
XI Radiation Physics & Protection Conference, 25-28 November 2012, Nasr City - Cairo, Egypt 

 

 

Evaluation of the Ventilation and Air Cleaning System Design Concepts for 
Safety Requirements during Fire Conditions in Nuclear Applications 

 
Samia  Rashad, Mohamed El –Fawal and  Magy Kandil 

Nuclear  and Radiological Regulatory Authority , ENRRA  Cairo, Egypt 
ABSTRACT 

 
The ventilation and air cleaning system in the nuclear or radiological 
installations is one of the essential nuclear safety concerns. It is responsible 
for confining the radioactive materials involved behind suitable barriers 
during normal and abnormal conditions. It must be designed to prevent the 
release of harmful products (radioactive gases, or airborne radioactive 
materials) from the system or facility, impacting the public or workers, and 
doing environmental damage. There are two important safety functions 
common to all ventilation and air cleaning system in nuclear facilities. They 
are: a) the requirements to maintain the pressure of the ventilated volume 
below that of surrounding, relatively non-active areas, in order to inhibit the 
spread of contamination during normal and abnormal conditions, and b) the 
need to treat the ventilated gas so as to minimize the release of any 
radioactive or toxic materials. Keeping the two important safety functions is 
achieved by applying the fire protection for the ventilation system to achieve 
safety and adequate protection in nuclear applications facilities during fire 
and accidental criticality conditions.The main purpose of this research is to 
assist ventilation engineers and experts in nuclear installations for safe 
operation and maintaining ventilation and air cleaning system during fire 
accident in nuclear facilities. The research focuses on fire prevention and 
protection of the ventilation systems in nuclear facilities. High-Efficiency 
particulate air (HEPA) filters are extremely susceptible to damage when 
exposed to the effects of fire, smoke, and water; it is the intent of this 
research  to provide the designer with the experience gained over the years 
from hard lessons learned in protecting HEPA filters from fire. It describes 
briefly and evaluates the design safety features, constituents and working 
conditions of ventilation and air cleaning system in nuclear and radioactive 
industry.This paper provides and evaluates different design concepts or 
approaches for the ventilation and air cleaning system (VACS) that can be 
used to achieve safety and adequate protection in nuclear applications 
facilities during fire and accidental criticality conditions. Various anticipated 
events or accidents causing hazards in nuclear fuel cycle facilities, e.g. 
routine hazards, fires, accidental criticality and iodine release have been 
reviewed and discussed. Also it describes the possible fire protection 
approaches with their functional classifications and their engineered and 
administrative safety features. Finally a conclusion on the selection of the 
best design concept is recommended.  
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INTRODUCTION 
 

           Concern about fires a potential agent of common cause failure in nuclear power plants 
has increased greatly since the serve fire at Browns Ferry in March 1975. This accident led to 
shutdown of the plant for 550 days and considerations of the basic design. the probability of 
incidents leading to core melt has been investigated by postulating various   failure scenarios; 
the results have been reported on in a reactor safety study. The conditional frequency of core 
melt as a result of fires could have been as high as 0.03, while the unconditional frequency 
was 10-5 incidents per reactor year [1]. 
 The goals of the fire protection scenarios are to minimize the potential for:                 
- The occurrence of a fire or related events;  
-   A fire  that  causes an  unacceptable  on - site or  off - site  release  of  hazardous  or 
radiological material  that will threaten the health and safety of employees, the  public or the 
environment;                                                                         
-  Unacceptable interruptions as a result of fire and related hazards;                   
-  Property losses from a fire and related  events  exceeding  the  prescribed limits ; and  
- Critical process controls and  safety class  systems being damaged as a result of a fire and 
related events.   
 There are two important safety features common to all ventilation and air cleaning 
systems (VACS) in nuclear facilities[2] . They are: a) the requirements to maintain the 
pressure of the ventilated volume below that of surrounding, relatively non-active areas, in 
order to inhibit the spread of contamination during normal and abnormal conditions, and b) 
the need to treat the ventilated gas so as to minimize the release of any radioactive or toxic 
materials.  
In addition, ventilation systems are designed for a reliable continuous operation and are 
constructed for easy testing, servicing and repair and easily accessible in accordance with 
the radiological protection principles [3].   It is possible to exchange components 
requiring servicing, e.g. fans,  dampers, valves, measuring probes, without major  
structural building measures and without having to dismantle any components of safety 
related facilities. In addition ventilation systems and components in  Air-Conditioning are 
designed to  withstand the influences from those design basis accidents for the mitigation 
of which these facilities are required. 
 The  design  of  the  support  and  suspension  stability  of ventilation  systems  and  
components  are induced vibrations from design basis accidents  if,  otherwise,  secondary  
damages  could  occur  to equipment that are required for ensuring safe enclosure of 
radioactive substances or are required in taking the reactor plant to the safe condition and 
keeping it in this safe conditions.(These requirements may also be met by providing special 
measures that limit the effects of vibrations on the components.) 
         The openings required for the external air supply or for the exhaust air in those 
buildings that are  specified to be designed against pressure surges  from external 
explosions shall be equipped with pressure surge protectors, e.g., pressure surge valves or 
labyrinth systems, provided, this is necessary for the protection of the components in these  
buildings. The surfaces of ventilation systems that are exposed to contamination is 
normally designed such that, either, the contamination remains negligibly small or a 
decontamination is possible. 
         The design of the components of ventilation systems, e.g. ducts, flaps and 
measuring probes, shall be with regard to materials and their construction, they will 
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withstand the maximum pressures and pressure differences, the relative humidity as well 
as the choice of conditions of temperature, corrosion and radiation expected during specified 
normal operation. The design shall take the characteristics of organic insulation materials 
into consideration. With regard to a possible failure of the negative pressure control and to 
an inadvertent closing of the ventilation valves of the containment vessel, measures  shall 
be taken that will effectively prevent the occurrence of impermissible pressures inside the  
containment under all operating conditions of the ventilation systems[4]. 
 The operating center of the external air supply facility in the restricted-access area shall 
normally be separated from the rest of the restricted-access area by pressure equalization 
locks.  The structural enclosure of the restricted-access  area shall be sufficiently air tight 
such that it is possible to achieve the guide values specified in [3] for negative pressures of 
the inner atmosphere required for maintaining a directed air current. 

