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a b s t r a c t

A steam generator tube rupture (SGTR) event with a stuck-open safety relief valve con-

stitutes one of the most serious accident sequences in pressurized water reactors (PWRs)

because it may create an open path for radioactive aerosol release into the environment.

The release may be mitigated by the deposition of fission product particles on a steam

generator's (SG's) dry tubes and structures or by scrubbing in the secondary coolant.

However, the absence of empirical data, the complexity of the geometry, and the con-

trolling processes have, until recently, made any quantification of retention difficult to

justify. As a result, past risk assessment studies typically took little or no credit for aerosol

retention in SGTR sequences. To provide these missing data, the Paul Scherrer Institute

(PSI) initiated the Aerosol Trapping In Steam GeneraTor (ARTIST) Project, which aimed to

thoroughly investigate various aspects of aerosol removal in the secondary side of a

breached steam generator. Between 2003 and 2011, the PSI has led the ARTIST Project,

which involved intense collaboration between nearly 20 international partners. This

summary paper presents key findings of experimental and analytical work conducted at

the PSI within the ARTIST program.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Despite improvements in steam generator (SG) design and in

manufacturing and modes of operation, steam generator

tube rupture (SGTR) events occasionally occur during pres-

surized water reactor (PWR) operation, which underlines the

need to pay particular attention to these sequences. Steam

generator tubing can undergo several degradation processes

that can cause cracking, wall thinning, leakage, or even

rupture [1]. A particular safety challenge arises from an SGTR

in combination with other failures so that a core melt results

by which radioactive fission products may be transported by
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a direct path to the environment. Sequences of this kind are

referred to as “containment bypass” and, despite their low

probability, they represent a significant or even dominant

contribution to the overall public risk. Probabilistic safety

assessments typically take little or no account of any reten-

tion of fission products on the SG secondary side [2], although

the complex geometry of the tube bank, support plates,

separators, and dryers provides a large surface area on which

fission products may be trapped. The presence of liquid water

in the SG bundle may further augment retention. However,

the processes that control retention are complex and no

reliable models or empirical data exist with which to perform

assessments.

During 2000e2002, the Steam Generator Tube Rupture

Project was performed within the European Union 5th

Framework Program [3, 4]. The project generated a data-

base on aerosol retention in PWRs and in VVR-type SGs,

which allowed the verification and development of pre-

dictive models in support of accident management in-

terventions in SGTR sequences. A primary outcome of the

SGTR Project was that models for turbulent deposition,

which dominates the removal mechanisms in dry condi-

tions, are prone to substantial uncertainty. The project also

showed that considerable aerosol retention can be ex-

pected, even with moderate water levels above the breach.

In conclusion, the project indicated areas in which more

data of separate effect nature are needed to provide a

satisfactory understanding of aerosol removal phenomena

in SGTR sequences.

Based on these outlined needs, an international collab-

orative project, called Aerosol Trapping In Steam GeneraTor

(ARTIST) Project, was performed between 2003 and 2011 and

involved nearly 20 partners. The primary goal of the project

was to experimentally determine aerosol and droplet

retention in the SG within an eight-phase program. The

experimental investigations were supported by analytical

work and models were developed, based on the acquired

experimental data. The final aim of the project was to gain

an international consensus on the treatment of source term

resulting from an SGTR.

As a prelude to the ARTIST Project, a reference calculation

was performed to determine the boundary conditions for an

assumed SGTR in a PWR, leading to core uncovery andmelting

and subsequent fission product release [5]. An SGTR with

other failures leading to core damage was chosen as the base

sequence because it is a major risk contributor in probabilistic

safety assessment studies [2]. The calculations were per-

formed using the SCDAP/RELAP5 code (INEEL, Idaho Falls,

USA). In addition, fission product release was calculated using

the SASPROG code (NRC, USA). The initiating fault in the cal-

culations was a double-ended guillotine break near the bot-

tom of one SG tube on the hot side. The operator assumedly

does not reduce the primary side pressure, thereby resulting

in the loss of coolant inventory, but the emergency coolant

systems function normally.

