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CRITERIA FOR CALCULATING THE EFFICIENCY OF DEEP-PLEATED HEPA 
FILTERS WITH ALUMINUM SEPARATORS DURING AND AFTER DESIGN BASIS ACCIDENTS* 

W. Bergman, M. W. First1 ’ W. L. Anderson2, H. Gilbe& and J. W. Jacofi 
Lawrence Livermore National Laboratory 

P.O. Box 5505, Livermore, CA 94550 

ABSTRACT 

We have reviewed the literature on the performance of high efficiency particulate air (HEPA) 
filters under normal and abnormal conditions to establish criteria for calculating the efficiency of HEPA 
filters in a DOE nonreactor nuclear facility during and after a Design Basis Accident (DBA). This study is 
only applicable to the standard deep-pleated HEPA filter with aluminum separators as specified in ASME 
N509 [l]. Other HEPA filter designs such as the mini-pleat and separatorless filters are not included in 
this study. The literature review included the performance of new filters and parameters that may cause 
deterioration in the filter performance such as filter age, radiation, corrosive chemicals, seismic and rough 
handling, high temperature, moisture, particle clogging, high air flow and pressure pulses. The 
deterioration of the filter efficiency depends on the exposure parameters; in severe exposure conditions 
the filter will be structurally damaged and have a residual efficiency of 0%. Despite the many studies on 
HEPA filter performance under adverse conditions, there are large gaps and limitations in the data that 
introduce significant error in the estimates of HEPA filter efficiencies under DBA conditions. Because of 
this limitation, conservative values of filter efficiency were chosen when there was insufficient data. 

The estimation of the efficiency of the HEPA filters under DBA conditions involves three steps. In 
the first step, the filter pressure drop and environmental parameters such as temperature and moisture 
are determined during and after the DBA. The second step consists of comparing the filter pressure drop 
to a set of threshold values above which the filter is structurally damaged. There is a different threshold 
value for each combination of environmental parameters. The filter efficiency is determined in the third 
step. If the filter pressure drop is greater than the threshold value, the filter is structurally damaged and is 
assigned 0% efficiency. If the pressure drop is less, thenlhe filter is not structurally damaged; and the 
efficiency is determined from literature values of the efficiency at the environmental conditions. The 
efficiency of the HEPA filters within DOE facilities should be determined on a case-by-case basis. 
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I, Introduction 

The primary standard that governs the use of HEPA filtration systems in DOE facilities is DOE Order 
6430.1A [2], which in turn refers to ASME N509 [I]. However, the standards do not provide guidance for 
determining their efficiency under abnormal or accident conditions. Under normal operating conditions, a 
HEPA filter will have a minimum efficiency of 99.90% [3]. This is the minimum filter efficiency at the most 
penetrating particle size of 0.15 pm diameter for a HEPA filter that has a minimum efficiency of 99.97% 
for 0.3 pm DOP particles. Previous publications had assigned a single value for the efficiency of HEPA 
filtration systems under all accident conditions. However the publications reviewed in this paper 
demonstrate that the efficiency of HEPA filters will vary greatly depending on the operating conditions, 
thereby requiring a case-by-case analysis. 

Elder et al[4] prepared a guide for analyzing the accidental release of radioactive material from 
nonreactor nuclear facilities. This guide reviews the applicable DOE orders, provides a description of the 
design basis accidents, and evaluates the consequences of the accidents. In his section on reduction 
and removal factors, Elder discusses the efficiency of HEPA filters under DBAs. Elder recommended that 
the first stage HEPA be credited with an efficiency of 99.9% and each subsequent stage with 99.8%. 
These values were selected from an unofficial HEPA filtration guideline that was established in 1971 

during a meeting between officials from the Atomic Energy Agency and Albuquerque Operations Office 
[5]. These guidelines represented the opinions of the meeting attendees, and were not supported by 
technical data. 

Walker [SI tabulated the available data on HEPA filter efficiency as of 1978 and recommended 
efficiencies of 99.9% for the first stage, 99.0% for the second and third stages, and 83.0% for the fourth 
stage. Although Walker cited experimental data, the recommended values were based on his opinion. 
Walker further stated in the summary that further study of HEPA filter efficiency is needed "to better 
establish relationships with relative humidity and temperature of sweep gas, service aging, material 
loading, etc." 

The Nuclear Regulatory Commission in Regulatory Guide 1.52, recommended an efficiency of 99% 

for a filtration system consisting of a two stages of HEPA filters with an adsorber in between p]. The 
guide is applicable to light-water-cooled nuclear power plants, where the filtration system is off-line during 
normal operations and only activated during accident conditions. Table 1 of the code shows that 
environmental conditions to which the HEPA filters would be exposed are approximately atmospheric 
pressure, 1 8OoF, 100% relative humidity, and 105 radslhr. There is no explanation for setting the HEPA 
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filter efficiency at 99%, when the new filter is tested at 99.97%for 0.3 pm DOP particles and is also tested 
in-place for leaks at 99.95% as prescribed in ASME N510. [8] 

The Nuclear Air Cleaning Handbook [9] recommended 99.8% efficiency for the first stage and 99.9% 
to 99.95% for each of the remaining stages. The Handbook presumably recommends a lower efficiency 
for the first HEPA filter and a higher efficiency for the second stage HEPA than the AEC 1971 draft 
because of the assumption that the first filter would take the brunt of any adverse effect from accidents. In 
discussing multistage HEPA filtration, the Handbook stated on page 38, 'The purpose is to increase the 
reliability of the system by providing backup filters in the event of damage, deterioration, or failure of the 
first filters." 

The major deficiency in the previous guidelines on HEPA filter efficiencies under DBA conditions 
is that the HEPA filter efficiency in DOE facilities can vary from 99.9% to 0% depending on which of the 
large number of different DBA conditions is applicable. In contrast, for light water reactors, there is a 
single DBA condition for which the HEPA filter efficiency is assigned 99% [A We have proposed a 
method for computing the efficiency of HEPA filters on a case-by-case basis using the available data 
reported in the literature. In this paper we describe the development of criteria for calculating the 
efficiency of HEPA filters during and after a DBA. These criteria are intended to be used in a future DOE 
Standard. 

The goal of this paper is to provide guidance for computing the efficiency of HEPA filters during 
and after a DBA. The computed filter efficiency can be used in determining off-site doses from postulated 
releases of airborne radioactivity for both existing and future facilities. However, this study is not 
intended to define criteria for HEPA filter survival or provide guidelines on how to construct a HEPA filter 
that survives a DBA. Since there are a large number of different DBAs that are applicable to the many 
different DOE facilities, the HEPA filter efficiency will be computed on a case-by-case basis. 

It. Amroaches for CornDutina HEPA Filter Efficiencv Under DBA 

Sinale Efficiencv Value for All DBA Conditions 

We considered various approaches for developing the criieria for computing HEPA filter efficiency 
under DBA conditions. The previous approach was to specify a single efficiency value for all conditions. 
We considered this to be unrealistic since the efficiencies of the available HEPA filters vary widely with 
different environmental parameters. Since there are no commercially available HEPA filters certified for 
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use in DOE facilities that can survive all of the postulated DBA conditions it is not possible to assign a 
single efficiency value to HEPA filters. 

For the currently available HEPA filters, the only efficiency value that can be applied for all DBA 
conditions is 0%. However, since the HEPA filters in most DOE facilities will survive the applicable DBA, 
assigning 0% efficiency to these filters is unrealistic. We cdncluded that until a high-strength HEPA filter 
is developed, it will not be possible to assign a single efficiency to HEPA filters that will apply for all DBA 
conditions. 

P 

Efficiency Determined From Matrix of Three Severitv Levels of Fire. Exdosions. and Tornados 

We then reviewed various matrix approaches in which there are multiple filter stresses and 
multiple responses. A filter efficiency would be assigned for each of the filter stresses. In our initial 
review, there appeared to be only a few realistic DBA scenarios that include combinations of anticipated 
stresses that reflect graduated levels of severity. For example, a remote fire usually represents a filter 
loading episode without a very high temperature or a pressure pulse; an explosion usually represents a 
temperature and pressure pulse, and it may be the pressure resulting from rapidly increased airflow that 
does the damage and rapidly dies away to be followed by a fire without excessive pressure or airflow 
volume increase; a tornado results in a rapid pressure increase and/or decrease but no fire or 
particle/droplet loading. Each scenario can occur in varying degrees of severity that can probably be 
classified as "below concern", "moderate stress", and "extreme stress". This represents a 3 x 3 matrix 
and should not be excessively complex. 