        Doors shall be hung such  that  any  existing  pressure differences pull the doors shut, 
provided, there are no reasons of overriding importance, e.g., escape  routes and pressure 
related design. The venting  of  combustible  and  harmful  gases  and fumes shall be 
based on sound engineering practice.  All electrical power consumers of the ventilation 
systems, e.g.  ventilators,  may  be  connected  to  the  auxiliary power  supply  facility,  
provided does  not  specify otherwise. 
        This Paper presents, discuss and evaluates different design concepts or approaches for 

the ventilation and air cleaning system that can be used to provide safety and adequate 
protection in  nuclear facilities e.g. nuclear fuel fabrication plants and radwaste storage 
facilities [9], during fire and accidental criticality conditions.   The Paper provides a 
summary of the recent international requirements for ventilation and air cleaning system 
protection, a discussion of selected fire protection considerations in designing nuclear 
facilities, and a description of the possible protection concepts with functional classifications, 
and conclusions on selection of the best design concept. It is the intent of this Paper to provide 
the regulatory body experts and inspectors of the ventilation system with the background 
necessary to fully evaluate the ventilation and air cleaning system fire protection design 
concepts in a nuclear facility. However the Paper is not intended to provide all of the design 
requirements, but to allow the filter media selection to be based on a comprehensive 
understanding of the different design concepts. 
 

The Ventilation and Air Cleaning System Design 
 

  One of the most important tasks of the VACS is to limit the undesirable movement of 
radioactive material (i.e., contamination) inside and outside the nuclear facility [5]. The 
normal flow movement is from areas of least contamination to highest contamination. 
Filtration systems are used to prevent the contamination from entering exhaust plenums and 
exiting the building. A schematic diagram for VACS of a nuclear facility is shown in Fig.1. It 
consists of supply and exhaust systems and the filters are intended to prevent the 
contamination spread out of the building in the event accidental reverse flow [6]. 
        The definitions of the different elements in fig .1.can be represented in the  
following: 
(1) Vent air 
Vent air is the air removed from a room or compartment. 
(2) Separation efficiency of a filter 
The separation efficiency of a filter with respect to a particular substance to be deposited on 
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the filter is equal to the ratio of the mass of the substance retained by the filter to the mass 
of the substance fed into the filter. 
(3) External air 
External air is the air drawn in from the outer atmosphere. 
(4) Decontamination factor 
The decontamination factor of a filter with respect to  a  particular substance to be 
deposited on the filter is equal to the concentration of this substance in the air  fed 
into the filter divided  by  the  concentration  of  this  substance  in  the  air vented 
from the filter. 
(5) Pressure zone of a ventilation system  
A pressure zone of a ventilation system is a zone made up of contiguous 
rooms and room groups at the  same pressure level. 
(6) Exhaust air 
Exhaust air is the vent air released to the outer atmosphere.  
(7) K-factor of an iodine adsorber 
The K-factor of an iodine adsorber is equal to the  common logarithm of the 
decontamination factor of the iodine adsorber divided by the retention time 
of the air in the iodine adsorber.  
 (The K-factor is dependent on the type of test medium and on the test  
conditions). 
(8) Leakage air 
Leakage air is the air that seeps in or out in an uncontrolled way. 
(9) Train of the air conditioning system 
A  train  of  the  air  conditioning  system  is  a  contiguous  arrangement of components in 
direction of the air current. 
(10)  Air exchange rate of a room 
The air exchange rate of a room is the quotient of  the  volumetric air current into the 
room over the free air volume of the room. 
 (11)  Redundancy 
Redundancy is the existence of more functioning  technical means than are necessary for 
the fulfillment  of the planned function. 
(12) Recirculated air 
Recirculated air is the air circulated inside, or  returned  to, a confined region. 
(13)  Volumetric air current of a ventilation, air conditioning or filtration facility 
The volumetric air current of a ventilation, air conditioning or filtration facility  is equal  to  
the  air  or  gas  volume  passing through this facility or  component  in a given time 
period divided by this same time period [7]. 
(14)  Supply air 
Supply air is the air fed into a room. 
 (15)  Secondary air 
Secondary air is the supply air of a room that has first passed through another room.  
         The High Efficiency Particulate Air ( HEPA) filters in the inlet to the exhaust plenum 

