19
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TABLE 23. MASS BALANCE IN THE TESTS: RT-SB-14/15; 10/11; 06/07; 0203

RT-SB-14/15 RT-SB-10/11 RT-SB-06/07 RT-SB-02/03

Initial Csl (g)

Deposition (g)

No evaporated
Furnace
Nucleation C.
Heat exchanger
Injectioniine
TOTAL

% Recovered

Aerosol mass flow

Impactor
Filter

I

1

4.414
6.614
6.513
0.107
0.228

17.876

99.73

Cs

.8.

4.174
6.385
5.132
0.080
0.206

15.977

89.22

rate (mg/s)

0.030
™

0.025
-

I

2.408
1.618
2.816
0.054
0.327
7.224

82.56

-
-

Cs

9.

2.346
1.666
2.904
0.057
0.249
7.222

81.72

-
-

I

6.387
5.856
3.698
0.046
0.475

16.462

92.14

-
-

Cs

18.

6.409
5.895
3.986
0.043
0.467

16.800

94.56

0.082
0.040

I

7.526
5.317
0.136
3.619
0.438

16.900

95.83

0.112
0.156

Cs

18.

8.621
4.268
0.119
4.139
0.372

17.520

98.73

0.085
0.130

Atmosphere

Mass rate (mg/s) 5.6E-4 4.8E-4 1.1E-4 - 9.6E-5 9.5E-5 1.6E-4 1.5E-4
Total atm (mg) 2.01 1.72 0.411 - 0.344 0.344 0.560 0.540

Pool

Total (mg) 107.6 109.8 277.4 200.8 99.7 202.3 378.8 390.9

% Recovered

Impactor 103.26 123.82 171.14 141.11 26.56 68.97 94.51 127.80
Filter 28.70 28.39 185.41 151.20 33.92 140.37 67.55 83.67
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TABLE 24. MASS BALANCE IN THE TESTS: RT-SC-01/02; RT-SC-P/01;
RT-MB-01/02

RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

Parameter I Cs I Cs I Cs

Initial Csl (g) 18. 18. 80.

Deposition (g)

No evaporated
Furnace
Nucleation C.
Heat exchanger
Injection line

13.341
1.011
0.422
0.279
0.516

14.092
1.320
0.309
0.214
0.442

1.276
9.327
7.168
0.185
0.324

1.125
8.624
7.129
0.187
0.316

7.947
22.077
18.630
-
12.002

7.139
25.362
19.627
-
11.016

TOTAL ' 15.569 16.378 18.280 17.381 60.657 63.139

% Recovered 90.92 95.08 102.77 98.17 84.30 86.50

Aerosol mass flow rate (mg/s)

Impactor
Filter

Atmosphere

Mass rate (mg/s)
Total atm (mg)

0.185
0.194

1.6E-3
5.75

0.

1.
4.

145

1E-3
08

0.084
0.090

1.7E-4
0.616

-

1.
0.

9E-4
690

1

1
4

.623

.3E-3

.59

1

5
1

.551

.3E-4

.92

Pool

Total (mg) 830.2 764.0 236.3 303.1 6744.4 6018.1

% Recovered

Impactor
Filter

125.45
119.88

153.87
146.87

78.
73.

76
17

227
168

.84

.47
115.50
639.11

107.82
830.65
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TABLE 25. AEROSOL CONCENTRATION

RT-SB-12/13 RT-SB-08/09 RT-SB-04/05 RT-SB-00/01

I Cs I Cs I Cs I Cs

Inlet concentration

Impact (mg/s) 4.0E-4 3.5E-4 2.4E-4 2.2E-4 3.0E-4 2.5E-4 2.0E-4 1.5E-4
Filter(mg/cm3) 3.3E-4 3.0E-4 - 2.2E-4 3.4E-4 3.4E-4 1.9E-4 1.8E-4
Optical I.(n/cm3) 1.9E5 6.3E4 5.0E4