Although the concept is great, we were not able to assign an efficiency value for each of the 
proposed nine elements of the matrix because the three stresses of fire, tornado, and explosions were not 
single stress quantities, but could very widely in terms of more fundamental parameters such as 
temperature, pressure, and aerosol quantity and composition. For example estimating the efficiency of a 
HEPA filtration system after a fire cannot be derived from categories such as below concern, moderate 
stress or extreme stress. In order to assess the response to the fire, it will be necessary to estimate the 
temperature, quantity of smoke, type of smoke, water spray from a fire suppression system, the system 
flow rate, and the pressure drop across the HEPA filter. The pressure drop across the filter is, in turn, a 
function of the flow rate, water contact, and the quantity and type of smoke. 

There is not a single DBA sequence that represents a fire. For example the remote fire scenario 
only involves filter clogging with little temperature increase or pressure pulse. In reality, there are a large 
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number of different fire scenarios: a well ventilated fire generating slow plugging aerosols, an under 
ventilated fire generating rapidly plugging aerosols, a fire with high temperature flames, use or non-use of 

fire suppression system based on water sprays and demisters, etc.. . 

If the fire is remote and well ventilated, then the only consequence would be a small or moderate 
increase in pressure drop and no loss in efficiency. However a remote fire that is under ventilated (oxygen 

starved) would cause rapid filter plugging. If the air blower does not exceed the breaking point of new 
filters (37 inches ) then the effect would be a near or total shut down of the ventilation system. The 
efficiency of the clogged filter would be higher than the efficiency of the clean filter. If the smoke is diluted 
prior to reaching the HEPA filter, then the filter plugging will be reduced proportionately to the air dilution. 

. 

As another example dealing with fire, assume the fire is localized at the filter and reaches 400°C. 
If no water suppression system is activated and the filter pressure drop is below 15 inches then the filter 
will be structurally undamaged but have a penetration about of about 3%. However if the water spray 
system is activated, then the filter will rapidly plug due to water accumulation. If the air blower can pull 
greater than 10 inches of water then the filter will be structurally damaged and have dramatically reduced 
efficiency (conservatively set at 0% ). However if the air blower cannot pull greater than 10 inches of 
water, then the plugged filter will shut down the ventilation system but still have the high efficiency. 

Thus from these few examples we have shown that estimating the efficiency of the HEPA filters 
requires a more complex approach than categorizing a stress as below concern, moderate stress or 
extreme stress. There are also many other potential stresses than fire, tornado and explosion: for 
example, steam from a ruptured steam line, fire suppression system that sprays water, chemical effluents, 
and seismic stress. 

In addition, the DBA stresses cannot be limited to a small number of different conditions because 
new DBA conditions will be established for new facilities and operations as DOE missions and directions 
change. New programs in weapons dismantlement, waste clean up, decontamination and decommission 
operations will bring their own set of stress factors. 

Eff iciencv Determined from Generalized Matrix of Operatina Parameters and Parameters Cam' ing 
Structural Damaae 

We then evaluated a generalized matrix in which the efficiency is established at each level of 
stress for a series of fundamental parameters at increasing parameter level. Table 1 illustrates the 
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generalized matrix for tabulating the filter efficiency at each parameter level for a series of different 
parameters. These are the known parameters that have an effect on filter efficiency. 

Table 1. Generalized matrix for establishing filter efficiency for operating parameters 

meratina Parameter 
Eff iciencv at Different Parameter Levels 

Low Moderate Hiah 

temperature 
solid particle loading 
waterAiquid particle loading 
air flow 

Although Table 1 shows only three parameter levels (low, moderate, and high), the complete table could 
consist of many parameter levels, each level defined by specific values of the operating parameter. The 
primary advantage of the generalized parameter matrix over the three-stress matrix is that the parameters 
are fundamental parameters that can be uniquely defined. It is also possible to use semi-empirical 
equations for computing the efficiency due to the different parameters. Since the four parameters can be 
considered to act independently on the filter, the filter efficiency for combination of parameters can be 
computed from the efficiency for individual parameters. 

The effect of the four operating parameters on the HEPA filter efficiency can be explained in 
terms of particle capture and particle loading theory and experiments. For HEPA filters, the maximum 
particle penetration is determined by the Brownian motion and interception capture mechanisms [lo]. 
A s  the temperature is increased, the Brownian motion will increase while the interception mechanism 
remains constant. Thus higher temperatures will result in higher filter efficiencies. A s  the air flow 
increases, the capture by Brownian motion will decrease because of the decreased particle residence 
time in the filter. Since air flow has no effect on the interception mechanism, the net effect of increased 
air flow will be a lowering of filter efficiency. At exceedingly high air flows, the particle inertia becomes 
important and increases the filter efficiency. For solid particle loading, the particles form dendritic 
structures that capture additional particles, thereby increasing filter efficiency [l 11. For liquid particles, 
the particles coalesces within the filter and decrease the void volume within the filter medium. The 
decreased void volume results in higher internal velocity and thus less residence time for Brownian 
motion [12]. Thus, as liquid deposits form in the filter, the aerosol penetration will increase. 
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Unfortunately the direct approach for computing the efficiency of HEPA fitters under DBA 
conditions described above is not possible because the HEPA filters are frequently structurally damaged, 
which lowers the filter efficiency. For example as the temperature is increased, the efficiency increases. 
Figure 1 shows the decontamination factor (DF = Vpenetration) as a function of particle diameter for a 
deep-pleated HEPA filter with aluminum separators at increasing temperatures up to 200 C. 
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Figure 1 Decontamination factor (DF =l/penetration) for HEPA filter as a function particle 
diameter at increasing temperatures. Data from Osaki and Kanagawa [13]. 

With increasing temperature the organic components begin degrading and introduce leak paths 
through the filter. Figure 2 illustrates the effect of increasing temperature on the decontamination factor 
for HEPA filters with different frame materials. 

The effect of increasing air flow provides another example of a stress having a direct effect on the 
filter efficiency due to the basic filtration mechanism and an indirect effect due to structural damage to the 
filter. Figure 3 shows the increasing DOP aerosol penetration as a function of particle size for a HEPA 
medium tested at increasing air velocities. 
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Figure 2 Decontamination factor for HEPA filters as a function of increasing temperatures. Data 
from Ensinger et al [14]. 

Figure 3. Penetration of DOP aerosols as a function of particle diameter at increasing air 
velocities for a HEPA medium, Lydall grade 213. Data from VanOsdell et al[15]. 
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As the air flow is increased the increasing pressure drop on the filter stresses the filter medium 
and eventually causes medium tears At high air flows, the entire medium pack is blown out of the 
housing as shown in Figure 4. It is obvious that the filter has 0% efficiency. 

527747 rzOWN STREAM 

Figure 4 Photograph of 15-19 year old HEPA filter after subjected to a 13 inch differential 
pressure Photograph from Johnson et al[16]. 

There are additional stresses such as age, radiation exposure, water/liquid loading, seismic or 
rough handling, and chemical attack that also can weaken or cause structural damage to the HEPA filter. 
Structural damage creates leak paths that lower the HEPA filter efficiency, whereas a weakened filter 
suffers structural damage at lower stress levels. Thus in order to determine the efficiency of HEPA filters 
under DBA conditions, it is necessary to include indirect effects due to HEPA filter damage in addition to 
the direct effects from the parameters listed in Table 1. However, incorporating structural damage and a 
weakened filter into a general method for determining filter efficiency is extremely difficult because a 
number of interacting parameters must be incorporated in the efficiency calculation. We will use data 
obtained from the literature to establish a method for computing the efficiency of HEPA filters under 
normal and DBA conditions. 



