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ABSTRACT 

In the course of certain severe accident scenarios, pressure builds up in the containment. 
In these cases, reliable pressure release of the containment will be required to maintain 
containment integrity. To effectively perform such a containment depressurization while 
minimizing radioactive release to the environment, a Containment Filtered Venting System 
(CFVS) is needed. Westinghouse performs plant design specific severe accident analysis to 
design CFVS and its requirements. Based on continuous development, extensive testing and 
the experience in German nuclear power plants, Westinghouse proposes the Dry Filter 
Method (DFM) as a CFVS with very high Decontamination Factors (DF) for radioactive 
aerosols and elemental and organic iodine. This paper describes this passive, flexible and 
modular DFM which can cope with a number of hypothetical scenarios and can be adapted to 
plant-specific requirements. 

1 INTRODUCTION 

The purpose of a CFVS for nuclear power plants is to prevent the uncontrolled releases of 
large amounts of fission products in the event of a core damage accident accompanied by 
slow containment pressurization. Such an event can challenge the integrity of the reactor 
containment whose failure can lead to contamination of large land areas and to potential 
adverse consequences to the health, safety and prosperity of the population in the vicinity of a 
nuclear power station. The functional requirements for containment filtered venting are 
focused on these conditions so that the design basis of the containment guarantees the 
integrity under all other conditions. 

In the late 1980s, particularly after the Chernobyl accident in 1986, general solutions for 
containment filtered venting were developed by groups of international experts ([1],[2]). One 
of these solutions is the Dry Filter Method (DFM), which was used for backfitting German 
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nuclear power plants. The DFM is a modular filter system which consists of a combination of 
metal fibre filters and molecular sieves. 

This paper focuses on the severe accident analysis that defines the functional requirements 
of a Filtered Venting System and on the capabilities of DFM as a CFVS that enables the plant 
to effectively mitigate the consequences of a severe accident. With this system, high 
decontamination factors for aerosols and for both elemental and organic iodine are achieved. 
The working principle of the DFM and its key components are described and an overview of 
the performance of the DFM filters is presented. Finally, benefits of Westinghouse’s Dry 
Filter Method for CFVS are discussed. 

2 SEVERE ACCIDENT ANALYSIS FOR DEVELOPMENT OF VENT SYSTEM 
FUNCTIONAL REQUIREMENTS 

The DFM system functional requirements depend on a number of important plant specific 
features. These functional requirements can be defined by the severe accident analysis phase. 
In particular, typical functional requirements studied at the analysis phase are: 

- Vent opening pressure: Above containment design pressure, below failure pressure 

- Vent closing pressure: To avoid under-pressure depending on heat and aerosol loads  

- Automatic versus manual operation 

- Gas flow rate 

- Decontamination factor (DF) requirements for aerosols, I2, and organic iodine (CH3I). 

- Gas temperature and composition, including flammable, steam and non condensable 
gas contents. 

- Heat load on filter 

- Aerosol mass load on filter 

With the help of the MAAP 4 or MELCOR codes, Westinghouse defines all these 
parameters and performs plant design specific analysis to define the CFVS detailed design. 
Among the severe accident cases studied, the station blackout with no feedwater often bounds 
other potential scenarios, and the most sensitive factors to the requirements of the CFVS are 
wet/dry cavity, containment structural capacity, containment volume and plant power. A 
carefully chosen set of sensitivity studies is the final optimization for the filtered venting 
system. [5] 

3 THE DRY FILTER METHOD 

3.1 Working principle and key components 

In the course of containment venting following a severe accident with core damage, 
an air-steam mixture containing airborne fission products is released from the containment to 
the atmosphere. The function of the dry filter system is to retain airborne radioactivity from 
the venting gas flow. Therefore, the DFM consists of modular filter stages in series. For 
aerosol filtering and gaseous iodine retention, two different types of filters are applied.  

In a first step, aerosols are filtered from the venting gas flow using a metal fibre filter. 
The filtering principle of the aerosol filter is mechanical filtering of particles. It consists of a 
multistage design containing metal fibres which decrease in diameter over the length of the 
filter. The metal fibres in the initial filter stages have relatively large diameters whereas the 
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later filter stages are composed of smaller metal fibres. Most of the aerosol mass load is 
retained within the first filter stages, while the last filter stages are responsible for the high 
filtering efficiency. 

In addition to the filtering in the metal fibre filter, gaseous iodine (both, elemental and 
organic) is retained in a second step by a special iodine filter located downstream of the 
aerosol filter. The iodine filter or molecular sieve is filled with a silver-doped zeolite. Zeolite 
is a micro porous ceramic material with a high inner porosity. Ordinary zeolite is commonly 
used as an ad-sorbent in industrial applications. 

