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Chairman

Defense Nuclear Facilities Safety Board
625 Indiana Avenue NW, Suite 700
Washington, DC 20004
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The Department of Energy has completed its revision and issuance of the Nuclear Air
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Management, Vital Safety Systems. The Nuclear Air Cleaning Handbook is posted on
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(http://tis.eh.doe.gov/techstds/standard/standfrm.html). This completes the Department’s
actions to fulfill commitment 24 of the 2000-2 Implementation Plan.
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Edward B. Blackwood
Director
Office of Regulatory Liaison
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Mark Whitaker, DR-1
Beverly Cook, EH-1
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FOREWORD
TO
THIRD EDITION

This handbook is a revision of ORNL/NSIC-65, Design, Construction, and Testing of Fligh-Efficiency Air Filtration
Systems for Nuclear Application, which was issued in January 1970. For simplification, the title has been
shortened to Nuclear Air Cleaning Handbook, and the report has been issued under an ERDA number.

The new cdition updates the information of the original volume, corrects some errors that appeared in it, and g
adds some new material, particularly in the areas of sand filters, deep-bed glass fiber filters, and requirements
for plutonium and reprocessing plants. Although A. B. Fuller was unable to contribute directly to this
cdition, his carlier material on single-filter installation and glove boxes has been largely retained, though
rewritten and updated. With this issue, J. Ii. Kahn of the Union Carbide Corporation Nuclear Division’s
(UCCND) Engincering staff joins the writing team, contributing particularly in updating the material on glove
boxes and writing the scctions on sand filters and deep-bed glass fiber filters in Chapter 9. Others who have
contributed to this edition include J. C. Litde, UCCND Engineering, and a host of reviewers who provided
technical evaluation of the draft. Partcular thanks are due Dr. M. W. First of the Harvard University School

of Public Health, and Mr. Humphrey Gilbert, consultant to the Energy Research and Development 8

Administration (ERDA) and the Nuclear Regulatory Commission (NRC) and former safety engincer with the
U.S. Atomic Energy Commission, for their detailed and thorough review of the complete draft. Others who
reviewed the complete draft were J. F. Fish, chairman of ANSI Committece N45-8; J. C. Little, UCCND
Engineering; ]. C. Dempsey, ERDA Division of Nuclear Fucl Cycle and Production; A. B. Fuller, president 3
of Fuller Engineering; and J. T. Collins of NRC. Thanks are also due to the members of ANSI Committee 5
N45-8 who, perhaps unknowingly, supplied certain data and served as a sounding board for some of the
concepts presented in the handbook. We wish to thank the many vendors and ERDA contractors who
supplied drawings and photographs used in the book. We also acknowledge the work of Oak Ridge National
Laboratory’s Technical Publications Department, partcularly that of the Composition and Makeup groups,
that of R. H. Powell who provided editonal assistance, and especially that of P. J. Patton who edited and
coordinated publication of this handbook.

Reviewers who contributed in the technical review of particular sections of the handbook include:
R. L. Alley American Warming and Ventilating Company
J. E. Beavers
R. R. Bellamy

R. E. Blanco

Union Carbide Corporation Nuclear Division
Nuclcar Regulatory Commission
Oak Ridge National Laboratory

P. J. Breman Union Carbide Corporation Nuciear Division

C. L. Cheever Argonne National Laboratory
J. C. Elder Los Alamos Scientific Laboratory
A. G. Evans Savannah River Laboratory

H. F. Farquhar
S. S. Freeman
R. T. Goulet
R. K. Hilliard
D. J. Keigher

Lau Blower Company

Mound Laboratory

Cambridge Filter Corporation

Hanford Engineering Development Laboratory

Los Alamos Scientific Laboratory




C. Lambert

F. D. Leckie
H. A. Lee

J. Lipera

R. A. Lorenz
W.Ng

W. C. Schimdt

F. R. Schwartz, Jr.

A. Shacter

A. A. Weintraub
R. E. Yoder

D. P. Zippler
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Bechtel Power Corporation

Nuclear Containment Systems, Inc.
Atlantic Richfield Hanford Company
Lawrence Livermo re Laboratory

Oak Ridge National Laboratory

Lawrence Livermore Laboratory
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Rocky Flats Plant

Savannah River Plant

Sheet Metal and Air Conditioning Contractors’ National Association
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FOREWORD
TO
SECOND EDITION

This handbook fills a large gap in the literature concerning air cleaning and filtration, the gap that
encompasses design, construction, and testing of very high-efficiency air cleaning systems. The project was
onginally conceived by Mr. Humphrey Gilbert of the USAEC and was sponsored by the Division of Reactor
Development and Technology of the USAEC. In preparing for the project we surveyed air-cleaning systems
at atomic cnergy facilities and industrial installations throughout the United States and Canada. We visited
AFEC production reactors, commercial power reactors, laboratorics, radiochemical plants, reactor fuel
manufacturers, clean rooms, equipment manufacturers, and one chemical-biological warfare installation. The
purposes of these visits were to review current practices in high efficiency air cleaning and to define the
problems in operating, maintaining, and controlling contamination release from very high-efficiency air-
cleaning systems from experienced people who were dealing with such problems daily. The handbook
reflects a consensus of our findings in these travels, in addition to information gleaned from the available
literature.

The handbook 1s addressed primarily to designers and architect-engineers. We frequently observed a lack of
communication and feedback from people with problems in the field to designers. Our intention is to bring
to the attention of designers of future systems the kind of problems that an operator faces and what he, the
designer, must do to preclude or alleviate them. We have purposely pointed out some poor practices in
current design in addition to our recommendations in the hope that such practices will go no further. To give
“do’s” without “don’ts” may encourage some designers to offer a poor design because he mistakenly believes
that “it worked before.”

Those who have contnbuted to the handbook number literally in the hundreds and include those we
consulted with and those who have given of their tme in reviewing drafts or have supplied specific bits and
picces of information. We take this opportunity to thank the many friends we have made in the course of
this project, particularly for their candidness in discussing problems and ways of solving those problems, and
for their help in supplying photographs and information. In particular we want to thank Mr. Humphrey
Gilbert and I. Craig Roberts of the USAEC for their guidance, W. B. Cottrell of ORNL for his help in gcttmg
the book published, T. F. Davis of the USAEC’s Division of Technical Information for his assistance in
indexing the material, J. H. Waggoner of ORNL for doing the illustrations, and Dr. M. W. First of Harvard
University for his meticulous page-by-page review of the draft and suggestions for this final issue.

C. A. Burchsted
A. B. Fuller

Oak Ridge, Tennessee
July 10, 1969
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FOREWORD
TO
FIRST EDITION

This review presents the latest developments in the trapping of airborne radioactive materials encountered in
reactor operations, fuel fabrication and processing plants, and radiochemical plants of all types. The
containment of these radioactive aerosols and gases is essential to the safe operation of such installations.
Research and development is directed toward increases in containment reliability under adverse conditions, as
well as lowered costs and increased efficiencies.

Air cleaning problems and their solutions are related to the physical and chemical properties of the materals
to be retained. For example, until recently radioactive iodine was caught on unimpregnated activated
charcoal, but recent investigations indicate that the iodine exists in several chemical forms, one of them being
methyl iodide, which must be caught on impregnated charcoal.

High-efficiency particulate air (HEPA) filters of fire-resistant fiber glass are now required in the trapping of
fine particles in USAEC installations. New HEPA filters for nuclear installations in the United States must
show a minimum efficiency of 99.97% for the retention of monodisperse 0.341 dioctyl phthalate particles in
the standard USAEC Quality Assurance test. A difference of 0.02% is allowed between the rating of new
filters by the Quality Assurance test and the rating of filter systems (including single installed filters) by the in-
place test. To qualify as high-efficiency, the system or installed filter must have an efficiency of 99.95% in the
in-place test.

Radioactive noble gases from high-velocity gas streams must be diluted to permissible concentrations before
release to the atmosphere. Noble gases can be removed near the source, but only if treated in small volumes
or if low-velocity gas streams are used.

Siting of nuclear power reactors is influenced by the potental hazard of released fission products.
Fortunately, a number of transport phenomena, such as agglomeration, absorption, adsorption, deposition,
and steam condensation within the containment vessel, serve to reduce the amounts of fission products
available for release to the environment. Nevertheless, reactor de51gners depend on gas cleaning gstems as
an engineered safeguard to reduce the fission product concentration in the containment system in the event
of a reactor accident resulting in fission product release. Clearly, it is important that the effectiveness of
various air cleaning systems for removing radioactivity of the types and forms expected in the event of
accidents to reactors, nuclear fuel processing plants, or radiochemical plants be demonstrated.

Efforts toward greater reactor safety by the use of engineered safeguards are encouraged by the AEC.
However, only limited credit for engineered safeguards is presently allowed in establishing reactor site criteria.
Furthermore, the dependability of such systems under accident conditions must be demonstrated beforehand.

Engineered safeguards, in addition to the containment enclosure, are classified into four general types:
(1) emergency coolant to prevent melting of the fuel matedals, (2) air cleaning systems for removing fission
products from the containment enclosure, (3) methods, sich as pressure suppression, for reducing the
internal pressure, which in turn reduces leakage to the atmosphere, and (4) provision for two or more barriers
around the primary system, which will prevent a major leak of fission product activity.

Air cleaning systems are provided to clean the containment atmosphere either during recirculation or by
treatment before the air is released to the environment. Several nuclear power companies have installed filter
systems in the newer plants, and some credit will be taken in calculating the effects of the maximum accident.
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A number of the systems have been tested and show >99.99% iodine retention. However, generally only
95% cfficiency has been assumed for an installed filter system until detailed behavior of iodine is better
established for accident conditions.

‘The air cleaning system is usually within the containment envelope, where blowers induce air movement
through the filter system. Two important considerations are the general reliability of the blowers, filters, filter
housings, seals, etc., and the relative vulnerability of the system to damage from particles, missiles, chemical
reagents, vapors, etc. This report does not cover engineering design or specifications for filter units or high-
efficiency air cleaning systems. An engineering manual, addressed primarily to architects and engincers who
are not familiar with the special requirements of such systems, is being prepared for the USAEC by the
Oak Ridge National Laboratory and is expected to be available in 1967. The manual will contain design
criteria, drawings, and specifications for HEPA filter units and systems in which they are used and will discuss
problem areas concerned with the selection and installadon of HEPA and activated charcoal filter units.

The methods for trapping radioactive aerosols (including solids and mists) and gases generated in nuclear
installations are presented in three parts.

Part 1, Fibrous Filters, is concerned with the high-efficiency removal of particles. Here, we review the
properdes of aerosols, filtration theory, acrosol sampling, analysis of partcles, filter media, testing filter
cfficiency, and the generation of test aerosols for use in testing filters.

Part T1, Sorbents, reviews the mechanisms for the sorption of gases and vapors, with particular emphasis on
the trapping of fission product iodine and the noble gases.

Part 111, Air Cleaning Systems, includes the design of air cleaning systems, in-place testing, filter failures and
their preventon, with emphasis on the reduction of fire hazards, and typical engineered safeguard systems
applicable to the containment of fission products, including pressure-suppression containment.

At present standard equipment in gas cleaning systems for reactors includes the following: a prefilter unit to
remove most of the radioactivity and reduce the fission product decay heat load on later units; next, an
HEPA filter to remove very small particles (submicron range); then, a solid adsorber to remove specific gases
and vapors. These may be followed by another HEPA filter to protect against any dusting from the solid
adsorber.  Finally, a high off-gas stack to the atmosphere is required, since nonadsorbable and
noncondensable radioactive gases that cannot be removed by the gas cleaning system must be diluted to
permussible levels of radioactvity before their release to the environment.

vt
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INTRODUCTION

The 4th edition of the Nuclear Air Cleaning Handbook succeeds three previous editions: ERDA 76-21,
Nuclear Air Cleaning Handbook (1976); ORNL/NSIC-65, Design, Construction and Testing of High-Efficiency Air
Filtration Systems for Nuclear Applications (1970); and NSIC-13, Filters, Sorbents, and Air Cleaning Systems as
Engineered Safeguards in Nuclear Installations (1966). It benefits from over 25 years of industry experience since
the previous edition was published.

Along with U.S. Nuclear Regulatory Commission documents and consensus standards such as the American
Society of Mechanical Engineers (ASME) Code On Nuclear Air and Gas Treatment (ASME AG-1), this
handbook addresses systems and equipment used in nuclear facilities to capture and control radioactive
aerosols and gases. It differs from other documents in that it is intended to be specific for U.S. Department
of Energy (DOE) and National Nuclear Security Administraion (NNSA) nuclear applications. This
handbook is not intended for application to commercial systems other than for general historical information
and discussions of basic air cleaning theory. DOE handbooks are nonmandatory documents unless invoked
by DOE policy or Order, DOE-approved contractor document, or by contract.

This revision updates the information provided in ERDA76-21 and incorporates current thinking as
provided by manufacturers, subject matter experts from the DOE complex and members of the ASME
Committee on Nuclear Air and Gas Treatment (ASME AG-1 Committee). Chapters have been added on
History, Fire Protection, and Occupational Safety and Health.

This handbook draws from many special technical areas, each of which requires years of education and
practice to master. The authors do not intend to make the reader an “instant expert” in the overall subject or
in any of the disciplines of the contributors. For example, reading the chapter on fire protection will not
make the reader a fire protection engineer, nor will reading the chapter on gloveboxes make one a glovebox
expert. This handbook is intended to provide a very brief overview of the subjects discussed and identify
potential issues. Qualified subject matter experts should be contacted for the areas discussed in this
handbook.

While this handbook is written for nuclear applications, it is recognized that these systems have shared
engineering characteristics that may, with professional discretion exercised by trained engineering and public
health professionals, be applicable to nonradiological toxic materials. Such materials include, but are not
limited to, asbestos and other particulate carcinogens, beryllium, and biological agents.

We would like to acknowledge the contributions of Humphrey Gilbert, who from the days of the Manhattan
Project, was responsible for the initial development of the technology discussed in this handbook. He played
a significant role in the development, writing, and technical review of this and previous editions. We wish to
express our appreciation to Melvin First, Harvard School of Public Health, who provided a draft that was
used in the development of this document; and to Richard C. Crowe, Department Manager for Environment,
Safety, and Health (NNSA Service Center), without whose continued support this handbook would not have
been possible.

James W. Slawski, NNSA
Project Manager

vret
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ACRONYMS, ABBREVIATIONS, AND
CONVERSION CHARTS

ACGIH American Conference of Governmental Industrial Hygienists

ACI American Concrete Insttute

ADC Arr Diffusion Council

ADL Additonal Dynamic Loads

AEC U.S. Atomic Energy Commuission (predecessor of ERDA, DOE, and NRC)
AFI Air Filter Insutute

AGS American Glovebox Society

AgX silver-exchanged zeolite

AH]J Authority Having Jurisdiction

AISI American Iron and Steel Insttute

AISC American Institute of Steel Construction

ALAP as low as practcable (obsolete term for ALARA)

ALARA as low as rcasonably achievable

AMCA Air Moving and Conditioning Association

AMD aerodynamic mean diameter {(of particles)

ANS American Nuclear Society

ANSI American National Standards Insttute

APA American Plywood Association

ASHRAE American Socicty of Heating, Refrigerating, and Air Conditioning Engincers
ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

AWS American Welding Society

BET Brunauer, Emmett, and Teller (test for surface area of adsorbents)
BWR boiling water reactor

CAM conunuous air MOMtors

CBR chemical, biological, and radiological (filter)

CFD continuous fire detector

CFR Code of Federal Regulations

CG concentration guide

CHsl Methyl iodide

CONAGT Committee on Nuclear Air and Gas Treatment (a subcommittee of ASME)
CRSI Concrete Reinforced Steel Institute

CVS Confinement Ventilation System

CWS U.S. Army Chemical Warfare Service Laboratories

DAC derived air concentration
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DBA
DBE
DBS
DBGF
DF
DoD
DOE
DOP
Dp
DNFSB
DPD
DSA
ECCS

GFRP
HEMF
HEPA
HEPA-Vac
HF
HFATS
HVAC
HWESF
IAEA
IBC
IEEE
IEST
IPF

K1

Kr
LANL
LCO
LEL
LER
LMD

design basis accident

design basis earthquake

deep-bed sand (filter)

deep-bed glass fiber (filter)

decontamination factor

Department of Defense

U.S. Department of Energy

dioctyl phthalate

differential pressure

Defense Nuclear Facilities Safety Board

design pressure differential

Documented Safety Analysis (teplaces the term SAR)
Emergency Cote Cooling System

external loads

Energy Research and Development Administration
equipment specification

engineered safety feature

electrostatic Precipitator (prefilter)

Fire Hazard Analysis

Fluid Momentum Loads

fiber-reinforced plastic

Filter Test Facility

Glass-Fiber-Reinforced Plastic

high-efficiency metal filter

high-efficiency particulate air (filter)

HEPA Vacuum Cleaning Systems/Units
hydrogen fluoride

High Flow Alternative Test System

heating, ventilating, and air conditioning
Hanford Waste Encapsulation and Storage Facility
International Atomic Energy Agency
International Building Code

Institute of Electrical and Electronic Engineers
Institute of Environmental Sciences and Technology
lodine Protection Factor

potassium iodide

Krypton

Los Alamos National Laboratory

limiting conditions for operation

lower explosive limit

Licensee Event Report

light scattering mean diameter
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LMEBR liquid-metal fast breeder reactor

LOCA loss-of-coolant accident

LWR light water reactor

MCE maximum considered earthquake

MCFL Maximum Credible Fire Loss

MERV Minimum Efficiency Reporting Value

MMD mass median diameter (of particles)

MPC maximum permissible concentration

MPFL maximum possible fire loss

MPPS Most Penetrating Particle Size

NACE Natonal Association of Corrosion Engineers
NBS National Burcau of Standards

NCIG Nuclear Construction Issues Group

NDRC National Defense Research Council

NEC Nuclear Air Cleaning Conference

NEMA National Electrical Manufactures Association
NIPA National Fire Protection Association

NIST National Institutes of Science and Technology
NMD number mean diamecter (of particles)

NOPD normal operating pressure differential

NP natural phenomena hazards

NQA Nuclear Quality Assurance

NRC U.S. Nuclear Regulatory Commussion

NRL U.S. Naval Research Laboratory

NRR noise reduction rating

NSIC Nuclear Safety Information Center

NSSS Nuclear Steam Supply System

OBL operating basis earthquake

ORFTF Oak Ridge Filter Test Facility

ORNL Oak Ridge National Laboratory

OSHA Occupatonal Safety and Health Administration
PAO Polyalphaolefin

PC performance category

PEL permussible exposure limit

PHFS portable FIEPA filtration system

PPE personal protective equipment

PPH Precipitation Hardening (grade of stainless steel)
PSHA Probabilistic Seismic Hazard Analysis

PSL Polystyrene Latex

PSS Passive Safe Shutdown

PVC polyvinyl chloride
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PWR pressurized water reactor

QA quality assurance

QAS quality assurance station

QC quality control

QPL qualified product list

RFETS Rocky Flats Environmental Technology Site

RFFTF Rocky Flats Filter Test Facility

RG Regulatory Guide

RH relative humidity

RPP radiation protection program

RSCV temovable surface contamination value

RSIC Reactor Shielding Information Center

RTP Rapid-Transfer Port

RTV room temperature vulcanizing

RWP radiological work permit

SBMS Standards Based Management Systems

SMACNA Sheet Metal and Air Conditioning Contractors’ National Association
SMP Size of Maximum Penetration

SOP standard operating procedure

SOPD System Operating Pressure Differential

SRL Savannah River Laboratory

SRP Standard Review Plan

SRS Savannah River Site

SsC Structures, Systems, and Components

SSE safe shutdown earthquake

SSPC Steel Structures Painting Council (now the Society of Protective Coating)
TAPPI Technical Association of the Pulp and Paper Industry
TEDA triethylene diamine

TEFC totally enclosed fan cooled

TLV threshold limit value

TMI Three Mile Island

TURF Thorium-Uranium Recycle Facility

UL Underwriters Laboratories, Inc.

ULPA ultra low penetration air (filter)

VLSI Very Large-Scale Integrated

voOC volatile otganic chemical

WESF Waste Encapsulation and Storage Facility (Hanford B-Plant)
WWII World War II

Xe Xenon

xvtit
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UNITS OF MEASURE AND METRIC EQUIVALENTS USED IN THIS

acfm
BTU
cfm
Ci
dBA
fpm
ft

fe2
f3

gpm
Hz

n.wc
in.wg
kPa
mCi

m3/hr
mmwg
m/s?
pH
ppm
pst

psia
psig
rem/hr
scfm
pnCi

Hg

pin

pm

vpm

HANDBOOK

actual cubic feet per minute
British thermal unit

cubic feet per minute x 0.000472 = m3/sec

curies

decibel A-weighted

feet per minute x 0.00508 = m/scc
feet x 03048 = m
square feet x 0.09290 = m?
cubic feet x 2832=1L

x 0.02832 = m?
gallons per minute
Hertz
inch x 254 =cm
inches water column
inches water gauge x 0.24836 = kPa
kilopascals
millicuries
millimeter, 0.001 inch
cubic meters per hour
mullimeter water gauge

meters per seconds squared

Acronyms, Abbreviations and Conversion Chart

cubic meters per second

meters per second
meters

square meters
Liter

cubic meters

centimeters

kilopascals

percent hydrogen (measure of acidity/alkalinity), power of the hydrogen ion

parts per million

pounds per square inch

pounds per square inch absolute

pounds per square inch in gauge

rems (roentgen equivalent man) per hour
standard cubic feet per minute
microcurics

micrograms

microinch

micrometer

volume parts per million
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CHAPTER 1

HISTORY OF THE DEVELOPMENT OF AIR CLEANING TECHNOLOGY IN
THE NUCLEAR INDUSTRY

1.1 Brief History of Nuclear Aerosol Filtration

1.1.1  Early High-Efficiency Filter Paper Development for Military Gas Mask Use

In the carly days of World War II, the British sent filter paper extracted from captured German gas mask
canisters to the U.S. Army Chemical Warfare Service Laboratories (CWS) in Edgewood, Maryland.! The
German filter paper was made of finc asbestos dispersed in esparto grass and had unusually high particle
retention characteristics, acceptable resistance to airflow, good dust storage, and resistance to plugging from
oil-type screening smokes (a deficiency of the resin-wool filters then used by the British forces). The CWS |
and the U.S. Naval Research Laboratory (NRI)) reproduced the German-designed filter paper and had it §
manufactured in large quantitics on conventional papermaking machinery by the Ilollingsworth and Vose |
Company in Massachusctts. The first successful paper produced for the U.S. Navy contained Bolivian §
crocidolite and was called H-60. The paper produced for the U.S. Army also contained Bolivian crocidolite {
and was first designated H-64, but later renamed CWS Type 6. It was formulated from northern spruce
sulfitc and sulfate pulp (approximatecly 76 percent), cotton waste (approximately 15 percent), and Bolivian £
Blue crocidolite asbestos (approximately 14 percent). Penetraton was 0.025-0.04 percent based on a
methylene blue stain-intensity test procedure.?