Atm conc (g/1) 2.4E-7 1.4E-7 5.2E-6 4.0E-6 6.2E-7 4.1E-7 5.7E-7 2.8E-7

RT-SB-14/15 RT-SB-10/11 RT-SB-06/07 RT-SB-02/03

I Cs I Cs I Cs I Cs

Inlet concentration

Impact (mg/s) 7.6E-5 6.4E-5 - - - 2.2E-4 2.5E-4 1.9E-4
Filter(mg/cm3) - - . . . 1.1E-4 3.4E-4 2.9E-4
Optical I. (n/cm3) 5.9E2 2.0E4 3.6E4 1.3E4

Atm conc (g/1) 4.2E-7 3.6E-7 9.2E-8 6.6E-7 8.6E-8 8.7E-8 1.4E-7 1.4E-7

RT-SC-01/02 RT-SC-P/01 RT-MB-01/02

I Cs I Cs I Cs

Inlet concentration

Impact (mg/cm3) 8.8E-5 - 4.1E-5 - 5.4E-4 5.1E-4
Filter (mg/cm3) 9.2E-5 6.9E-5 4.4E-5
Optical I. (n/cm3) 5.2E3 6.6E2 1.2E4

Atm conc (g/1) 4.2E-7 3.0E-7 3.9E-8 4.4E-8 2.2E-7 9.0E-8
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TABLE 26. PARTIÓLE SIZE DISTRIBUTION IN THE TESTS: RT-SB-12/13;
08/09; 04/05; 00/01

MEASUREMENT
INSTRUMENT

Microscopy

D m (¿/m)
SD ijjm)

Impactor

AMMD tumi
GSÜ
r i
i'2

Optical I.

CMD [fim)
GSD

RT-SB-12/13

3.2
1.3

3.0
2.3
.943
.976

1.06
1.67

RT-SB-08/09

0.39
0.36

0.55 v 3.5
1.6 y 1.4

1.12
1.50

RT-SB-04/05

1.6
2.9

3.4
5.4
.974

0.88
1.61

RT-SB-00/01

0.3
0.27

3.4
2.6
.979

No data

Dm — Mean projected área diameter
AMMD= Aerodynamic mass median diameter
CMD = Count median diameter
SU = Standard deviation
GSD = Geometric standard deviation
ri = Lineal fit correlation coefficient using all the points
i"2 = Lineal fit correlation coefficient using the central points
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TABLE 27. PART1CLE SIZE DISTRIBUTION IN THE TESTS: RT-SB-14/15;
10/11; 06/07; 02/03

MEASUREMENT
INSTRUMENT

Microscopy

D m (^m)
SD (//m)

Impactor

AMMD (¿/m)
GSD
r l
r 2

Optical I.

CMD (¿mi)
GSD

RT-SB-14/15

0.59
0.98

5.8
3.5
,933
.954

0.94
1.42

RT-SB-10/11

5.1
2.8

7.2
1.6
.922
.967

1.03
1.80

RT-SB-06/07

3.3
2.4

4.2
3.3
.965
.922

1.07
1.66

RT-SB-02/03

0.21
0.28

5.0
3.8
.957
.982

1.08
1.59

Dm — Mean projeted área diameter
AMMD= Aerodynamic mass median diameter
CMD = Count median diameter
SD = Standard deviation
GSD = Geometric standard deviation
ri = Lineal fit correlation coefñcient using all the points
r2 = Lineal fit correlation coefñcient using the central points
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TABLE 28. PARTICLE SIZE DISTRIBUTION IN THE TEST: RT-SC-01/02;
RT-SC-P/01; RT-MB-01/02

MEASUREMENT RT-SC-01/02 RT-SC-P/01 RT-MB-01/02
INSTRUMENT

Microscopy

D m {jum)
SD ium)