are expected to reduce the contamination entering the exhaust ducts, thus minimizing the 
buildup of contamination in the exhaust system. A typical HEPA filter design configuration 
used in nuclear facilities is shown in Fig.2. [8]  
          In the nuclear facilities, the supply and exhaust air handling units are selected and 

balanced to maintain  the required air movement, to prevent undesired contamination 
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migration. Also, the exhaust system will handle slightly more air than the supply system to 
account for in leakage through doors and building joints. During accident conditions the 
ventilation systems usually automatically respond to maintain the required negative pressure 
differential. If an exhaust fan fails to run, a standby fan will automatically start or supply fans 
will shut down as necessary. While this is often discussed as maintaining negative pressure 
differential, it is positive in-flow that is critical. This differentiation becomes very important 
during a fire where bi-directional flow can occur in doors and openings[9]. 
 

Nuclear Facility Fire History 
 

 Fires in nuclear facilities have been caused by a variety of energy sources, including 
electrical energy and spontaneous combustion of pyrophoric metals.  While fixed fire 
suppression systems or operator intervention have  limited  the size and consequences of most 
of these fires, some did propagate and cause significant damage and material release.  There 
have been numerous occurrences of fire in nuclear facilities since the beginning of the 
Browns ferry in march 1975 many lessons learned from those fires. Some lessons have been 
learned at great expense.  A brief history is discussed here in the hope that the lessons will not 
be forgotten or ignored by facility designers, operators and special for regulation inspectors . 
         Summary of fire events in nuclear power plants in the USA (United States American ) 
and the FRG (Federal German) is represented in Table .1. in order to provide some idea of 
the fire records, causes and fire fighting activities in the two country.  

 
History of Fire Involving Confinement Ventilation Systems 
      The following is a partial list of fires [10,11] known to have occurred in nuclear 
facilities, involving nuclear materials, and having some interaction with the facility 
confinement ventilation system or some other significance. These come from U.S.  Atomic 
Energy Commission (AEC) Serious Accident Reports. The AEC was a predecessor of the 
U.S. Department of Energy.   