23rd DOWNRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE 

Ill. Literature Review of HEPA Filter Efficiencv Under Normal and DBA Conditions 

The Minimum Baseline Efficiencv for Each Staae o f HEPA Filtration is 99.9Oh 

Sinale HEPA S t a a  According to ASME N509 each HEPA filter must have a minimum efficiency 

of 99.97% for 0.3 pm DOP aerosols. However, recent studies have shown that the 0.3 j.un DOP aerosol 
is not the most penetrating size and therefore is not the most conservative efficiency. The particle 
penetration through HEPA filters is a strong function of particle size as shown in Figure 5 taken from 
Bergman et ai [ Iq .  The maximum particle penetration at 0.15 pm diameter is about four times the 
penetration measured using 0.3 j.un DOP particles. The penetration decreases at smaller and larger 
particles due to competing particle capture mechanisms [I 81. Particles less than 0.1 5 pm have increasing 
Brownian motion with smaller sizes and therefore have lower penetration through the filter. Particles 
larger than 0.15 pm have greater inertia with increasing size and are unable to follow the tortuous path 
through the filter. This results in a lower penetration with increasing size. The two capture mechanisms 
result in the experimental penetration curve seen in Figure 5. 

r I I I 1  * I 1 1  I 1 1  I 1 I 1 1  

Diameter, pm 

Figure 5 Penetration of DOS aerosols through a standard nuclear grade HEPA filter [I 7. 
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Scripsick et al[3] conducted a comparison study between the standard DOP test using 0.3 pn . 
particles and the maximum penetration test in which penetration is measured as a function of particle 
size. They found that of 849 filters tested that had greater than 99.97% efficiency for 0.3 pn particles, 
18% of the filters had less than 99.97% but greaterthan 99.90% efficiency for 0.15 jun particles. Thus 
the minimum efficiency for a new, undamaged HEPA filter is 99.90% at any particle size. The efficiency in 
most applications will be much greater, not only because the particle size is usually greater that 0.1 5 pm, 
but also because the particles generally have a greater density than the density of DOP (0.98gcc). 

Anderson [19] and Tillery [20] have shown higher density aerosols have significantly higher efficiencies. 
However, if the aerosols consist of agglomerates of smaller particles, then the density will be significantly 
smaller than the bulk material density. 

Multinle HEPA Filtration Staaes . If the HEPA filter penetration is measured at the most penetrating 

particle size then the total maximum penetration for multiple stages of HEPA filters is the product of the 
penetration from each of the HEPA filters in series. There is no limit to the number of stages for which this 

computation will apply. However, each stage or combined stages must be leak-tested as specified by 
ASME N510 [8]. The penetration for each new, undamaged HEPA filter is 0.1% ( 99.9% efficiency). 
Untested HEPA filters with no visual damage are assigned a penetration of 10% (goo/, efficiency ) based 
on the following field data using radiological measurements: Hetland and Russell [21] measured HEPA 
filter efficiencies of 94% and 83% for Pu aerosols in the second and third stages respectively. Frigerio 
and Stowe [22] measured an average efficiency of 99.4% for Pu and 92.9% for U in a third stage HEPA 
filter. Previously, untested HEPA filters were arbitrarily assigned a penetration of 0.2% (99.8% efficiency) 

[91. 

The determination of total penetration for multiple HEPA filters from the product of the individual 
filter penetrations appears to contradict the widely held belief that the filter penetration increases (i.e. 
efficiency decreases) with each filter stage. Previous studies that have shown a decrease in filter 
efficiency with multiple stages of filtration were generally based on average efficiencies for heterodisperse 
aerosols and/or have had significant background measurements. If filter efficiencies are based on 
average measurements over a particle size distribution, then the apparent filter efficiency will change with 
successive stages of filtration because the average particle size has changed. Ortiz [23] showed that 
even heterodisperse aerosols with narrow distributions will be altered when passing through HEPA filters 
and thereby cause a shift in the average particle size and the filter penetration. 

Gonzales et al [24] conducted experiments with plutonium aerosols that showed the penetration 
of each HEPA filter in a system consisting of three filter stages is 99.99% for the first two stages and 
99.84% for the third stage. They measured the HEPA penetration as a function of particle size for the first 
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two stages. The extremely low concentration of plutonium particles challenging the third filter made 
measurements extremely difficult and is most likely responsible for the lower filter efficiency. 

Osaki and Kanagawa [13] showed that the penetration of 0.15 pm DOP particles for the second 
HEPA filter in a two-stage filter system yielded identical results as the first HEPA filter. They also verified 
that the two filters continued to have the same efficiencies at various air flows. 

The study by Gonzales et al [24] and filtration theory were used in ERDA 76-21 [9] to conclude 
that the particle penetration through multiple HEPA filters equals the product of the penetrations of 
individual HEPA filters. ERDA76-21 [9] points out that the multiplication of penetrations is valid for any 
particle particle size 

Literature Review of Parameters That Cause a Deterioration in HEPA Filter Efficiencv 

A number of laboratory studies have shown that the efficiency of HEPA filters will degrade under 
certain environmental conditions. In extreme cases, the HEPA filter will be structurally damaged and 
result in 0% efficiency. The identified parameters that can cause a deterioration in the filter include age, 
moisture, chemical attack, high temperature, overpressure, shock and rough handling, particle loading, 
and radiation. The effect of these parameters on HEPA filters is dependant on the materials used and the 
design of the HEPA filters. 

We summarized the literature data for the differential pressure required to cause structural 
damage on HEPA filters for various parameters in Table 2 In some cases only media data were 
available, and we had to compute the pressure drop for an equivalent HEPA filter. The percent 
reduction in media tensile strength or bursting strength from before and after exposure to a given 
parameter was used in the computation. This percent was then multiplied by the measured pressure drop 
required to blow out the medium in a new HEPA filter as measured by Gregory et al[25]. For example , 
Breschi et al[26] measured a 33% reduction in medium burst pressure after exposure to 200 C for one 
hour. The medium thus had 67% of its original strength. Multiplying 67% by 37 inches of water (the 
minimum pressure required to blow out the medium from a new HEPA by Gregory et al[25]) yields 25 
inches of water. Although no data was available on the structural damage from acid exposure, the filter 
is degraded with increasing exposure and will even collapse by its own weight with prolonged exposure. 
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Table 2 Threshold Values of Differential Pressure Required to Structurally Damage the 
Standard HEPA Filter 

AP threshold. inches 
Ranae AVQ. 

66 
57 
63 

52 

38 

331 

X2 

443 
334 
265 

1 36 

23 
20 
18 
16 
407 

(37-81) 
(38-72) 
(47-90) 

(29-70) 

(1 3-78) 

(1 8-40) 

(25-54)3 
(1 9-41)4 
(1 5-32)5 

(8-1 6) 
(8-20) 

(1 0-36) 
(1 6-25) 
(7-36) 
(3.6-25) 
(22-49)7 

Parameter 

Baseline (high air flow) 
Baseline (high air flow) 
Baseline (high air flow) 

Explosion shock 

Age (15-19 year old filters 
with Asbestos separators) 

Radiation (5 x lo7 rad) 

HNO3, HF exposure (variable) 

Temperature 
200°C ( 3 9 2 O F ) ,  1 hr. 
300°C (572OF), 10 min. 
400°C (752OF), 1 hr. 

500°C (932"F), 10 min. 
500°C (952OF), 10 min. 

Clean filter, water spray 
Loaded filter, 100% humidity 
Clean filter, water spray 
Loaded filter, 99% RH 
Clean dry filter, prev. wet 

Reference 

Gregory et al [25] 
Osaki et al[13] 
Ruedinger et al[27l 

Gregory et al[25] 

Johnson et al [16]. 

Jones [28] 

Woodard et al[29] 

Breschi et a1 [26] 
Hamblin et a1 [30] 
Breschi et al[26] and Hamblin et 

a1 (30) 
Pratt et al[31] 
Pratt [32] 

Ruedinger et al 1331 
Ruedinger et a1 [33] 
Ricketts et al[34] 
Ricketts et al[34] . 
Ricketts et a1 [34] 

1. Values computed from a measured 50% reduction in media tensile strength and base line values from 
Gregory et a1 [25]. 

2. No available data relating differential pressure threshold and acid challenge. Observations of HEPA filter 
after acid challenge show the HEPA media collapses and may fall out of its housing by its own weight. 