The filtering principle inside the zeolite filter is based on the chemical reaction 
between iodine (both, elemental and organic) and the silver doping, which is called chemical 
sorption. 

In order to optimize the retention efficiency for iodine, the venting gas flow is 
expanded in a fully passive manner eliminating the humidity of the steam by superheating of 
the venting gas (drying effect) before entering the iodine filter. This is done by means of an 
expansion orifice. Another function of the orifice is flow control of the venting gas. The 
location of this orifice depends on the actual system design.  

3.2 Performance of the DFM filters 

3.2.1 Efficiency of the aerosol filter 

The metal fibre filters contained in the Westinghouse DFM system for FCV filter 
radioactive aerosols from the vent stream with decontamination factors exceeding 10,000. 
This has been demonstrated in international test programs and laboratory tests.  

The aerosol filter of the DFM system was tested in the international Advanced 
Containment Experiment (ACE). In these tests the DFM aerosol filter proved outstanding 
performance with respect to competing systems with the highest decontamination factors of 
up to 3.0 E6 for realistic aerosols [3]. The mixed aerosols of the ACE tests were composed of 
CsOH, CsI and MnO. For Cs (CsOH and CsI) the aeorosol filter of the DFM showed the best 
test results of any filter vendor with DF of 1.6 E6 (mixed aerosol test with 40 % steam) and 
> 3.0 E6 (mixed aerosol test with non-condensable gas). The aerosol filter of the DFM 
showed also the best test results for Mn (MnO) with DF of > 2.0 E6, respectively 8.0 E5. For 
total iodine (CsI) DF of 2.0 E5, respectively 6.0 E4 were achieved because some iodine was 
present in gaseous form and the tests had been performed without the iodine filter of the 
DFM. The DF for particulate iodine were comparable to that for Cs or Mn (> 1.0 E7, 
respectively > 2.0 E6) [4]. Additionally, efficiency tests were performed in the frame of ACE 
with standard Dioctyl Phthalate (DOP) and Dioctyl Sebacate (DOS), where again the aerosol 
filter of the DFM showed the best test results with DF of 50,000. 

For each manufactured aerosol filter unit the filter efficiency is factory tested, using a 
few grams of the test aerosol Uranin in order to confirm a removal efficiency of at least 
99.99 %, corresponding to a decontamination factor of at least 10,000. Uranin has a very 
small particle size distribution (AMMD ~ 0.16 μm) compared to realistic aerosols in a severe 
accident scenario. Hence, the results are very conservative. 

 
3.2.2 Efficiency of the iodine filter 

The filter efficiency for gaseous elemental and organic iodine is dependent on the 
residence time of the gas inside the zeolite bed and the distance of the gas temperature to the 
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dew point. The venting gas is expanded in a fully passive manner by a pressure reducing 
expansion orifice, leading to an increase in dew point distance of superheated steam. At 
higher containment pressure, a larger dew point distance can be achieved. At lower vent 
pressure, the distance to dew point will go down and hence the apparent efficiency of the 
iodine filter will be reduced. This effect is, however, fully compensated by the lower flow 
rates at lower containment pressure and the resulting longer residence times of the gas 
molecules inside the filter bed. Hence, the efficiency of the iodine filter can be guaranteed 
over the full range of flow and pressure of the complete venting cycle. 

Typical designed decontamination factors for the iodine filter of the DFM are 1,000 
for elemental iodine and 40 for organic iodine. This is in line with the respective fractions of 
the iodine species in the venting mass stream resulting in optimized overall iodine (iodine 
aerosols, elemental and organic iodine) retention. The depth of the zeolite bed can be 
designed to achieve even much higher DF for gaseous iodine if required.  

For each production batch of silver doped zeolite the retention efficiency for gaseous iodine 
is measured individually under specified conditions in certified laboratories. 

The zeolite filter is kept under nitrogen inertion during stand-by operation. Regular 
sampling of zeolite material from installed DFM systems in German NPPs has demonstrated 
that even after more than 20 years of stand-by operation no degradation of zeolite has taken 
place. The initial loading of zeolite is still in service without any decrease of retention 
efficiency. 

3.3 Design of the DFM venting filter system 

The DFM filter system is designed in a modular way for easy adaption to plant 
configuration as well as regulatory requirements. Besides the key components of the system, 
namely the aerosol filter, the iodine filter, and the expansion orifice, typical components of 
the system include 
 

• an intake for the venting gas flow, 
• a containment penetration with containment isolation according to functional and 

regulatory requirements, 
• an outlet for the filtered venting gas flow, and 
• connecting pipe work. 