The calculations showed that during fission product

release, the primary pressure was ~0.5 MPa and the faulted

SG secondary side pressure was 0.1 MPa. The break mass

flow rate was ~900 kg/h at the time of interest, and the gas

temperature was 1,000 K. These values were used to define

the baseecase boundary conditions for the ARTIST experi-

mental program. Preservation of the jet momentum out of a

one-diameter equivalent breach leads to a room tempera-

ture nitrogen (N2) flow with a primary pressure of 3 bars

discharging into the ambient environment. This translates

into a gas flow rate of ~360 kg/h in the ARTIST mock-up.

Under actual conditions, the carrier gas is superheated

steam, which is too hot to condense on the structures.

Hence, our use of N2 gas as a surrogate is realistic and

practical.

The chosen scenario is characterized by relatively small

breach flows, and hence limited recirculation in the dry

bundle. Other scenarios using a higher primary pressure will

lead to higher flow rates, and hence higher recirculation, with

potentially increased aerosol retention.

2. The ARTIST program phases

The ARTIST Project consisted of eight distinct phases, which

are summarized as follows.

Phase I: Aerosol retention in SG tubes under dry conditions.

In this phase, in-tube aerosol deposition/resuspension is

studied under high flow conditions. Tube length, bend cur-

vature, and aerosol type, size, and concentration are varied.

Phase II: Aerosol retention in the break vicinity under dry

conditions. In this phase, aerosol deposition/resuspension at

very high velocities is addressed. The break gas flow rate,

break type (e.g., fish-mouth, double-guillotine) and aerosol

size are varied.

Phase III: Aerosol retention in the bundle far from the break

under dry conditions. The gas flow rate and aerosol size are

varied.

Phase IV: Aerosol retention in the separator and dryer

under dry conditions. This phase studies aerosol impaction

and interception due to complex three-dimensional (3D) flows

in the upper components of the SG. The gas flow rate and

aerosol size are varied.

Phase V: Aerosol retention in the bundle section under

flooded SG secondary side conditions when the break is sub-

merged. This phase investigates aerosol scrubbing by the SG

water pool and inertial impaction on the structures. The break

flow rate, pool submergence, and aerosol size are varied.

Phase VI: Droplet retention in the separator and dryer

sections under dry conditions. This phase deals with design

basis accident (DBA)-type phenomena (i.e., the potential for

“primary bypass”) whereby a break at the top of the tube

bundle sprays fine primary liquid droplets that may find their

way into the environment through a stuck-open safety valve.

In this phase, the carrier gas flow rates and droplet sizes are

varied.

Phase VII: Integral tests. The seventh set of experiments is

integral and is focused on aerosol retention in the whole

model SG under dry conditions.

Phase VIII. Flooded separator. During this phase the sec-

ondary side is flooded up to the separator outlet, corre-

sponding to the wide range of level measurement during SG

filling. The additional effect of the SG separator internals on

aerosol retention was studied.
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3. Study overview

This summary paper presents key findings of work conducted

at the PSI under dry SG secondary side conditions with solid

aerosols (i.e., Phases IeIV and VII). Work related to flooded

bundles (i.e., Phase V) has been reported by Lind et al. [6]. In-

vestigations dealing with the flooded separator (i.e., Phase

VIII) will be reported later. Results of droplet retention in the

Fig. 1 e Schematic of the ARTIST integral mock-up test facility. ARTIST, Aerosol Trapping In Steam GeneraTor; BLPI, Berner

Low Pressure Impactor; ELPI, Electric Low Pressure Impactor; OPC, Optical Particle Counter; SEM, Scanning Electron

Microscope; TEOM, Tapered Element Oscillating Microbalance.
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separator and dryer (i.e., Phase VI) have been reported previ-

ously by Kapulla et al. [7]. Detailed results of the ARTIST

Project under the dry SG secondary side, including contribu-

tions of PSI's international partners, will be the subject of

future publications.