Impactor

AMMD (//mi
GSD
r l
r2

Optical

CMD (/mi)
GSD

1.33
1.8

1.7
2.2
.927
.998

0.85
1.42

2.55
1.9

5.6
3.6
.960
.975

1.04
1.52

2.04
1.2

4.1
1.8
.918
.970

0.72
1.32

Dm = Mean projeted área diameter
AMMD= Aerodynamic mass median diameter
CMD = Count median diameter
SD = Standard deviation
GSD = Geometric standard deviation
ri = Lineal fit correlation coefficient using all the points
i"2 = Lineal fit correlation coefficient using the central points
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TABLE 29. MEASUREMENT COMPARISON:
OPTICAL INSTRUMENT

INERTIAL INSTRUMENT-

TEST DI

AMMD (yin)

Calculated

D2

Experimental

D

RT-SB-08/09
RT-SB-12/13
RT-SB-04/05
RT-SC-01/02
RT-SB-06/07
RT-MB-01702

2.7
3.5
2.6
1.7
3.4
1.4

3.9
4.9
3.7
2.4
4.9
1.9

3.5
3.0
3.4
1.7
4.2
4.1

DI = AMMD calculated from the CMD (p partióle = p CsI/2>
D2 = AMMD calculated from the CMD (p partióle = p Csl>

Shape factor X — 1
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TABLE 30. DECONTAMINATION FACTOR AND MAIN EXPERIMENTAL
PARAMETERS

Test Mix flow Steam AMMD a Discharge DF
(cm3/s) fraction (ym) regime

RT-SB-12/13
RT-SB-08/09
RT-SB-04/05
RT-SB-00/01

RT-SB-14/15
RT-SB-10/11
RT-SB-06/07
RT-SB-02/Ü3

RT-SC-0/02
RT-SC-P/01
RT-MB-01/02**

420
382
388
385

384
411
376
453

2095
2031
3024

0.11
0.38
0.58
0.90

0.15
0.35
0.56
0.87

0.10
0.11
0.11

3.0
0.55/3.5*

3.4
3.4

5.8
7.2
4.2
5.0

1.7
5.6
4.1

0.14
0.43
0.21
0.16

0.17
0.02
0.02
0.08

0.25
0.18
0.06

Bubble
Bubble
Bubble
Bubble

Bubble
Bubble
Bubble
Bubble

Jet
Jet
Bubble

444-702
16-20
168-169
129-254

52-53
677
419-858
567-922

116-128
491-526

1273-2913

a = Particle fraction < 1/jm
* Bimodal distribution
** Multiorifice test
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APPEND1X A.

Evolution of the main thermalhydraulic variables
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FIG. A-5 Evolution of the main thermalhydraulic parameters. Test RT-SB-14/15
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APPPENDIX B.

Mass balance
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APPENDIX C.

Number and volumetric distribuíion of Csl particles
using the optical instrument
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FIG. C-l Particle number distribution obtained by the optical
instrument in the injection line. Test RT-SB-12/13.
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FIG. C-2 Particle volumetric distribution obtained by the
optical instrument in the injection line. Test RT-SB-
12/13.
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FIG. C-3 Particle number distribution obtained by the optical
instrument in the injection line. Test RT-SB-08/09.

OF TOTAL UOLUME

2.0.

(nicrons)

5

FIG. C-4 Particle volumetric distribution obtained by the
optical instrument in the injection line. Test RT-SB-
08/09.
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FIG. C-5 Particle number distribution obtained by the optical
instrument in the vent line. Test RT-SB-08/09.
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FIG. C-6 Particle volumetric distribution .. obtained by the
optical instrument in the vent line. Test RT-SB-08/09.