3. Values computed from a measured 33% reduction in media rupture pressure and baseline values from 
Gregory et al [25]. 

4. Values computed from a measured 50% reduction in media rupture pressure and baseline values from 
Gregory et a1 [25]. 

5. Values computed from a measured 60% reduction in media rupture pressure and baseline values from 
Gregory et al [25] 

6. Values computed from measurement of 80% reduction in tensile strength and baseline fitter values from 
Gregory et a1 [25]. 

7. Values computed from measurement of 40% reduction in tensile strength and baseline filter values from 
Gregory et al[25]. 

Note: This table applies to HEPA filters having the deep-pleat design, organic sealant, and conventional glass 
fiber media. Other commercially available HEPA fitters have lower threshold values for differential 
pressure. 



23rd DOE/NRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE 

Table 3 Effect of Parameters on the Penetration of HEPA Filters 

Parameter 
Baseline 

HF Corrosion 
1,500 ppm-hr 

Temperature 
increase from 
25 to 200 C 

200°C 
240°C for 6 hours 
300°C 
350 C 
500°C 
500°C for 10-45 min. 
538°C 

Moisture 
Up to 100% RH 
Water spray loaded to 8 in. 

Filter clogging 
Solid particle loading 
NaCl deposits to 1.9 in. 

Liquid DOP loaded to 4 in. 

Oil aerosols 

Air Flow 

Increasing velocity from 
0.5 cm/s to 20 cm/s 

Increasing air flow by 
10 times 

Air Pulse 

1 psi pulse 

Shock tests on filters 
preloaded with .46 pm latex 

Seismic ( 0.2- 0.3 g) 

Effect on Filter Penetration 
0.1% 

0.1 Yo increase 

decreases penetration 
from 0.01 to 0.001% 

.O3-O.O1% 
0.01% 
0.12-0.01% 
O.4-O.O3% 
O.9-O.2% 
0.9-0.1% 
1.2-0.5% 

Negligible effect 
Increase by 10 times 

Decreases penetration 
Decreases penetration from 

Penetration increases 
by factor of 10 

Penetration increase is 
1.3 PiAP/APi increase 

0.003 to 0.000001% 

Penetration increases from 

Penetration of 0.1 j.un parti- 
cles increases by1 00 times 

0.00003% to 0.5% 

Penetration of 0.46 pm latex 
particles is 0.1% 

Penetration is 0.9% 

negligible effect 

Reference 
Scripsick et al[3] 

Brassel et al [35] 

Osaki et al[13] 

Pratt et al[31] 
Osaki et al [13] 
Pratt et ai [31] 
Pratt et al [31] 
Pratt et al[31] 
Hackney [36] 
First [37] 

Osaki et alp31 
Osaki et al [13] 

Bergman [ l l ]  
Osaki et al [13] 

Osaki et al [13] 

Payet et al[1.2] 

VanOsdell et al [15] 

Osaki et al[13] 

Gregory et al [25] 

Gregory et al [25] 

Bergman et al[38] 

We also reviewed the literature for the effect of different parameters on the efficiency of HEPA 
filters and have summarized the data in Table 3. The HEPA filters in these studies did not suffer 
structural damage except for the higher temperature and acid exposure tests. Although the HF exposure 
shows only a single entry, the penetration will increase with increasing exposure due to chemical attack 
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on the filter medium. Table 3 also shows a range of penetration values that were observed for different 
HEPA filters after the high temperature exposures. 

JV. Develonina a Method for Determinina Filter Efficiencv Under Normal and DBA Conditions 

Generalized Matrix Method is Not Feasible 

Our initial approach was to incorporate the literature data on filter deterioration into the 
generalized matrix shown in Table 1. Unfortunately it is not possible to simply add additional 
parameters that weaken the filter or cause structural damage such as age and radiation exposure to the 
existing parameter list because the parameters are not independent. For independent parameters, it is 
not necessary to consider parameter interaction in computing filter efficiency. For example, when 
determining the filter efficiency under specific conditions of temperature, solid particle loading, waterfliquid 
loading and air flow.where there is no structural damage, one can add the contributions to filter efficiency 
by each of the three parameters. In practice the change in filter penetration (1 - efficiency ) due to each 
parameter is added to the baseline penetration to yield the total penetration. 

For dependent parameters it is necessary to consider the parameter interaction when computing 
filter efficiency. All of the parameters that affect filter strength or cause structural damage are dependent 
parameters because the filter damage or weakening from one parameter affects the amount of damage or 
weakening from a second parameter. For example the minimum pressure drop ( or flow) required to 
rupture a new HEPA filter is 37 inches [25] whereas the minimum pressure drop for a 15-19 year-old filter 
is 13 inches [16] Both filters had 0% efficiency after the test. Intermediate pressure levels are required 
to burst HEPA filters less than 15 years old. A different series of pressure and age parameters define the 
limits for each efficiency level between 0% and 99.9%. In his study of water effects, Ricketts [34] showed 
that a combination of factors leads to a greater loss in filter efficiency than the cumulative effect of the 
individual factors alone. This illustrates that filter efficiencies derived from studies on filter structural 
failures require combination of parameters and cannot be determined by individual parameters. 

The primary difference in a matrix consisting of independent parameters for filter efficiency and 
dependant parameters for structural damage is the number of matrix elements required. For N 
independent parameters and 3 values of each parameter, the matrix consists of 3N elements. For N 
dependent parameters and 3 values of each parameter, the matrix consists of QN elements. The 
parameters that affect the HEPA filter efficiency directly are temperature, solid particle loading, 
water/liquid particle loading, and air flow. Of these, the solid particle loading is the only independent 
parameter since the other parameters can also cause structural damage and hence are dependent 
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parameters. The remaining dependent parameters are age, radiation exposure, seismic or rough 
handling, and chemical attack.. Thus for one independent and seven dependent parameters, the matrix 
consists of 3 + 37 = 1,380 elements. For a matrix with 4 values for each parameter, the matrix would 
consist of 4 + 47 = 16,388 elements. Even if the matrix were reduced to the minimum parameters of 
temperature, water loading, air flow, and age, the 3 value matrix would consist of 81 elements, and the 4 
value matrix 256 elements. These are obviously very large matrixes. 

We believe that it is not practical to pursue the development of a generalized matrix for computing 
the efficiency of HEPA filters under normal and DBA conditions because there are far too many elements, 
the experimental data is highly variable, and a separate matrix would be required for each design and 
construction of HEPA filter. Although a large number of studies are reported in the literature on the 
efficiency of HEPA filters under adverse conditions, all of the studies have been limited to one or two 
parameters, whereas most DBAs involve several parameters. There are few studies on evaluating filter 
efficiency for combination of parameters . As shown in our matrix examples, the large number of matrix 
elements is due to the combinations of different parameters. 

In addition most of the literature data pertains to the standard deep-pleated HEPA filter using the 
standard glass fiber medium with aluminum separators. If other filter designs and/or other materials are 
used, then a different filter efficiency matrix is needed. There are a large number of different combinations 
of filter media, filter pleat configuration, sealant, separators, frame and gaskets. Each combination of 
components yield a HEPA filter with a unique set of responses to applied stress. Unfortunately, there 
exists very little data for other filter designs or other materials. The other filter designs occasionally used 
are the mini pleat, the cylindrical cartridge with radial pleats, the cylindrical cartridge made with standard 
deep pleats and media and the deep pleated separatorless filter. The use of glass cloth reinforced filter 
media dramatically increases the filter strength and the value of differential pressure required to 
structurally damage the HEPA filter. 

The final problem for computing filter efficiency that applies to the matrix and all other methods is 
the variability of the data. For example, Johnson et a1 [16] exposed 15-19 year-old HEPA filters to 
simulated tornados and measured the differential pressure across the filters during the approximately 5 
second air pulses. They tabulated the differential pressure at which the filter showed the first signs of 
damage and the pressure drop for total medium blow-out The data is retabulated here in Table 4 

All of the six filters tested had the media blown out as shown in Figure 4 except for the filter in 
test 17. Although no efficiency measurements were made on the filters, we added a column in Table 4 
for the estimated efficiency at the end of the test. Since the filters in tests 18-23 had no media left in the 
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filter housing, the efficiency was 0%. The filter in test 17 had the medium pack torn loose from the filter 
housing, but did not blow out at 77.8 inches pressure drop, which was the maximum applied stress during 
the test. A more powerful air pulse was needed to blow out the medium. We estimated the efficiency of 
the partially damaged filter at 98% based on efficiency measurements made on filters showing similar 
structural damage. 