Two kinds of solid aerosols were used in the ARTIST Proj-

ect: titanium dioxide (TiO2) and silicon dioxide (SiO2). Early in

the program, TiO2 was used. This material consists of a

polydisperse aerosol made of irregular loose agglomerates.

When entrained by a high velocity gas jet, the agglomerate

disintegrated into much smaller particles, which affected the

deposition and resuspension characteristics. The tests

consequently were rather difficult to control and interpret. It

was thereafter decided to use spherical monodisperse non-

disintegrating SiO2 aerosols. In addition to the easier charac-

terization of retention, these SiO2 particles are representative

of nuclear aerosols that have more compact and sintered

structures and are less prone to deagglomeration [8]. There-

fore, when discussing tests on dry walls (i.e., noncondensing

conditions), only results pertaining to the nondisintegrating

SiO2 aerosols will be presented in this paper. In the future,

data related to the deagglomeration of the TiO2 aerosol will be

presented in more detailed papers in the ARTIST program.

4. Experimental facilities and measurement
techniques

Experimentation was conducted at several facilities at the PSI.

This section summarizes the descriptions of the various test

rigs utilized at the PSI within the ARTIST Project.

4.1. The ARTIST integral mock-up facility

The ARTIST integral facility, shown schematically in Fig. 1, is a

scaled-down model of the FRAMATOME 33/19 type of SG that

Fig. 2 e Photograph of the ARTIST mock-up tube bundle

(without straight center tubes). ARTIST, Aerosol Trapping

In Steam GeneraTor.

Table 1 e Important geometric parameters in the bundle section for the Beznau nuclear power plant steam generator and
for the ARTIST mock-up.

Parameter Unit Beznau ARTIST

No. of tubes e 3,238 (U-tube) 270 Straight tubes with 132 U-bends

No. of dryers e 12 1

No. of separators e 12 1

Maximum tube length m 9.0 3.8

Bundle diameter m 2.68 0.57

Total cross-sectional area of a bundle m2 5.641 0.258

Area occupied by the tubes m2 1.846 0.0755

Free flow area in a bundle section m2 3.790 0.185

Physical diameter of free area in a bundle region m 2.2 0.48

Physical diameter of free area in the support plate m 1.275 0.26

Free area per flow channel in the support plate m2 1.97 � 10�4 1.97 � 10�4

Tube inside diameter mm 16.87 16.87

Tube outside diameter mm 19.05 19.05

Surface/volume ratio m2/m3 102.2 87.2

Ratio of the free area in a bundle to that of the support plate e 2.97 3.49

Hydraulic diameter in the bundle region secondary side mm 31 31

Porosity e 0.67 0.71

Bold signifies the important scaling parameters that are roughly conserved. ARTIST, Aerosol Trapping in a Steam Generator.
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was in operation at the Swiss Power Plant Beznau (D€ottingen,

Switzerland), which is a 1,136MWth PWR. The test sectionwas

composed of several modules: a scaled 0.57-m diameter tube

bundle comprising 270 straight tubes with an inner diameter

of 16.7 mm and a height of 3.8 m (Fig. 2); a U-bend section of

the tube bundle with 132 U-bends (Fig. 2); a tube sheet plate;

three support plates; a shroud; one separator unit (1:1 scale);

and one dryer cell (1:1 scale).

We noted that in the actual tests, the central region of

the bundle is filled with straight tubes (Fig. 2). The tubes

have a diameter, thickness, and pitch that are identical to

the real unit. The spacing between support plates of 1.1 m is

also preserved. However, the tube length is only ~40% of the

real unit; hence, there are only three bundle stages,

compared to the nine bundle stages in a real plant. A com-

parison of the ARTIST facility with the real SG is presented

in Table 1.