1. Fire in Ventilating System Filters. U.S., July 27, 1955 
2. Serious Ventilating System Incidents. U.S, November 8, 1956 
3. Fire in British Windscale Facility. U. S.,  October 15, 1957 
4. Explosion in Glove-Box Line of Plutonium Facility, . U. S ,October 28, 1957 
5. Small Metallic Plutonium Fire Leads to Major Property Damage Loss. U.S. Nov., 27, 1957 
6. Filter Fire ,U.S., December 2, 1958 and March 9, 1959 
7. Drybox Explosion Disperses Polonium Contamination. U.S., October 8, 1959 
8. Ventilating Air Filter Clogs During Fire. U.S., October 28, 1959 
9. Plastic Windows and a $125,000 Sprinkler Head. U.S., October 29, 1959 
10. Radiochemical Plant Explosion releases Plutonium Contamination Outside Facility. U.S., 
March 30, 1960 
11. Sprinkler Protection Have Reduced $200,000 Radiochemistry Building Fire Loss. U.S., 
April 5, 1961 
12. Polyester Fibrous Glass Duct Fire causes $43K Damage. U.S., January 31, 1964. 
13. Filter Box Fire. U.S., February 7, 1964  
14. Fire and the Reaction of Nitric Acid with Plutonium Ion Exchange Resin Leads to Major 
Property Damage. U.S., December 4, 1964 
15. Explosion Within Glovebox Disperses Contamination. U.S., January 11, 1965 
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16. Burning Plutonium Chips Explode in Carbon Tetrachloride Degreasing Bath. U.S., March 
12, 1965 
17. Cutting Wheel residues in Plutonium Waste Cause Explosion. U.S., December 17, 1965 
18. Hazardous Solvent Causes Explosion in a Glovebox. U.S., February 1966 
19. Maintenance on Plutonium Machining Coolant Lines Leads to $17,500 Fire. Building 
776/777, Rocky Flats, 1965, U.S.,  March 4, 1966 
20. Fire During Glovebox Cleanup Leads to $23,000 Damage Via Contamination Spread. 
U.S., July 8, 1966 
21. Fire Damages Hot Cell Window. U.S., November 4, 1966 
22. Glovebox Explosion Causes $42,000 Damage and Plutonium 238 Contamination Spread. 
U.S., August 26, 1968 
23. Waste Incinerator Incident Affirms Fire-Resistive Filter Value. U.S., July 31, 1968 
24. Fire - Rocky Flats Plant - May 11, 1969. U.S., December 1, 1969 
25. Incinerator Fire at Rocky Flats, July 2,1980. Investigation Report, July 31, 1980 
26. Fire in TRISTAN Experiment at HFBR at BNL, March 31, 19945 
27. Cerro Grande fire effects on HEPA filters at LANL May 4, 2000 
28. Cutting Operations Ignite Residue In Bottom Of Glovebox, Rocky Flats Environmental 
Technology Site, Building 371, May 6, 2003 
  From  the previous  fire accidents involving ventilation systems and filters the 
following points can be outlined : Suppressing fire in ventilation systems  is difficult due to 
the reactivity of the dust in the ductwork with water. Oxides generated by filters combustion 
in air of NaK, may carry by the ventilating system to a combustible filter. For unknown 
reasons, the NaK may began splattering and igniting the filters. The fire may involve a 
combustible filter under the hood and traveled through the exhaust system, reaching the main 
filter bank inside the nuclear building. A fire may occur on the inside of a cavern drybox 
designed although it is prepared for working with high levels of radioactivity. The fire spread 
to other areas within the cavern involving plastics and wood.  
 A fire may occur in a filter box on the roof of a nuclear facility. The burning filters can 
be manually removed from the box by firefighters who then can use carbon dioxide and dry 
chemical fire extinguishers to extinguish the fire.  The fire causes rupturing  the glovebox 
and dispersing plutonium throughout the glovebox line (there is no direct impact on HEPA 
filters). 
 During operations to remove the paint from the inside of a glovebox in preparation for 
its disposal, fire may involve flammable solvents occurred in the airlock for the glovebox  
system. And the fire can be put out by firefighters using solid carbon dioxide. Contamination 
is spread throughout the ventilation system ductwork and over two floors of the building.  The 
initial fire may release a significant quantity of flammable vapors into the confinement 
ventilation system, which subsequently ignite and explode. 
 As a result of all these events, fire-resistant HEPA filters are  researched, developed, 
and put into service in the nuclear industry. And the  major recommendation is the use of 
fire resistive “absolute” filters. 
 

Design Concepts of Ventilation systems 
 

 The major issues that must be addressed by the designers to successfully implement an 
all-HEPA filter design are:    
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- Design Data : There is little empirical design data on the performance of  HEPA                        
filters during fires. The data that is available is based on HEPA filters that were fabricated 
prior to the pricing pressure for clean rooms and DOE budget cuts.  
-Life Expectancy : There has been an issue raised on the life expectancy of HEPA filters.  
Resolution of this issue may affect the final design and operating approach for a design 
based solely on HEPA filtration.  
-Active Components : The integrity of the filtration system is dependent on active 
components to shift airflow between filter sets. The design of these components is 
expected to require additional effort by the design team.  
-Housing Protection : No acceptable method to adequately reliable fire protection of the 
HEPA filter housings from direct fire effects has been identified.  
-Pre filter Credit : It is possible to credit the pre filters to mitigate the smoke loading on 
the HEPA filters. If so, the pre filters are expected to be safety class and additional design 
data would need to be developed.  
- Administrative Controls : The robustness of the filtration system is sensitive to the 
administrative controls that limit transient combustible loading and concept configuration 
controls to maintain the planned fixed combustible loading. This requirement will require 
special efforts by the design team and the facility operator. 