Table 4. Differential pressure for initial and total damage to aged HEPA filers from Johnson et a l p  61 

Test No. 

17 
18 
19 
21 
22 
23 

Average 

Differential Pressure (in. water1 

hiJ&lJ ma! 
25.5 i7.8 

__ 15.5 
3.9 18.8 

3.3 56.8 
3.3 13.6 
2.8 45.7 
7.8 38.0 

Estimated Eff iciencv lo& 

98 
0 
0 

0 

0 

0 

Table 4 illustrates the problem with trying to establish an efficiency value for a HEPA filter 
subjected to a given stress that causes structural damage. There is an initial stress value at which the 
filter shows the first indication of structural damage. For the six filters tested, the initial stress values 
varies from 2.8 to 25.5 inches of water and has an average of 7.8 inches of water. The initial damage 
consisted of a small segment of a filter pleat torn open. Based on efficiency tests on other filters with 
similar damage, the efficiency at the initial damage was about 99%. As increasing stress was applied to 
the filter, the efficiency would decrease until it reached 0% at total medium blow out. The differential 
pressure at total medium blow out ranges from 13.6 inches to greater than 77.8 inches with an average 
somewhat greater than 38,inches. 

ExDerimental Measurements Under DBA Conditions Is the Preferred Method. But There Are No Facilities 

The preferred method for determining HEPA filter efficiency under DBA conditions is to conduct 
experiments on a scaled HEPA filtration system under controlled test conditions that simulate the DBA. 
The scaled down, 1,000 cfm HEPA filtration system would be mounted in a test duct that would contain 
the desired air flow or air pulse, temperature, and water content. All of the components of the HEPA 
filtration system would be included such as prefilters, water deluge system, mist eliminator, and one or 
more stages of single HEPA filters. The test would consist of a series of exposures that simulate the 



23rd DOHNRC NUCLEAR AIR CLEANING AND TREATMENT CONFERENCE 

specific DBA. For example a simulation of a fire DBA might consist of a smoke challenge followed by a 
temperature increase and then a water deluge spray. The test filter could be preconditioned with particle 
loading, chemical exposure, seismic stress, etc. as needed to represent the exposure history for the DBA. 
Several repeat test would be conducted to establish the variability in the data. 

The experimental approach has many advantages over a system based on determining the filter 
efficiency from a match with a catalog of test conditions and the corresponding efficiencies. The most 
important advantage is that the experimental approach will yield efficiencies for experimental conditions 
that match the DBA conditions as close as is experimentally possible. The problem with the catalog 
approach is that most of the available data is limited to HEPAfiker efficiency for a single exposure 
parameter and a single or limited range of parameter values. This is in contrast to most DBAs that consist 
of a series of concurrent and sequential parameters. The catalog matching approach will undoubtedly 
require approximations and assumptions because the catalog will not contain the large number of matrix 
elements needed to fully describe the particular DBA. Moreover the exact filtration components and 
HEPA fitters can be used in the simulation tests. In contrast, the catalog approach would undoubtedly 
contain data for different HEPA fitters and system components. Another advantage is that conducting 
simulations of DBAs on HEPA filtration systems would be less costly than an attempt to develop catalogs 
of all the possible matrix elements in each of the many different matrixes that correspond to specific 
HEPA filtration systems. 

Unfortunately, there is no test apparatus in the U.S. that can conduct DBA simulations or 
generate DBA matrix elements for HEPAfittration systems. A special test apparatus would have to be 
built for either application. The existing US. test equipment is limited to studying single parameters such 
as high air flow (New Mexico State U.), smoke loading (LLNL), and the quality assurance tests of heated 
air, overpressure, and rough handling (Rocky Flats). The quality assurance test equipment at Rocky Flats 
is designed for specific test conditions as part of the filter qualification prescribed in MIL-F-51068 [39] and 
cannot be vaned to provide a range of DBA parameter values. Although the European countries have 
test equipment that can evaluate HEPA filters under a wide range of values for specific parameters, they 
do not have an apparatus that can expose HEPA filters to multiple parameters that simulate DBA 
conditions. Germany has a test rig that can expose HEPA fitters to high humidities and water sprays at 
temperatures up.to 151 C and another system that can expose HEPAfiRers to high airflows. England 
and France have test rigs that can expose HEPA filters to various temperatures up to 400 C. Much of the 
data on HEPA performance under off-normal conditions was generated in these European facilities. 

We Selected t he Method Based o n First Determinina Structu ral Damaae a nd Then Efficiencv 
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Since it is not feasible to determine HEPA filter efficiency under DBA conditions using the 
generalized matrix method, and since no experimental facilities are available, we examined alternative 
approaches that could make use of the data base of HEPA filter performance under off-normal conditions. 
We focused our efforts on a method for separating out the many dependent parameters that affect filter 
strength or cause structural damage since these parameters are responsible for the large matrix for 
establishing HEPA filter efficiency . The filter efficiency would then be determined in two steps: first 
determine the filter efficiency for the parameters that cause structural damage and then add any 
contribution to the efficiency by the parameters in Table 1 for an undamaged filter. 

The parameters that affect the filter strength and structure are temperature, water/liquid loading, 
air flow (pressure drop), age, radiation exposure, seismic or rough handling, and chemical attack. We 
have placed pressure drop in brackets following the air flow because the two parameters are directly 
proportional. Of these parameters only air flow (pressure drop) and seismic or rough handling can cause 
structural damage directly. The other parameters only weaken the filter. Thus higher air flows and 
resulting pressure drops will produce greater structural damage in the filter. 

Particle loading is an important factor in determining the filter pressure drop, but is is not 
important for the threshold value of pressure drop at which the HEPA filter shows structural damage. A 
HEPA filter will suffer structural damage at the same pressure drop, whether or not particles are present. 
Particle deposits will increase the filter pressure drop and cause the threshold pressure,drop to be 
reached at lower flow rates. However, the particle deposits will not lower the threshold pressure drop. 
-Particle deposits were therefore not included in Table 5. None of the studies reviewed in this paper show 
that particle deposits have much of an effect on the structural strength of HEPA filters. Ricketts et a1 
observed a 5% reduction in tensile strength of creased media [34]. Particle deposits also significantly 
increase the amount of water absorption on a filter, which subsequently decreases filter strength. 
However, this decreased strength is due to water, not particle deposits. Ricketts et al[34] found no 
significant difference in structural strength between HEPA filters with or without particle deposits during 
exposure to humid air and water sprays. Smith et al[40] observed a small increase in the pressure drop . 
required to cause structural damage with HEPA filters loaded with salt particles. The salt deposits had 
formed a crust over the protective wire screen, thereby protecting the HEPA filter medium. 

We wanted to construct a table showing filter efficiency at increasing levels of structural damage 
produced by increasing pressure drop for the parameters that weaken the filter. Unfortunately, the 
literature data contained little or no information on the efficiency of partially damaged HEPAfilters. Most 
of the studies pertaining to HEPA filter damage only measured the pressure drop as shown in Table 2 
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and not the efficiency . The literature data was also limited to a single pressure drop measurement. In 
most cases, the pressure drop data corresponded to the threshold or first intermediate damage level. 
However, in a few cases, the pressure drop corresponded to the to total medium blow-out. 

The level of structural damage is important since the efficiency can vary from 99% for a partially 
damaged filter to 0% for a totally damaged filter. Generally, the reported pressure drop data on structural 
damage due to high air flow corresponded to a partially damaged HEPA filter. Johnson et al [16] reported 
the pressure drop corresponding to both the threshold and the medium blow-out as shown in Table 4. 
The threshold and medium blow-out data were derived from a motion picture camera synchronized with 
the pressure pulse of a simulated tornado. In all of the other studies, only the final condition of the filter 
was available. Unfortunately, except for the high temperature studies, few efficiency measurements were 
made on the partially damaged filters, and few quantitative descriptions of the filter damage were made. 