C-4

3.6
A ©F TOTflL NUÜBER

EXF= ©
vs SIZE

m&
FIG. C-7 Particle number distribution obtained by the optical

instrument in the injection line. Test RT-SB-04/05.
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FIG. C-8 Particle volumetric distribution obtained by the
optical instrument in the injection line. Test RT-SB-
04/05.
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FIG. C-9 Particle number distribution obtained by the optical
instrument in the injection line. Test RT-SB-06/07.
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FIG. C-10 Particle volumetric distribution obtained by the
optical instrument in the injection line. Test RT-SB-
06/07.
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FIG. C-ll Particle nuiaber distribution obtained by the optical
instrument in the injection line. Test RT-SC-01/02.
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FIG. C-12 Particle volumetric distribution obtained by the
optical instrument in the injection line. Test RT-SC-
01/02.
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FIG. C-13 Particle number distribution obtained by the optical
instrument in the injection line. Test RT-MB-01/02.
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FIG. C-14 Particle volumetric distribution obtained by the
optical instrument in the injection line. Test RT-MB-
01/02.





APPENDiX D.

Csl partióle mass distribution
using the inertial instrument
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FIG. D-3 Particle mass distribution obtained by the cascade
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impactor in the injection line. Test RT-SB-OO/01.
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FIG. D-5 Particle mass distribution obtained by the cascade

impactor in the injection line. Test RT-SB-14/15.
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FIG. D-6 Particle mass distribution obtained by the cascade

impactor in the injection line. Test RT-SB-10/11.
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FIG. D-7 Particle mass distribution obtained by the cascade
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Csi particle photographs by scanning electrón
microscopy (SEM) and number distribution
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Csl particle deposits in SS coupons and
number distribution. Test RT-SB-12/13.
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FIG. E-2 Csl partióle deposits in SS coupons and
number distribution. Test RT-SB-08/09.
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Csl partióle deposits in SS coupons and
number distribution. Test RT-SB-04/05.
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Csl particle dsposits in SS coupons and
number distribution. Test RT-SB-00/01.
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Csl particle deposite in SS coupons and
number distribution. Test RT-SB-14/15.
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(C) Histogram

Csl partióle deposits in SS coupons and
number distribution. Test RT-SB-10/ll.
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(C) Histogram

Csl particle deposits in SS coupons and
nuinber distribution. Test RT-SB- 06/07.
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(C) Histogram

Csl particle deposits in SS coupons and
number distribution. Test RT-SB-02/03.
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(C) Histogram

Csl particle deposits in SS coupons and
number distribution. Test RT-SC-01/02.
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FIG. E-10 Csl particle deposits in SS coupons and
number distribution. Test RT-SC-P/01.
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APPENDIX F.

EPXMA analysis of cesium iodide partióles
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FIG. F-l Chemical analysis of Csl p a r t i c l e s deposited in SS

coupons by means of EPXMA. (a) Test RT-SB-12/13 and

(b) RT-SB-08/09.
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FIG. F-2 Chemical analysis of Csl p a r t i c l e s deposited in SS

coupons by means of EPXMA. (a) Test RT-SB-04/05 and

(b) RT-SB-00/01.
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FIG. F-3 Chemical analysis of Csl particles deposited in SS

coupons by means of EPXMA. (a) Test RT-SB-14/15 and

(b) RT-SB-10/11.
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FIG. F-4 Cheaical analysis of Csl particles deposited in SS
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water-cooled reactors undcr severe accident conditions has been performed. for these experiments, an intermedia-
te scales, multi-purpose facility was set up at CIEMAT (Madrid). The facility includes various systems: aerosol
generation (Csl), mixing section, injection Une and pool-vesscl (8 m ), as well as the corresponding aerosol instru-
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Some parameters have been varied in order to study their influcnce in the DF: steam/noncondensable ratio in
the accidental mixture (0.1 to 0.9), particle size, flow rate (two regimes: bubble and jet) and injector geometry
(monoorifice and multioriflce). On the other hand, some parameters have been kept constan! aíong the experi-
ments; pool geometry (diameter, water level), water temperature, pressure in the atmospliere above the water,
submergence, injection temperature and injection time.