4.2. The single-tube facility

A dedicated single-tube test facility was constructed to

enable the determination of aerosol retention inside the

SG tube upstream of the potential break. The test tube has

the same outer and inner diameters as in the ARTIST in-

tegral facility (i.e., outer diameter of 19.05 mm and inner

diameter of 16.87 mm). The facility consists of an inlet

section with gas feed, aerosol generator, mixing volume

(i.e., the mixing chamber) for mixing the aerosol and the

main gas flow, inlet aerosol measurement section, tube

reduction, test tube, expansion, and an outlet aerosol

measurement section. Four tube geometries were used in

the single-tube facility: (1) straight tube with a length of

5.3 m, (2) straight tube with a length of 9.3 m, (3) U-tube

with a length of 19.0 m and a bend radius of curvature of

83 mm, and (4) U-tube with a length of 19.0 m and a bend

radius of curvature of 384 mm.

4.3. The break stage facility

The break stage separate effect test facility is presented in

Fig. 3. We defined “break stage” as the tube bundle region

between two successive support plates and that contained the

section of the breached tube. The facility is a dedicated test rig

consisting of 270 straight tubes, each with a length of

1,255 mm, outer diameter of 19.05 mm, and inner diameter of

16.87mm. A tubewith a break is inserted close to the center of

the bundle with a break 250 mm above the tube sheet. Four

break geometries were used: (1) 1-D guillotine; (2) 1-D fish-

mouth break; (3) 0.05-D guillotine; and (4) 0.05-D fish-mouth

break (Fig. 4). The 0.05-D break has an opening area that is

25% of the 1-D break opening area.

Fig. 3 e The break stage facility with the tube sheet and support plate.

Fig. 4 e Photographs of the four break types used in the

break stage facility.
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4.4. The far-field bundle facility

A dedicated far-field test facility (Fig. 5) was constructed to

enable the determination of aerosol retention in the SG tube

bundle further away fromthebreak inanareawhere theflowis

primarily upward and laminar. The tube bundle consists of 89

straight tubes that are identical to the tubesused in theARTIST

integral test facility. The facility was designed to be used with

one far-field stage (including 1 support plate) or with two far-

field stages (including 2 support plates). The tube length for

the one-stage setupwas 1,255mmand for the two-stage setup

was 2,410mmwith an entrance length before the first support

plate of 1,600 mm to provide sufficient flow development

length in the bundle before the first support plate. The bundle

tubes in the far-field stage are arranged axis symmetrically

with respect to the facility housing (i.e., shroud).

4.5. The separator-dryer facility for aerosol retention

Aerosol retention in the steam separator and dryer was

experimentally investigated in the integral mock-up facility

but without the SG bundle installed in the lower section. The

setup consists of (1) the lower part of the separator (i.e., the

swirl vane unit), (2) the upper part of the separator (i.e., the

cyclone and lid section), and (3) the dryer unit. The separator

and dryer are 1:1 in size, compared to the actual SG.

4.6. Aerosol measurement devices

The main experimental goal of the ARTIST tests was to

characterize aerosol retention in each section of the model

SG (i.e., the broken tube, the break stage, the far-field

bundle stages, the separator, and the dryer). This is

accomplished by measuring the aerosol concentration and

thermalehydraulic conditions at the inlet and outlet of

each section.

In addition to classical thermalehydraulic instruments

(pressure transducers, thermocouples, flowmeters,

anemometer, etc.), different aerosol measurement systems

are connected to the inlet and outlet lines of the various

parts of the test section. The employed devices were as

follows: electrical low pressure impactor for online size

and concentration measurements; optical particle counters

for online size and concentration measurements; pho-

tometers to measure online relative aerosol concentration;

and filters for absolute aerosol concentration.