 
1. Different  Design Concepts  of Ventilation systems   
           For the VACS system to successfully mitigate radioactive contamination spread during 
accidental conditions, it will require the following engineering safety requirements: 
a) Air handling equipment to maintain the building at a negative pressure during and 

following the fire  
b) Filtration media that allows ventilation flow during and following the fire (i.e., does not 

plug)  
c) Control of the air temperatures approaching the filtration media, to avoid filter media 

failure by excessive temperature  
d) Filtration media that do not collapse as a result of smoke loading during a severe fire.  
e) Screens or water sprays that prevent hot brands from damaging filters 
           To accomplish the above five requirements efficiently, different design concepts or 
approaches for the VACS system are proposed as shown in Table 1. One or more approach 
could be implemented. In the following sections, different engineered and administrative 
safety design concepts or approaches for the VACS as well as its design requirements have 
been discussed and evaluated. These concepts can be used to provide adequate protection 
during fire and accidental criticality conditions in   nuclear facilities.   
Concept 1 : This approach Provides the utilization of a full HEPA filters protection system as 
well as the automatic water spray system is used to reduce the effect of plugging [11]. There 
have been several studies and standards that discuss the protection of HEPA filters by active 
water spray components. While most demonstrate successful protection, some indicate that 
water sprays can also accelerate filter plugging. In addition, the seal failure temperature 
(122°C for urethane [12]) is very close to the upper value of the fire detectors (121°C [13]), so 
excessive exposure may occur without spray system activation. Thus, the successful 
protection of HEPA filters by active water spray is problematic. It is possible that these issues 
can be resolved, but not with high certainty. 
 During fire accidents, the generated smoke, soot and dust aerosols due to fire, will 
enter the exhaust system and transfer to the filtration system where it will deposit on the 
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filters causing filter plugging. The quantity of smoke generated during a typical multi-room 
fire is expected to blind most HEPA filters media. The blinding can have two possible 
outcomes. (1) The air movement through the facility is reduced, compromising the negative 
pressure containment and allowing contamination to leave the building though doors and 
other openings; or (2) the filters collapse allowing the contamination to bypass the filtration 
media and exit the building through the filter plenum.  
Concept 2: In this approach,  there is adequate face area of HEPA filter media, to preclude 
unacceptable plugging during a fire and adequate dilution to preclude excessive temperatures 
at the filters. The two concepts are very similar and rely on the integrity of the HEPA filters. . 
In this concept,  the philosophy behind it is very simple. It provides enough HEPA filter face 
area and any possible fire can be accommodated. To make such a system work will require 
some method to prevent hot brands from damaging the HEPA filters. This could be 
accomplished by fire screens. It is expected, but not confirmed, that the entire filter bank 
capacity cannot be on-line at one time, since the efficiency of the HEPA filters will drop for 
some particle sizes at low flow rates [14]. Thus, to make a large face area concept work it 
may be necessary to install a switching system to transfer airflow from "plugged" to "clean" 
filters. 
For both concept 1 and 2, the filter housings must be protected from direct (external) fire 
effects, since the Concepts only provide for internal fire protection. This external protection 
might be accomplished by redundant parallel trains separated by fire rated construction, high-
integrity, automatic fire suppression, or any other high reliability method. Without such 
protection a fire in the room containing HEPA housing has the potential to allow an 
unacceptable release 
Concept 3 relies on the building safety class suppression system to prevent the fire from 
becoming too large for the ventilation system to handle. In this approach, fire propagation to 
more than 3 rooms must be prevented. Demonstrating that a fire in 2 rooms will not result in 
excessive temperatures at the HEPA filters, or unacceptable plugging.  
Concept 4, a mix of HEPA and sand filters and exhaust system that is sized to accommodate 
the design basis fire accidents. It is a successful design concept that is used at many nuclear 
fuel cycle facilities [15]. With the exception of the exhaust fans, all of the Safety Class 
features are passive, thus the concept is very robust and flexible. Recent cost estimates for an 
integrated sand filter design are not available. The cost estimates for recent VACS designs 
have been for standalone attachments to facilities that have multiple stages of HEPA 
filtration. Thus, the estimates do not show the cost savings associated with reducing the 
complexity of the ventilation and air cleaning system. The major issues that must be 
addressed by the designer to successfully implement a combined HEPA filter and sand filter 
design are:                                                                                                                                    - 
Design Standard: No formal design standard has been published , so it will be necessary for 
the RB  to generate a design basis                                              .                        
- Seismic Qualification: There is limited information on how sand filters perform during 
earthquakes. The RB will need to generate empirical data and analysis to demonstrate that 
sand filters will perform adequately during seismic events.                                                                                 
Concept 5, this concept provides the utilization of radioiodine charcoal filters combined with 
the full HEPA filter concept. It is demonstrated especially for radioiodine removal in fuel 
processing plants either in normal operation or during accidental criticality conditions. 
 