A rapid decrease in the DF is observed as the proportion of particles measuring less than 1 |im increases.
Retention decreases in the case of smalter particles and considerably higher in the case of larger particles.

It has been also possible to observe the influence of the injected steam fraction. Experimenls with greater
fraction than the saturation fraction have greater DF than trióse ones with smaller fractions.

The jet regime with horizontal injection and the multiorifice geometry would appear to show a somewhat
higher capacity of retention than those in the bubble regime under similar conditions. It would be necessary to
confirm tliis greater capacity for retention by means of additional experimental data.

This work, performed by the LACE-España Consortium, has been carried out in the frame of the European
! _Commis.sion's_Shared Cost Action Programme on Reactor Safety 1988-91 on ££ontractual basis. !
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Instituto de Tecnología Nuclear.

"Programa experimental Lace-España sobre retención
de aerosoles en lechos acuosos".

MARCOS, M' J., GÓMEZ, F.J., MELCHES, I, MARTÍN, M., LÓPEZ, J. (1994) 20Ó pp.; 69 figs.; 18 refs.

Al término de la etapa de participación en el proyecto internacional sobre seguridad nuclear LACE (LWR
Aerosol Containment Experiments), se estableció un p.royecto experimental propio, como parte de las actividades
emprendidas en 1987 por el Consorcio LACE-ESPANA, promovido por el Ministerio de Industria, Comercio y
Turismo, e integrado por las organizaciones siguientes: CIEMAT, CSN, ENUSA, TECNATOM, UNESA y UPM.

El programa consistió en una matriz de once experimentos sobre el comportamient de retención de aeroso-
les en lechos acuosos y piscinas de relajación de reactores refrigerados por agua en situaciones de accidentes
graves. Con tal finalidad, se construyó en el CIEMAT una instalación multiuso a escala intermedia.

La instalación se compone de varios sistemas: generación de aerosoles (Csl), sección de mezcla, línea de
inyección y vasija de piscina (8 m ), además de instumentación de aerosoles y un sistema de control de proceso
y adquisición de datos.

Los once experimentos se llevaron a cabo de manera satisfactoria entre octubre de 1991 y julio de 1992, consi-
guiéndose reproducir las principales magnitudes termohidráulicas y el correcto funcionamiento de la instrumen-
tación de aerosoles.

Los valores de factores de descontaminación obtenidos muestran la capacidad de retención de iscinas para
diversos escenarios y condiciones: tamaño de partículas, inyectores monoorificio, mulliorificio, regímenes de bur-
buja, chorro y fracciones de vapor.

Este trabajo ha sido realizado por el CIEMAT en el marco del Consorcio.
La base de datos obtenida podrá contribuir a la validación de los modelos y códigos de retención (SPARC

y BUSCA), actividad que ha desarrollado la UPM dentro del Consorcio.
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graves. Con tal finalidad, se construyó en el CIEMAT una instalación muitiuso a escala intermedia.

La instalación se compone de varios sistemas: generación de aerosoles (Csl), sección de mezcla, línea de
inyección y vasija de piscina (8 m ), además de instumentación de aerosoles y un sistema de control de proceso
y adquisición de datos.

Los once experimentos se llevaron a cabo de manera satisfactoria entre octubre de 1991 y julio de 1992, consi-
guiéndose reproducir las principales magnitudes termohidráulicas y el correcto funcionamiento de la instrumen-
tación de aerosoles.

Los valores de factores de descontaminación obtenidos muestran la capacidad de retención de iscinas para
diversos escenarios y condiciones: tamaño de partículas, inyectores monoorificio, multiorificio, regímenes de bur-
buja, chorro y fracciones de vapor.

Este trabajo ha sido realizado por el CIEMAT en el marco del Consorcio.
La base de datos obtenida podrá contribuir a la validación de los modelos y códigos de retención (SPARC

y BUSCA), actividad que ha desarrollado la UPM dentro del Consorcio.
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