Fig. 5 e Photographs of the far-field bundle test section.
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These instruments, which are based on different working

principles, allow independent and redundant measurements

of aerosol size and concentration. Based on the collected data,

aerosol retention is characterized by the decontamination

factor (DF), which is defined as the ratio of the aerosol mass

entering the test section to the mass leaving the test section.

5. Summary of the ARTIST results in dry
conditions

5.1. Phase I: in-tube aerosol retention

5.1.1. Background
An SG breach may occur at different locations in the tube, with

the extreme positions near the tube sheet at the hot side, near

the tube sheet at the cold side, andon topof theU-bend.Aerosol

retention occurs inside the tube before the flow reaches the

break and discharges into the SG's secondary side. Aerosol

retention is the net effect of aerosol deposition onto a surface

and release of the aerosol from the surface. Deposition mecha-

nisms are fairly well understood, and deposition rates can be

analytically calculated, whereas the release mechanisms

resulting from resuspension or bounce are only partly under-

stood and cannot be reliably calculated. Aerosol particles

released from the core during fission product release are ex-

pected to have an aerodynamicmassmedian diameter (AMMD)

in the range of 1.5e2.0 mm in the hot leg leading to the SG [9].

These particles are under the highly turbulent conditions in the

SG tube; therefore, turbulent deposition is the expected main

deposition mechanism under dry wall conditions.

In the ARTIST Phase I tests, the effect of several parameters

on the aerosol retention was investigated: particle size, particle

concentration, tube geometry (i.e., straight tube, U-tube), and

diffusiophoresis (i.e., the presence of condensation). Eighteen

testswereperformedaltogether. The tests typically consisted of

an inlet absolute pressure of ~2.7e3.0 bars and an atmospheric

discharge pressure, resulting in velocities in the tube in the

range of 100 m/s (at the entrance) to 300m/s (at the outlet).

5.1.2. Experimental results
The ARTIST Phase I results were the following. (1) Aerosol

retention at very low particle concentrations, which corre-

sponded to less than a monolayer of particles on the tube

surface after the test, and for very fine aerosol particles (i.e.,

AMMD¼ 0.4e0.7 mm) was high (DF¼ 7e100). These high

values showed that particle bounce was insignificant for very

fine particles. (2) For larger aerosol particles (AMMD¼ 1.4 mm)

at very low concentration (i.e., less than a monolayer), reten-

tion was initially high, but then dropped over time to insig-

nificant levels (DF, ~1). This finding suggests that bounce,

resuspension, or both were important, even though far less

than a monolayer of particles was fed. (3) At high particle

concentrations more typical of reactor conditions (i.e., an

order of 1 g/m3) and for aerosol particleswith AMMDof 1.4 mm,

bounce and resuspension determined retention. A DF of 2 was

measured in the straight 9-m long tube and the U-tube with a

length of 18 m. On the other hand, supporting computational

fluid dynamics (CFD) calculations, which take into account

only deposition, showed that nearly all particles reach the

walls because of turbulence. This finding indicated that of the

nearly 100% calculated deposition efficiency, only ~50% of the

particles were retained in the tube, and the remaining 50%

bounced off from the walls or were resuspended after depo-

sition. (4) Steam condensation significantly enhances aerosol

deposition. If tube walls are externally cooled and steam is in

the carrier gas, condensation occurs and creates a “sticky”

liquid film that inhibits bounce and resuspension. In the

presence of condensation, a DF of 8 was measured for a

straight tube of 5.3-m length and an inlet TiO2 aerosol size

1e2 mm AMMD. Because of the high gas velocities, the film

containing the scrubbed aerosols is expelled through the end

of the tube (i.e., a breach). In absolute terms, the scrubbing in

the condensing situations is essentially caused by turbulent

impaction on a sticky surface (i.e., liquid film preventing sig-

nificant bouncing and resuspension) and only indirectly

caused by diffusiophoresis because only a small fraction of

the inlet steam mass is condensed.