2. Comparison between the different Concepts  of Ventilation systems   
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 In the design of nuclear facilities, several automatic responses to fire events are 
considered. The earliest approach is to shut off the supply air and close inlet dampers when a 
fire is detected. This has the effect of reducing the airflow through the facility, thus reducing 
the oxygen supply to the fire and limiting the fire size. If a significant fire size reduction is 
achieved the temperatures in the fire compartment will drop. The more recent approach is to 
maintain or increase flow during a fire event. This has the effect of reducing room 
temperatures and pressure by diluting the heated combustion gases as shown in Fig. 4 .  As 
shown in the figure, it is possible, although undesirable, to optimize the air movement or flow 
through the building to control  the fire compartment temperature and pressure. 
The first concept (full reliance on the HEPA filter spray system) relies on active components 
to be successful. As mentioned above, the difference between the specified detector 
temperature range and the filter failure temperature is minimal, thus the system may not 
activate on demand. This shortcoming is considered a potentially irreconcilable issue 
representing a very high potential risk. This high risk merits exclusion of this design concept 
from further consideration. In addition, there is limited test data demonstrating the robustness 
of this design approach. However this   concept has been approved by the DNFSB [15, 16].   
The second concept can be readily constructed. While there is some uncertainty in the smoke 
plugging data, excess capacity can compensate for this shortcoming. In addition, it is expected 
that active safety class components may be needed to switch the flow prior to filter plugging. 
The flexibility of this design is limited and the costs for this Concept have not been 
developed.  
Concept 3, In it there are no nuclear facilities that rely on  (Safety class building suppression 
system) so the concept has not been reviewed by RB authorities.  However this concept was 
never fully developed into a final design. Thus, it is uncertain if RB authorities would accept 
this concept. Based on the lack of demonstrated success using concept 3, the risk is 
considered very high and further consideration of this Concept is not recommended. 
Concept 4, it is a successful design concept that is used at multiple nuclear fuel cycle 
facilities [15]. With the exception of the exhaust fans, all of the Safety Class features are 
passive, thus the concept is very robust and flexible. Recent cost estimates for an integrated 
sand filter design are not available. The cost estimates for recent VACS designs have been for 
standalone attachments to facilities that have multiple stages of HEPA filtration. Thus, the 
estimates do not show the cost savings associated with reducing the complexity of  the 
ventilation and air cleaning system.  
The major issues that must be addressed by the designer to successfully implement a 
combined HEPA filter and Sand filter design are:                           .                        
–Design Stand:  No formal design standard has been published, so it will be necessary for the 
RB to generate a design basis                                                 .                        
–Seismic Qualification: There is limited information on how sand filters perform during 
earthquakes. The RB will need to generate empirical data and analysis to demonstrate that 
sand filters will perform adequately during seismic events.                                                                                
The restricted supply air approach (i.e., ventilation controlled) has several disadvantages. 
If the flow is not restricted adequately, it is possible that the flow reduction could increase, 
rather than decrease the fire temperatures. In addition this approach seldom will extinguish 
the fire, thus significant smoldering combustion is expected. This type of combustion 
produces carbon monoxide, rather than carbon dioxide, that has the potential to explosively 
ignite (i.e., back draft). Thus, while restricting the supply air will often result in a less severe 
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fire, the approach has an inherent instability (i.e., explosion potential) that can cause 
significant consequences. 
The high air supply approach reduces the air temperature, as shown in Fig.4, in smaller and 
less severe fires. Thus, the likelihood of these fires growing until they cause measurable 
contamination releases is reduced. Since such fires are generally anticipated (frequency > 1E-
2/yr) [6], this is very desirable. This approach is possible because the combustion rate of most 
fuels is limited by the evolution of combustible gases (i.e., fuel surface controlled). The 
ventilation has other advantages. These include: removal of smoke allows fire fighters to be 
more effective, and removal of heat reduces compartment pressure and minimizes damage of 
equipment and containers.  
Concept 5 is a matter of safety concerns, where  radioiodine removal either during normal 
operation or criticality, is performed through out a combined units of charcoal and HEPA 
filter assemblies.  Since the aim is to collect all the iodine in one off-gas stream so as not to 
have to set up numerous iodine removal devices, as much iodine as possible should be 
removed from the feed solution to the dissolver off-gas. In order to do this, the iodine must be 
maintained in or converted into the highly volatile elemental form. Radioiodine releases 
during normal or accidental conditions could be reduced by using of modular and mobile 
filter units, which are particularly useful for localized extraction and air cleaning operation.  
 To evaluate the above concepts, the importance of the various design features need 
to be ranked. In developing ranking criteria functional classification process can be useful. 
This process identifies the following levels of  protective features: 

• Safety Class (SC) – Controls that reduce the unmitigated public risk to below the 
evaluation guidelines  

• Safety Significant – Controls that reduce the unmitigated worker risk to acceptable 
level or provide defense-in-depth to a safety class protective feature  

• Design Feature – Controls that provide for a significant reduction in risk, but are not 
required being safety class or safety significant. 