The National Defense Research Council (NDRC), acting for the Armed Services, solicited the assistance of a §
number of university and industrial scientists in the search for better smoke filters. This effort resulted in
important U.S. advances in the theory and technology of aerosol filtration. Up to this time, aerosol filtration X
theory had developed almost exclusively as an offshoot of water filtration knowledge. To meet then-current §
military requitements, however, researchers such as Nobel Laureate Irving Langmuir examined the physical
basis for particle retention on fibers or small granules. Langmuir concluded that the principal mechanisms 8
involved were: (1) interception, which affected suspended particles of sizes substantially greater than
1.0 micrometer (um) in diameter when moving through a devious flow path in a bed of porous material; and
(2) diffusion, which affected suspended particles with diameters substantially smaller than 1.0 pm.3 His §
analysis, later modified by Ramskill and Anderson* to include incrtia, indicated that the combined effects of !
these forces on a particle would be minimal when the particle was 0.3 um in diameter. Langmuir advised }
testing gas mask filters with smoke of this particle size to determine their minimum retention efficiency and
indicated that, when particles with diameters greater or smaller than 0.3 pm were present during field use of §
the gas mask, they would be removed at higher cfficiencies than the test particles. '

After the war, Victor LaMer’ of Columbia University performed many experiments to further examine |
Langmuir's theory of a minimum filterable particle size, concluding that efficiency declined as particle size |
decreased below 0.3 pum. Other research results confirmed a minimum filterable particle size, but not g
necessarily a diameter of 0.3 pm. This is understandable, as subsequent studies showed that forces not taken §
into account by Langmuir (particle inertia, flow rate, naturally occurring clectrostatic charges on particles and
filter media) can also affect collection cfficiency. However history may judge the accuracy of Langmuir's
theory, it profoundly affected U.S. filter technology and directly led to LaMer and Sinclair’s development of
the filter test used by the NDRC from 1942 through 1945. This filter test became the standard U.S. method
for rating ultra-high-efficicncy (i.e., absolute) filters.é Before this standard, the U.S. Army Chemical Corps had
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been using a test aerosol generated from methylene blue dye (dispersed from a water solution and dried).
In 1963, W. H. Walton’ developed a sodium flame test to speed up testing of gas mask canisters because of
the relative slowness of the methylene blue test procedure. This sodium flame test became the basis for the
British standard test for high-efficiency filters.8.9

1.1.2 Development of the High-Efficiency Particulate Air (HEPA) Filter

Protection against chemical warfare agents is required for operational headquarters, where wearing of an
individual gas mask is impractical To address this type of problem, the US. Army Chemical Corps
developed a mechanical blower and air purifier known as a “collective protector” filter unit. Because
relatively large air volume flow rates are required for effective use, the gas mask canister smoke filter (which
uses CWS Type 6 filter paper) was refabricated into a filter constructed of deep pleats separated by a spacer
panel and sealed into a rigid rcctangular frame using rubber cement. The spaces between the teeth of the
comb-shaped separators provided air passages to the dcpths of the pleats and were inserted front and back in
alternate folds to direct contaminated air in and clean air out. The collective protector units were dc51gned
for use at the particulate removal stage by a combined chemical, biological, and radiological purification unit
of the US. Armed Services. This development was highly fortunate, as later activities associated with the
Manhattan Project created potential air pollution problems that could be solved only by using air filters with
characteristics similar to those of the CWS filter. The U.S. Army Chemical Corps became the sole supplier of
high-performance filters to the Manhattan Project, and later to the U.S. Atomic Energy Commission (AEC).
In the late 1940s, the AEC adopted this type of filter to confine airborne radioactive particles in the exhaust
ventilation systems of experimental reactors, as well as for most other areas of nuclear research. In this
application, they were known as AEC filters or simply nuclear filters.

In recognition of their unusually high retention efficiency for very small particles, the U.S. Army Chemical
Cortps collective protector filters were also known as absolute, super-interception, and super-efficiency filters.
The most widely used name, however, was HEPA filters, an acronym coined by Humphrey Gilbert, a former
Manhattan Project safety engineet, from the title of a 1961 AEC report called High-Efficiency Partculate Air
Filter Units, Inspection, Handling, Installation’®© A HEPA filter was defined as a throwaway, extended-medium,
dry-type filter with: (1) a minimum particle removal efficiency of 99.95 percent (later raised to 99.97 percent)
for a 0.3-um monodisperse particle cloud; (2) a maximum resistance (when clean) of 1 inches water gauge
(in.wg) when operated at rated airflow capacity; and (3) a rigid frame [now called “casing” in American
Society of Mechanical Engineers (ASME) AG-1, Code On Nuclear Air and Gas Treatment]. ' extending the full
depth of the medium (see Figure 1.1). HEPA filters have proven to be extraordinarily effective, reliable, and
economical devices for removing radioactive and nonradioactive submicrometer-sized particles at a high rate
of collection efficiency.

1.1.3 Early Nuclear Filter Developments in the United States

The U.S. Government was disturbed by the fact that components of the filter medium used in the CWS
filters [Bolivian or Aftican crocidolite (Blue Bolivian asbestos) and African espatto grass] had to be imported
and could be difficult to obtain. After a variety of domestic cellulose fibers (yucca, Kraft, viscose) were used
successfully by the NRL and the Hollingsworth and Vose Company as a replacement for esparto in trial runs,
the AEC contracted Arthur D. Litde, Inc. to develop a paper with equal or better filtration performance
characteristics that could be manufactured entitely from fibers obtainable on the North American continent.
Their investigations led them to examine coarse glass fibers as a substitute for cellulose, Canadian asbestos as
a substitute for Bolivian Blue, and resin-stiffened, corrugated Kraft paper separators as a substitute for the
comb-like separators in the CWS filter that had proved to be 2 significant obstruction to airflow.!? The
search for domestic sources of filter materials concluded successfully in 1951 with the development (partly
sponsored by the NRL) of an all-glass-fiber paper made partly from super-fine glass fibers with diameters
substantially less than 1.0 um. As the domestic industry was ahle to produce unlimited quantities of glass
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Filter Casing fibers as small as 0.25 pum, asbestos
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Adhesive Bond
Between Filter Pack
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use of asbestos-containing filter
papers, as well as the use of
corrugated  asbestos  paper for
separators. Other materials were found that provided both improved resistance to chemical attack and fire
resistance. Fires at the AEC’s Rocky Flats Plant and in the Windscale graphite-moderated, air-cooled reactor
in 1957 revealed the need for noncombustible effluent filters. The ability to make all-glass-fiber paper was a
step in the right direction; but the scparators, frames, and rubber cement used to seal the filter packs into the
frames were all combustible. "To overcome this problem, Arthur D. Litde, Inc. was asked to develop a
noncombustible absolute filter.'? They designed a prototype filter constructed from the glass-fiber filter
paper prepared by NRL, corrugated asbestos paper scparators stiffened by a water glass treatment, a
perforated steel frame, and a refractory furnace cement for sealing the filter pack to the stecl frame. The filter
was completely firc-resistant, but it was heavy and the refractory furnace cement adhesive made the filter
paper brittle, produced air leaks, and created a distressing tendency for the filter pack to separate from the
steel frame. This filter assembly became obsolete after high chlorine- or bromine-content, self-extinguishing,
flexible organic adhesives were introduced and Arthur D. Little, Inc. developed a fiber blanket scal that was
compressed between the filter pack and metal frame.

Figure 1.1 - HEPA Filter Design

The ITurlbut Paper Company and the Hollingsworth and Vose Company produced an air filter paper in the
mid-1950s that was made from Fiberfrax fibers produced by the Carborundum Corporation. The Fiberfrax
fibers were comprised of silicon oxide-aluminum hydroxide and could withstand temperatures up to
2,000 degrees I'ahrenheit for long periods and in excess of 3,000 degrees Fahrenheit for shorter periods.
Using this filter paper combined with loose Fiberfrax fibers of various grades, Flanders Filters, Inc.,
fabricated an all-ceramic filter (i.e., Fiberfrax paper, scparators, filter-frame, and sealant) that was capable of
performing satisfactorily at temperatures in excess of 2,000 degrees Fahrenheit and had extraordinary
resistance to heat shock.'* However, it proved impossible to produce Fiberfrax fibers fine enough to provide
filter efficiencies equal to those available with all-glass-fiber papers, and interest in Fiberfrax filters waned.
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1.1.4 Commercial Development

After development of the absolute filter by Arthur D. Little Company, a manufacturing capability was
installed at the Army Chemical Center in Edgewood, Maryland. Arthur D. Little also started the first
commercial filter manufacturing company, the Cambridge Filter Company, which they sold shortly thereafter
when they decided to restrict their efforts to research.

By 1957, three firms were fabricating absolute filters. Following allegations that defective filters were being
delivered to its facilities, the AEC requested that sample filters from each of the three filter manufacturers be
removed from AEC facility stocks and sent to Edgewood for inspection and testing. Seven of the 12 filters
received by Edgewood had obvious defects upon removal from their shipping cartons.!s AEC facilities were
advised to open and inspect the filters held in their stocks, and facility responses indicated a similar
proportion of defects.

Based on these findings, the AEC initiated quality assurance (QA) inspection and testing of filter deliveries;
installation of a test facility at Richland, Washington; and an agreement for QA testing by Edgewood for the
eastern half of the United States. Oak Ridge, Tennessee, replaced Edgewood after installation of testing
equipment there in 1964. A QA facility was activated at the Rocky Flats Plant in Golden, Colorado, in 1970.
Facilities at both the Rocky Flats and Richland sites have been decommissioned and dismantled.

A Government-Industry Filter Committee was established at about this same time with voluntary
participation from representatives of filter manufacturers, filter medium makers, the sole supplier of glass
fibers, users, and Government agencies and organizations, including the Army Chemical Center and the NRL.
Discussion sessions were held before the biennial AEC Air Cleaning Conferences, and working sessions were
convened at the Underwriters Laboratories (UL) in Chicago, Illinois. Topics ranged from the aging of glass
fibets to the integrity of shipping cartons. The Committee provided guidance to the Army Chemical Center
concerning military standards for fire-resistant filters and its glass fiber filter medium, and also advised UL in
establishing their UL-586 standard for filter heat resistance.'® The Committee was also responsible for
considerable technology exchange (in view of the relative newness of the glass fiber filter medium and the
undeveloped technology for its fabrcation into filters).

1.1.5 Development of HEPA Filter Standards

With the Army’s issue of Military Specifications MIL-F-51068, Filter, Particulates, High-Efficiency, Fire-Resistant,\?
for the fire-resistant filter and MIL-F-51079, Filter Medium, Fire-Resistant, High-Efficieny,'® for the glass fiber
medium in the eatly 1960s, Edgewood abandoned its manufacture of the cellulose-asbestos filter and turned
to commercial procurement. These standards documents remained in service until 1994, when due to
changing requitements, the avalability of new materials, improved instrumentation, advanced technology, and
a US. Department of Defense emphasis on consensus standards, the U.S. Army announced it would no
longer maintain MIL-F-51068 and MIL-F-51079 in active status. Both of these military standards were
incotporated into ASME AG-1,!! Section FC, which is administered by the Committee on Nuclear Air and
Gas Treatment (CONAGT). Improvements were incorporated into the standards with the concurrence of
the other military services and the U.S. Nuclear Regulatory Commission (NRC).

The HEPA filter design used by the U.S. nuclear industry is nearly identical to the one used in the United
Kingdom and has been the mainstay of the nuclear industry for the past 5 decades. Additional progress was
made in documenting and codifying standards for filter installation and testing with the AEC’s issuance of the
original Regulatory Guide 1.52, Design, Testing and Maintenance Criteria for Engineered-Safety-Feature Atmospheric
Cleanup System Air Filtration and Adsorption Units of Light-Water-Cooled Reactors,’® in 1973. [Unknown to most,
Mr. Humphrey Gilbert, mentioned in Section 1.1.2, and Dr. Roger Zavadoski were the primary authors of

14
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this Regulatory Guide.] Further progress was made with the American Natonal Standards Institute’s
issuance of ANSI N509, Nuclear Power Plant Air Chaning Units and Components,®® and ANSI N510, Testing of
Nuclear Air Cleaning Systems 2! Although these two standards wese intended to apply only to the construction
and testing of engincered safety systems in U.S. civilian nuclear power plants, the major part of cach standard
can be and often has been applicd with salutary results to air cleaning systems in all manner of nuclear
facilitics in the United States (including DOE facilitics) and abroad. CONAGT has transferred many sections
of the former ASME N50922 and N5102 into ASMI AG-1."' The contents of the early editions of these two
standards were substanually incorporated into NRC Regulatory Guide 1.52, Revision 1, Design, Testing, and
Maintenance Criteria for Engineered Safety Feature Atmospheric Cleanup System Air Filtration and Adsorption Units of
Light-Water-Cooled Nuclear Power Plants** Some standard-setting agencies in other countries with a significant
nuclear power establishment have prepared and issued similar standards that differ only in details. The
principal modification to the military standards since 1968 focused on requitements for filter medium
resistance to radiation (for prolonged filter cffectiveness following a core-disruptive accident). For
procurement ease, the military service (Edgewood Arsenal) qualified HEPA filter paper and assembled filters
manufactured by a number of producers and published their names in a Qualified Products List (QPL).?

Table 1.1 lists important developments relating to filtration and the year of development.

Table 1.1 - Summary of Important Dates for Nuclear Air Cleaning Filtration

Year Publications/Actions

1950 MIL-ST1>-282, Filter Units. Protective Clothing, Gas-Mask Components and Related Products: Performance Test Methods
1950 Stack Gas Committee

1950s Arthur D. Little Co., Fire Resistant Media

1957 Air Cleaning Conference, “Filter Quality Problems”

1959 Air Cleaning Conference, “Filters Sent to Hdgewood”

1959 Government/Industry Safety Committee

1959 UL.-5806, High Effictency, Particulate, Air Filter Units

1961 High Efficiency Particulate Air Filter Units, TID 7023, Gilbert and Palmer

1962 Hanford (ALC/DOE) Filter Test Facility

1962 MIL-F-510068, Filter. Particutates. High-Efficiency. Fire-Resistant

1963 MIL-F-51079, Filter Medium, Fire-Resistant, High-Efficiency

1963 Flanders Inc. - Filter Media Production

1966 ORNL/NSIC-13, Filters, Sorbets and Air Cleaning Systems as Engineered Safeguards in Nuclear Installations (Nuclear Air Cleaning
Handbook, 1st Fdition)

1968 AACC CS-TIT HEPA FILTER (ES), Tentative Standard for HEP.A Filters

1968 ASHRAL 52.68, Method of Testing Air Cleaning Devices Used in General Ventilation for Removing Particulate Matrer

1969 ORNL/NSIC-65, Nuclear Air Cleaning Handbook, 2nd Fdition

1971 ANSI N-45.2, Reguirements_for Quality Assurance Programs for Nuclear Power Plants

197 ANSI N-45.8 CONHET

1972 Flanders Inc. - Manufactures Glass [F-700 Media

1973 REGULATORY GUIIDE 1.52, Design, Testing, and Maintenance Critenia for Engineered Safety Feature Atmospheric Cleanup
System Air Filtration and Adsorption Units of 1 aght-Water-Cooled Nuclear Power Plants

1973 REGULATORY GUIDFE 3.12, General Design Guide for Ventilation Systems of Plutonium Processing and Fuel Fabrication Plants

1975 ANSI N510, Testing of Nuclear Air Treatment Systems

1976 ASME CONHET

1976 ANSI/ASME N509, Nuclear Power Plant Atr Cleaning Units

1976 ERDA 76-21, Nuclear Air Cleaning Handbook, 3rd Fditon

1978 Flanders lnc. — Manufactures Last Glass/ Asbestos Media
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1979 | REGULATORY G

UIDE 1.140, Design, Inspection and Testing Criteria Air Filration and Adsorption Units of Normal
Atmosphere Cleansp Systems in Light-Water-Cooled Nuclear Power Plants

1978 NE F3-41T, In-Place Testing of HEPA Filter Systems by Single-Particle, Particle-Size Spectrometer Method

1980 Flanders Inc. — Manufactures Last Asbestos Separators

1984 DOE HEPA FILTER/TEST STANDARDS NE F3-43, -44, 45, Nuclear Standards, Nuclear Standard Quality Assurance
Testing of HEPA Filters, DOE Filter Test Facilities Quabity Program Plan, and Specifications for HEPA FiBers Used by DOE
Contractors

1984 NE F3-42, Nuclear Standard, Operating Pokicy of DOE Filter Test Program

1984 ASME AG-1, Code on Nuclear Air and Gas Treatmens, 1st Edition

1993 ASTM-F-1471-93, Standard Test Method for Air Cleaning Performance for HEPA Filter Systems

1997 DOE-STD-3020-97, Replaced NE F 3-45 HEPA Filter Standard, Speafication for HEP.A Fifters Used by DOE Contractors

1999 ASHRAE 52.2, Method of Testing General Ventilation Asr Cleaning Deswices for Remvoval Efficiency by Partick Size

2003 ASME AG-1, Code on Nxclear Air and Gas Treatmens, Update

2003 Nuclear Air Cleaning Handbook, 4th Edition

1.1.6 Further Development of the HEPA Fiiter

Thin, corrugated aluminum-alloy separators completely replaced asbestos, thermoplastics, and resin-treated
Kraft paper to assure fire-resistance. Stainless steel is often selected because of its resistance to severe
chemical attack, but aluminum-coated plastic is satisfactory for less cotrosive service. Improved resistance to
wetting, an issue of major importance for engineered safety system filters in water-cooled reactors, was
developed by applying water-repellent chemicals to the filter paper. For such applications, it has become
standard practice to install the filters with the paper folds in the vertical position so that any water droplets
captured on the surface of the paper will drain to the bottom of the filter.

1.1.7 Introduction of HEPA Fliters for Treating Reactor Effluent Gases

The first nuclear reactor fitted with effluent high-efficiency air filters is believed to have been the graphite-
moderated, air-cooled unit at Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee. The
initiating event was the discovery in 1948 of radioactive particles up to 600 pm in size on the ground around
the reactor stack. A reinforced concrete filter house capable of handling 140,000 cubic feet per minute (cfm)
of air at a temperature of 215 degrees Fahrenheit and a negative pressure of 50 inches water gauge (in.wg) was
constructed to prevent further emissions.? This was also one of the first installations to use prefilters to
extend the life of absolute filters as a means of reducing air cleaning costs. The filtration system contained
1-inch-deep resin-bonded fiberglass prefilters that removed the coarsest dust fracton, followed by
24 inches x 24 inches X 11 1/2 inches Atmy Chemical Corps cellulose-asbestos (later designated AEC No. 1)
units in plywood frames. Design efficiency was 99.9 percent for particles down to 0.1 pm. The high-
efficiency filters were changed when airflow resistance increased from 1 in.wg to 5 in.wg over a period of
about 2 1/2 years. It was found that the service life of the absolute filters could be extended to more than
2 years by changing the prefilters two to three times per year. Although there have been situations where a
cost analysis has failed to show an advantage from using prefilters, most installations seem to benefit from
using cheaper prefilters. Interest in the use of metal prefilters continues because, in addition to coarse particle
filtration, they provide fire and blast protection by acting as baffles and fire screens.
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1.1.8 HEPA Filter Quality Assurance

During the 1960s, major efforts in the United States were directed toward standardizing manufacturing and
test criteria for paper and fabricated filters, with special emphasis on fire and water resistance. Manufacturer
testing of each individual filter for collection cfficiency and airflow resistance has always been a unique
requirement for filters intended for use in nuclear service. The results of cach test are noted on the filter
frame to ensure the filter meets the requirements of applicable standards. I[nitially, the efficiency standard for
0.3-um test acrosols was 99.95 percent, but it was raised to 99.97 percent after commercial filter
manufacturers found ways of improving their materials and assembly techniques to a degree that enabled
them to turn out filters excceding the required particle retention efficiency by more than an order of
magnitude. These new filters also featured improved resistance to corrosive chemicals, fire, and radiation.

Stmilar filter cfficiency standards were developed in Great Britain (using a nebulized salt aerosol),® France
(using a nebulized uranine aerosol),?” and Germany (using a paraffin oil aerosol).?® Because of differences in
measuring filter efficiencies, considerable effort has been expended (with indifferent success) on laboratory
studies to develop conversion factors that would translate the filter efficiency measurements made by one
method to equivalent values derived using a different measurement method.?? It would be convenient if
everyone used the same filter test method, but this is unlikely in the foreseeable future.

The wide diversity of acrosols generated in the nuclear industry raises an important question regarding the
relevance of the qualification test procedures utilized. For example, the aerosols predicted to be present
inside the confinement vessel of a power reactor following a loss-of-coolant accident (LOCA) are certain to
be very different from the test aerosols and efficiencies observed during the standardized qualification tests
and are not necessarily the results that will be obtained in practice. ‘They may be better or worse, depending
on the characteristics of the acrosol challenge. However, passing a standardized qualification test gives
reasonable assurance that the filters have been produced from high-quality components and carefully
assembled to exacting standards. Therefore, the standard qualification test results should be viewed as an
index of merit (an indication of quality) rather than a quanttative description of filter efficiency under
unknown or ill-defined operating conditions.

Neverthceless, about 1990, the U.S. Department of Energy (DOE) undertook a program designed to define
HEPA filter efficiency more precisely. This involved the use of an intercavity laser particle size spectrometer
capable of counting and sizing aerosol partcles down to approximately 0.08 pm under careful laboratory
manipulation. The impetus for this program was the discovery that the monodisperse 0.3-um test aerosol
(when defined using methods developed during the 1940s) was neither monodisperse nor always 0.3 pm.?
Filter efficiency studies conducted at Los Alamos National Laboratory produced the following results:

® The most penetrating particle size for all-glass-paper HEPA filters operated at the design airflow rate is
close to 0.1 um.

¢ A new HEPA filter acceptance standard was developed that used a polydisperse acrosol, but this method
counted only 0.1-um particles upstream and downstream of the filter to rate particle retention
efficiency.”

® Programs were conducted at DOE filter test stations to improve the characteristics of the aerosol used
for routine filter testing (e.g., making the test aerosol more uniform in size and closer to an average size
of 0.3 um).

To a significant degree, the cstablishment of AEC QA filter test stations in 1960 made it imperative for filter
manufacturers to institute their own rigid quality control practices to avoid product rejection. For example,
49 percent of filters manufactured prior to 1960 were rejected, whereas only 5 percent were rejected during
the following 8 years.3 By 1978, the rejection rate had declined to a point where the NRC was willing to
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forego QA filter test station inspection of filters intended for use in engineered safety feature (ESF) systems
in commercial nuclear power plants. The basis for this decision was that the marginal increase in the
reliability of tested filters no longer justified the additional cost. It should be noted that commercial ESF
system filters are usually in a standby mode, in a clean system, and assigned minimal removal efficiencies
(relative to DOE facilities) in their safety basis. DOE continues to require the use of a filter test station
because contaminated processes continuously challenge DOE filter systems.