Based on the results of the ARTIST Phase I tests at high

aerosol concentrations, a DF of 2 is a realistic value to assume

under noncondensing conditions. In condensing conditions, a

DF of 5e10 is appropriate.

5.1.3. Analytical results
Turbulence is typically very high (i.e., the Reynolds number is

several hundred thousands); therefore, turbulent impaction is

Fig. 6 e Photograph of the deposition near the breach (one-

half of the bundle is removed).
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the most significant mechanism for aerosol deposition in the

straight section of the tube, whereas inertial impaction dom-

inates deposition in the bend section. Computational fluid

dynamics simulations have been used to characterize the flow

field and to predict particle deposition inside a 5.3-m long tube

under choked flow conditions (i.e., with an upstream pressure

of 3.7 bars and an atmospheric discharge pressure). This

translated into a room temperature nitrogen (N2) flow of

370 kg/h. The standard k-ε model of turbulence was used

along with a well-resolved mesh. The flow field was validated

indirectly by measurements of pressure along the tube, and

the calculated and measured values were nearly identical [8].

The particle paths were determined in Lagrangian fashion

using the Continuous Random Walk model [10], which com-

putes the turbulent fluctuations that drive particles to the

wall. These simulations demonstrated that > 99% of the

injected particles have time to reach the wall because of

lateral turbulent diffusion. This finding was validated by the

ARTIST experiment conducted in a condensing environment

with a thin film condensate covering the wall and in which a

DF of 8 was measured.

Based on these findings, amore thorough understanding of

particle behavior inside the tube resides in addressing the

bounce and resuspension phenomenon on a dry tube wall.

Both of these mechanisms occur simultaneously because the

axial and lateral fluid velocities are high. To the best of our

knowledge, models that handle simultaneous bounce and

resuspension under the high velocity flow conditions of this

investigation do not exist. Therefore, carefully calibrated ex-

periments on oblique bounce and resuspension of deposits at

very high velocities need to be performed. Only after accom-

plishing a full understanding of these separate effect phe-

nomena will it be possible to gain sufficient knowledge about

simultaneous bounce and resuspension.

5.2. Phase II: break stage aerosol retention

5.2.1. Background
The SG secondary side offers an ample surface onto which

aerosol particles deposit and are retained. At the tube break,

the aerosol-laden jet is discharged at sonic velocities into

the dry SG secondary tube bundle whose complex geometry

creates complicated flow patterns. The flow spreads mostly

upward because of the high lateral resistance, entrains the

surrounding fluid, and then eventually slows and dissipates.

The jet hits the nearest tubes at a high velocity, which leads

to bounce and resuspension of aerosol particles. Fig. 6

shows that tube surfaces immediately surrounding the

breach are free of aerosol matter. Further away in the break

stage, the velocity is reduced by orders of magnitude, and

aerosol deposition occurs because of turbulence and

impaction.

The ARTIST Phase II involved the injection of a room

temperature aerosol-laden N2 flow in the break stage through

breaches of various sizes (i.e., 1-D and ½-D) and shapes (i.e.,

guillotine and fish-mouth). Gas flows corresponded to choked

conditions at 2.8e3.0 bar upstream reservoir pressure and

ranged 90e360 kg/h, depending on the breach size. The breach

was always in the center of the bundle at 0.25 m above the

tube sheet.

5.2.2. Experimental results
For the standard 1-D guillotine break (flow rate, 360 kg/h), the

ARTIST Phase II results were the following: (1) Aerosol reten-

tion depends on particle size: larger particles are more effi-

ciently retained; (2) The DF is 2 with an AMMD of 0.7 mm SiO2;

(3) The DF is 5.3 with an AMMDof 1.4 mmSiO2; and (4) TheDF is

15.8 with an AMMD of 3.7 mm SiO2.