 Table 2 provides a ranking of the importance of the design features for the different 
ventilation concepts. In performing this ranking the functional classification level of safety 
significant and design features were combined into a category considered important to safety 
(IS). An additional category Operating Feature (OF) was also created. Features in this 
category might limit risk but are not required for facility risk to be considered acceptable. 
There were several features that must be safety class for all possible concepts. These include 
the building structure, the exhaust fans, the supply system filtration (or backflow prevention) 
and the exhaust filtration. Thus at least Five features must be safety class. In evaluating each 
concept the respective number of SC features is 10, 11, 11,6 and 6. as shown in Table 3. Thus, 
the sand filter approach requires the fewest SC features.  
In selecting between the different proposed design concepts, the evaluation metrics are: 
construction cost, operating cost, and risks. The designers focus on the potential risk metric 
since cost estimates can be readily developed once the design and operating costs are 
understood. There are many factors or parameters that contribute to the design risk metric. 
These are:  
- State-of-the-art for design concept                                        
- Robustness of the design approach   
- Extent of design data available                               
- Flexibility of the design                                     
- Acceptance by reviewers, and                      
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- Complexity of the design concept                                   .                                                                                   
 Table 3 summarizes the potential risks for the proposed VACS concepts.               
 In judging complexity of the number and type of protective controls that  will be used,  
it is preferable to use engineered controls (i.e., structures, systems and components, SSC) 
rather than administrative controls. Where engineered controls are used passive is preferable, 
since they usually have the greatest reliability. Active controls can be further separated into 
two sets, those requiring a change of state following the accident initiator and those that do 
not. The order of preference is thus:                      

 1- Passive SSC (e.g., building structure)                                    .                        
2- Active SSC not requiring a change of state (e.g., continuously operating exhaust fan)                        
3- Active SSC that must change state after the event initiatory occurs (e.g., emergency 
generator)                                                                                                                        

   4- Administrative controls                                 
 
 

CONCLUSIONS 
 

 The Paper provides and evaluates different design concepts for the VACS system 
proposed to provide adequate fire protection at the  nuclear facilities:          
1. Two approaches are considered viable: an all-HEPA filter system that relies on dilution to 
prevent excessive temperatures during a fire, and a system that relies on a combination of 
HEPA filters and a sand filter. The other Concepts are reliance on the HEPA filter water spray 
fire suppression system, and a building-wide safety class fire suppression system. Both of 
these latter Concepts are considered to have an unacceptably high potential risk.                        
.                                                                                     
2. The all-HEPA filter VACS system concept will require multiple passive and active safety 
class components to limit fire risk. Some of these would include building structure, exhaust 
fans, exhaust filtration, supply filtration (or backflow protection), fire screens, and active 
control dampers to redirect flow when filters plug.                   
3. The sand filter VACS system concept will require the fewest number of safety class 
components to limit the fire risk. The major safety class components would include the 
building structure, exhaust fans, external ventilation ducts and the filter. With the exception of 
the exhaust fans all of these components will be passive, thus the system can be considered 
very flexible and reliable.                               .                                                                   
4. Charcoal filters in a modular, mobile and reliable units combined with the all HEPA filter 
concept could be used in nuclear facilities during normal operations and in case of accidental 
criticality conditions.                                                            .                                                               
5. Both the all-HEPA filter and the sand filter VACS system concepts can be successfully 
constructed and operated to achieve the desired risk profile. Since both have advantages, the 
selection between these concepts is best made by balancing construction costs, operating costs 
and the potential risk. 
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Table 1. Fire Events in Nulear Power plants in the USA and FER. 