If possible, existing containment penetrations (e.g., for pressure tests of the containment) 
can be used. Westinghouse proposes a fully passive configuration of the DFM system. 
Actuation of the system can be performed manually by opening two containment valves. 
Alternatively, the venting process is passively actuated at a defined containment pressure by 
means of a rupture disk. In order to minimize the risk related to underpressure inside the 
containment, the venting process can be stopped at a specified minimum pressure. This can 
be done by manual closure of the manually opened isolation valves, respectively of isolation 
valves (open during stand-by operation) which are arranged after the rupture disk (see 
Figure 1). Alternatively, the venting system can be closed passively by using a pressure 
driven valve (usually used as pressure relief valve), which additionally offers a fully passive 
operation for long-term venting with several venting cycles. Therefore, the DFM does not 
require any external power source or make-up media even for long term operation. 
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Because of the modular design different configurations of a DFM system are possible. 
Depending on the location of the aerosol filter, Westinghouse generally distinguishes 
between two types of configuration depending on the location of the aerosol filter:  

• Inside containment configuration (aerosol filter inside containment and iodine filter 
outside containment)  

• Outside containment configuration (aerosol filter and iodine filter outside 
containment) 

An advantage of the DFM system is its compact and modular design, allowing a flexible 
installation of one filter unit as well as of several units of filter modules in existing buildings, 
in a new building outside or in a standard shipping container, which can be placed outside or 
on the roof of existing buildings, e.g., the auxiliary building. Especially if available space is 
limited, the small size of the filter modules contributes to this installation flexibility. 
 
3.3.1 Inside containment configuration 

Figure 1 provides a schematic overview of the “inside” containment configuration of 
a DFM system. This name comes from the location of the aerosol filter inside the 
containment, whereas the iodine filter is placed outside of the containment. 
 

 
Figure 1: Schematic view of the Dry Filter Method for containment filtered venting with 

aerosol filter inside containment 
 

In this design configuration the aerosol filter consists of several modules which are 
connected in parallel but can be arranged individually inside the containment. Typically, 3 
modules are installed in a large German PWR.  

The venting gas flow first passes the aerosol filter modules and leaves the 
containment via piping through a containment penetration. From there it is passed to the 
iodine filter. Finally, the cleaned gas is released to the environment preferably by a stack. In 
this configuration the expansion orifice is located downstream of the containment isolation 
valves just before the iodine filter. Figure 1 shows the configuration for passive actuation of 
the system by means of a rupture disk in combination with two opened isolation valves 
during stand-by operation. 
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A major benefit of the inside containment design is the retention of long-lived 
radioactive particles directly in the containment by the aerosol filter which does not require 
additional shielding for out of containment works. 

 
3.3.2 Outside containment configuration 

In the outside containment configuration the aerosol filter is arranged outside of the 
containment. Aerosol and iodine filter can be integrated into a common housing, which can 
be installed inside of existing building structures, a newly dedicated building, or even outside 
of any existing building in a standard shipping container. 

During the venting process the containment gas mixture enters an intake and is passed 
through a containment penetration. Figure 1 shows the containment isolation configuration 
with a rupture disk in combination with two opened isolation valves. In case of venting the 
venting gas stream passes the expansion orifice before entering the filter unit.  

In the outside containment configuration, the aerosol filter and the iodine filter are 
mostly integrated into a combined filter unit. Inside the filter unit the venting gas flow passes 
first through the aerosol filter modules and then through the iodine filter modules. The filter 
modules are very compact and therefore inherently seismically rugged.  

 
3.3.3 Cooling modules for decay heat removal 

One of the requirements of a CFVS is the ability to cope with the heat loads resulting 
from the decay of the filtered fission products and to dissipate this heat to the environment 
without loss of integrity or functionality of the filter components. The design limiting cases 
have to consider continuous venting as well as intermittent venting where no cooling vent 
flow exists. 

Due to their particular containment characteristics, allowing for very late venting, the 
existing filter installations in German PWR’s do not have high requirements on heat removal 
capacity and were not especially designed to remove the decay heat efficiently. For 
application to nuclear power plants where higher fission product heat loads are expected due 
to early venting, special passive cooling modules have been designed which remove decay 
heat from the filter internals very efficiently. These cooling modules are located between the 
different internal filter stages and contain a number of natural convection tubes. Cold air 
enters the tubes from the bottom, gets heated, and leaves the tubes at the top. Since the 
driving force is natural convection of air, the cooling of the filter requires neither external 
power nor any auxiliary systems. By this, considerably increased heat removal capacity is 
achieved in a passive way without changing the proven overall filter design of the DFM. The 
heat removal capacity by natural convection was tested successfully on a scale of 1:1. Due to 
the modular design, the system can be designed to meet any heat removal requirements. 
 