Only one DOE QA filter test station, now called the Filter Test Facility (FTF), is curtently operating. The
rejection rate of filters tested there has been as high as 18.7 percent and as low as 1.6 percent in recent years.
The rejection rate continues to fluctuate, indicating that the FTF is still necessary. The Secretary of Energy
mandated continued use of the FTF in 2001.

Considering the large number of specifications, requirements, and standards that have been proposed and
adopted for HEPA filters, it is clear they are among the most extensively and thoroughly documented devices
in the entire air filtration spectrum.

1.1.9 HEPA Filter Application Assurance

In spite of the many improvements in absolute (HEPA) filters, it was discovered as eatly as the initial
installaion of HEPA filters at the ORNL graphite reactor that the full capabilities of improved filter
performance were not always achieved due to damage during shipment or faulty installation. Consequently, it
has become routine to conduct in-place testing of all filter installations using methods initiated and developed
at ORNL prior to startup of new facilities and periodically thereafter. A great deal has been learned about the
correct design of filter housings and filter installation methods from in-place testing. For example,
considerable difficulty was expetienced in conducting tests at old installations due to lack of easy access to the
filter structures. It became clear that suitable facilities for in-place filter testing must be designed into all new
systems as part of the construction specifications.

The value and effectiveness of correctly designed and installed nuclear-grade aerosol filtration systems are
illustrated by the very different events that took place at the Three Mile Island-2 (TMI-2) and Chernobyl
reactors. Duting the March 1979 LOCA at TMI-2, two 30,000 CFM filter systems prevented essentially all of
the particulate material and the bulk of the radioiodine released to the Auxiliary Building from being released
to the environment.3! Consequently, release of radioactive particles to the environment was negligible. The
outcome was very different, however, during the April 1986 fire at Chemobyl Unit 4, where engineered
safeguards did not include complete confinement with air filtration systems. The widespread apprehension
caused by that accident is likely to produce a demand for stll higher collection efficiency and greater filter
resistance to internal disruptive events (fires, explosions) and to external natural disasters (earthquakes,
tornadoes). Germany3? and the United States’? have responded to this by developing filters composed of
stainless steel fibers.

1.1.10 Increasing Airflow Capacity of HEPA Fliters

Although British filter construction methods and materials closely paralleled American ones, manufacturers in
other European countries developed a different HEPA filter design that is now produced by some
U.S. manufacturers. Instead of filter paper pleats that extend the full depth of the filter frame, the paper is
folded into mini-pleats about 20-millimeters (mm) deep with a pitch of 3 mm. Adjacent pleats are separated
by ribbons or threads of glass, foam, or plastic. A full-size filter is assembled from several component panels
of this construction and arranged around a series of V-shaped air passages. This design allows considerably
more filter paper to be incorporated into a given volume, making it possible to replace a standard
24 inch x 24 inch X 11 1/2 inch U.S. filter unit with one of identical dimensions that: (1) can handle volumes
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up to 1,900 CFM instead of 1,000 CFM at a clean filter resistance of 1 in.wg, and (2) can meet the maximum
test aerosol penetration standard of 0.03 percent at the higher volumetric flow rate.

A U.S. manufacturer has fabricated a different filter that does not use scparators. The corrugations are made
by vacuum-molding the wet filter paper onto narrow longitudinal ridges while it is still on the paper-making
machine, then accordion-pleating the paper as it comes off the machine.’ The preformed corrugations are
impressed into the paper at a shght angle to the run of the sheet so that, when folded, the pleats in alternate
layers resist nesting. A later development of this process is to impress dimples into the forming paper so that,
when folded, the dimples prevent altcrnate paper layers from touching each other. This filter construction
method is different from the onc used for the older mini-pleat filters in that the filter pack is mounted into
the filter frame in the usual way (ie., perpendicular to the direction of airflow) rather than as a number of
20-mm-deep panels arranged inside the filter frame in a serics of V-formations. A 6-inch-deep mini-pleat
filter without separators contains the same area of filter paper as the 12-inch-deep separator type. Thus filter
has been placed into service, but there is no experience to report concerning nuclear applications.

1.1.11 Disposal of Spent Filters

It costs more to dispose of a contaminated spent filter than its inital purchase price, which reflects the
difficulties associated with handling contaminated wastes and the shrinking number of authorized disposal
sites. During the early years of the nuclear age (when HEPA filters were constructed with wooden frames,
corrugated scparators, heavy Kraft paper, cellulose-containing filter paper, and conventional rubber cement),
high-temperature incineration resulted in a 99 percent reduction in bulk. At the time, this was considered the
best way to handle used filters, and a number of incinerators were constructed and used to reduce the bulk of
all combustible contaminated wastes, including spent filters. IHowever, the incinerators quickly became
contaminated and proved difficult to safely operatc and repair. To protect the environment, HEPA filters
were installed as the final flue gas cleaning element, but they proved to have a short life in incinerator service.
In addition, processing the spent flue gas filters through the same incinerator they were installed to serve
greatly increased the burden on the incinerator, thereby reducing productive throughput and elevating costs.

During the 1960s, as a result of the introduction of noncombustible clements into the structure of HEPA
filters intended for nuclear service and the introduction of heavy presses designed to crush HEPA filters into
a small volume for ground burial at litde cost, outmoded high-temperature volume reduction incinerators
were shut down and dismantled. Where recovery of transuranic elements from spent filters remained a
requirement, devices were developed to extract only the filter paper from the frame for chemical or high-
temperarture treatment. The remainder of the filter was disposed of by crushing and burial.

The rapidly escalating cost of land disposal for radioactive wastes, in addition to new requirements for
corrosion- and leak-proof containers that substantially increase the bulk of the waste package, have combined
to renew Interest in volume reduction of wood frame filters by high-temperature incineration in spite of an
obvious incompatibility between the need for noncombustible filters and the need to minimize disposal costs
via high-temperarure volume reduction. Exclusive use of HEPA filters without separators help reduce the
residue from incineration.  When using metal frames and corrugated aluminum separators, alternatives
include punching out the filter pack in a high-pressure press for volume reduction and decontaminating the
metal parts via chemical treatment. Incineration of contaminated HEPA filters continues to present
formidable operating difficulties and high costs. Additional difficultes are experienced when the substances
collected on filters are classified as both hazardous chemical and radioactive wastes.

1.2 Deep-Bed Sand and Glass Fiber Filters

Although HEPA filters came to dominate aerosol confinement for most nuclear applications, from the
beginning there were other filter innovations of note. When a high-activity level was detected at the Hanford,




Nuclear Air Cleaning Handbook U.S. Departrient of Energy

Washington, site in 1948 and traced to radioactive particles emitted from the chemical processing ventilation
stacks, the chemical engineering practice of using deep beds of graded granular coke to collect mists escaping
from contact sulfuric acid plants was recalled, and a number of large sand filters were constructed during the
late 1940s and early 1950s at both the Hanford and Savannah River Sites (SRS).3* The sand filter
construction closely followed the deep-bed (40- to 120-inch deep), graded-granule techniques for building
granular filters that were widely accepted at sulfuric acid manufacturing plants and for the purificaton of
municipal drinking water supplies. These filters had collection efficiencies for partcles greater than 0.5 pm
that compared favorably with the best fibrous filters then available. They operated at a superficial face
velocity of 6 feet per minute, an initial pressute drop of 8 in.wg, and an activity reduction of 99.7 percent.
Additional units were later built at SRS, and each has given many years of continuous service. Such deep-bed
sand (DBS) filters offer several advantages. They offer a higher design airflow resistance and lower retention
efficiency than may be obtained using absolute filters. They also are nonflammable and largely unaffected by
condensed water and strong acids. In addition, they provide a substantial heat sink in the event of fire or
explosion. Freedom from servicing and replacement over many years is another important advantage when
the collected material is intensely radioactive. DBS filters are not completely maintenance-free, however.
Collapsed laterals have led to replacement of tons of sand and increased surveillance. The disadvantages of
DBS filters are that they are large, expensive to operate and build, and nondisposable.

Rapidly emerging glass fiber technology during the 1940s and 1950s shifted attention to the use of very deep
beds (10 inches or more) of curly glass fibers in combination with HEPA-quality final filters as a satisfactory
substitute for sand filters when treating gaseous effluents from chemical operations.3* These proved to be
more efficient and to have lower airflow resistance than the sand filters they replaced. Deep-bed glass fiber
filters have been used at Hanford for several decades on the Purex process effluent stream, and a similar
installation is in place at DOE’s Idaho Chemical Plant. They also have withstood the buildup and mitigation
of potentially explosive nitrates.

There has been interest in sand filters for emesgency confinement venting for light water reactors. An
installed Swedish confinement venting system known as FILTRA features large concrete silos filled with
crushed rock. These silos were designed to condense and filter steam blown from the confinement and to
retain at least 99.9 percent of the core inventory.?® Later designs for confinement venting utlized wet
systems to remove gaseous radioiodine.

1.3 Brief History of Gas Adsorption

[Note: The following discussion concerns adsorbers used to capture gaseous and volatile fission products and
is included as history only. Adsorbers are commonly used for iodine removal in commercial nuclear power
plants (see AG-111 for more information). Current DOE nuclear applications predominantly rely on HEPA
filters rather than adsotbers. However, references to adsorbers will be found in nearly each chapter.]

1.3.1 Introduction

Iodine in its many chemical forms is probably among the most extensively studied fission products produced
in the nuclear industry. The generation, release mechanism, properties, forms, trapping and retention
behavior, and health effects of iodine-131 have been the subject of numerous studies, but a comprehensive
understanding of the significance of its release to the environment and integration of the chemical technology
into protection technology may remain incomplete in some aspects. The technology associated with the
removal and retention of all jodine isotopes is similar to that for iodine-131, but interest in removal efficiency
has shifted somewhat toward the importance of long-term retention with the increasing half-life of the iodine
isotope.
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A removal technology for the radioactive noble gases (krypton, xenon, and radon) using adsorbents also has
been studied extensively. This removal technology has become a standard control method for boiling water
reactor (BWR) offgas decontamination and has replaced pressurized tank retention for pressurized water
rcactor (PWR) offgas control. A similar technology can be used to hold up the relatively long-lived
krypton-85 contained in reprocessing offgascs.

Volatile metal compounds such as ruthenium and technctium can be removed from gas streams by
adsorption, but a solid-surface-supported chemical reacton is often necessary for good retention. Removal
technologies for carbon-14 and tritium also involve the use of adsorbents, cither as collecting agents or as
catalysts for conversion to other, more casily removed compounds.

Vapor recovery by adsorption was a well-established chemical engineering unit operation process priot to
nuclear technology development for weapons and power production. Generally, vapor recovery systems
utihized beds of actvated carbon that were 24 inches deep or more and often consisted of two or more
identical units in parallel, so that one could be onstrcam while a second was being desorbed by low-pressure
stcam and a possible third was undergoing cooling after stcam desorption. These mulu-bed arrangements
enabled continuous operation of vapor production processes.

Adsorbents of various types, both impregnated and unimpregnated, became widely used during and following
World War I (WWT) in mulitary and civilian gas mask canisters and casscttes for removing a wide range of
toxic substances from breathing air. Activated carbon derived from nut shells was used in the U.S. Army
service gas mask during WWI. Later, the activated carbon used 1n the service gas mask was derived from coal
and impregnated with metals that catalyze reactions with gas warfare agents. Activated carbon also was used
to treat ventilation air in special applications such as removing sulfur dioxide and ozone from air supplied to
libraries housing rare book collections to prevent paper embrittlement. Ventlation applications used shallow
beds of activated carbon, gencrally 1 inch or less, becausc complete removal of outdoor contaminants was
seldom a requirement and low airflow resistance was essential to prevent unacceptable fan noise levels. The
theoretical basis for adsorption processes was greatly advanced by the need to develop gas mask applications
during WWI, and Langmuir made an early theoretical analysis of physical adsorption. Thus, there was a
considerable body of knowledge available on the applicavon of adsorbents, especially for activated carbon,
when the nuclear industry developed a need for this technology.

Control of iodine emissions from chemical processing of spent nuclear fuel was imtially done by lLiquid
scrubbing using caustic solutions, and sometimes with the addition of sulfate salts, but retention efficiency by
scrubbing scldom exceeded 90 percent. To improve iodine retention efficiency for dissolver offgas cleaning,
activated carbon beds were added to the caustic scrubber at DOE’s Idaho Chemical Plant in 1958, where they
were teported to provide additional decontamination factors of 10 to 30. Silver-plated Fiberfrax fibers also
were investigated at the Idaho Test Station for use as a combined partculate filter and iodine retention device
for hot calciner offgas cleaning. Other studies of this naturc were conducted with silver-plated copper
filaments, and an iodine decontamination factor of 10 was reported.

Todine releases to the atmosphere in the event of a reactor accident became a major concern as the nuclear
industry began its rapid expansion during the eatly 1960s, and attention focused on iodine removal during
normal and abnormal conditions at ambient and elevated temperatures. An iodine decontamination factor of
10 was reported. At ORNL, studies were conducted on activated carbon beds for the holdup of radioactive
fission gases gencrated during the operation of nuclear reactors and during nuclear fuel reprocessing. The
prncipal area of interest was delaying release until short-half-life isotopes decayed to levels that were
acceptable for release. This approach utilized conventonal theoretical plate equations.

The applicaton of adsorbents for noble gas retention was developed at ORNL. The concept involves self-
regencration of the adsorbent due to decay of the noble gases to solid daughter products as they pass through
very deep adsorbent beds that require a long tume for passage and results in the successive extinction of noble
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gas radioisotopes (i.e., those with the shortest half-lives disappear first). This technology is generally used to
decontaminate all noble gas isotopes (except krypton-85 because of its relatively long half-life—nearly
11 years). The process is particularly well suited to treat BWR offgas streams and was applied first at the
KRB site in Germany. The first BWR installation in the United States was the Interim Offgas System at the
Vermont Yankee Plant. It was succeeded by the Advanced Offgas System at the same site. Earlier
technology involved ambient temperature systems. Cooled or refrigerated systems were later designed by the
General Electric Company.

Storage tanks were used for PWR degasifier gas processing at first, but a continuous-flow adsorption system
was installed at the Seabrook nuclear power plant, the first for a U.S. PWR. Design parameters for noble gas
adsorption systems were established on a more systematic basis than was the case for control of radioiodine,
and the few problems that have occutred with these plants were related to improper humidity control or
accidental wetting of the carbon prior to operation. Two temperature excursions have been reported in these
systems—one at ORNL, where an oxygen stream was being decontaminated, and one at the Brown’s Ferry
nuclear power plant, where a hydrogen recombiner malfunctioned.

Testing of lodine Adsorbents

The current test protocol is ASTM D3803-89,3% which superseded RDT M-16.7 Both standards have
numerous typographical and editorial mistakes, such as inaccurate decay constants for iodine-131 and
inconsistencies in time duration between the text and tables. In addition, both are merely guides as far as
equipment setup is concerned, but the critical parameters listed in both Table No. 1 and Section 13 of ASTM
D3803-89% specify reporting requirements.

Testing of Noble Gas Adsorbents

The results of noble gas delay cannot be correlated because important test parameters either were not
reported or were not standardized. Omissions include the unspecified moisture content of the adsorbent,
relative humidity of the gas, and duration of pre-equilibration for the experiment. In some cases, tests
involved only a few grains of carbon, and the results have been extrapolated to full-size systems with bad
results.

Operating Experience with lodine Adsorption

Several important lessons concerning jodine control were learned from the TMI-2 accident. The first is that
conventional iodine release and transport theories were incorrect. Most of the iodine stayed in the liquid
phase or plated out in the confinement vessel. The total amount of iodine that reached the operating filter
adsorber trains can be conservatively estimated at 150 curies (Ci), of which approximately 15 to 32 Ci were
released to the environment. This value, when compared with approximately 13 X 10¢Ci of xenon-133
released (the approximately hundreds of millions of iodine curries released into the containment), is a good
indication of a lack of the predicted partitioning of iodine species into the airstteam. One indication of the
iodine species distribution showed a predominance of methyl iodide, followed by elemental iodine. The
system available for controlling iodine releases was comprised of two trains in the Unit 2 Auxiliary Building,
identified as trains A and B, and two trains in the Fuel Handling Building, identified as trains A and B. The
Auxiliaty Building trains were not classified as ESFs. They captured approximately 12 to 14.6 Ci of iodine
and released approximately 1.2 to 1.8 Ci. The Fuel Handling Building filters captured approximately 36 to
48 Ci of iodine and released approximately 5 to 15 Ci.

1-12




DOE-HDBK-1169-2003 Chapter 1

1.3.2 Radiochemical Processing

The quantity of radioiodine used in radioactive tracer studics is small compared to the concentrations present
in power reactors, but the variety of radioiodine-containing organic compounds is greater. Based on available
theoretical and cxperimental data, the removal efficiency of impregnated nuclear carbons for many organic
compounds is lower than for methyl iodide. Furthermore, most radioiodine decontamination systems found
in connection with laboratory fume hoods are inadequate even for methyl 10dide, as they usually only contain
a depth of 1 inch of some unimpregnated carbon that has not been specifically qualified for this intended use.
For laboratory hood service, carbon depth should provide at least a 0.25- to 0.50-seconds residence time and
should permit removal of representative samples for periodic laboratory testing to determine remaining
service life. Representative samples should be removed at least every 720 hours of continuous use and should
be tested under conditions cotresponding to the hood effluent conditions with respect to relative humidity,
temperature, and the presence of compounds that compete with the radioiodine species for adsorption sites.
For example, when relative humudity is variable, the adsorbent should be tested at the maximum rclauve
humudity conditions likely to be present to obtain conservative values.

1.3.3 Fuel Reprocessing Plants

The isotope of importance in the effluent gases from fuel reprocessing systems is iodine-129, which has a
half-life of 1.7 x 107 years. Generation of gascous iodine-129 occurs in the presence of oxidizing acid gases
such as nitrogen oxide under very-high-humidity conditions, and often when there are high concentrations of
compctng organic compounds. This is a highly demanding environment for adsorption media. At the
beginning, reprocessing cffluent treatment in the United States usually involved liquid scrubbing with alkaline
solutions. Howcver, there are anccdotal reports of a packed bed scrubber at Hanford that utilized silver
dollars for the packing to make the captured iodine more insoluble as silver iodide. Although alkali, mercuric
nitrate, and hyperazeotropic nitric acid absorption systems are still used for this purpose, direct removal of
ijodine using solid adsorbents has been gaining favor in treating the gaseous effluent at newer fuel
reprocessing plants. The use of solid adsorbents for this service was first evaluated at the SRS with activated
carbon, but it proved to be unstable in the dissolver offgas environment. In 1968, a switch was made to a
silver-impregnated inorganic adsorbent. The solid adsorbents under consideration included primary silver-
containing materials such as silver-exchange zcolites and silver-impregnated adsorbents, where the adsorbent
acts as a carrier for the silver-iodine chemical reaction. Due to the relatively high cost of silver, it is important
that as much silver as possible is utilized before exhaustion of the adsorbent system. Numerous studies have
been conducted to evaluate these materials for full reprocessing service.

The most commonly used adsorbents for dissolver offgas treatment include ACG 120, a silver-nitrate-
impregnated, high-silica-base adsorbent; a  silver-and-lead-nitrate-impregnated, high-temperature base
adsorbent; and silver-cxchange zeolites and mordenites. Several reaction mechanisms lead to various silver-
iodine compounds. The most common compound for both clemental and organic iodine is silver iodide,
which 1s very stable except in a high-temperature hydrogen environment where reduction to elemental forms
occurs.

1.3.4 Power Reactors

The first major U.S. effort related to control of radioiodine from reactors consisted of design studies of
confincment systems for the nuclear-powered commercial ship N.S. Savannah and the Hanford
N Reactor.3-37.38 At that ime, control of elemental jodine was of primary interest, mainly because data from
various prior accidents failed to differentiate iodine forms. A process-cngineering solution to iodine retention
was proposcd that recommended 12-inch-deep carbon beds operated at high velocity with a 0.5-sec residence
time. In the United States, however, the heating, venulating, and air-conditoning (HVAC) shallow-bed
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model was adopted by the nuclear industry, and shallow beds of carbon became the predominant method for
iodine capture.

The US. actvated carbon adsorber design was based on a series of relatively short-term laboratory
experiments using fresh carbon, clean carrier gas, and nonsystematic iodine inlet concentrations. Results
indicated an iodine removal efficiency for 0.8- to 1.0-inch-deep carbon beds that could not be obtained in
practice. Typically, the early installations were constructed in pleated form and contained 44 to 55 pounds of
carbon for every 10,000 CFM of airflow. This design became known as a Type I Adsorber Unit. It was later
found that, under high-humidity conditions (greater than 70 percent relative humidity), shallow carbon beds
were incapable of high-efficiency removal of organic iodides, particularly methyl iodide. In addition, it was
accidentally discovered that: (1) isotope exchange would take place on carbon surfaces, and (2) gas mask
carbons impregnated with tertiary amines to control low-molecular-weight chemical warfare agents containing
organic halides would also react with radioactive organic halides. This discovery led to the use of carbons
impregnated with stable iodine or iodide salts to control methyl iodide by isotope exchange, as well as the use
of amine-impregnated carbons to control methyl iodide by complex formation.

Although laboratory experiments with unimpregnated catbons indicated that a 1-inch bed performed
acceptably for elemental iodine removal when the exposure was a short duration and the carbon was fresh, a
minimum acceptable bed depth of 2 inches was needed under ideal conditions for the impregnated carbons
used for methyl iodide removal. This led to development of a tray-type design for nuclear adsorber units
consisting of two 2-inch-deep military-type adsorber trays that were attached to a 24-inch X 24-inch face plate
for mounting in ladder frames. This adsorber design became known as a Type II Adsorber Unit. It provided
a 0.25-second gas residence time in the carbon and operated at a gas velocity of 40 feet per minute (fpm).

Standardization of the external dimensions of the tray-type units did not occur for many years, and there are
currently approximately 10 different adsorber sizes in service in the United States. This creates logistical
difficulties for warehousing spares and obtaining fast replacements in case of an accident. For example,
between the two reactors on the TMI site at the time of the TMI-2 accident, there wete four different
adsorber shapes and sizes—three of them supplied by the same vendor.

In the beginning, criteria for the selection of adsorbent media were not well standardized in the United States.
Based on short-term tests, carbon impregnated with potassium iodide and iodine performed better than
unimpregnated carbon, and its use dominated eatly iodine control technology. A water extract from finished
impregnated carbons varied in pH from neutral to acidic depending on the method of preparation. As the
pH of the water extract of the base carbon also influences the pH of the impregnated carbon, the choice of
vegetable-base (coconut shell) carbons for impregnation was helpful because, in addition to being hard, such
catbons contain approximately 1 percent potassium hydroxide or sodium hydroxide that reacts with free
elemental iodine to produce iodide forms that migrate through the catbon less easily than elemental iodine.