 
Item USA FRG 

No of recorded incidents  
No of operating plants 
Reactor-years 
Events per plant per year 
Causes of fire (%) 
Component failure 
Oil leakage 
Welding 
Electrical failure 
Heating 
Explosion 
Component and electrically failure  
Component failure and 
Over heated material 
Others 
Fire fighting(%) 
Shift personnel 
Fire brigade (plant) 
Fire brigade(civic) 
Automatic system 
 
others 
 

354  
104 
952 
0.17    
 
5.9  
 
1.5 
17.5   
11.9 
7.8 
9.1 
11.25 
 
21  
              
 
27.6 
7.7 
12.7 
5.9 
46.1                    

59 
18 
182  
 0.32* 
 
    
30.4   
 
22.1 
6.8 
 
 
 
 
13.6 
 
 
25.6 
57.7 
6.7 
 
10  
                         

*This includes fires in parts of the plant relevant to nuclear safety. 
 

Table 2.: Proposed VACS concepts and their design features 
 

Design Features VACS 
Concept 
 

- Full HEPA filters protection and demonstrate that the automatic water spray system 
reduces t  he effect of plugging.  
 - Adequate face area to preclude unacceptable plugging during a fire and adequate 
dilution to preclude excessive temperatures at the filters.  
- Using safety class building suppression system for preventing fire propagation to 
more than 3 rooms. Demonstrate that a fire in 2 rooms will not result in excessive 
temperatures at the HEPA filters, or unacceptable plugging. 
 – Combined HEPA and sand filter with exhaust system that is sized to 
accommodate the design basis fire. 
-Charcoal filter for Radioiodine absorbing combined with the full HEPA filter  
approach. 

I 
II 
III 
IV 
V 
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Table 3: Summary of potential risks for VACS design concepts. 
 

                                                    VACS 
Design parameters 

Concept 1: 
ALL-HEPA 

Concept 4: 
HEPA   & 
Sand Filter 

Concept 5: 
Charcoal & 
HEPA 

State of the art for design concept. 
Robustness of the design approach Extent of 
design data available. 
Flexibility of the design.                                  
Acceptance by reviewers                
Complexity. 
Extent of passive features. 
Design standard at component level.     
System design standard. 
Seismic integrity fully demonstrated.             

-  
                          

-                          
 
-                          
-                          
-                          
+  
-                          

+  
                          

+                         
+                         
+                         
+                         
+                        
+                         
-                          

+                         
+                         
+                         
+                         
+                         
+                         
+                         
+ 
+                         

 

Table 4: Ranking of design features for proposed VACS protective concepts 
 

 
 
Function 

 
 
SSC 

 
 
Item 

 
HEPA 

   
Concept 4 

 
Concept 5 
 

  Description Concept 1 Concept 2 Concept 
3 

HEPA & 
sand filter 

Charcoal 
& HEPA 

Containment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fire protection 
 
 
 
 
 
Iodine 
retention 

Building 
structure 
 
 
Ventilation 
 
 
Control 
dampers 
 
Ductwork 
 
 
 
Filtration 
 
 
HEPA 
 
 
 
Building 
wide 

Exterior 
Fire barriers 
Fire partitions 
 
Supply fans 
Exhaust fans 
Fire dampers 
Supply 
Exhaust 
 
Internal 
to building 
External 
to building 
Supply HEPA 
Exhaust HEPA 
Sand filter 
Automatic spray 
Manual spray 
Fire screen 
Demister 
Sprinkler 
Detection 
 

SC 
IS 
O-F 
 
O-F 
SC 
O-F 
O-F 
SC 
 
 
SC 
 
SC 
SC 
SC 
… 
SC 
O-F 
SC 
SC 
O-F 
O-F 
 
… 

SC 
SC 
O-F 
 
O-F 
SC 
O-F 
SC 
SC 
 
 
SC 
 
SC 
SC 
SC 
… 
IS 
O-F 
SC 
SC 
O-F 
O-F 
 
… 

SC 
SC 
SC 
 
O-F 
SC 
SC 
OF 
O-F 
 
 
IS 
 
IS 
SC 
SC 
… 
IS 
O-F 
SC 
SC 
SC 
SC 
 
… 

SC 
O-F 
O-F 
 
O-F 
SC 
O-F 
O-F 
SC 
 
 
IS 
 
SC 
SC 
O-F 
SC 
… 
O-F 
… 
… 
O-F 
O-F 
 
… 

SC 
O-F 
O-F 
 
O-F 
SC 
O-F 
O-F 
SC 
 
 
IS 
 
SC 
SC 
O-F 
… 
… 
O-F 
… 
… 
O-F 
O-F 
 
SC 
 

Number of safety class SSCs   10  11 6 6 
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Fig. 1 . A schematic diagram for ventilation and air cleaning system of a nuclear facility 
 
 

 
 
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
 

Fig. 2. A typical HEPA filter design configuration used in nuclear facilities 
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Fig.3.  A Typical charcoal filters for Iodine retention in a nuclear facility 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Fig.4. Ventilation effect on room temperature 
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