Because of the limitations in the literature data, we selected the method of first determining the 
structural damage on the HEPA filter and then the efficiency. If the HEPA filter suffered significant 
structural damage , the filter would be assigned 0% efficiency. If the filter was not significantly damaged, 
then the efficiency would be determined from literature values of the efficiency. 

Justification for Assianina 0% Efficiencv To Partiallv Darnaaed Filters: The selection of the filter 

efficiency that corresponds to the reported pressure drop for partially damaged HEPA filters in Table 2 

was a major step in the development of a method for computing filter efficiency under DBA conditions. . 

We decided to set the efficiency for all damaged HEPA filters, whether partially or fully, to 0% for several 
reasons. First, there is very little data on the efficiency of partially damaged HEPA filters. The few 

reported efficiency measurements show partially damaged HEPA filters have high efficiencies . For 
example, a HEPA filter with a 5 inch slit along one pleat of the HEPA medium has an efficiency of 99%, 
while a filter that has the media pack loose within the frame and slightly pushed out of the frame has an 
efficiency of 94Y0 [41]. The primary reason for selecting 0% efficiency for partially damaged HEPA filters 
is that there is a large variability in the differential pressure required to blow out the filter medium as seen 
in Table 4 for high air flow ( from 13.6 to greater than 77.8 inches). This variability makes it prudent to 
select a conservative value of differential pressure at which the filter medium blows out of the filter. 

Another important reason for selecting conservative values is that most DBA s consist of multiple 
challenges, whereas the available data generally applies to one parameter, not counting the differential 
pressure, that is responsible for the damage. We have assumed that using conservative values for the 
pressure drop that is required to blow out the filter medium due to a single parameter will compensate for 
the additional damage caused by multiple parameters. 
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Threshold Values* of Differential Pressure Required to Structurally 
Damage the Standard HEPA Filter 

Baseline (new filter, normal.conditions) 

Age (1 5 years or older) 

Radiation (6 x 1 O7 Rad) 

Chemical (HNO3, HF) 

Temperature 
less than 200°C, (392°F) 
20O-30O0C, (192472°F) 

10 minutes 
1 hour 
10 hours 

300-4OO0C, (572-752OF) 
400-5OO0C, (752-932OF) 

Moisture 
wet filter, (greater than 95% relative humidity) 
dry filter, previously wet 

Air pulse from explosion 

AP Threshold . 'n I c h es w. a, 

37 

13 

18 

0-37 

37 

33 
30 
22 
15 
10 

10 
22 

29 

These values represent the most conservative values ( except for moisture) taken from an analysis of 
experimental studies reviewed in this report and summarized in Table 2 

We also did not select the lowest value for structural damage at 500 C because 8 inches only 
produced tears in the media, but did not cause total filter blow-out [32]. In a second test, Pratt [32] 
observed a total filter collapse at 20 inches after exposure to 500 C. We selected 10 inches of water as a 
compromise between the conservative value based on partial filter damage in one of the two tests 
conducted by Pratt [32] and the wide range in values observed in Table 2 for HEPA structural damage. 

It is important to note that the parameters in Table 5 represent exposures to a HEPA filter during 
its life, not just during the DBA. All of the parameters must be taken into account throughout the life of the 
filter in addition to the parameters applicable to the specific DBA. The damage caused by the different 
parameters is not reversible except for water, and that is only partially reversible. A previously wet HEPA 
filter will have a 40% reduction in its tensile strength [34]. 

A major concern with the use of Table 5 for determining filter survivability is the question of 
whether multiple stresses act independently and are additive. Unfortunately there are not sufficient data 
available to answer this question definitively. Nearly all previous studies on HEPA stress were done with 

single stresses. However, it is possible to make general observations. Age, radiation and temperature 
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all reduce the tensile strength of the filter medium. If a combination of these stresses were applied to the 
medium, the tensile strength of the medium would decrease up to the limiting value where the binder that 
holds the glass fibers together is no longer effective. Thus the three parameters can be viewed as acting 
independently and can be added up to the limiting strength of no binder. The three stresses also cause a 
loss of water repellency, which makes the fitter absorb water and loose strength. Since all of the stresses 
in Table 5 degrade the medium strength by attacking the binder, there is a lower strength limit for these 
parameters. An approximate value is 10 inches of water. 

In contrast, the attack by chemicals such as HN% and HF attack the glass fibers directly and can 
continuously degrade the media strength to the point where it collapses under its own weight. Chemical 
attack must be treated as a separate case from the other stresses. 

The effect of temperature on the structural damage to the HEPA fitter depends on both the 
temperature value and the exposure time. Figure 6 shows the percent of the initial tensile strength and 
burst strength for HEPA filter media samples after ten minute exposures at the indicated temperatures 
[30]. The burst strength and tensile strength follow a common curve because the fitter media are held 
together with similar acrylic binders [30]. Breschi et al[26] found that at 200 Cy the fitter medium becomes 
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Figure 6. Percent of initial tensile strength and burst strength for three different HEPA media as a function 
of temperature. Open points represent tensile strength and solid points represent burst strength. Data 
replotted from Hamblin and Goodchild 1301. 
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brown, and electron micrographs show the microfibers are covered with small lumps and deposits due to 
melting of the binder. Raising the temperature to 300-400 C cleans the microfibers from all deposits [26]. 
Gilbert et al[41] also found that the acrylic weight loss occurs between 300-400 C. 

Figure 7 shows the percent of the initial tensile strength and burst strength as a function of time for 
HEPA filter media samples exposed to 120 C and 250 C [30]. At 120 C, the media show a negligible 

decrease in strength over time. However, at 250 C, the media show a gradual, but significant, loss in 
strength. Hamblin and Goodchild [30] also found that all the binder is lost in less than 10 minutes at 400 C. 
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Figure 7. Percent of initial tensile strength and burst strength for three different HEPA media as a function 
of time after exposure to 120 C or 250 C. Open points represent tensile strength and solid points 
represent burst strength. Data replotted from Hamblin and Goodchild [30]. 
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We have used these studies to generate the temperature and time data in Table 5. Since there is 
no significant deterioration at temperatures below 200 C, the threshold value of differential pressure will 
be the same as the baseline filter. For temperatures between 200-300 C, we used the curve for 250 C in 
Figure 7. The estimated percent of initial strength at 10 minutes, 1 hour, and 10 hours are approximately 
90%, 80%, and 60% respectively. These percent values were multiplied by the baseline differential 
pressure of 37 inches and yield 33,30, and 22 inches respectively. For temperatures above 300 C the 
deterioration in medium strength is essentially complete within ten minutes as seen in Figure 6, Thus, the 
differential pressure for temperature exposures between 300-400 C is computed from 40% residual 
strength and the baseline 37 inches to yield 15 inches. Since the deterioration occurs in less then 10 
minutes, there is no time associated with this exposure. 

The temperature can  also cause the sealant that holds the media pack in the frame to char and 
sometimes bum and break loose from the filter frame. High temperature can also cause the filter medium 
to develop tears, especially when using steel frames due to the difference in thermal expansion between 
the steel frame and the medium pack. The additional failure modes lower the differential pressure for 
structural failure. These type of failure modes are not significantly affected by the other parameters in 
Table 5 

Thus for determining the threshold differential pressure for structural damage, we can use the 
following prescription: For single stresses, the threshold differential pressure is read from the applicable 
entries in Table 5. For multiple stresses, whether sequential or simultaneous, the lowest differential 
pressure threshokl is selected. If the environmental parameters are not well defined for a given DBA then 
the threshold value of 10 inches is used. 

In order to use Table 5 for estimating structural damage, the pressure drop for a particular filter 
must first be determined for the environmental exposure in the DBA. The driving force for the filter 
differential pressure may be a fan, a tornado, an explosion, a pressurized gas release, or other sources of 
negative or positive pressures. For a plugged filter, the differential pressure can be approximated by the 
source pressure since neariy the full load will be applied across the filter. Cases were the filter may 
approach full plugging are during high smoke concentrations from oxygen starved fires [42] and water 
exposure on clogged filters 133,341. 