In the late 1960s and early 1970s, researchers realized that design data derived from short-term experiments
with fresh carbons provided inadequate adsorber designs for the long-term protection needed from carbon
beds. Catbons deteriorate from long exposure to air pollutants (weathering), as well as inadvertent
adsorption of widely used organic-compound-containing materials (poisoning; e.g., paint or solvent vapors).
Both situations result in a loss of capacity for iodine species. Such observations led to development of deep-
bed adsotbers constructed with 4- to 20-inch-deep beds of impregnated carbon that could be filled by
pouting the granules into large panels, thereby eliminating the many leak paths associated with tray-type units.
This adsorber design was designated a Type III Adsorber. [Note: As of this writing, an addition to the AG-1
Code" is being developed that will address Type IV Adsorbers, which are similar to Type I Adsorbers.]

The nuclear reactor post-accident iodine release concepts that became established and codified during the late
1960s were based on the assumption that a large quantity of elemental iodine would be released and would
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have to be adsorbed. The design criteria were based on the release of 50 percent of core iodine with half of
the released iodine captured by plate-out on surfaces. Of the remaining airborne iodine, 85 percent would be
elemental, 10 percent would be organic, and 5 percent would be particulate. Contemporary transport
concepts contemplated a need to treat large air volumes at locations several steps away from the point of
release of the iodine fission products. It was anticipated that iodine capture would be made more difficult by
dilution in a large volume of air, as well as by the presence of a large quantity of other chemicals in the air that
would compete with iodine for adsorption sites or react more rapidly with the impregnants.
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CHAPTER 2
SYSTEM CONSIDERATIONS

2.1 Introduction

A nuclear air cleaning system is an assembly of interrelated, interactive parts that include the air cleaning
system components, the contained space served by the air cleaning system (e.g., the glovebox, hot cell, room,
or building), and the processes served by that system.

This chapter discusses the design, operational, and codes- and standards-related requirements for nuclear
facility air cleaning systems. Topics will include system, subsystem, and component design considerations, as
well as gencral descriptions of various systems used in production and fabrication facilities, fuel processing
and reprocessing plants, research facilities, storage facilities, and other applications. This chapter will also
consider operating costs and how the design of an air cleaning system directly affects the ventlation system
performance and costs. Examples of some lessons learned from the operation and maintenance of nuclear
atr cleaning systems will be provided.

2.2 Environmental Considerations

The complexity of the air cleaning system needed to provide satisfactory working conditions for personnel
and to prevent the release of radioactive or toxic substances to the atmosphere depends on the following
factors:

e Nature of the contaminants to be removed (c.g., radioactivity, toxicity, corrosivity, particle size and size
distribution, particle shape, and viscidity);

¢ Heat (c.g., process heat, fire);

® Moisture (e.g., sensible humidity process vapors, water introduced from testing);

¢ Radiation (e.g., personnel exposure and material suitability considerations),

e Other environmental conditions to be controlled; and

¢ Upset or accident or accident hazard considerations.

In designing an air cleaning system, development of the environmental operating conditions must be the first
step. Before appropriate individual system components can be environmentally qualified, the designer must
consider all environmental parameters on an integrated basis. This may require additional qualifications.

The facility owner normally identifies the design and environmental parameters that are compauble with the
overall facility design. These parameters must be identified prior to system design because they must be the
basis for the equipment design. If the environmental parameters are carcfully considered, a detailed analysis

of cost versus long-term operation will provide an environmental maintenance schedule for replacing
components and parts throughout the intended operational life of the system. This will ensure that the
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system will perform its intended function properly, efficiently, and cost-effectively. Table 2.1 lists some
common system environmental parameters that should be considered for system design.

Design

Types of gases treated

Flow rate(s) The maximum and minimum operating flow rates for normal and accident
conditions.
Pressure and pressure drop The external pressure and/or vacuum pressure at the inlet and/or outlet of the

system; the maximum system pressure, usually accident or upset mode; the
maximum allowable pressure drop across the air cleaning system components.

Temperatures The maximum and minimum operating temperatures of the airstream and
equipment.

Radiation The maximum expected alpha, beta, and gamma radiation dose rates
(rads/hour) and cumulative levels (rads).

Relative humidity, condensation, | The maximum and minimum relative humidity of the gas entering the air

and direct introduction of liquids | cleaning system, condensation with potential for wicking, and direct
introduction of water sprays for fire protection.

Contaminants that may be Removal efficiencies for particulate, gaseous, entrained water, chemical,
removed (or not) from the gas radiological, volatile organic chemicals, and other materials, as well as

stream considerations of other materials’ capabilities for air contaminants.

Seismic requirements Seismic response curves for the expected equipment location.

Pressure-time transients Deflagration (internal), tornado (external)

Design life and operating life Projected facility and equipment operating life [e.g., high-efficiency particulate

air (HEPA) filter service life].

2.2.1 Airborne Particulates and Gases

To propetly design an air cleaning system and optimize its performance, the types of contaminants in the gas
stream must be identified. All of the contaminants, both particulate and gaseous, including concentration
levels and particle sizes, must be evaluated to propetly design and size the system. The presence of other
particulates, gases, and chemicals must be clearly determined. The presence of volatile organic chemicals
(VOCs), entrained water, and acids will affect the performance of various system components and must be
addressed, if they are present, in the design of the system and its components.

Intake air cleaning systems or supply systems filter the atmospheric dust brought into the facility.
Recirculating systems, if used, clean the ait in a building or location and return the air to that location. Other
sources of particulate and gaseous contamination are infiltration and “people-generated” particulates
(e.g., lint, skin, hair) and offgassing of materials such as paint, solvents, carpets, and furniture. All of these
factors must be considered in determining the parameters for proper system design. These contaminants
contribute to degradation and sometimes become radioactive when exposed to certain environments (e.g:, by
adsorption of radioactive vapors or gases or by agglomeration with already radioactive particles). Because
particles in the size range of 0.05 to 5 micrometers (um) tend to be retained by the lungs when inhaled, they
are of primary concern in operations that involve radioactive material.! They are also recognized as among
the health hazards of nonradioactive air pollution. As shown in Table 2.2, over 99 percent, by count, of
typical urban air samples have a mean particle size of 0.05 um.

2-2
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Table 2.2 = Distribution of Particles in Typical Urban Air Sample

Chapter 2

Mean Particle Size | Particle Size Range Approximate Particles Count per Percent by Percent by
(um) (um) Cubic Foot of Air Weight Count
200 50-10 125 % 103 28 1% 1010

7.5

10-5

10 x 104

63

8 x 1010

2.5

5-1

12,5 x 106

1x107

0.75

10 x 107

[SS 3 I=N

8 x 107

0.25

125 x 107

1 x104

0.05

12,5 x 1015

99.9999

Reports of dust concentrations in air are gencrally based on the masses of the particulate matter present. As
shown in Table 2.2, mass accounts for only a negligible portion of the total number of particles in the air.
This 1s important in filter selection because it indicates that some filters with a high efficiency based on weight
may be inefficient on a true count basis. That is, the filters are efficient for large particles, but inefficient for
small (ess than 0.75 um) particles. This is true of most common air filters used as prefilters. On the other
hand, the HHEPA filter is highly cfficient for all particle sizes down to and including the smallest shown in
Table 2.2. 'The 99.97 percent minimum efficiency claimed for these filters is actually for the most penetrating
size particles, i.e., those ranging in size from 0.07 to 0.3 um. Dust concentrations vary widely from place to
place and, for the samec location, from season to season and from time to time during the same day.
Concentrations in the atmosphere may vary from as low as 20 micrograms per cubic meters (ug/m? in rural
Dust-producing operations may generate
concentrations as great as several thousand g/m?*at the workplace. Because the weight percent determinations
on which these concentrations are based account for only a small fraction of the number of particles present,
the true count of particles smaller than 5um may number in the billions per 1000 cubic feet (ft3).
Atmospheric dust concentrations can vary significantly through the year.2

arcas to more than 20 mg/m? in heavily industralized arcas.

Filter selection, particulatly prefilter and building supply filter selection, must consider the atmospheric dust
concentrations that can be encountered at a particular site at any time of the year.

Figure 2.1, Distribution of Particles, shows the distribution of particles (by weight percent) in atmospheric air as

a function of particle shape.

Variations in particle shape, mean particle size, particle size range, and

concentration affect filter life, maintenance costs, and operational cffectiveness. The size range of various
types of particles, the technical nomenclature of various types of acrosols, and the applicability of various
types of air cleaning devices as a function of particle size are shown in Figure 2.2. A major source of the lint
often found on filters is derived from the

abrasion of clothing as people move about. In
addition, a person at rest gives off more than
2.5 million particles
moisture droplets/minute in the size range of
0.3 to 1 um.?> Process-generated aerosols fall
into two general size ranges. ‘Those produced
by machining, grinding, polishing, and other
mechanical operations are generally large,
(from 1 to several hundred pm), according to
the nature of the process, and can be removed
cffecuvely by common air filters or other
conventional air cleaning techniques.
other size range includes those produced by
evaporation/condensation and other chemical
operations, which generate droplets and solid

(skin, hair, etc.)

Percent Present
Description | Appearance Kinds = by Weight
ange | Average
and 9 erage |
Spherical Smokes 0-20 10
O Pollens
Fly Ash
lrregular . Minerals 10-90 40
Cubic 2 Cinder
Flakes Minerals 0-10 S
< Epidermis
Fibrous Lint 3-35 10
9 Plant Fibers
The Condensation Carbon 0-40 15
Flocs Cﬁ Smokes
Fumes

Figure 2.1 - Distribution of Particles
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particles that are often submicrometer-sized. These aerosols are more difficult to separate from air or gases,
requiring collectors such as HEPA filters. Ultra Low Penetration Air (ULPA) filtets provide a higher cleaning
efficiency (up to 99.9999 percent for submicrometer particles). [Note: A need for this level of efficiency is
rare for nuclear applications. The media used in ULPA filters is weaker than that used in nuclear-grade
HEPA filters, a factor that must be considered for any application of ULPA filters to a nuclear air cleaning
system or other applications where durability and reliability are concerns.)
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For reactor operations, process-generated contaminants include radioacuve noble gases and halogens.
Because of their chemical inertness, limited reactivity with available sorbents, and the great difficulty of
separating them, the noble gases (xenon and krypton) have been treated in the past by simple holdup to allow
time for radioacuve decay of the shorter half-life clements, as well as dilution before discharge to the
atmosphere. They can also be separated by cryogenic fractionation, charcoal adsorption, or fluorocarbon
adsorption and stored unul a significant degree of radioactive decay takes place. The halogen gases,
essentially elemental iodine and certain volatile organic iodides, are captured by adsorption either on actuvated
carbon or certain synthetic zeolites.

2.2.2 Pressure

Pressure is one of a number of variables that needs to be evaluated in the course of designing the air cleaning
systemn because it can significantly affect the fan power requirements and the airflow rate. The pressure of the
airstream can be impacted significantly by the change from the normal operating pressure to the accident or
upset air pressure (e.g., firc may causc pressure increases). Sce Chapter 5, Section 5.4, entitled “Fans and
Motors,” for fan requirements.

2.2.3 Moisture

Moisture is an important consideration in ait cleaning system design. Moisture in the air may affect the
performance of the air cleaning system by binding the particulate filters and/or blocking pores and fissures in
the activated charcoal. Where water mist or steam can be expected under either normal or upset conditions,
moisture scparators and heaters, if appropriate, must be provided upstream of the filters to prevent plugging,
deterioration, and reduced performance. Condensation from saturated air and gas streams or carryover from
air washers and scrubbers are common sources of moisture. When fire-protection sprinklers are provided in
opcrating areas, ducts, or plenums, moisture can be drawn into the filters if they are activated. In nuclear
reactors, large volumes of steam and moisture should be expected in the highly unlikely event of a major loss-
of-coolant accident (LOCA) or heat exchanger failure. Moisture on the face of a filter will blind or plug the
filter, creating the potental for filter failure. [Note: HEPA filters exposed to carryover from intentional or
inadvertent fire sprinkler actuation must be replaced.]

Condensation is particularly troublesome when filters are installed in underground pits, in outdoor housings,
or in unheated spaces within buildings. Even when the air entering through the ducts is above the dew point,
duct walls, dampers, or filters may be cold cnough to cause condensation on their surfaces. Condensation
can also take place in standby systems. Inspection of standby filtcrs on a monthly or even weekly basis 1s
recommended to prevent the detrimental effects of condensaton.

2.2.4 Temperature

Although some air cleaning system components are prequalified to opcrate in a given temperature range, the
air clcanmg system designer must verify all components of the system will function at the maximum and
minimum temperature conditions for the specified application. If the temperature range of the specific
application exceeds the components’ design qualification temperature, requalification is necessary to meet the
operational and design life requirements of the system.

In general, continuous operation at high temperature (greater than 250 degrees [Fahrenheit) is detrimental to
both HEPA filters and activated carbon-filled adsorbers.* At high temperatures, the shear strength of
adhesives and binders used in thc manufacture of IIEPA filters and filter media may diminish, thereby
limiting the safe pressure drop to which they can be subjected. ‘The limiting temperature varies with the
specific adhesive and binders used. Filter manufacturers have designed HEPA filters for temperatures above
250 degrees Fahrenheit (a 500-degrec Fahrenheit filter is also available). The filter manufacturer should
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provide objective evidence that the filters are qualified for the higher-temperature environments of the
specific application.

For high-temperature applications, particulate filtration can be accomplished with the use of metal filters
constructed of sintered metal or metal mesh. The construction and performance requirements for metal
filters will be found in American Society of Mechanical Engineers (ASME) Code AG-1, Code on Nuclear Air
and Gas Treatment4 Metal filters are manufactured for medium efficiency and HEPA efficiency ranges. Due
to their relatively high cost, metal filters should be considered only for those applications where standard
glass fiber filters would not meet the environmental or design conditions.

The limiting temperature of adsorbents for capturing radioactive iodine and iodine compounds is related to
the desorption temperature of the adsorbed compound and the chemicals with which it has been impregnated
to enhance its adsorption of organic radioiodides. For example, the limiting temperature of adsorbents
impregnated with chemicals (e.g., triethylene-diamine- and iodine-impregnated activated carbon) is
280 degrees Fahrenheit.

When temperatures higher than the operating limits of air cleaning system components must be
accommodated, chilled water coils, heat sinks, dilution with cooler air, or some other means of cooling must
be provided to reduce temperatures to levels that the components can tolerate. Environmental qualification
of an air cleaning system must address thetmal expansion and the heat resistance of ducts, dampers, filter
housings, component mounting frames and clamping devices, and fans. Electrical and electronic components
are specifically susceptible to high and low temperatures and must be designed and qualified for Safety Class
and Safety Significant systems in accordance with the ASME AG-1 Code’ and Insttute of Electrical and
Electronics Engineers (IEEE) 323, Standard for Qualifying Class 1E Electrical Eguipment for Nuclear Generating
Stations® and 1EEE 344, Recommended Practice for Seismic Qualification of Class 1E Equipment in Nuclear Generating
Stations.5 Operational consideration also must be given to the flammability of dust collected in the ducts and
on the filters. All Safety Class and Safety Significant systems must be built to ASME AG-1.

2.2.5 Corrosion

Many radiochemical operations generate acid or caustic fumes that can damage or destroy filters, system
components, and construction materials. Some products of radiochemical operations can produce shock-
sensitive salts (e.g., perchloric acid salts and ammonium nitrate) that must be specifically considered in the
design and operation. The air cleaning system designer must select components and materials of construction
suitable for the corrosive environment to ensure high levels of system petformance and reliability.

Acid-resistant prefilters and HEPA filters are available. These filters utilize media constructed with Nomex®
or Kevlar® fibers mixed with glass fibers duting manufacturing, epoxy-coated separators to extend the life of
the aluminum separators, and stainless steel frames.

Metal filters with a demonstrated suitability for a corrosive atmosphere, in accordance with the ASME AG-1
Code?, are recommended for hydrogen fluoride or other highly acidic applications. Hydrogen fluoride is a
concern because it will attack the glass media. Wood-case filters are vulnerable to attack by nitric acid that
will form nitrocellulose. '

Stainless steel is recommended for ductwork and housings when corrosion can be expected. Even this
material may be insufficient in some cases, and coated (e.g., vinyl, epoxy) stainless steel or fiber-reinforced
plastics may be necessary (corrosion-resistant coatings are covered by American Society for Testing and
Materials (ASTM) D5144, Standard Guide for Use of Protective Coating Standards in Nuclkar Power Plants? The
system designer can either: (1) use existing databases containing information about the petformance of

26
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materials (including the filter media) exposed to various concentrations of corrosive contaminants, or
(2) perform actual testing to validate the air cleaning system design.

Scrubbers or air washers may be employed to pretreat the air or gas before it enters the air cleaning system or
to scrub the airstream of perchloric and ammonium nitrate salts, but consideration must also be given to
moisture carryover if the scrubbers or air washers are not designed and operated properly. Stainless steel
moisture separators are recommended ahcad of the filters. Corrosion is always a danger, but is not always
obvious. In activated carbon-filled adsosbers, for example, cven trace amounts of nitrous oxide or sulfur
dioxide will concentrate in the adsorbent over time. In the presence of moisture, these compounds can form
nitric or sulfuric acids that are capable of corroding the stainless steel parts of the adsorber, 1.e., the perforated
metal screens. Aluminum and carbon steel are subject to corrosion when in contact with moisture-laden
carbon. For this reason, stainless steel is always specified for adsorber cells and for adsorber-cell mounting
frames.

Electrical and electronic components are particularly susceptible to corrosive atmospheres. Plastics become
brttle over ume, contacts corrode, etc. [For this reason, all electronic components must be environmentally

qualified for the intended application.

Care must be cxercised in selecting and using gaskets, as some gasket material reacts with the moisture n the
airstream and releases chlorides that can corrode steels (including stainless steel). Gasket material selection
should also include consideration of the effects of the material’s use in acidic, radioactive, or other harsh
environments. In addition, care must be exercised for gasket stability when dealing with radiadon. Radiation
may also lead to undesirable reactions such as decomposition of Teflon™ into hydrofluoric acid.

2.2.6 Vibration

Vibration and pulsation can be produced in an air or gas cleaning installation by turbulence generated in
poorly designed ducts, transitions, dampers, and fan inlets and by improperly installed or balanced fans and
motors. Excessive vibration or pulsation can result in eventual mechanical damage to system components
when accelerative forces (e.g., from an carthquake or tornado) coincide with the resonant frequencies of
those components. Weld cracks in ducts, housings, and component mounting frames can be produced by
even low-level local vibration if sustained, and vibrations or pulsations that produce no apparent short-term
effects may cause scrious damage over longer periods.

Vibration produces noise that can range from the unpleasant to the intolerable. Important factors in the
prevention of cxcessive vibration and noise include planning at the initial building layout stage and space
allocation to ensure that adequate space is provided for good aerodynamic design of ductwork and fan
connections. Spatial contlicts with the process and with piping, electrical, and architectural requirements
should be resolved during carly design to avoid the compromises so often made during construction that
frequently lead to poor duct layout and resulting noise and vibradon. Ducts should be sized to avoid
cxcessive velocities, while mantaining the transport velocities necessary to prevent the settling out of
particulate matter during operation. Fan vibration can be minimized through the use of vibration isolators
and inertial mountings. Some designers require hard mounting of fans where seismic requirements and
continued operation during and after an earthquake must be considered. Flexible conncctions between the
fan and ductwork are often employed, but must be designed to resist scismic loads and high static pressures,
particularly in parts of the system that are under negative pressure to minimize air-in leakage. Finally, the
ductwork system must be balanced after installation, not only to ensure the desired airflows and resistances,
but also to “tune out” any objectionable noise or vibration that may have been inadvertently introduced
during construction.
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2.2.7 Electrical

Emergency electrical power is required when specified by facility safety documentation. Emergency power
has specific requitements and may not be requited for all systems. Standby electrical power is used for many
safety air cleaning systems not classified as Safety Class. Standby power is required for safety-significant air
cleaning systems.3. % 10 The amount of emergency power required for fans, dampers, valves, controls, and
electrical heaters to control the relative humidity of the effluent airstream (as dictated by the facility design
requirements) must be accounted for during accident or upset conditions. Close coordination between the
system designers of both the air cleaning and electrical systems is required to ensure this is done, as there is a
set amount of emergency power available.

2.2.8 Radiological Considerations

Radiation may affect the air cleaning system in at least three different ways:

¢ The buildup of radioactive material in and around the air cleaning system may limit personal access
during operations and maintenance, and must be specifically factored into the design.

¢ The buildup of radioactive material in and around the air cleaning system may lead to special
considerations for construction matetials used for the system—particularly those containing Teflon® or
Kel-F®. This buildup can also limit component life.

¢ The amount of radioactive material that may be released limits the acceptable selection and operating
ranges for the air cleaning system components (e.g., the HEPA and adsorption units).

The design of workroom ventilation systems should be consistent with the requitements of 10 CFR 835,
Ocupational Radiation Protection, Subpart K, “Design and Control,” which establishes the U.S. Department of
Energy’s (DOE) design objectives for workplace radiological control!! Two key components of these
requirements are that: (1) for controlling aitbome radioactive material, under normal conditions, the design
objective will be to avoid releases to the workplace atmosphere, and (2) confinement and ventilation will
normally be used to accomplish this objective (i.e., engineered controls should be applied rather than relying
on administrative controls). Furthermore, effluent releases from ventilation systems must be in accordance
with DOE directives and relevant regulatory requitements (e.g.,, DOE Order 5400.5, Radiation Protection of the
Public and the Environment,12 and 40 CFR Part 61, subpart H, Natfona! Emission Standards for Air Pollution.!3

All work conducted within areas serviced by these ventilation systems, or work on the systems themselves,
should be performed in accordance with site policies and procedures. The requirements for control of
radiation and radioactive material in the workplace are contained in 10 CFR 835.1" This rule also establishes
the requirements for monitoring of workplaces within and surrounding these areas, and that these activities
should be conducted in accordance with site policies and procedures.

Some systems have actually experienced radiological degradation from excessive radiation exposure (e.g., the
A and B underground filters at the Hanford B-Plant). Radiological degradation, overloading, and faulty
installation and change-out of HEPA filters led to contamination of several parking lots and grounds around
ORNL’s Building 3098.