In addition, the break geometry influences retention. It was

indeed found that for the ½-D break size, a guillotine breach

resulted in lower (i.e., conservative) DF, compared to a fish-

mouth break. For the 1-D breach, the DFs were similar for

both configurations.

For selected tubes, the distribution of aerosol mass de-

posits on the tubes was measured after the tests. A typical

posttest view of the tube bundle aerosol mass loading (in

milligrams) for the guillotine-type breach and particles with a

diameter of 3.7 mm (Fig. 7). The deposits are clearly visible on

all tubes, predominantly above the breach level. The aerosol

Fig. 7 e Deposited mass distribution in the break stage.

Fig. 8 e The laser Doppler anemometry measurement area

in the horizontal plane (i.e., the breach plane; z¼ 0.25 m).
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mass distribution on selected tubes is shown quantitatively in

Fig. 8. Themass is larger on the tubes surrounding the breach,

and becomes smaller towards the edge of the bundle.

5.2.3. Analytical results
The CFD simulations of the flow in the break stage were first

performed using Reynolds Averaged Navier-Stokes (RANS)

modeling of turbulence. Predictions were subsequently

compared to velocity measurements by laser Doppler

anemometry (LDA) for a ½-D guillotine break with a flow of

90 kg/h. It was concluded that the general features of the flow

were in fair agreement with the experimental data, although

the quantitative agreement was not good. This factor is pri-

marily because of the limitations of the RANS turbulence

models, which fall short of adequately capturing the very

complex turbulence in the tube bundle.

To tackle the wide range of flow scales, high fidelity

computations were performed using detached eddy simula-

tions (DESs) [11] for the ½-D guillotine breach. A DES is a

hybrid-type approach involving large eddy simulations (LES)

in the bulk of the flow and RANS-type modeling near the

walls. The domain was discretized in 51 million cells for the

finest mesh and, to make it economically feasible, the com-

putations were analyzed by an open source CFD code

(OpenFOAM, ESI Group, France) and involved nearly 1.5

million central processing unit (CPU) hours on a 2,048 core

high-performance computer. Fig. 8 shows the area where the

particle LDA velocity data were obtained. The DES results

reproduced all the main structures of the flow velocity field,

as shown in sample plots in Fig. 9. The horizontal y-lines

were compared at different distances from the break loca-

tion. The horizontal plane is z¼ 0.25 m (i.e., the plane con-

taining the breach location). Particle transport and deposition

were modeled by the Lagrangian approach, which involves

following the tracks of tens of thousands of particles with an

AMMD of 0.7 mm, 1.4 mm, and 3.7 mm, and assuming a

perfectly absorbing wall (i.e., no bounce or resuspension).

The computed deposited fractions were 0.67 for 0.7 mm par-

ticles, 0.75 for 1.4 mm particles, and 0.83 for 3.7 mm particles,

which is satisfactorily comparable with the measured values

of 0.50, 0.81, and 0.94, respectively. Thus, the CFD is able to

reasonably reproduce the experimental flow field and depo-

sition data, although this comes at the expense of a very large

CPU expenditure.

Fig. 9 e Vertical component of velocity. The graphs show the comparison of CFD versus the data in the breach horizontal

plane. DES, detached eddy simulation.
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5.3. Phase III: Aerosol retention in the bundle far-field

In the SG bundle away from the break stage, the flow is

primarily in the vertical upward direction. The mean gas

velocity is low, approximately 0.2 m/s for the baseecase

scenario. In this region, aerosol deposition may primarily

occur by two mechanisms: thermophoresis, which drives

the particles towards the cooler tube surfaces, and electro-

phoresis caused by self-charging of the radioactive aerosol

particles. Under cold flow and small velocities, the ARTIST

Phase III far-field tests showed that aerosol retention was

quite low with a DF of 1.05 for one far-field stage with

neutralized spherical SiO2 particles with AMMDs of 1.4 mm

and 3.7 mm.