For a clean or partially plugged filter,the differential pressure will be less than the source 
pressure and must be estimated. The most common source of partial filter plugging is particle deposits 
from atmospheric dust or plant operations. The data compiled by First and Price 1431 and Novick 1441 can 
be used to approximate the particle loading on HEPA filters. All new HEPA filters must have a pressure 
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drop less than one inch of water at 1,000 cfm. At higher air flows the pressure drop increases as shown 
in Figure 8. This figure can be used directly to determine the pressure drop across a clean filter if the air 
flow is known. Figure 8 can also be used for computing the pressure drop of partially plugged filters at a 
second flow if the filter pressure drop is known at one flow. 

AP2 = AP1 X APc2/APc1, 

where AP2 is the pressure drop of the partially plugged filter at the second flow 
AP1 is the pressure drop of the partially plugged filter at the first flow 
APcI is the pressure drop of the clean filter at the first flow from Figure 8 
APc2 is the pressure drop of the clean filter at the second flow from Figure 8 

For an illustration, assume that a HEPA filter is loaded with particles and has a pressure drop of 4 inches 
at the standard flow of 1,000 cfm. If the flow suddenly increases to 10,000 cfm, the resulting pressure 
drop would be 48 inches ( 4 X 12/1 ). We obtained the 12 inches and 1 inch from Figure 8. 
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Figure 8. Pressure drop as a function of flow rate for a clean HEPA filter from Gregory et al[45]. 
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Once the appropriate pressure drop is determined for the HEPA filter under DBA conditions, the 
value can be compared to the applicable threshold values listed in Table 5. If the estimated differential 
pressure is less than the threshold value, then the HEPA filter will not be structurally damaged, and the 
filter efficiency can be determined in the next section. However, if the differential pressure exceeds the 
threshold values, then the filter will be structurally damaged and will be assigned a 0% efficiency under 
DBA conditions. 

We can also use Figure 8 and Equation 1 to compute the air flow through a partially plugged filter 
if we know the initial pressure drop and flow rate and the final pressure drop. This computation is made 
easier by rearranging Equation 1 as follows: 

For example, if the partially plugged HEPA filter has a pressure drop of 4 inches at 1,000 cfm and is then 
subjected to a pressure drop of 48 inches, the pressure drop for the clean filter will be 12 inches 
( 1 x 4814 ). The corresponding air flow is then read from Figure 8 to be 10,000 cfm. 

Once the appropriate pressure drop is determined for the HEPA filter under DBA conditions, the 
value can be compared to the applicable threshold values listed in Table 5. If the estimated differential 
pressure is less than the threshold value, then the HEPA filter will not be structurally damaged, and the 
filter efficiency can be determined in the next section. However, if the differential pressure exceeds the 
threshold values, then the filter may be structurally damaged and will be assigned a 0% efficiency under 
DBA conditions. 

Determ ination of HE PA Fitter Ffficrencv U nder DRA, If the HEPA filter is not structurally 
damaged, then the filter efficiency can be estimated from the filter efficiency tables and from the 
conditions during the DBA. Table 3 summarizes the effect of various parameters on the penetration of 
HEPA filters obtained from our literature review. However, before the data can be used for determining 
filter efficiency under DBA conditions it must be consolidated and simplified. 

. .  

One consolidation of Table 3 is to treat the air flow and air pulse as one parameter since they are 
not independent. This is possible because the particle capture mechanism is the same for both 
processes. In our combined air flow and pulse, the air pulse is viewed as a higher flow for a short time. 
We were also able to derive an empirical equation for the maximum filter penetration as a function of air 
flow based on the data from VanOsdell et al [15]. The maximum penetration point for velocities of 0.5, 1 , 
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2,5, I O ,  and 20 cm/s were taken from Figure 3 and regraphed in Figure 9. The straight line through the 
data points fit the following equation: 

P = 3.65 x 10-4~2.58 %, (3) 

where P is the penetration in percent and V is the velocity in cm/s. 

Since air flow is a more practical unit of measure than air velocity through the medium, we can substitute 
air flow/filter area for velocity in Equation 3. If we assume the average deeppleated HEPA filter has 200 
square feet of media then Equation 3 becomes 

P = 3.65 x 10~(f10w/400)2~~8 %, 

where flow is in cfm. 
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Figure 9. Maximum filter penetration as a function of air velocity replotted from Figure 3 

Equation 4 also applies to an air pulse. However, in order to obtain filter penetration from the 
equation, it is necessary to determine the air flow through the filter that corresponds to the applied 
differential pressure. For example, a 1 psi (27.7 inches) air pulse applied to a clean filter corresponds to 
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an air flow of 15,000 cfm as determined from Figure 8. Computing the penetration at 15,000 cfm with 
Equation 4 yields a penetration of 4.2%. Gregory measured 0.1% penetration for 0.46 prn latex particles 
in a 1 psi pulse simulating a tornado 1251. He also measured 0.9% penetration for previously deposited 
0.46 pm latex particles in a simulated explosion shock (1 psi estimated). Since the penetration for 0.1 pm 
particles is more than ten times the penetration for 0.46 pm particles (see Figure 5), Equation 4 is in 
general agreement with experiment. 

We should point out that the increasing penetration with increasing air flow is not in disagreement 
with previous studies that show an initial increase and then a decrease in penetration with increasing air 
velocity [18]. In the previous studies, the particle size remained constant as the airflow increased. The 
penetration initially increased because of decreasing time for diffusional capture. With increasing air flow, 
the particle inertia increased and resulted in decreasing penetration. The observed penetration 
increased and then decreased as the dominant capture mechanism switched from diffusion to inertia. 
However, for the maximum penetration, the particle size decreases with increasing air velocity and 
therefore extends the range where diffusion dominates and results in increasing penetration with 
increasing air flow. The increasing contribution due to inertia is also seen in Figure 9 by a small deviation 
from the straight line to lower penetration levels. 

We then prepared Table 6 for computing fitter efficiencies under DBA conditions by consolidating 
the data from Table 3 and making simplifying assumptions. The primary assumption was to use the most 
conservative penetration value for each parameter. We also combined the penetration increase due to 
water accumulation and oil accumulation into a single liquid accumulation term. All of the entries in Table 
6 represent penetration values to be added to the baseline 0.1% penetration. Equation 4 was used in 
place of the data for air flow and air pulses. Although the entry for HF corrosion shows only a single 
data, the penetration increases continuously with increasing HF exposure. Unfortunately there were no 
additional data available. For the temperature-parameter, we reduced the number of temperatures and 
used the highest penetration value. No credit was given for the initial decrease in penetration from 25 to 
200 Cy as shown in Figure 1, because the change in penetration was small compared to 0.1%. We also 
used the maximum allowed penetration of 3% for exposure to 371 C (700 F) for 5 minutes as specified in 
MIL-F-51068 [39]. 

The final entries to complete Table 6 were solid and liquid loading. For solid loading we indicated 
-0.05% since it improves fitter efficiency. For liquid aerosols, the penetration increases by 1.3 times the 
product of the initial penetration and the ratio of the final pressure drop to the initial pressure drop. The 
increased penetration is due to liquid build-up that blinds portions of the medium and hence increases the 
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air flow through the remaining unblocked portions of the medium. The higher airflow causes the 
increased particle penetration. 

Table 6 Effect of Environmental and Filter Parameters on the Aerosol Penetration 
through HEPA filters. 

Parameter . . Filter Penetration* 

Baseline 0.1 Yo 

HF corrosion 
1,500 ppm-hr. 

Temperature 
. less than 200°C (392OF) 

200-300°C (392-572°F) 
300-350°C (572-662°F) 
350-500°C (662-932OF) 

Particle Deposits 
Solids 
Liquids 

0.1 % 

0.0% 
0.1 Yo 
0.4% 
3.0% 

-0.05% 
1.3 pPP/APi o/,, 

Air Flow (Air Pulse) 3.65 x 10-4(fl0~/400)2.58 % 

These values represent the most conservativi? values taken from an analysis of expetimental studies 
reviewed in this report and summarized in Table 3. 