2.2.9 Confinement Selection Methodology

Workroom ventilation rates are based primarily on cooling requirements, the potential combustion hazard,
and the potential inhalation hazard of substances that are present in or could be released to the workroom.
Concentrations of radioactive gases and aerosols in the air of occupied and occasionally occupied areas
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should not excced the derived air concentrations (DAC) established for occupationally exposed persons
under normal or abnormal operating conditions, and releases to the atmosphere must not exceed permissible
limits for nonoccupationally exposed persons.!! Because radioactive gases and aerosols might be released
accidentally in the event of an equipment failure, a spill, or a system upset, the ventlation and air cleaning
facilines must be designed to maintain airborne radioactive material within prescribed limits during normal
operations.! '3 In addition, the ventilaion and air cleaning facilities must perform in accordance with
expectations established during the evaluation of potental accident condiuons.8. 10

The current DACs for radioactive substances in air are specified in 10 CFR 835, Appendix A.1! These DACs
should be applied to the design of a ventilaton system using a hazard categorization process where the level
of ventlation control is commensurate with the radiological risk present in the proposed operation. [Note:
In a similar manner, the same conceptual process can also be applied to nonradiological airborne hazards.)
There are no current DOE directives or technical standards that establish such an approach, but guidance is
contained 1n the archived DOE Order 6430.1A, General Design Criteria,)* and further expanded in the Hearing,
Ventilating, and Air Conditioning Design Guide for the Department of FEnergy Nuclear Facilities,'S published by the
American Society of Ileating, Refrigerating, and Air Conditioning Engineers, Inc., (ASHRAE).

Based on the guidance cited above, one approach would be to group the material in use into the hazard
classes shown in Table 2.3, and then to zone the facility ventlation systems based on the criteria shown in
Table 2.4. [Note: The limits given in the tables are guides and should not be considered absolute.] An
alternative approach would be to classify the risk based on the antcipated airborne and surface contaminaton
levels, as shown in Table 2.5. The user must note that these criteria are based on the potential for the
activity to generate airborne radioactive materials; they do not consider the direct radiation from the material,
which would require scparate shielding considerations. By introducing such indexes of potential hazards and
limitations on the quantitics of materials that can be handled, it is possible to establish a basis for ventilation
and air cleaning requirements in various parts of a building or plant. Figure 2.3 illustrates a typical zoning
plan for a nuclear facility. Not all of the confinement zones listed in Table 2.4 would be required in all
buildings, and an entire building could possibly be designated a single zone. Confinement zones are defined
with respect to function and permitted occupancy in the following paragraphs.

Confinement Zones

As shown 1n Figure 2.3, the general approach is to establish ventilation zones in a three-tiered manner.
Multizoned buildings are usually ventlated so that air flows from the less contaminated zone to the more
contaminated zone. Areas from which air 1s not recirculated include areas that produce or emit dust particles,
hcat, odors, fumes, spray, gases, smoke, or other contaminants that cannot be sufficiently treated and could
be potenually injurious to health and safety of personnel or are potentially damaging to cquipment. These
areas arc 100 percent exhausted. Recirculation within a zone (circulating the air through a high-efficiency air
cleaning system before discharge back to the zone) is permitted, but recirculation from a zone of higher
contamnination back to a zonc of lesser contaminaton is prohibited. The interiors of exhaust and
recirculaung ductwork are considered to be of the same hazard classification as the zone they serve. Airflow
must be sufficient to provide the necessary degree of contaminant dilution and cooling and to maintain
sufficient pressure differentials between zones where there can be no backflow of air spaces of lower
contamination, even under upset conditons. The pressure differenuals should be determined during the
facility’s design, and should be in accordance with the applicable standards. [Note: Substantally hugher
differenuals are often specified between Primary and Secondary Confinement Zones (sce below) than for
other boundaries.]
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Very High

1

2 High 1010 10 108
3 Moderate 108 t0 106
4 Negligible 106

Very High > 10 mCi 0.1 pCi-10mCi 0-0.1 uCi

High > 100 mCi 1.0 pCi-100mGi 0-1.0 pGi
Moderate >1G 10 pCi-1 Ci 0-10 pCi
Negligible >10Ci 100 uCi-10 Ci 0-100 pCi

* There are practical upper limits to the quantities of materials in any particular zone, based on the type of material and design
of the confinement systems. For example, criticality safety concerns may restrict the amount of fissile material that can be
handled at one time, fire protection concerns may limit the amount of pyrophoric materials, and shielding considerations may
limit the amount of materials when penetrating radiation is emitted. An activity-specific hazards analysis should always be
conducted to determine the actual limits to be applied in practice.

b These criteria are based on the potential for the activity to generate airborne radioactive materials.

Tablc 2. 5 - Zo : o Fncib'tis nacd on Contamination Levels

Airbomer >100xDAC 1 x DAC to 100 x DAC < 1xDAC
Removable Surfaceb >>RSCVe >RSCVe <RSCV

* For aitborne contamination, the DAC is the derived airborne concentration value listed in 10 CFR 835,!1! Appendix A, for the
type and chemical form of the material being handled.

b For removable contamination, the RSCV is the removable surface contamination value listed in 10 CFR 835,11 Appendix D,
for the type of the material being handled.

¢ Removable surface contamination levels do not always directly lead to an increasing level of airbome contamination. The
level of airborne contamination strongly depends on the potential for the particular activity to resuspend the deposited
particles into the atmosphere. For this reason, it is difficult to establish 2 generic correlation. If the RSCV is the main
consideration for differentiating between a secondary and primary confinement specification, then the approach established
in Tables 2.3 and 2.4 should be applied.

The methodology used above is based on the DACs for radioactive substances in air, as specified in 10 CFR
835.11 For toxics and noxious substances, the DACs must be replaced with Permissible Exposure Limits
(PEL), including irritant and nuisance substances, as specified in 29 CFR 1910.1¢ However, because the
Federal PELs ate obsolete in some cases, the Threshold Limit Values (TLVs) published annually by the
American Conference of Governmental Industnal Hygienists (ACGIH)!? should be consulted. In the case of
a difference between the PEL and TLVs, it is generally recognized and accepted practice among industrial
hygienists to use the more stringent of the two limits. A more convenient (and generally more current)
tabulation of occupational exposure limits is published by the ACGIH in the annual issue of Threshold Limit
Valyes. The latter reference includes a procedure for determining TLVs for mixed toxicants, as well as limit
values for heat stress, nonionizing radiation, and noise. DOE Oxder 440.1A, Worker Prosection Management for
DOE Federal and Contractor Employees,'® specifies how to select PELs and TLVs.
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Confinement Atmosphere

Building —\

Tertiary Confmement Primary
Airflow Confinement Confinement
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Admin. Building Operations/ Gloveboxes
Areas Structure Maintenance
Rooms Contaminated

Potentially Contaminated

Clean Normally Clean

Figure 2.3 — Typical Process Facility Confinement Zones
Primary Confinement Zone

The primary confinement zone comprises those arcas where high levels of airborne contamination are
anticipated during normal opcrations. Facility personnel do not normally enter primary confinement zones.
When entry is necessary, it is done under ughtly controlled conditions. This zone includes the interior of a
hot cell, glovebox, piping, vessels, tanks, exhaust ductwork, primary confinement HEPA filter plenums, or
other confinement for handling highly radiotoxic material !¢ Confinement features must prevent the spread
of radioactive material within the building under both normal operating and upset conditions up to and
including the design basis accident (DBA) for the facility. Completc isolation (physical separation) from
ncxghbormg facilities, laboratories, shop arcas, and operating arcas is necessary. Unavoidable breaches in the
primary confinement barricr must be compensated for by an adequate inflow of air or safe collection of the
spilled material. The exhaust system must be sized to ensure an adequate inflow of air in the event of a
credible confinement breach. An air exhaust system that is independent of those serving surrounding areas 1s
required.  High-efficiency filters, preferably HEPA type, are typically required in air inlets, and two
independently testable stages of HEPA filters are required in the exhaust. The exact number of testable
stages is determined by safety analysis.8 10

Secondary Confinement Zone

The sccondary confinement zone comprises those areas where airtborne contamination could be generated
during normal operations or as a result of a breach of a primary confinement barrier. This zone consists of
the walls, floors, ceilings and associated venulaton systems that confine any potential release of hazardous
materials from primary confinement. Related arcas include glovebox operating areas, hot cell service or
maintenance arcas, and the ventilation system servicing the operating areas.!> Pressure differentials must be
available to produce inward airflow into the primary confinemeat should a breach occur. Penetrations of the
sccondary confinement barrier typically require positive scals to prevent migraton of contamination out of
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the secondary confinement zone. Air locks or a personnel clothing-change facility are recommended at the
entrance to the zone. Restricted access ateas are generally included in the secondary confinement zone.

Tertiary Confinement Zone

The tertdary confinement zone comprises those areas whete airborne contamination is not expected during
normal facility operations. This zone consists of the walls, floors, ceilings, and associated exhaust system of
the process facility.!> It is the final barrier against release of hazardous material to the environment. This
level of confinement should never become contaminated under normal operating conditions. The secondary
and tertiary boundaries may exist in common, as in a single-structure envelope.

Example Airflow Criteria

As an example of the zoning approach discussed in this section, the criteria listed in Tables 2.6, 2.7, 2.8, 2.9,
and 2.10 are specified at one of DOE’s national laboratories for the design and operation of radiochemical
and laboratory facilities and for the buildings that contain them.!* [Note: Numerical values can be reduced
or increased depending on the requirements for operating conditions and the DBA for that facility.]
Table 2.11 contains recommendations for the pressure differentials between zones in multizoned buildings.

Table 2.6 - Airflow Criteria for Design and Operation of Hot Cells, Caves, and Canyons
(Primary Confinement)

1. A vacuum equal to or greater than 1 (inches water gauge) in.wg relative to surrounding spaces must be maintained at all times
to ensure a positive flow of air into the confinement.

2. Confinement exhaust must be at least 10 percent of cell volume/min to minimize possible explosion hazards due to the
presence of volatile solvents and to ensure that, in the event of cell pressurization due to an explosion, the confinement will be
returned to normal operating pressure (1 in.wg) in a minimum of Gme.

3. The maximum permissible leak rate must not exceed 1 percent of cell volume/minute for unlined cells and 0.1 percent of cell
volume/minute for lined and sealed cells at a Ap of 2 in.wg to ensure minimal escape of radioactive material in the event of cell
pressurization; the maximum permissible leak rate for ductwork is 0.1 percent of duct volume/minute at Ap equal to 1.5 times
the static pressure of ductwork. Hot cells, caves, and canyons must not be hermetically sealed.

4. Seals and doors must withstand a Ap of at least 10 in.wg to ensure the integrity of closures and penetrations under all operating
and design basis upset conditions.

5. The confinement structure must withstand the DBA for that faclity without structural damage or loss of function.

6. Operating procedures must be designed to limit quantities of flammable and smoke-producing materials and solvents within
limits that can be accommodated by the ventilation system without endangering the functionability of the air cleaning facility.

Table 2.7 -~ Aitflow Criteria for Gloveboxes (Primary Confinement)

1. The vacuum must be at least 0.3 in.wg between the glovebox and the surrounding room. Consult the latest edition of the
American Glovebox Society’s Guidelines for Glowboses, AGS-G001,% and the ACGIH’s Industrial Ventilation — A Manual of
Recommended Practice?’ for guidance concerning ventilation of gloveboxes.

2. The exhaust rate is not specified, but must be adequate for the heat load and dilution requirements of operations conducted in
the glovebox. For example, operations with flammable materials must maintain concentrations below those specified.

3. Airflow must be sufficient to provide an adequate face velocity at the passthrough port to the glovebox [50 linear feet per
minute (fpm)] and to maintain an inward velocity of at least 125 linear fpm (with higher velocities mandated by some operators
for gaseous effluents) through one open gloveport in every five gloveboxes in the system. This will ensure adequate inflow to
prevent the escape of contamination in the event of glove failure.

4. Individual gloveboxes must be isolated or isolatable (under upset conditions) to prevent fire spreading from one box to
another.
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Table 2.8 — Airflow Criteria for Chemical Fume Hood (Primary Confinement)

A vacuum must be at Jeast 0.1 in.wg between the laboratory in which the fume hood is installed and the corridor from which
the laboratory is entered.

The exhaust rate of the fume hood must be sufficient to maintain sufficient airflow face velocity into the hood to prevent the
release of fumes from the hood to the room, even when the operator walks rapidly back and forth in front of and close to the
hood face. A face velocity of 80 to 100 linear fpm is recommended for operations with highly hazardous (including
radioactive) materials. Higher velocities were once recommended, but are not now due to the generation of vortices by faster
airflows which cause air inside the hood to migrate to the outside. Consult the latest edition of the American Industrial
Hygiene Association’s American National Standard for Laboratory Ventilation, £9.5,2 for guidance,

Fach hood in the laboratory should be isolatable by means of dampers to prevent backflow through a hood when it is not in
service.

tzach hood used for handling radioactive materials should have a testable HEPA filter in its exhaust duct, located close to the
duct entrance. All hoods should, where practicable, exhaust to a common stack.

Table 2.9 — Airflow Criteria for Secondary Confinement Structures or Buildings

[

The building (structure) must be designed to prevent the dispersal of airborme contamination to the environment in the event
of an accident in a hot cell, glovebox, fume hood, or building space.

Under emergency conditions, the building must be capable of being maitained at a vacuum of 0.1 t0 0.3 in.wg relative to the
atmosphere. For increased reliability and simplicity, some buildings are held at this pressure under normal operating
conditions. [owever, if this is not practicable, the ventilation system must be capable of reducing building static pressure to
0.2 in.wg 1n 20 seconds or less. All building air must be exhausted through at least one stage of HEPA filters. During an
emergency, the differental pressure between primary confinement spaces (gloveboxes, hot cells) and other building spaces
must also be maintained.

Airflow within the building must be from areas of less contamination to arcas of higher (or potentially higher) contamination.

Recirculation of air within the same zone or room is permitted, but recirculation from primary and secondary confinement
zone cxhausts to other building volumes is prohibited.

Table 2.10 - Airflow Criteria for Air Handling Systems

o

It 1s reccommended that venalation (recirculating, supply, or exhaust) and offgas systems must be backed up by redundant air
cleaning systems (including filters and fans) to maintain confinement in the event of fan breakdown, filter failure, power
outage, or other operational upset. Airflow must always be from the less hazardous to the more hazardous area under both
normal and upsct conditions.

Air exhausted from occupied or occasionally occupicd arcas must be passed through prefilters and at least onc stage of HIEPA
filters. Contaminated and potentially contaminated air exhausted from a hot cell, cave, canyon, glovebox, or other primary
confinement structure or vessel should pass through at least two individually testable stages of HEPA filters in serics, as well as
prefilters, adsorbers, scrubbers, or other air cleaning components that are required for the particular applicaton. Exact HEPA
filter stages are determined by safety analysis.® 19 Only one stage of HEDPA filters is required for the exhaust of: (1) air that is
normally clean, but has the potennal of becoming contaminated in the event of an operational upsct (e.g., exhaust from a
Secondary Confinement operating area) or during scrvice operations when the zone is opened to a zone of higher
contamination (e.g., a hot cell service arca), and (2) air from a potentially mildly contaminated space (e.g., a Secondary
Confinement arca).

Moisture or corrosives in the exhaust that are capable of damaging or unduly loading the HEPA filters (or other components
such as adsorbers) must be removed or neutralized before they can reach components that could be affected.

HEPA filters and adsorbers (where required) must be tested in place at a prescribed frequency in accordance with ASME Code
AG-1, Section TAY and ASME, N510.28 HIEPA filter stages should exhibit a stage leak rate better than 0.05 percent, as long as
the leak rate is supported by documented safety analysis and provides an adequate safety margin, as determined by an in-place
test performed in accordance with ASME Code AG-1.4
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P R

T <

New -0.7 to -1.0b -0.1t0 -0.15 -0.1 to -0.15

<

Existings -0.3to0 -1.0:4 -0.03 10 -0.15 -0.01 to -0.15

* These guidelines should be used if the existing area/facility differential pressure design basis is unknown or if there are no site-
specific standards.

b Canyons, cells: -1.0 in.wg (minimum).

< Gloveboxes (air) typically operate at -0.3 to -1.0 in.wg with respect to the surrounding room. Gloveboxes (air) typically have
alarms set at -0.5 in.wg. Gloveboxes (inert gas): -0.3 to -1.25 in.wg with respect to surrounding room. For the purposes of
enabling the operator to work at the glovebox (ergonomic considerations), the operating differential pressure should be closer to
-0.3 in.wg

4 Canyons, cells: approximately -1.0 in.wg.

NOTES:
1. It may be necessary in some cases to split a single zone into two areas, “a” and “b,” where one area contains a greater hazard than

[

the other. If area “a” were the more hazardous area, it would be at a negative pressure compared with area “b.” Usually, no
differential pressure guidelines exist for areas within the same zone. Therefore, maintaining proper airflow directions is typically
the primary requirement.

2. Pressure cascades may need to be established within the secondary confinement. A 0.05—-in.wg pressure differential between
cascade stages is generally adequate.

3. If glovebox relief valves are included, they are typically set at -0.4 in.wg. Relief valves are designed for breach of the glove port.

2.3 Operational Considerations

This section addresses safety and design requirements, safety classification, regulatory requirements, codes
and standards requirements, redundancy and separation, and material restrictions.

2.3.1 Operating Mode

According to operational requirements, an air cleaning system may be operated full-time, part-time, or simply
held in standby for emergency service. If processes in the building are operated only one or two shifts a day,
the designer may have a choice between continuous operation and operation only during those shifts. The
designer must evaluate and compare the effects of daily starts and stops on the performance and life of filters
and other components to the higher power and maintenance costs that may be incurred by continuous
operation. All factors considered, experience has shown that continuous operation of air cleaning facilities,
perhaps at reduced flow during weekends and holidays, is generally the most satisfactory mode of operation
for buildings in which radioactive operations are conducted. Unless ducts, filter housings, damper frames,
and fan housings (i.e., the pressure boundary) are extremely leaktight, outleakage of contaminated dust into
occupied spaces of the building may occur during shutdown periods.

Many facilities require standby exhaust or air cleanup systems that are operated only in the event of an
emergency or redundant air cleaning facilities that are brought intp operation when a parallel online facility is
shut down because of failure or for maintenance. When designing standby systems, the engineer must keep
in mind the possibility of component, filter, and adsorber deterioration from environmental conditions
(e.g., condensation, temperature) even when the system is not in use.

2.3.2 Particulate Filter Change Frequency

The principal costs of operating a high-efficiency air cleaning system are power (e.g., for fans), replacement
filters and adsorbers, labor, and waste disposal costs for radioactive contaminated wastes. The principal
factor that affects these costs is the frequency of filter changes. Replacement filters and adsorbers and the
labor costs to install and test the filter system in-place after installation of replacement filters may make up as
much as 70 percent of the total cost of owning a system (including capital costs) over a 20-year period.
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Power accounted for only 15 percent of total owning costs in a study made by the Harvard Air Cleaning
Laboratory.>* Mcasures such as usc of high-efficiency building supply arr filters, use of prefilters ahead of
HEPA filters, operation of the system below its rated airflow capacity, and operation of HEPA filters until
they have reached high airflow resistance before replacement all tend to decrease filter change frequency and
thereby reduce costs. Caution should be excrcised when establishing filter change frequency. Filters can
become loaded with radioactive particles or reach an age when replacement is warranted ceven though they
may not be dust/dirt-loaded to a point that indicates change-out is necessary due to pressure drop. These
same filters may also have an acceptance in-place field test result.

For systems governed by commercial nuclear power plant technical specifications, strict requirements for
operating filters at maximum pressure drops are specified. Therefore, filters should not be operated at
maximum pressure drop; they must always be ready with enough remaining capacity and strength to handle
the loading that can be expected from a design basis event.

Lawrence Livermore National Laboratory recently developed the requirement that HEPA filters be replaced
10 years after the date of manufacture. Exceptions to this requirement include:

* Any filter that becomes wet (e.g., as a result of an in-duct water sprinkler’s activation or water spraying
directly on the filter) must be replaced promptly.

® Any filter that potentally could become wet (e.g, via an in-duct water sprinkler’s activation) must be
replaced within 5 years of the date of manufacture 25

The underlying rationale for this set of requirements is found in Bergman’s Masimum HEPA-Lilter Life25 Part
of the author’s rationale is based on remaining acceptable tensile strength, which cannot be determined by
nondestructive field tests.

2.3.3 Building Supply-Air Filters

Atmospheric dust brought into the building with ventilation air constitutes a substantial fraction of the dirt
load in the building and the dust load in the exhaust air cleaning system. Removing this dust before it gets
inside the building provides the double advantage of protecting the exhaust filters from premature dust
loading and reducing janitorial and building maintenance costs. When operations within a building do not
generate heavy concentrations of smoke, dust, or lint, it may be possible to substantally reduce the dust
loading in the ecxhaust system by providing medium-cfficiency [50 to 65 percent ASHRAE
Efficiency/Minimum Efficiency Reporting Value (MERV) 10-11]2 building supply-air filters, thereby shifting
much of the burden of what would otherwise be a change of “hot” (radioactive) prefilters in the exhaust
system to a more economical change of “cold” supply-air filters. The labor costs involved in replacing “cold”
filters 1s a small fraction of those for replacing “hot” filters. Noticeable reductions in janitorial costs have
been observed in several DOL installations after changing to higher-effictency building supply-air filters.

Louvers and/or moisture separators must be provided at the air inlet to protect the supply filters from the
weather. Ramn, slect, snow, and ice can damage or plug building supply-air filters, resulting not only in
increased operating costs, but also upset of pressure conditions within the building and possible impairment
of the more critical exhaust air cleaning system. Heaters are desirable in the building supply system even in
warm chimates. [Icing has caused severe damage to building supply-air filters at a number of DOLE
installations, even in the South. Screens should be provided over supply-air inlets located at ground- or roof-
level to protect inlet filters and demisters from grass clippings, leaves, dirt, and windblown trash. If possible,
inlets should be located well above grade or adjacent roofs so they are not exposed to such materials.
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2.3.4 Prefilters

Prefilters are intended to remove large particles upstream of HEPA filters. HEPA filters are intended
primarily for removal of submicrometer particles and should not be used as coarse dust collectors. They have
relatively low dust-holding capacity, particularly for large particles and lint, and may plug rapidly when
exposed to high concentrations of such material or smoke. Lint may tend to bridge the pleats of the filter,
further reducing its capacity. The HEPA filter is also the most critical particulate-removal element in the air
cleaning system from the standpoint of preserving confinement, and its failure will result in failure of system
function.