3.3.4 Margin against filter clogging 

A relevant parameter to consider in any filtered venting system is its capability to 
avoid filter clogging under any expected aerosol load and particle size distribution carried 
with the venting flow.  

Westinghouse has performed variety of tests, covering the full range of particle sizes, 
hygroscopic and non hygroscopic aerosols, full range of representative temperatures and 
pressures under dry and wet atmosphere conditions. For instance, the following aerosols were 
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used to test the aerosol loading capacity: wet and dry BaSO4, mixed BaSO4 and TiO2, BaSO4 
micro, SnO2, CsOH, CsI, MnO. 

Results showed that Westinghouse’s DFM design provides a large margin (at a minimum 
a factor of 3) against filter clogging of the aerosol filter for the venting process. This DFM 
design includes 2 increasingly dense pre-filter stages before the main filter that retain most of 
the solid particles carried by the flow. 

4 BENEFITS OF THE DFM-WESTINGHOUSE-VENTING-SYSTEM 

The DFM offers a number of significant advantages: 
 

• Outstanding filter efficiency. The guaranteed retention efficiency for aerosols is 
higher than 99.99 % (DF > 10,000). Real aerosol DFs are in the order of > 1 E6. 
Typical iodine retention efficiencies are 99.9 % (DF > 1,000) for elemental iodine, 
and 97.5 % (DF > 40) for organic iodine. The retention efficiency for gaseous iodine 
can be increased by modification of the zeolite filter, if required. 

• The inside containment configuration provides the significant benefit that the long-
lived radioactive particles are retained directly in the containment. 

• Neither emergency AC or DC power nor any auxiliary systems are needed for a safe 
and proper long-term operation of the system. There is no need for any make-up 
media for extended operation, whereas wet systems require make-up of the scrubbing 
media (typically water containing specialized chemicals), as it will evaporate in the 
course of the venting process or as a result of the decay heat of the trapped fission 
products. In the DFM decay heat is removed by cooling the filters without any 
external power source by natural air convection. Therefore, the DFM system has the 
ability to operate in a fully passive manner for a very long time. 

• With the optional addition of a pressure driven valve the complete long-term venting 
process can be controlled in a fully passive manner. 

• The DFM is essentially free of maintenance. There is no need for chemistry control, 
heating systems or water make-up systems. The periodic testing requirements for the 
filter system are very limited (system leak test every 4 years and zeolite efficiency 
testing every 5 years on small test sample). As the containment isolation valves are 
part of the containment they have to be inspected and tested according to containment 
requirements (typically, functional tests are performed once per year). 

• The DFM is a flexible modular design. The aerosol filters can be positioned either 
inside or outside the containment and all filter modules can be flexibly adapted to site 
specific structural properties and constraints. Installation of the filters in existing 
rooms and buildings is possible in a flexible way. Alternatively, the filters can be 
located in a single location outside in a new building or container. 

• Filtered aerosols are permanently retained in the metal fiber filter. Elemental and 
organic iodine are permanently retained in the zeolite filter by chemical sorption. 

• Because of its simple and robust construction, the DFM system can be adapted to any 
set of seismic requirements. 

• With respect to the potential for hydrogen deflagration, the DFM compares 
favourably to subcooled scrubber design as it is not a significant source of 
condensation for a steam-inerted gas mixture. 
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• The metal fibre aerosol filters can be manufactured in a very short time (~ 3 months). 
The fabrication of the zeolite filter can be performed within one year. 

5 SUMMARY AND CONCLUSIONS 

In the previous chapters a CFVS based on the Dry Filter Method was described. The DFM 
venting system consists of the combination of aerosol and iodine filters and represents a very 
effective CFVS to avoid containment failure and to protect the environment from radioactive 
release. Since its initial inception, the DFM has been optimized for a fully passive operation 
of the system with respect to flow control and actuation of the system (start and stop of 
venting). Additional improvements have been made on the zeolite efficiency and the heat 
removal capacity. 

In contrast to a wet CFVS, the DFM venting system is essentially maintenance free and 
does not require any auxiliary systems for chemistry control, heating, or water make-up 
during stand-by operation. Additionally, because it is fully passive, the DFM system does not 
require any external power sources or auxiliary systems during operational mode. 
Furthermore, the proposed DFM system offers the possibility of a fully passive control of the 
venting process. Through its modular design, the system can be easily adjusted to and 
installed in existing plant buildings or located in a newly constructed facility. 
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