The effect of the charge was small in the pretests. The ef-

fect of thermophoresis, which was not investigated in the

ARTIST tests, was expected to be small. In actual scenarios

with a dry bundle, the structures will indeed be quickly

heated-up [5]; thus, any temperature gradients will be negli-

gible in the long run. In addition, the flow becomes very

laminar in the far-field, and thus there are no turbulent eddies

to drive particles towards the walls and help deposit them by

thermophoresis. Owing to the observed low DFs, no credit

should be taken for aerosol deposition in the far-field stages of

a SG under dry conditions.

5.4. Phase IV: aerosol retention in the separator and
dryer

The steam separator and dryer have complex geometries. The

separator induces a swirl in the flow that is carried to the dryer

inlet, after which the flow enters the dryer panels. The flow

velocities are low, with expected maximum speeds of some

tens of centimeters per second. At these velocities, micron-

sized aerosol particles have too little inertia to deviate

significantly from the flow streamlines. Therefore, low DFs

would be expected. The ARTIST Phase IV results showed that

retention in the separator and dryer is low, with DFs of 1.1 for

3.7 mmparticles approaching the separator at a speed of 0.3m/

s. Therefore, it is appropriate not to take any credit for aerosol

deposition in the separator and dryer region under typical

SGTR dry conditions.

5.5. Phase VII: integral aerosol retention in the mock-up
artist facility

To verify the consistency of the separate effect tests, the SG

mock-up (i.e., small section of the breached tube, tube

bundle, separator, and dryer) was setup for the integral

aerosol Phase VII tests. Aerosol retention was determined

for the entire setup. The gas flow rate through the break in

the tests corresponded to the baseecase flow rate through a

1-D break in the reference calculation (i.e., 360 kg/h of cold

N2 flow through a guillotine breach). The data from the in-

tegral tests were consistent with the separate effect test

data. The dependency of DF on particle size was confirmed

(Fig. 10). The ARTIST Phase VII showed the following results:

(1) the DF is 5.2 with an AMMD of 1.4 mm (SiO2 particles); (2)

the DF is 19 with an AMMD of 3.7 mm (SiO2 particles); (3)

most of the aerosol retention occurs in the break vicinity

(i.e., the retention in the “break stage” is very close to the

retention of the integral mock-up facility under similar

conditions).

6. Conclusion

Despite the fact that SGTR sequences are major contributors

to reactor risk, by the year 2000 very few data were available

to justify taking credit for fission product removal in the

complex SG geometry. To respond to the need for a proper

experimental database, the PSI has led the international

ARTIST cost-share project, which ran between 2003 and 2011

and involved ~20 partners. The project consisted of eight

phases and addressed aerosol retention in a breached steam

generator at the separate effect level and the integral level.

This paper presents the key findings of experimental and

analytical work performed within the ARTIST Project. The

scope of this summary was limited to results obtained at the

PSI and to conditions relevant to a dry SG secondary side. The

main findings can be summarized as follows: (1) substantial

aerosol mass can be expected to be retained in the structures

of a breached SGdthe larger the aerosol size, the larger the

retention; (2) if the breached tube is a few meters long or

more, the DF inside the tube is ~2. When the tube walls are

wet owing to steam condensation, a DF of 5e10 is appro-

priate; (3) once the flow is discharged in the secondary side of

the SG, aerosol removal takes place essentially near the

breach (i.e., in the so-called “break stage”); (4) aerosol

removal in the tube bundle far-field and in the separator-

dryer region is negligible; and (5) the flow and aerosol

removal can accurately be simulated using CFD methods, but

this requires the use of LES-type treatments, which are very

CPU intensive.

Fig. 10 e The decontamination factor in the break stage

and the integral mock-up facility as a function of the

particle aerodynamic mass median diameter for spherical

silicon dioxide particles. AMMD, aerodynamic mass

median diameter; DF, decontamination factor.
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