Prefilters, installed either locally at the entrances to intake ducts, in the central exhaust filter house, or both,
extend the life of HEPA filters and provide at least a measure of protection against damage. Local duct-
entrance filters also minimize dust accumulation in
ducts and reduce an otherwise potential fire hazard. A A
typical increase in HEPA filter life through the use of
prefilters is depicted in Figure 2.4. The increase for a
specific application depends, of course, on the quality
of the prefilter selected and the nature and
concentration of dusts and particulate matter in the
system.
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Generally, prefilters should be provided when the
potential dust concentration in the air leading to the air
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cleaning system exceeds 20 mg/m3 and should be R T —
considered if the dust concentration exceeds 1 grain Service Life (months)
per 1000 cubic feet (ft’). The use of prefilters is (a) HEPA Filter Alone

recommended in engineered safety feature (ESF)
systems for nuclear reactors.?’ The decision to install
prefilters should be based on providing the best
operational balance between HEPA filter change
frequency, and procurement and maintenance costs for
the prefilters.
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Duct-entrance prefilters can be changed without
entering or interrupting the central air cleaning facility,
can minimize dust buildup in the ducts, and can
provide a measure of protection against duct
corrosion, accidental high-moisture loadings, and —— 7t
flaming trash or sparks that may be produced by a fire Service Life (months)

in the working space. On the other hand, a system (b) HEPA Filter with Prefilter

that has a number of local prefilter installations may
cost from two to three times as much as one in which Figure 2.4 - Comparison of HEPA Filter
the same prefilter capacity is installed in a central Life With and Without Prefilter
housing. 2 '
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Prefilters in a central air cleaning system should not be attached directly to or installed back-to-back to HEPA
filters; they should be installed on a separate mounting frame located at least 4 to 5 feet upstream of the
HEPA filters. This installation requires more building space and higher investment costs (particularly when
building space is at a premium), but it is justified by increased safety and greater system reliability. Adequate
space between prefilters and HEPA filters is needed for access and maintenance and to minimize the
propagation of fire by sparks or direct flame impingement. If the possibility of fire is a setious consideration,
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a removable screen, fine enough to stop sparks (10 to 20 mesh), may be installed on the downstream side of
the prefilters.

2.3.5 Operation to High Pressure Drop

Most HEPA filter manufacturers’ literature suggests replacement of HEPA filters when the resistance duc to
dust loading has reached 2 in.wg. HEPA filters are qualified according to the requirements of ASME AG-1,
Section FC,*to be capable of withstanding a pressure drop, when new, of 10 in.wg without structural damage
or reduction of efficiency. [Note: This value is for qualification purposes only, and must not be used for
operation] When other factors such as radioactvity and fan capacity do not have to be considered,
replacement at a pressure drop of only 2 in.wg is considered under-utlization of the filter. At many DOE
facilitics, HIIPA filters are operated routinely to pressure drops as high as 4 in.wg. Figure 2.5 shows the
effect of such operation on filter life and maintenance costs.

The advantages of operating to high-
pressure drop must be weighed against
initial costs (higher-static-pressure fans,
larger motors, heavier ductwork), higher 80 e —
power costs, and less cfficient fan Q%
operatdon. The installed fan and motor -5 &0 A
must have sufficient capacity to deliver 2 2 0 e
the design airflow at the maximum uw - /]
differcnual pressure under which the 2 -/
system will operate, with the filters at /
maximum dicty-filter pressure drop prior 0
to change. Therefore, consideration must = 120 \—
not only be given to the increased 22 115 %
installed capacity required to operate to %3 110 \
the higher pressure drop, but also to the S 5 1.05
fact that the fan operates at a penalty g 0‘9'28
much of the time to provide the required S 0900 AN
airflow over the wide span of pressure §'5 0850 ~N
drop between installation and ':CT: % 0.800 AN
replacement of filters. S \8, 0.750
0'7000 1 2 3 4 5 6
The cost of ductwork, on the other hand, p = Pressure Drop (in.wg)
may not be significantly affccted by i

operation to a high pressure drop because Figure 2.5 — Effect of Operating HEPA Filters to
there is a minimum shect-metal thickness High-Pressure Drop on Filter Life and Maintenance

for ~cffective welding, regardless  of Cost (including replacement filters and labor)
pressure. The cost of fans and motors is

a function of the maximum total pressure
that must be developed. Fan horsepower can be estimated from the following equations.?
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| Qbp 2
P1 = 6356E, :
where:
hp; =fanhp
Q = system airflow, cfm

Ap = maximum pressure drop across air cleaning system, in. wg. , at time of filter replacement
E, = fractionalefficiency of fan (0.60 usually assumed for estimating).

Motor horsepower can be estimated from the equation:

ho = 1 2.2)
pm Em -

where:

kp , = motor horsepower

bp ; = fan horsepower

E_ = fractional motor efficiency (0.90 usually assumed for estimating for 20 hp motors and lacger).
Annual power costs can be estimated from the following equation:28

QAphr
- — 2.3)
8520E  E,,

where:

C =annual power cost, dollars,

b = hours of operation per year,

r = cost of power, cents / k/ Whr,

E} and E; = efficiency of fan and motor, respectively, over the period of operation from filter

installation to replacement; these will be less than the design efficiencies.

Although investment and power costs will be lower for systems operated to 2-in.wg pressute drop, the total
annual cost of owning a system, including materials and labor costs for filter replacement, may be less for a
system in which HEPA filters are replaced at pressure drops on the order of 4 in.wg. Total savings for the
facility as a whole may be even greater when the reduced interruption of building operations due to the
reduced frequency of filter change is taken into consideration.

Some prefilters can be operated to higher pressure drops than recommended by their manufacturers (but
such overuse must be supported by operating experience). This results in less frequent prefilter changes than
when prefilters are changed at a pressure drop of only two or three times the clean-filter pressure drop, as
recommended by most manufacturers. Care must be taken in selecting prefilters. Because of the many types,
efficiencies, configurations, and constructions available, the designer must specifically investigate the safe
overpressure allowance for the particular model under consideration. Figure 2.6 clearly shows the results of
overpressuring prefilters. In the case shown, the problem of filter blowout was overcome by working with
the manufacturer to reinforce the filter itself. Some benefit could also have been obtained by installing a
screen or expanded metal grille on the downstream face of the prefilters against which the filter cores could
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bear; in any event, screens or grilles would have prevented damage to the
HEPA filters when pieces of prefilter struck them.

2.3.6 Sizing and Rating

Underrating. The service of all internal components (except moisture
separators) can be extended, and system pressure drop for a given level
of dust loading can be reduced by underrating, ie., by oversizing the
system and installing more filter and adsorber capacity to meet system
design airflow nceds (based on the nominal airflow rating of the
components). Figure 2.7 shows that the increase in filter life obtainable
by underrating is roughly proportional to the square root of the degree
of underrating. A study by the Harvard Air Cleaning Laboratory
suggests that the economic limit of underrating is about 20 percent (ic.,
system design airflow capacity).?

Overrating. Operation of a system at aurflows greater than the installed
airflow capacity of the system must be avoided, particularly in systems
with radioiodine adsorbers whose performance depends on the residence
time of air within the adsorbent bed. When airflow rates excced the
rated aurflow capacity of FIEPA filters, efficiency is reduced and filter life
decreases more rapidly than the equivalent increase in flow rate, as can
be scen from the 120 percent curve in Figure 2.7. As noted above, the
residence time of contaminant-laden air in adsorber units is inversely
related to airflow rate. Overrating of these units decreases their ability to
trap gaseous contaminants, thereby degrading their function.

2.3.7 Uniform Airflow Design

In large air cleaning systems, because of the stratification of airflow due
to poor transitions between ducts and housings or between housings and
fans, or because of

Chapter 2

Figure 2.6 — Result of
Overpressuring Prefilters

poorly  designed
1.25 housings, filters or
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a
o 1.00
xS / 4 60%
o @ /
£32 070 Vi
8g / " ’
5a pd
27 050 .
%9 reat. Figures 2.8(a
512 1 1 g g @)
m [S
! ]
~ 025
very high airflow rates.
00 2,000 4000 6,000 8,000 10,000
at very low flow rates due to
Operating Time (hr)

Figure 2.7 - Effect of Underrating on
Service Life of Extended-Medium Filters,
Based on Percentage of Manufacturer’s
Rated Filter Airflow Capacity

center of a bank may receive higher airflow than those
on the periphery of the bank. This not only results in
non-uniform dirt loading of filters but may also result
in excessive penetration of those HEPA filters closer to

the air intake if the degrec of airflow non-uniformity is
and 2.8(b) show that
penctration of HEPA filters by very small particles is
directly velocity-dependent and increases significantly at
Conversely, penetration of
HEPA filters by particles larger than 1 pm may increase
the reduction in
cffectiveness of the impaction mechanism on which
trapping of those particles depends. If some filters are
operating at very high airflow and some at very low
atrflow, as could happen in a poorly designed housing
and filter bank, it is possible that significant penctration
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could occur even though the filters are in
good condition. Low flow rates improve
the efficiency of radioiodine adsorbers, but
high flow rates decrease efficiency.
Therefore, significant non-uniformity of
airflow through a bank of adsotber cells
can reduce the overall efficiency for
trapping radioactive gases of interest. A
well-designed duct-to-housing transition
will  produce  satisfactory  airflow
distribution through the banks of filters
and adsorbers.?

Filter housings can be obtained with built-
in devices to assist in generating uniform
up- and downstream flow distribution
using Stairmand disks and similar devices.
These make testing faster and more
accurate, and minimize those occasions
when personnel must enter the filter
housing (a confined space) for any reason.
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Figure 2.8(b) - Maximurm Penetration Versus Airflow Velocity
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2.3.8 Maintainability and Testability

Alr cleaning systems designed in accordance with ASME AG-1+ should result in optimum systems for
maintainability and testability. There are many previously installed systems that were designed to ASME
N509,% the predecessor to ASME AG-1.# Systems designed to ASME AG-1 requirements should be tested
in accordance with ASME AG-1, Section TA. Those systems designed to ASME N509 or sull covered by its
2002 maintenance revision, should be tested in accordance with the provisions of ASME N510.2  Other
older systems not designed to either ASME AG-1 or N509 are gencrally tested by following the guidance in
ASME N510.

Maintenance and testing are two operational factors whose cost can be minimized by good initial design and
layout of ventilation and air cleaning systems. Inadequate attention to maintenance and testing requirements
at the initial phase of the project can result in much higher operating costs. New system specifications should
be designed and tested in accordance with ASME AG-1.4 Somc existing systems may have been designed to
ASME N509.33 These and other non-ASME AG-1-designed systems may be tested in accordance with the
guidelines provided in ASME N510.23

Design of air cleaning systems 1n accotdance with ASME AG-15 will result in optimum maintainability and
testability. Two elements that largely influence the costs of these functions are the accessibility of
components requiring periodic test and service and the frequency of filter and adsorber replacement. In
systems that involve handling of radioactively contaminated filters and adsorbers, the frequency of changing
these components and the time required to accomplish the change can be especially critical, because the total
integrated radiation dose a workman can be permitted to receive 1n each calendar period is limited. When all
personnel have received their maximum permissible dose for the year, the supervisor faces the prospect of
having no one available to carry out a necded filter change or a scheduled test. Maintenance and testing of
radioactively contaminated and other highly toxic systems are much more costly than the same operations 1n
nonradioactive systems because of the time required for personnel to change into and out of protective
clothing; to decontaminate and cleanup the area, tools, and equipment after the operadon; to dispose of
contaminated filters (a significant cost itself); and to bathe and be monitored by health physicists.

In addition, extra attention must be given to filter or adsorber cell nstallation (compared with common air
filters, for example). If the system does not meet the test requirements of ASME AG-1, Section TA,* after
the change, then rework must be performed until the problems are found and corrected. There is also a need
for health physics monitoring before, during, aad after all maintenance operations. The fact that personnel
have to work in protective clothing and respirators also adds to the ume required. Regardless of these
inherently high time and moncy costs, proper maintenance and testing are primary factors in ensuring the
reliability of the air cleaning system, and they cannot be done properly unless the facilities have been properly
designed and built.

Frequency of Maintenance and Testing

Measures that reduce the frequency of filter (HEPA and prefilter) and adsorber replacement also reduce
system costs and downtime. Several of the factors discussed earlier—the use of good building supply-air
filters and prefilters and underrating—serve to extend component life and reduce the frequency and cost of
service. Exhaust system HEPA filter and adsorber installations must be tested to the requirements of ASME
AG-1, Scction TA,?* after cach component change so that any extension of service life also directly reduces
testing costs. [Note, however, that regulatory bodies often dictate frequency of testing. |

Accessibility

When laying out ventlatdon and air cleaning facilities, the designer must consider the location of fans,
dampers, instruments, and filter housings, as well as the working space adjacent to them; working space and
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spacing of banks within man-entry housings; height and array of filter and adsotber banks; and routes to be
used for moving new and used filters and adsorbers between storage, installation, and disposal areas. Where
it is permissible to fill and drain adsorbers in place, it is imperative to provide space and routing (from the
storage location to the air cleaning unit) for the charging cart and the adsorbent drums. This apparatus is a
large piece of movable equipment. In addition, space for drums of adsorbent must be provided because they
are used in conjunction with operation of the charging cart. Failure to provide adequate space in and around
housings and mechanical equipment (fans, dampers, etc.) results in high maintenance and testing costs,
inhibits proper care and attention, creates hazards, and increases the chance for accidental spread of
contamination during service or testing operations. Recommendations for arrangement and space
requirements for air cleaning components should be in accordance with ASME AG-14 and ASME N509%
(for those system components that have not been incorporated into ASME AG-1). Even greater space
requirements are needed for remotely maintainable systems. For systems not designed to meet ASME AG-1
requirements, guidance can be found in ASME N510.2

Ease of Maintenance and Testing

Simplicity of maintenance and testing is a primary factor in minimizing the time personnel must remain inside
a contaminated housing and restricted areas of a building during a filter or adsorber change or test.
Therefore, it is an important factor in reducing both personnel exposures and costs. The following strategies
will help ensure simplicity of maintenance and testing:

¢ Filter housings should be laid out and designed in accordance with ASME AG-14 and ASME N509% to
ensure quantitative tests can be performed and to minimize reaching, stooping, and the use of ladders ot
temporary scaffolding for gaining access to filter or adsorber cells. Some reaching and stooping is
unavoidable in man-entry housings, but it should not be necessary for personnel to petform physical
contortions ot climb ladders to remove and replace filters in single-filter installations. Similarly, in bank
systems, it should not be necessary for workmen to climb ladders or temporary scaffolding to gain access
to the upper ters of filters or adsorbers. If this is unavoidable, then permanent ladders and platforms
need to be built into the air cleaning housing. Personnel entries into housings should be minimized.
These are, at best, confined spaces that require permits for access and have contaminated surfaces that
require additional, potentially costly and difficult, precautions.

* Racks (frames) should be designed to the requirements of ASME AG-1, Section FG,* and ASME N509%
to ensure proper spacing between components for maintainability and testability.

e Electrical, water, and compressed air connections should be available nearby, but in no case should they
be located inside the filter house.

e  Materials-handling equipment should be employed, including dollies for moving new and used filters and
adsorbers, hoists or other means of handling the heavy adsorber cells in systems containing these
components, and elevators or ramps for moving loaded dollies up and down within the building.

e Filter housings should be located inside the building. It is undesirable for personnel to: (1) conduct a
filter change or test out of doors where wind or rain may cause a spread of contamination, (2) cross a
roof to gain access to a filter housing, or (3) wait for good weather to carry out a scheduled filter or
adsorber change or test. Weather damage and corrosion are always possible, especially with wood-
framed filters.

¢ Decontamination and clothing-change facilities (including showers) should be located nearby.
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® Maintenance and testing (per ASME AG-1, Section T'A,* and plant maintenance procedures) should be
well planned and rehearsed. This is particularly important to keep radiation exposure for workers at as
low as reasonably achievable (ALARA) levels.

¢ Adcquate finger space (1 inch minimum 1s desirable) should be available between filter clements, and
handles should be provided on heavy components such as adsorber cells.

¢ Cradles or benches should be built into the component mounting frame for aligning and supporting
filters (adsorbers) prior to clamping to face-scaled mounting framers (sce Chapter 4, Secton 4.4.4).

e For simple filter and adsorber clamping devices, a properly designed bolt-and-nut clamping system has
proven most satisfactory in the past, although numerous methods of minimizing or climinating loose
parts arc currently being investigated. Toggle clamps, over-center latches, and other devices are easily
manipulated and require no tools; however, they often tend to jam, become difficult to operate, or lose
their ability to propetly clamp the filter or adsorber ccll after extended exposure to the hostle
environment of a contaminated air cleaning system. Such devices should be used only after due
consideration of the difficulties that would be involved in replacing them in a contamunated system (see
Chapter 4, Section 4.4.0).

® Ledges and sharp corners that a worker might stumble over or mught snag or tear their protective
clothing on should be eliminated.

® Adequate lighting should be provided in, and adjacent to, the filter house and to other items that require
periodic service, inspection, ot testing.

® Mcans of communication between personnel inside and outside the filter housc should be provided.

® Floor drains in housing and adjacent workspaces should be provided to facilitate easy removal of water
spilled or applied during decontamination of the arca after a filter or adsorber change. Drains must be
designed so that no ais can bypass filters or adsorbers.

* Rigid, double-pin-hinged doors should be available on personnel entry housings and should be large
enough for personnel to pass through without excessive stooping or twisting. It should not be necessary
to remove several dozen nuts from a hatch to gain entry to a personnel entry or single-filter housing.
Not only is this too time consuming, but nuts tend to cross-thread or gall to the extent that it is often
necessary to cut off the bolt to open a hatch; or the nuts get dropped and lost and are often not replaced,
thus compromusing the seal of the hatch. Sliding doors are not suitable because they will jam with any
distortion of the housing wall (see Chapter 4, Scction 4.4.17) and are difficult to seal.

¢ Maintenance and testing procedutes specific to the system being tested should be well planned and
rehearsed.

® There should be adequate space for matenals and test equipment and access (through preplanned doors
or panels) to both sides of filter and adsorber banks.

Construction

Designing for maintainability requires careful attention to the details of construction, including tolerances,
surface finishes, and the location of adjacent equipment and service lines. Ducts and housings should have a
minimum number of interior ledges, protrusions, and crevices that can collect dust or moisture, impede
personnel, or create a hazard in the performance of their work. Prefilters at duct inlets will minimize the
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accumulation of dust and contamination in the ducts. If these are not provided and the hazard analysis
permits, easily opened ports and hatches for inspection and cleaning must be provided at strategic and
accessible locations in the duct. [Note: Easily opened ports and hatches are not appropriate for plutonium-
bearing systems.] Duct runs should have enough mechanical joints to permit easy erection and dismantling.
Otherwise, replacement of radioactively contaminated ducts can be an expensive and hazardous job.

Housings, ductwork, and component-mounting frames must be able to withstand anticipated system
pressures and shock loadings without distortion, fatigue, or yielding that permits in-leakage or bypassing of
the filters or adsorbers. These components must meet a pressure test in accordance with the requirements of
ASME N509% and ASME AG-1.4

Interior surfaces and finishes warrant special attention. Regardless of the formulation when coatings are
used, a primary factor in a long, dependable service life is proper preparation of the surface to be coated.
Manufacturers’ coating or paint instructions and plant procedures must be followed precisely. One
alternative to the coating requirements is to build the housings and housing components from stainless steel
or other harsh-environment-resistant materials. This reduces the need for frequent and costly repair to
coatings that are damaged as a result of routine testing and maintenance.

2.4 Emergency Considerations

The ventilation and air cleaning systems of a building in which radioactive materials are handled or processed
are integral parts of the building's confinement. In some cases, these systems may be shut down in the event
of an operational upset, power outage, accident, fire, or other emergency. In other cases, they must remain
operational to maintain the airflows and pressure differentials between building spaces and between the
building and the atmosphere as required to maintain confinement. In some of these cases, airborne
radioactive material may not be a problem until an emergency occurs. In all cases, however, a particular
danger is damage to or failute of the final HEPA filters (and adsorbers in those facilities where radiolytic
particulates could be released) that constitute the final barrier between the contained space (hot cell,
glovebox, room, or building) and the atmosphere or adjacent building spaces. Even if the system can be shut
down in the event of an emergency, protection of the final filters is essential to prevent the escape of
contaminated air to the atmosphere or to allow personnel to occupy spaces of the building.

Consideration must be given to: (1) the possible effects of operational upsets, power outages, accidents, fires,
and other emergencies on the ventilation and air cleaning systems, including damage to the filters and
adsorbers from shock, overpressure, heat, fire, and high sensible-moisture loading; (2) the design and
arrangement of ducts and air cleaning components to alleviate these conditions; (3) the means of switching to
a redundant air cleaning unit, fan, or alternate power supply; and (4) the methods of controlling or isolating
the exhaust system during failure conditions. To provide the necessary protection to the public and plant
personnel, the air cleaning and ventilation system components on which confinement leakage control
depends must remain essentially intact and serviceable under these upset conditions. These components
must be capable of withstanding the differential pressures, heat, moisture, and stress of the most serious
accident predicted for the facility, with minimum damage and loss of integrity, and they must remain operable
long enough to satisfy system objectives.

2.4.1 Shock and Overpressure

Mechanical shock in an air cleaning system can be produced by an explosion in an operating area of the
building, by an earthquake, or by rapid compression or decompression of the air inside a system caused by
sudden opening or closing of a damper or housing doors. When pressure transients last for periods
measurable in seconds, static pressure is primarily responsible for any destructive effect. For shocks that last
only a few milliseconds with a neatly instantaneous pressure rise,’as occurs in most chemical explosions, the
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extent of destruction is primarily a function of the momentum of the shock wave. Shocks produced by an
earthquake or inadvertent opening or closing of a damper usually fall somewhere between these two
cxtremes. Protection of the final filters and adsorbers against failure from shock can be accomplished by
isolating them to prevent the transmission of destructive forces to them and by increasing the shock
resistance of ducts, housings, mounting frames, and equipment supports.

The shock resistance of HEPA filters can be enhanced by faceguards and similar treatment may sometimes
improve the shock resistance of prefilters. Most prefilters used today, however, probably have low shock and
overpressure resistance, and a screen installed betwcen them and the HEPA filters is recommended to
prevent the condition shown in Figure 2.6. Adsorbers, both unit-tray and permanent single-unit types are
generally of a robust construction that should be relatively unaffected by shock loadings if properly installed.
Filter and adsorber mounting frames and housings
designed in accordance with recommendations in
Chapter 4 will probably have adequate shock resistance
for most applications. The difference in the ability of the
two fan installations, shown in Figure 2.9, to withstand a
substantial degree of shock 1s readily apparent.

Protection of the primary air cleaning components can be
achieved by using fast-acting isolation. Although turning
vanes, dampers, moisture separators, and prefilters may
be damaged by a shock wave, they may also serve to
attenuate its force to some degree and thereby provide a
measure of protection to the HEPA filters downstream.
Damage to dampers, however, can result in inability to
control flows or isolate branch lines. Sand filters arc
employed in some DOL facilities for protection of the
final filters and to prevent loss of confinement in the
event of explosion, earthquake, tornado, fire, or shock.
As discussed in Chapters 3 and 9, sand filters are large
deep beds of graded sand and gravel, installed 1n
underground concrete enclosures. In some cases they are
cmployed as final filters. Because of their size, a true
efficiency test cannot be performed on a sand filter
installation.  Field tests have shown leakages comparable
to HEPA filters. Their large mass bed size will dampen
most conceivable explosions and deflagrations. Airflow

is upward through the bed, and leakage caused by the Figure 2.9 - Methods Employed for
cxplosion should be only momentary becausc of the great  Inscalling Axial-Certrifugal Fans in Different
mass of sand and gravel comprsing the filter. The Nuclear Reactor ESF Air Cleaning
disturbed sand should fall back to heal the breach. This Systems—(a) Shock-Resistant Base-
large mass of sand and gravel also provides a substantial Mounted Fan; (b) Hanger-Rod Supported
heat sink in the event of fire in a ventilated space. The Fan. (Note anchor plates provided by Fan
disadvantages of sand filters are very high initial cost and Manufacturer, but not used.)

high pressure drop.