Table 6 can be used to estimate the aerosol penetration of a HEPA filter under the conditions 
expected in a given DBA. Once the parameter values that apply for a given DBA are established, the 
corresponding penetrations can be used for determining the HEPA filter penetration. As we have 
previously discussed, since the penetrations due to the different parameters are independent of each 
other, then the filter penetration for a combination of parameters will equal the sum of the penetrations for 
the individual parameters. 

Thus for determining the aerosol penetration from the data in Table 6, we use the following 
prescription: For single stresses, the penetration is read from the applicable entries or computed from the 
flow. For multiple stresses, the penetration from each of the stresses are added to yield a total filter 
penetration. 
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V. C o m D w  the Fffictencv of HFPA Filters Under DRA Con- . .  .. - 
The determination of the efficiency of the HEPA fitters under DBA conditions is a three step process. 

(1) Determine the values of the temperature, moisture, radiation, and chemicals to which the final 
exhaust HEPA fitters are exposed during normal operations and during and after the DBA. Standard 
engineering practices should be used in determining these parameter values. Also assume a filter age 
that represents the maximum age of filters in the facility. The most important parameter to be determined 
is the fitter pressure drop during and after the DBA. Guides for estimating the pressure drop are 
presented in this paper. 

(2) Compare the environmental and fitter parameters listed in step (1) to the corresponding 
values in Table 5 that show the threshold value of differential pressures that would cause structural 
damage to the HEPA fitter. For multiple parameters, use the lowest differential pressure. Compute the 
differential pressure for the HEPA fitter under the DBA conditions assuming maximum particle loading. If 

the filter differential pressure under DBA conditions is greater than the threshold value shown in Table 5, 
then the HEPAfitter is assumed to be damaged, and the allowed efficiency credit is 0%. 

(3) If the differential pressure is less than the threshold value shown in Table 5, then the filter is 
considered to be undamaged, and the filter penetration is determined from the fitter penetration values 
shown in Table 6 that correspond to the environmental cotiditions in the DBA. For a DBA challenge with 
multiple environmental parameters, the total HEPA penetration is obtained by adding the penetrations 
from the individual environmental parameters. 

Example 1 : Assume a two-stage HEPA filter system with a demister system, a blower with a 15 
inch w.g. vacuum and a DBA that consists of a hot fire followed by activation of a fire protection water 
deluge system to protect the first stage HEPAfifter. The temperature at the first filter is determined to be 
250°C and the second 200°C. In Phis scenario, the first fitter would be partially loaded, but not completely 
plugged, due to the smoke. Using the data in Table 5, each filter has a maximum differential pressure 
threshold of 33 inches, beyond which value the fitters will rupture. Since the fan can only pull 15 inches 
w.g., there is no damage to the filters at this point. However, once the'water deluge is turned on, the first 
fitter becomes wet and becomes plugged. The threshold value for fitter rupture is now reduced to 10 
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inches w.g. because the filter is wet. Since the blower vacuum exceeds the minimum value of differential 
pressure required to damage the filter, the first filter will be structurally damaged. This follows because 
the full vacuum of the blower will be applied across the first stage HEPA filter. If the smoke from the fire 
and the water spray continues, then the second filter will soon plug and also rupture. The assumed 
efficiency for each ruptured filter is O%, thus resulting in 0% efficiency for the two filters. 

Example 2: Assume the same conditions as in example 1 , but the blower can only pull a 10 inch 
w.g. vacuum. In this case the threshold value for the differential pressure is still 33 inches w.g. for each of 
the two filters during the high temperature exposure. After the water spray is turned on, the differential 
pressure threshold for the first filter is 10 inches w.g. Since the fan can only pull 10 inches w.g., neither 
filter is damaged, but the first filter is plugged and the air flow is reduced to a very low flow. The first 
HEPA filter has a penetration of 1.4% according to Table 6 because 1.3% penetration due to moisture 
accumulation is computed from the liquid particle deposits and added to the baseline penetration of 0.1%. 
Since the second HEPA filter has the baseline 0.1% penetration, the total penetration for the two filters is 
0.0014%, or an efficiency of 99.9986%. However, the process air ventilation system is effectively shut 
down, and contaminants may leak out into the building rooms from the containment structure, ducts and 
housings. 

Example 3: A two-stage HEPA filter that has a flow of 1,000 cfm and an initial pressure drop of 4 
inches w.g. for the first stage and 1 inch w.g. for the second stage is subjected to a negative 75 inch w.g. 
tomado condition. Assume that the calculations from the EVENT code [45l predict a pressure drop of 50 
inches w.g. across both filters and a flow of 10,000 cfm. Under these conditions the first filter will have a 
pressure drop of 40 inches and the second filter 10 inches w.g. According to the data in Table 5, the first 
filter will exceed the threshold differential pressure of 37 inches w.g. and will be structurally damaged. 
After the first filter is destroyed, it will no longer impose a restriction on the air flow and a new flow 
computation is required. Assume that the new computations using EVENT show the remaining HEPA 
filter has a pressure drop of 25 inches w.g. and a flow rate of 15,000 cfm. Under these conditions, the 
second HEPA filter will remain undamaged. The damaged filter will be assigned 0% efficiency, and the 
efficiency of the second filter determined from Table 6. Assuming the relationship between air flow and 
penetration in Table 6, we estimate that 15,000 cfm air flow will result in a penetration of 4.2%. After the 
tornado pulse has passed, the filter penetration will return to the baseline value 0.1% (99.9% efficiency). 
Thus the efficiency of the HEPA filter system is 95.8% during the tornado and 99.9% after. 
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YI. Con- 

We have established criteria for calculating the efficiency of HEPA filters in a DOE nonreactor 
nuclear facility during and after a Design Basis Accident (DBA). Previous efforts of selecting a single 
efficiency value for all accidents were unsatisfactory because the potential DBAs vary significantly among 
different facilities and operations and result in large variations in computed filter efficiencies, primarily due 
to the deterioration of the HEPA filter. The deterioration of the filter efficiency depends on the exposure 
parameters; in severe exposure conditions the filter will be structurally damaged and have a residual 
efficiency of 0%. The large variation in filter performance makes it necessary to determine filter efficiency 
on a case-bycase basis. It also prevents the use of a limited number of tests to estimate the efficiency 
for a given DBA. 

Despite a significant a m k t  of data in the literature on the performance of HEPA filters under off- 
normal conditions, it is not sufficient to cover the full matrix of different values and combinations of the 
following parameters that weaken the filter or cause structural damage: age, moisture, chemical attack, 
high temperature, overpressure, seismic and rough handling, liquid and solid particle loading, and 
radiation. The primary reason for the large number of combinations of parameters is that the parameters 
are highly dependent and cannot be separated. Because of the large number of possible DBA conditions, 
the preferred method for determining the efficiency of HEPA filters under DBA conditions is to conduct 
experiments in a test stand that can simulate the DBA conditions. Unfortunately since this test stand is 
not available, a secondary methodl is required 

The method for computing filter efficiencies that we selected was chosen to be consistent with the 
limited data available. We approximated the performance of HEPA filters under DBA conditions by 
separating the effect of filter structural damage from filter efficiency. In this fashion, we were able to 
significantly reduce the number of required test parameters to match the available literature data. Even 
with this approximation, there are large gaps and limitations in the data that introduce significant error in 
the estimates of HEPA filter efficiencies under DBA conditions. Because of this limitation, conservative 
values of filter efficiency were chosen when there was insufficient data. 

The method we selected for estimating the efficiency of the HEPAfilters under DBA conditions 
involves three steps. In the first step, the filter pressure drop and environmental parameters such as 
temperature and moisture are determined during and after the DBA.. The second step consists of 
comparing the filter pressure drop to a set of threshold values above which the fitter is structurally 
damaged. If the filter pressure drop is greater than the threshold value, the filter is structurally damaged 
and is assigned 0% efficiency. If the pressure drop is less, then the fitter efficiency is determined in a third 
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step where the efficiency is determined from literature data that matches the same exposure conditions. 
The efficiency of the HEPA filters within DOE facilities should be determined on a case-by-case basis. 

This study was supported by the Department of Energy, Defense Programs, Office of 
Engineering and Operations Support. 
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