Explosion in an operating area of a building is probably the most likely type of shock-generating incident that
one can expect in radiochemical, laboratory, and experimental faciliies. A chemical explosion 1s no more
than a rapidly burning fire and therefore, in a confined space, can be arrested if a suppressant can be
introduced quickly enough.
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2.4.2 Power and Equipment Outage

Emergency plans must account for the probable occurrence of power and equipment (particularly fan)
failures. Such failures, if not property planned for, can result in a contamination hazard to the public or
operating personnel, particularly in buildings with zone ventilation where airflow must be maintained to
preserve pressure gradients between zones and to prevent backflow to contaminated air to occupied spaces.
Possible emergency measures include redundant fans, redundant fan motors (perhaps served from
independent power sources), and alternate power supplies (e.g., steam tutbine or emergency diesel-electric
generator). Where continuous airflow must be maintained, facilities for rapid automatic switching to an
alternate fan, power supply, or emergency sousce, or to a standby air cleaning unit, are essental. However, if
brief interruptions of flow can be tolerated, manual switching may be permissible at less expense. In any
event, visible and audible alarms should be provided, both locally and at a central control station, to signal the
operator when a malfunction has occurred. In addition, indicator lights to show the operational status of fans
and controls in the system should be provided in the central control room.

2.4.3 Air Cleaning System Layout Considerations

The layout and location of air cleaning facilities can have a ditect beating on the system’s capability of
effecting control under upset conditions and of limiting the adverse consequences of such an upset.

Compartmentation and Segmentation

A higher degree of control is required in the event of a fire, explosion, equipment outage, or other system
upset if the air cleaning system is segmented or if the individual air cleaning units ate compartmented.
Segmentation permits isolation of a damaged unit and minimizes the chance that the entite system will
become inoperable at the same time. Series compartmentation is employed in some potentally high-risk
applications to permit further isolation of

the less critical air-pretreatment facilities Airflow Prefilters: 8 in.
(demister, prefilters) from the more critical Damper 30y 3 Amay
final HEPA filters and adsorbers. Series X_ N 1 a1
parallel arrangement of a central exhaust

filter system that handles high-specific-

activity alpha-emitting materials is shown in

Figure 2.10. In the event of fire or

equipment damage in any one housing of I ) |

this system, or in the filters, the housing can .

be isolated and the remainder of the system 11 3 11

kept in service. Also, any one of the

housings can be isolated for testing or filter

change (under normal operating conditions) IU\N U
without interruption of work being B A
conducted in the building. NRC Regulatory / N 1 1 \
Guide 1.522 recommends that the installed |individust ™| _
capacity of any one air cleaning unit be no Housing “52‘.,5‘3",{,‘;,3 "

greater than 30,000 cubic feet per minute
(cfm) to permit more effective control in Figure 2.10 - Series-Parallel Arrangement of Central

the event of an emergency and to permit Exbhaust Filter System of a High-Hazard
more reliable surveillance testing of the Radiochemical Laboratory (Note: Dampers that
HEPA filter and adsorber stages of the Pennit Isolation of Any Housing Without Stopping
unit.? Exhaust Airflow)
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Redundance

Redundant air cleaning facilitics are often required in potentially high-risk operations, such as reactors and
radiochemucal plants, to ensure continuous ventilation in the event of failure of an online air cleaning unit. In
the case of reactor post-accident cleanup systems, redundant air cleaning units are required even though the
system is normally in a standby condition. Figure 2.11 shows the segmented, redundant, normal offgas and
building-exhaust air cleaning systems of an experimental water-cooled reactor with vented confinement. Of
the two units of each system, which are normally online, one is capable of meeting exhaust requirements
when the building supply fans arc shut down in the cvent of an emergency. High-quality isolation dampers
are cssential in redundant systems, not only to protect the offline units when not in service, but to prevent
bypassing of the air cleaning system through a damaged offline air cleaning unit.

Single-Component
Air Cleaning Unit

d

Isolation Damper

Final Stage HEPA Filters

Two Adsorption Stages

Bank of HEPA Filters in 3 x 4 Array
Prefilter Stage

Isolation Damper

Multicomponent
Air Cleaning System

Figure 2.11 - Experimental Reactor
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Location of Air Cleaning Facilities

The location of filters, fans, and other air cleaning components can play a major part in minimizing
component damage and spread of contamination in the event of a fire, system upset, or other emergency. A
common but undesirable practice has been to install such items in random locations in attics or unused
building spaces. Figure 2.12 illustrates a type of filter
installation in which a wood-cased filter was simply
clamped between two flanged duct transitions in an open
attic space. There is no floor a catwalk adjacent to the
filter, with the danger that service personnel risk falling
through the ceiling to the room below. Access is limited by
the adjacent hangers and ducts. Furthermore, because the
location is in an open attic space, dropping a used filter
during a filter change, or breach of the wood filter case in
the event of a fire, would result in the spread of
contamination throughout the entire attic, which would be
difficult if not impossible, to cleanup. In-duct installations
of this type, in which the wood filter case is part of the
pressure boundary, do not conform with NFPA 90A.? For
this reason, the design is not acceptable and a housing must
be used.

Figure 2.12 - An Illustration of Poor
Filter Installation Practice

Figure 2.13 illustrates another example of poor filter installation and locaton. The locaton of the light
troffer indicates that the air cleaning unit (which is provided for control room ventilation in a nuclear reactor)
is located about 20 feet off the floor, and access is setiously impeded by hangers, cable trays, piping, and
other equipment. This unit is a wood-cased chemical, biological, radiological (CBR) filter, which, like the
filter installation shown in Figure 2.12 does not comply with NFPA 90A.? Again, this unit is located in an
open and normally occupied building space where a serious spread of contamination could result if the filter

. were dropped during service or
breached in an accident or fire.
Furthermore, fire external to the filter
could also breach the filter case and
permit contamination to spread from
the room to other portions of the
building.  Figure 2.14 illustrates a
better practice by showing an air
cleaning facility installed in a large
room that can be isolated as a radiation
zone in the event of an emergency or
spill without risking contamination of
adjacent facilities.

Another common practice has been to
install ducts and filter housings on the
roof of a building, which are accessible
only over the roof. In the event a used
filter is dropped during maintenance,
there is a potential for contamination
sptead not only to a surface (the roof), which would be difficult to decontaminate, but to the atmosphere as
well. For all systems, but especially for potentially high-hazard systems, it is recommended that all air
cleaning components, including ductwork, be located inside a building space to provide a secondary

Figure 2.13 - An Hlustration of Poor Filter
Installation Practice
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confinement against breach of the pressure
boundary. Preferably, such building spaces
should be heated to minimize condensation
in the ducts during the winter months, and
they should be easily accessible for
inspection and service. Housings should be
located in rooms that can be 1solated during
service or an emergency and that have walls
and floors that can be easily decontaminated
in the event of a spil  As a minimum
precaution, the gencral areas surrounding

) ) g R, the housing should be one that can be
Figure 2.14 - Senc:s-ComparunentedAJt cordoned off as a contamination zone. Off-
Cleaning System the-shelf bag-out housings of the type,

shown in Figure 2.15, are being used
increasingly for single-filter installations. Although the bag-in bag-out provisions of those housings offer a
measure of protection against spills during service operations, the plastic bags employed can be torn by the
sharp corners of stecl-cased filter clements and adsorber cells. It is recommended, therefore, that these
caissons be installed in isolable rooms or controlled building spaces, at least in those cases where intermediate
to high-level radioactive material 1s, or could be, present in the duct. Additional information on caissons and
bag-in bag-out filter installations is given in Chapter 6.

2.5 Multistage Filtration

Although a single stage of HEPA filters 1s
sufficient to meet most decontamination
requirements, two, three, or even morc stages
may be required to meet the stringent
requirements of facilities in which plutonium
and other transuranic materials are handled.
Multistage HEPA filtration 1s also employed to
increase system rcliability through serics
redundancy.

2.5.1 Series Redundancy

N
Figure 2.15 Exhaust Air Cleaning System of
Radiopharmaceutical Company

Installaions such as the IDDOE national
laboratories and production facilities which
have lived with radiation on a day-to-day basis
for many yecars have found it necessary to
employ series redundancy of HEEPA filters in exhaust and air cleanup facilities for Zone I, and often Zone 11,
confinements. 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-stage filters. Each stage of filters must be individually testable
if credit for redundancy is to be clamed. That s, if the stages are not individually testable, the combination of
two or more stages must be considered as only a single stage from the standpoint of reliability. On the other
hand, each untestable stage contributes to the overall filtration efficiency of the combinaton, although not to
an cxtent cquivalent to the nominal stage efficiency of 99.97 percent [decontamination factor (DF)=3333]; a
maximum cfficiency of 99.8 percent (DF=500) has been allowed in the past for untestable second- and third-
stage filters, with full credit for the stage. For new systems, no credit should be assumed for non-tested
filters.
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Redundant stages should be well spaced, the first often being a duct-entrance filter in a room, glovebox, or
hot cell, and the second being the final filters of a central exhaust system. In some systems, for example the
ESF air cleaning units of nuclear power plants, the series-redundant filter banks are installed within the same
housing. In any event, redundant stages should be spaced sufficiently far apart to allow for effective in-place
testing and inspection of both faces of the filters; they should not be installed back-to-back or to other
components of the system such as prefilters or adsorber cells.

2.5.2 Increased Decontamination Factor (DF)

The particle sizes of plutomum aerosols generated in chemical opcrauons cmploycd in nuclear fuel
fabrication and reprocessing fall within the range of the size of maximum penetraton (SMP) for HEPA
filters, 0.07 to 0.3 um light scattering mean diameter (LMD). Although 0.3 um LMD is considered the SMP
for dust and other unit-density particles, the SMP for high-density particles, such as plutonium, is
substantially higher. The aerodynamic mean diameter of plutonium particles formed by condensation is
thought to lie between 0.4 and 0.7 um.22 A HEPA filter, by definition, has a minimum filtration efficiency of
99.97 percent (DF=3333) for 0.3-um particles (although most of the HEPA filters curtently being validated
by the DOE Quality Assurance Stations exhibit DFs on the order of 10%). Current NRC Regulatory Guides
recommend a total plant DF of at least 101! for plutonium in gaseous effluents. Although some
decontamination is effected by plant operations, the greatest portion must come from the HEPA filters,
which means that two, three, or even mote stages of filters may be necessary.

Theory predicts that the primary mechanisms in the arrestance of particles by a HEPA filter are diffusion and
inertia; the effectiveness of these mechanisms varies with particle size, airflow velocity through the medium
and, to a lesser extent, particle density as shown in Figure 2.16. Direct interception, or impaction, is a
secondary mechanism that is independent of these parameters. As evident from Figure 2.16, these
mechanisms combine to produce a statistical average DF, not an absolute value for a given particle size. For
this reason, the effect of adding stages of
HEPA filters is muldplicative and does not
produce a screening effect that theoretically
tesults in an absolute minimum DF for any
given particle size. (In practce, however, %’ﬁ,

some screening of particles substantially &
larger than the SMP can be expected) In 7
theory, therefore, the DF of a multistage

HEPA filter installaton would be DFqf (a) — ®) i

where DFfis the definition DF of the HEPA Increasing Particle Size —» Increasing Velocity ~ ==
filter (DF=3333) and # is the number of
stages. Work at the Los Alamos National
Laboratory suggests that this theory is
essentially true3%; DFs of 10* for stages one
and two and of somewhat less than 5 x 10
for the third stage of a three-stage system,
with an average DF of 5x 103 for each of
the three stages, were determined. These

Particle Size Constant
Density Constant

Density Constant
Velocity Constant

Increasing EMcioncy ——s

Increasing Efficiency —,

Particle Size Constant
Velocity Constant

Increasing Eficiency

1
results were obtained in a small-scale test Increasing Density —
system (about 25 cfm) in which conditions
were idealized by eliminating gasket leakage Figure 2.16 — General Effect of Principal
and employing filter units that exhibited a Mechanisms that Affect the Arresting Efficiency
test efficiency (according to DOE Quality of the HEPA Filter

Assurance Station testing) of greater than 99.99 percent.
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Earlier less definitive tests and experience had indicated substantially lower values of DF in the second and
third stages, and conscrvatism suggests that values lower than those obtained in the Los Alamos tests should
be used in practice. Conservatism also suggests that a value no higher than DF 3333 be used for the first
stage, and probably somewhat less to allow for filter degradation under scrvice conditions. Although DF
improves with dust lading of the filter, aging and exposurc to moisture and corrodents may decrease the
ability of the filter to maintain the higher DF under system upset conditions. For purposes of estimating the
capability of a multistage HEPA filter installation under normal operating conditions, a DF of (3 X 10%) can
be safely used with systems that adhere to the design, construction, testability, and maintainability principles
of this handbook or ASME N509.%

Accident analyses typically assume a first stage credit of 99.9 percent efficiency (DF of 10%) for removal of
plutonium acrosols. Sccond and subsequent stages typically assume an efficiency of 99.8 percent (DF of
5% 10%). These assumed cfficiencics are based on the premises that: (1) the HEPA filters have successfully
been through the DOE Filter Test Facility (FTF) at Oak Ridge; (2) they arc installed and in-place leak tested
to at least 99.95 percent’!; (3) they are installed in a system built to the specifications of AG-1; and (4) are
tested in accordance with national standards.

2.6 Passive Safe Shutdown of Systems

“Passive Safe Shutdown” (PSS) is an expression that describes a confinement concept in use at a hazardous
nuclear facility, whereby potential air exhaust pathways are aligned through filtration components, but
without a motive force pulling the air through. The concept is basically the same as a judicial arrangement of
filtration assets during a facility blackout condition. The potential imminent failure of the exhaust filtration
system may also warrant such an arrangement. The PSS concept can be applied as either a penulumate or a
first response to an accident situation.

As a penulumate response, every hazardous facility manager should have such a prepared plan for what to do
when the lights go out. This should include the arrangement of the facility in such a way that it poses the
least threat possible to the facility workers, the environment, and the public. It may also be useful to enter
this intentional “operational” mode under cxtenuating circumstances, such as the exhaust filtration system is
in jeopardy of failure (c.g., from internal or external fire threats). However, the plan should also consider
expeditious departure from the PSS mode after entry.

When PSS becomes the first, and sometimes only, responsc to an accident situation, additional attention must
be given to potental leakage pathways and accident sampling. The rcasons for this are simple. The accident
itself could produce some unintended consequences when the PSS mode is entered and the facility is
operating at, or greater than, aumospheric pressure.  To understand these two potential challenges
(e, potental leakage pathways and accident sampling) each will be examined in the context of a
confinement, versus a containment concept.

Flazardous operations at DOE facilites are typically located inside a confinement. The confinement usually
consists of the entire building structure and associated confinement ventilation system(s) (CVS). The building
1s maintained at a negative pressure relative to atmosphere by the CVS. The CVS is an assortment of several
subsystems that cascades the building air from areas of lesser contamination to areas of greater
contamination, with some intermediate contaminate removal via filtration. Prior to being exhausted from the
building, the air undergoes filtration, sometmes through multiple stages of filters.

Alr is supplied to the confinement building by various air supply systems. Typically, air is supplied at a rate
slightly less than it is exhausted, such that a vacuum can be maintained throughout the facility. Air may also
“leak” into the building through door seals or penetratons and account for the mismatch between supply and
exhaust.  Various dampers and valves are usually employed to direct the air to specific locations.
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Theoretically, with the building maintained at a negative relative to atmosphere, all air that enters the building
should exit only after it is filtered.

By contrast, in a containment concept, such as those employed at commercial nuclear power plants, air is
bottled up inside an unfired code pressure vessel (the actual confinement) which is surrounded by a
reinforced concrete structure, which provides the seismic resistance for the facility. Here there is no
unintentional supply or exhaust of air expected during the course of the accident. Also, there is no cascading
of air or vacuums relative to atmosphere. Actually, confinement pressures up to several atmospheres are
expected. This is not to say that confinements are not found in commercial nuclear power applications, for
they are. It’s just that the containment is the primary retention device, and not a confinement.

For actual confinements, several factors may cause the building to either “breath” or “exhale.” “Bteathing”
can be caused by the diurnal sun cycle which leads to the heating and cooling of the building and consequent
expansion and contraction of the building air. Since the building seeks to remain at atmospheric pressure, it
will breath, hopefully through a pre-established filtered pathway, to accommodate the expansion and
contractions within the building. This pre-established filtered pathway is the very essence of the PSS concept.
Changes in barometric pressure act in somewhat the same way.

The building can “exhale” by several mechanisms. Fites can cause the air to exhale from the building, as can
the release of compressed gases, which hopefully are not flammable, inside the facility. Strong winds can
create a vacuum on the leeward side of the building and pull air through various penetrations.

The purpose of the last two paragraphs is to demonstrate that there are mechanisms beyond our immediate
control (i.e., diurnal cycling, barometric pressure swings, fires, compressed gas teleases and strong winds) that
can lead to undesirable releases from a structure that is in a passive state. Hopefully the releases will be
through filtration devices, but this is dependent upon the integrity of both the structure and the exhaust
pathway established.

The greatest threat to confinement, structural integrity, is an earthquake. At nuclear facilities, buildings and
equipment, designated Safety Class or Safety Significant are specifically designed to withstand the effects of a
design basis earthquake (DBE). This means the building should be structurally usable and the equipment able
to perform its intended function after suffering the imparted motions of a DBE or one of lesser magnitude.
Cracks and damaged penetrations may be significant in that they could provide potential unfiltered leakage
pathways.

To gain some insight into the size of cracks that may be of interest, consider the following for diurnal cycling.
A 2 million cubic foot building (200 feet long X 200 feet wide X 50 feet high) and a 25 degree Fahrenheit
temperature increase, will lead to a 5 percent volume change over 10-hour period, leading to a leak rate of
approximately 170 standard cubic feet per minute (scfm). Bypass leak rates of only a few volume percent
have been shown in Documented Safety Analysis (DSA) reports to result in calculations that approach the
exposure guidelines for the general public. The surface area represented by this building is approximately
80,000 square feet. Assuming a 10 square foot leakage pathway (ie., an average size inlet duct), this
represents a 17-foot-per-minute velocity from the pathway [or roughly 11.5-mile-per-hour (mph) velocity
which is humanly perceptible]. At 100 square feet assumed surface area of cracks, that’s down to 1.15 mph
(not easily perceptible). A 10 square foot leakage pathway represents only 0.0125 percent of the surface area
and could also be represented by a crack 960 feet in length and 1/8 of an inch wide. It is evident that even
small holes and cracks ate potentially extremely important to any confinement concept.

When it comes to building penetrations, doors are the most obvious. Under normal conditions, door seals
will leak. Tell-tale air in-leakage marks have been observed at damaged facilities. Since air will follow the
path of least resistance, if there is no impediment to in-flow during normal operations, there will be no
impediment to out-flow during PSS conditions. Also, and most importantly, this may not be a filtered

2-32




DOE-HDBK-1169-2003 Chapter 2

pathway. One facility, in response to establishing Technical Safety Requirements (driven by the importance
of the bypass leakage assumptions to their DSA calculations), has actually measured the air in-leakage during
normal facility operations and set an upper limit of acceptability and periodic surveillance requirements for
operation. Doors, therefore, should be thoroughly analyzed for susceptibility to permanent distortion
resulting from seismic events. This could occur at the door frame to building mounting as well as the door to
the door frame mounting. The amount of expected distortion and resultant leakage pathway, should be taken
into consideration in the safety basis for the facility.

The next obvious potential bypass leakage pathways are the inlet and exhaust duct penetrations. As with
doorways, the attachment of the ductwork to the structure represents a potential failure point that should be
analyzed. In addition to the penctration itself, the extension of the ductwork into the facility also offers a
potential bypass leakage pathway, as the skin of the ductwork is actually an inward (or outward) extension of
the confinement boundary. This boundary should end with a testable 1solation valve or a seismically designed
filtradon system. A few facilities have actually fitted their inlets with HEPA filters, such that the facility can
be alligned to breathe through both the inlet and exhaust HEPAs. Dampers should never be used for
1solation purposes, as they are not designed for this purpose. Obviously, all penetrations through the
ductwork up to the point of isolation represent potential bypass leakage pathways and should be limited and
testable. Potential problem areas include fan shaft scals, boots on fans, valve and damper shafts, mstrument
penetrations, electrical penetratons, etc.  All these should be considered in estimating potental bypass
leakage. The seismically-designed ductwork supports should not be overlooked. Without them, the
ductwork, that is expected to remain in tact, might not stand during a seismic event.

A not so obvious threat to a PSS confinement (or any confinement for that matter) is the storage of
unsccured waste in large 100-cubic foot boxes or 55-gallon drums throughout the facility. During a seismic
event, such unsecured items could move and possibly endanger the confinement boundary. The same is true
for items stored mside filtration systems (1.e., ladders and tools used for filter testing and change outs). All
these things must be considered.

Besides trash and testing tools, there is also concern for installed equipment that is not seismically designed or
restrained.  The potental interaction of nonseismically-designed equipment upon seismically-designed
cquipment is referred to commercially as “two over one” considerations. [Note: This is derived from the
seismic level 11 (nonseismically-designed) and scismic level I (seismically-designed) designations used
commercially.] This has led to cumbersome shield walls and restraints added to commercial designs. The
bottom line 1s the potential motion of material and nonseismically-designed equipment and its resultant
potentially detrimental impact on the confinement boundary should be taken into consideration.

Intcrnal integrity may also be important if transport assumptions for zone-to-zone communications during
potential accident scenarios cffectively reduce the material at risk.  All the concerns expressed for
confinement boundary integrity (i.c., cracking, penetratdon, moving equipment, unsecured trash, etc.) now
should apply to the zones themselves. This could become a calculational quagmire.

Besides bypass leakage considerations, the other significant challenge to the PSS concept involves
post-accident sampling. Such sampling is neccessary to adequately mform the facility management so
approprlatc and umely actions might be recommended for the protection of the pubhc workers, and the
environment in the event of an accident. Without sample flow [because there is no power], installed
instrumentation will not work because the electronics will divide the raw counts collected over a period of
time (this 1s directly proportional to the amount of an assumed isotope released via the fixed pathway) by the
average sample flow rate during the same period of time, which will lead (with division by zero) to
meaningless numbers. It is also assumed that all the leakage is being directed past the monitor, which, as has
alrcady been discussed above, may not be the case.
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The use of field sampling results for post-accident decisionmaking suffers from two setious deficiencies:
accuracy and timeliness. With bypass leakage, it is impossible to determine, a priority just where the material
will come from and at what flow rate. So, even though something may be measured, there is no assurance
that it represents the total threat. Also, the time to gather and analyze a sample is too long compated to the
time required for recommending protective actions. There is simply no substitute for directing a known flow
quantity through a known pathway and past a monitor to assess the conditions emanating from inside an
accident stricken confinement.

In conclusion, every hazardous facility should have a plan on how and when to best align for a blackout
condition (i.e., a PSS plan) and on how and when to expeditiously exit a PSS state. That being said, a PSS
concept for a post-accident condition requires both a detailed level of knowledge of the integrity of the
confinement structure itself, all its penetrations, and potential equipment and material movements in the
facility; and, development of reliable and timely sampling techniques. While such knowledge and
development might be useful to pursue, it soon becomes obvious that it is overly butdensome to control all
the potential threats to confinement integrity or to obtain reliable and timely estimates necessary for
protection of the public, workers, and the environment. It is easier, more reliable, and practical to direct flow
by force through a known pathway.

2.7 Air Cleaning System Design Considerations for Commercial
Nuclear Power Plants

The purpose of this section is to introduce the reader to the lexicon and requirements for air cleaning systems
at nuclear power plants. Except for those systems found in confinement, there are many similarities between
the air cleaning systems used at nuclear power plants and those used at DOE facilities. The first difference is
nomenclature (i.e., the names of components). At DOE facilities, the nomenclature used includes “safety
class,” “safety-significant,” and “defense in depth,” or simply production support. Nuclear power plant
systems and equipment are classified as either nuclear-safety-related, ESF, or nonnuclear-safety-related. In
some cases, nonnuclear-safety-related systems and equipment are designated as “Balance Of Plant.” Some
systems and equipment are referred to as “Important to Safety.” This term is not recognized by regulatory
agencies and organizations, but certain situations exist where an air cleaning system must perform a function
that has fewer requirements than those for a system that is fully nuclear-safety-related. One example is the
Technical Support Facility Ventilation Air Cleaning System for commercial nuclear power plants. This area is
used by plant management and technical support staff to support the operating staff in the control room
during unusual events or accidents. The Emergency Operations Centers (EOCs) at DOE facilities are similar
in both function and design to commercial nuclear power plants Technical Support Centers. These systems
are required to: (1) be constructed, operated, and tested in accordance with the requirements of U.S. Nuclear
Regulatory Commission (NRC) Regulatory Guide 1.140,32 (2) be able to provide a positive pressure within the
Technical Support Center when it is operational, and (3) be supplied with Class 1E emergency power. These
systems are nuclear-safety-related, but are not an engineered safety feature.

2.7.1 Engineered Safety Feature and Nonnuclear-Safety-Related Systems

Air cleaning systems designed for ESF applications at commercial nuclear power plants must meet the
requirements of Regulatory Guides 1.52,2 and 1.78,3% as well as applicable portions of the facility’s Standard
Review Plan. These documents have been cited routinely by DOE, but generally are not mentioned in
current DOE Orders. In addition, DOE cites numerous of its Otders that have special application to
nonpower-related reactor activies. Many of these documents are site specific, and DOE is currently
reviewing some of them for possible deletion and replacement (by reference) with consensus codes and
standards.
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Regulatory Guide 1.5227 addresses ESF air cleaning system requirements. Regulatory Guide 1.14032 addresses
nonnuclear-safety-related air cleaning (“normal atmosphere cleanup”) system requirements. Regulatory
Guide 1.78% addresses climatic affects and requirements for outside air intakes.

For ESF applicadons, applicable regulations, codes, and standards must be combined with good engineering
practice. Easc of maintenance, operability, testability, cleanability, and decontamination also must be carefully
considered. In additon, air cleaning systems must be integrated into the overall plant or process design,
including monitoring and control requirements. ESF systems are supplied with assured power from the plant
Class IE emergency clectrical power system.

Applicable Regulations and Standards for ESF Air Cleaning Systems

Alr cleaning systems designed for ESF applications at commercial nuclear power plants must meet the
requirements of ASME Standard N509, Nuckar Power Plant Air Cleaning Units and Components;®® ASME
Standard N510, Testing of Nuclear Air Treatment Systems;® ASME Standard N511, In-service Testing of Nuclear Air
Treatment Systems (to be published)’s; and ASME AG-1, Code on Nuclear Air and Gas Treatment* 1t is good
practice to implement the codes and standards referenced above for all nuclear-related air cleaning systems
and components. All Safety Class and Safety Significant systems must be built to ASME AG-1 requirements.

Specific regulatons, regulatory guides, Standard Review Plans (SRPs), and industry guidance and consensus
standards govern the design criteria and operating characteristics for ESF air cleaning systems. Although
these criteria are generated specifically for commercial nuclear gencratng stations, the principles can be
adapted to other nuclear facilities.

Regulatory guides and SRPs provide more specific guidance and are considered acceptable ways of satisfying
regulatory requircments. Regulatory Guide 1.52, Design, Testing, and Maintenance Criteria for Post Accident
Engineered-Safety-Feature Atmosphere Cleanup System Air Filtration and Adsorption Units of Light-Water Cooled Nuclear
Power Plants,? details criteria for operating Control Room air cleaning systems in a post-accident environment.
Environmental and system design criteria, component design criteria, qualification testing, maintenance, and
in-placc testing are discussed in detail.

The ESF systems designed to contain and mitigatc DBAs must be redundant and physically separated so that
damage to one does not cause damage to the other.

Redundancy requires two complete trains of equipment and components. There are cases where ductwork
has not been completely redundant. A common space served by the redundant trains, such as control rooms,
may not require 100 percent redundancy of the ductwork, as long as it can be demonstrated that no common
mode failures would render both trains of equipment inoperable.

Scparation is required, so that postulated accidents such as internal missiles, fire, and flood cannot render
both trains of the redundant system inoperable from the same event. Separation can be achieved by
physically locating the trains far enough apart that postulated accidents cannot render both trains inoperable,

or by erecting a physical barrier, such as a concrete wall, for protection.

The SRPs are documents prepared by NRC staff to document application review procedures for construction
and operation of nuclear power plants (NUREG-0800).36

The following criteria are applicable to ESE systems for all applications:
* A single active fatlure cannot result in loss of the system functional performance capability.

¢ [Failure of nonsecismic Category I equipment or components will not affect system operation.
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A suitable ambient temperature can be maintained for personnel and equipment.

e The system can detect and filter aitborne contaminants before personnel enter the area.
¢ The system can detect and isolate portions of the system in the event of a fire.

¢ The ESF ventilation system will continue to function during all DBAs that require the building or
area of the plant to be habitable and that require the essential equipment served by the ESF

ventilation system to remain in operation.

Most nuclear power plants restrict the amount of zinc and aluminum that can be used inside the confinement
structures. Zinc and aluminum both interact with the spray chemistry of the emergency core cooling systems
to produce hydrogen, which can accumulate in the confinement and become an explosion hazard in the event
of an LOCA. These materials must be tightly controlled, and an accurate inventory must be kept when they
are used inside confinement structures.

Since most HVAC and air cleaning systems use galvanized steel for ductwork and cqmpmcnt housings,
alternate materials need to be considered for use inside confinement structures. One optlon is to use stainless
steel for ductwork and equipment housings. Stainless steel is expensive, but its advantage is that it does not
require any coating to prevent the corrosion or scratching that can occur during repair, maintenance, or
testing/surveillance activities. In addition, it is easier to decontaminate than some other materials. Another,
less costly option is to use steel coated with a material that is compatble with the confinement environment.
The disadvantage of using coated steel is that it does not hold up well in environments involving high rates of
ductwork or equipment repair, maintenance, or testing/surveillance activides. The coating also must be
inspected and repaired when damaged, which can cause critical time delays duting refueling or other time-
sensitive activities.

Galvanized steel ductwork can be used successfully outside confinement, and at a lower cost than stainless
steel. Galvanized steel has many of the same advantages as stainless steel, such as ease of decontamination,
and it holds up well in areas that are subject to frequent repair, maintenance, testing, and surveillance
activities. One caution should be noted, however: if the galvanized coating is severely damaged or removed,
as in cases when welded duct construction is used and when supports are attached by welding, then the
damaged areas must be recoated with a zinc-rich paint to prevent corrosion.

Radiation considerations can also present some material challenges, especially for those units that are
normally in standby but function during and after a DBA and collect large quantities of radioactive materials.
Radiation exposutes of ten to hundreds of millions of rads are possible and need to be considered. At these
exposute levels, the decomposition of some organic materials (e.g,, gules, gaskets, binders) becomes possible.
[Note: One common sealant, Teflon®, is particularly susceptible to radiolytic decomposition starting at
approximately 1,000 rads of exposure. One decomposition product of note is hydrofluoric acid.]

2.7.2 Design Considerations

A clear definition of the design parameters is probably the most important, but often the least appreciated,
requirement leading to the development of a satisfactory air cleaning system. The design parameters must
consider basic performance requirements; physical limitations; regulatory, code, and standard compliance; and
accident confinement and recovery. All of these parameters must be identified as an initial system design step
because they form the basis for design. This is the responsibility of the facility owner, who is often assisted
by an architectural engineering firm with expedence in this type of plant design. See Table 2.1 for system
environmental parameters.
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Outdoor design conditions can be obtained from the ASHRAE Guide and Data Books,” from local weather
stations, or from site meteorological data. It is important when selecting outside design conditons to use the
most extreme data, particularly for nuclear-safety-related systems, as they must be capable of operating in these
extremes.

The following examples of design basis accidents should be considered when designing an air cleaning
system:

®  Reactor coolant system LOCA (large and small breaks).

® Seismic Loading. [Note: the loads that must be considered when designing the air cleaning system will be
different if the system has to remain operational during and after the event, or if the system only has to
maintain its structural integrity; i.e., the system does not have to function during and after an event.]

¢ Fire, smoke, and hot air (see Chapter 10).

¢ Tornado/high winds. [Tornadoes can cause damage due to a significant pressure drop [approximately
3 pounds per square inch 1n gauge (psig), negative] as the tornado passes over the facility. Openings and
items (e.g., air cleaning equipment, ductwork, etc.) that are exposed to this pressure transient can collapse
if they are not protected by tornado dampers. In addition, tornadoes and high winds can convey missiles
that can enter intakes and other unprotected openings and damage safcty-related systems and
cquipment.|

¢ Internal and external missiles. (Internal mussies are usually generated by rotating cquipment failure.
External mussiles are usually generated by a tornado or high wind.)

® Acuve equipment failure. [This refers to failure of any cquipment that provides an “active” function
(e.g., pumps, fans, valves, dampers, switches, ctc.) and must be relied on to safely shut down the facility
and/or maintain it in a safe configuration.]

® Loss of onsite and offsite power. (The facility must be designed to be safely shut down and/or be
maintained in a safe configuration in the event of a loss of onsite and offsite power.)

2.7.2.1 System Design

Individual ESF air cleaning systems are limited by Regulatory Guide 1.5227 to approximately 30,000 cfm.
When the system airflow exceeds this limit, multiple systems must be used in parallel. ESF systems contain
the following sequential components: (1) a moisture separator to remove entrained water droplets, (2) a
heater to control relative humidity (RH) when the RH of the air entering the carbon adsorber exceeds
70 percent, (3) prefilters, (4) HEPA filters, (5) a charcoal adsorber, (6) HEPA filters downstream of the
adsorbers, and (7) a fan. Ducts, valves, and dampers are also included for system isolation and flow control,
as well as related instrumentation. When the moisture and dust loads are low for all credible operating
modes, the prefilter and moisture separator may not be required.

As stated previously, ESF systems designed to contain and miugate accidents must be redundant, and the
redundant systems must be physically separated so that damage to one does not cause damage to the other.
Instruments must make flow rates and pressures available to the Control Room as well as locally, and must
provide visual and auditory alarms as indicated in ASME AG-1, Appendix IA-C, Table IA-C+ All
instruments, including heater, damper, and fan controls should meet the requirements of IEEE 323, Standard
Jor Quatifying Class 1E Electrical Equipment for Nuclear Power Generating Stations® and IEEE 344, Recommended
Practice for Seismic Qualification of Class 1E Equipment in Nuclear Generating Stations Regulatory Guide 1.100,
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Seismic Qualification of Electrical Equipment for Nuclear Power Plants® and Regulatory Guide 1.105, Instrument Set
Points»9 are also applicable. Instrument controls and control panels should meet the design, construction,
installation, and testability criteria in Section 1A of ASME Code AG-1.4

The design, construction, and test requirements of ASME Code AG-14 apply to the following ESF air cleaning
components and are titled accordingly.

e Section AA, “Common Articles”

e Section BA, “Fans and Blowers” (Motors for fans and blowers must also meet the qualification
requirements of IEEE 334,% IEEE 323,5 and IEEE 344.9)

e Section DA, “Dampers and Louvers”

e Section SA, “Ductwork”

e Section HA, “Housings”

e Section RA, “Refrigeration Equipment”

e Section CA, “Conditioning Equipment”

e Section FA, “Moisture Separators”

e Section FB, “Medium Efficiency Filters”

e Section FC, “HEPA Filters”

e Section FD, “Type II Adsorber Cells”

e Section FE, “Type III Adsorber Cells”

e Section FF, “Adsorbent Media”

o Section FG, “Frames”

o Section FH, “Other Adsorbers”

e Section FI, “Metal Media Filters”

¢ Section FJ, “Low-Efficiency Filters”

e Section FK, “Special Round and Duct Connected HEPA Filters”
e Section [A, “Instrumentation and Controls”

e Section TA, “Field Testing of Air Treatment Systems”
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2.7.2.2 Structural And Seismic Design

The structural design of ESF air cleaning systems must consider the service conditions that components and
their housing may experience during normal, abnormal, and the accident conditions contained in Section AA
of ASME AG-1.4 The ESF air cleaning system must remain functional following dynamic loading events
such as an earthquake. The ESF air cleaning systems, including all components, must have their structural
design verified by analysis, testing, or a combination of both. Qualification criteria are contained in Section
AA of ASME AG-1.4 The design requitements for determining housing plate thickness and stiffener spacing
and sizc are contained in ASME AG-1, Section AA, “Structural Design,” Sections SA, “Ductwork,” and HA,
“Housings.” 4

The maxunum allowable deflections for panels, flanges, and stiffencrs for the load combinations are
contained in ASME AG-1, Scction SA, “Deflection Criteria.”?
2.7.2.3 Equipment Qualification

The fundamental reason for qualifying equipment is to provide adequate levels of safety for the life of the
facility. Equipment qualification assures the ESF system will satisfy two characteristics:

® ‘The equipment will resist common mode failures due to aging degradation.

¢ Nonmetallic materials will survive anticipated environmental stresses.

Generic or Application-Specific Qualification

Qualification may be generic or application specific. Generic qualification is probably best applied by the
original equipment manufacturer. This type of qualification program requires test parameters that may
excced the needs of the specified requirements to be able to use the qualified equipment in a variety of

applications and environments. An application-specific qualification limits the use of the component or
system to those with the same or lesser environmental parameters.

Mild or Harsh Environment Qualification

A mild environment qualification can usually be accomplished without determination of a qualified lifetime
(per Section 4 of IEEE 323)5 whereas a harsh environment program usually requires testing to verify
performance under extreme accident conditions. Simulated aging is necessary to arrive at “end of life
conditions” prior to accident condition testing.

Determining Mild or Harsh Environment

When the answer to all of the questions below is “Yes,” the equipment should be assumed to be subjected to

a mild environment and treated accordingly.?’ Otherwise, it should be treated under the assumption that it is
subjected to a harsh cnvironment.

¢ Wil the environment where the equipment is located be unaffected during and after a DBA (re., will
there be no significant changes in temperature, radiation)?

e Wil the equipment perform its safety-related function before the environment becomes harsh?

e Wil failure of the equipment in a harsh environment after it has performed its function:
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—  Result in misleading information?

— Affect the functioning of other safety-related equipment?

— Cause a breach of pressure boundary integrity?
Safety or Non-Safety-Related Function
It is necessary to determine whether the components are designated as safety-related or nonsafety-related.
Nonsafety-related items can often be excluded from the qualification process when it can be shown that
failure of that component would have no adverse effect on the safety function of the overall equipment.
Equipment Qualification Plan
The Qualificaton Plan must be developed in accordance with IEEE 323% and must include a determination
of the qualification method, listing of the environmental service conditions, desctiption of any required aging
programs, protocol of the test sequence, and definition of the accident test profiles.
An aging program consists of all stress factors, including thermal aging, mechanical/cyclic aging, radiation
exposure, and mechanical vibration. All are designed to simulate conditions that would be encountered
during the expected life of the test specimen prior to an accident condition or test such as seismic pressure or
LOCA.
Equipment Qualification Methods
Three equipment qualification methods are described below.
® Type Testing:

— Accounts for significant aging mechanisms;

— Subjects the equipment to specified service conditions; and

— Demonstrates subsequent ability to perform safety function.
e  Operating Experience:

— Must be compared to equipment with the same generic design; and

— Depends on documentation of past service conditions, equipment performance, maintenance, and
similarity for its validity.

®  Analysis:
— Requires logical assessment or mathematical model of the equipment;
- Requires the support of test data, operating experience, or the physical laws of nature; and
—  Must be documented to permit verification by a competent third party.

A combination of any of the above qualification methods is recommended.
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2.7.2.4 Air Cleaning System Integration with the Entire Facility

A critical design consideration that is often overlooked is the question of how the air cleaning system
interrelates with other air handling systems and the entre facility. Often areas of a facility are directly
connected to more than one air handling system. There are an unlimited number of possible combinations,
but some of the most common are:

¢ An ESF air cleaning unit exhausting an area supplied by a non-safety HVAC system;

® An ESF air cleaning unit in an area normally exhausted by a large fan that may or may not shut down
when the safety system 1s activated,

* A Control Room ESF air cleaning unit designed to provide a positive pressure in an area served by other
ESF and/or non-ESF systems;

® The maintenance of graduated levels of negative pressure in concentric rings in fuel plants or plutonium
facilitics; and

*  Gloveboxes, hot cells, and laboratory hoods with independent filtration systems in rooms served by ESF
or non-ESF systems.

These examples illustrate the need to consider the entire facihity when designing an ESF system. Two
questions must be addressed: (1) how can the system under design affect other systems and areas, and
(2) how can the remainder of the facility affect this system?

2.7.2.5 Design Areas Requiring Special Attention

There arc system characteristics that apply to all air cleaning systems regardless of their specific function or
the nature of the facility. One is that they must be capable of continuing to mcet quantifiable test criteria to
provide cvidence of maintaining acceptance limits over the life of the installation. Therefore, the ability to
maintain and test systems is as important as the ability of the systems to meet the initial performance criteria.
The following are samples of some of the factors that apply to all systems and must be addressed:

¢ Airflow distribution in the ducts and housings;

¢ Airflow balance through the inlet and/or outlet ducts;

®  Fan balance, leaktightness, and a capacity to provide adequate pressurcs at all design flows;

®  Access for inspection, maintenance, and replacement; and

¢ Instrumentation that integrates the overall control and monitoring requirements of the facility.

2.7.2.6 Location and Layout

The ducts of ESF air cleaning systems that pass through clean areas should be designed at a hugher negative
pressure, and the length of any air cleaning unit positive pressure discharge ducts that must pass through a
clean space should be kept as short as possible. When an ESF air cleaning system is a habitability system,
ducts carrying outside air that are routed through clean space should be designed at a negatve pressure.
Housings handling recirculated habitability air should be at a positive pressure when located in a
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contaminated space. Negative pressure ducts located in a contaminated space should be avoided. When this
is not possible, all-welded duct construction should be used. The length of positive pressure ducts outside
the habitability zone should be kept as shott as possible.

Generally, the ditection of airflow should be from less contaminated spaces toward areas with a higher level
of contamination. All ducts and housings containing a contamination level higher than surrounding areas
should be maintained at a negative pressure. Ducts and housings with lower concentration levels than
surrounding areas should be at a positive pressure. Allowable leakage depends on the difference between
duct/housing concentrations and surrounding area concentrations. For example, a once-through
contaminated exhaust filter housing serving a radioactive waste handling area in a nuclear power plant may
have the exhaust fan located downstream of the filter housing when the housing is located in a space that is
cleaner than the air entering the housing. The benefit of this system configuration is that the air cleaning
system is under a negative pressure up to the fan. Therefore, leakage will be into the housing, and the
potential impact of contaminated leakage on plant personnel during system operation will be minimized.

Such a system configuration does not mean that leakage can be ignored. Where it is crucial to personnel
habitability, acceptable limits should be established and perodically verified by testing and surveillance.
Rather, it means the potential for exposure has been reduced to ALARA levels by system design. When the
space in which an air cleaning system housing is located is more contaminated than the air entering the
housing, it would be better to locate the fan on the inlet side of the housing to eliminate in-leakage of more
contaminated ait.

When the housings of habitability systems are located within a protected space, the fan should be located
downstream of the filter unit to ensure that only cleaner air can leak into the housing. When the housing of a
habitability system is located in an area outside a protected space, the fan should be located upstream of the
filter unit to ensure that contaminated air cannot leak in downstream of the filter unit.

Location of fans and housings should be accomplished by assigning a positive designation to the atmosphere
in the cleaner area or duct, and a negative designation to the more contaminated area or duct. When the
pressure difference within an air cleaning housing or duct is positive (+), the fan should be on the
contaminated air-entry side; when the pressure difference is negative (-), the fan should be on the “clean air”
exit side.

Setviceability and maintainability are major considerations when designing an ESF air cleaning system.
Access for servicing the inside and outside of the housing for filter replacement, maintenance, and testing
must be provided. Housings should not be situated among machinery, equipment, and ductwork with any
means for ready access. There must also be sufficient space in the access corridors and adjacent to the
housing to allow handling of filters during change-outs, including space for stacking filters adjacent to the
work area. Dollies are often needed to transport filters through the access corridors. When Type III carbon
adsorbers are used, access to the area must be provided for the mobile carbon transfer equipment. Note that
the fill method must be qualified to ensure adequate packing density. Hand filling is not acceptable.
Recommended service clearances are given in ASME N509.2

2.7.2.7 Air Cleaning System Design Considerations for Commercial Nuclear
Power Plant Control Rooms

The operation of a nuclear power plant is complex and must be performed with great care. Although there
are a number of locations where control over operations is exercised at a nuclear power plant, the center of
activity is the Control Room. Broadly described, the Control Roam is a dedicated area at any type of nuclear
facility where the plant operations controls are located.
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Nuclear power plant operators arc highly trained licensed individuals. Their primary function is to control
the nuclear reaction to ensure the reactor is operated safely under both normal and abnormal condiuons.
Therefore, the Control Room design must ensure that environmental conditions allow achievement of this
goal. Both Control Room operators and equipment (electrical equipment, cables, gauges, instruments,
controls, and computers) must be protected from the radiation and radioactive material present during
normal operation and during abnormal or accident situations, as well as toxic gases, fires, explosions, missiles,
carthquakes, tornadoes, and floods. An environment must be provided where both temperature and RH are
maintained to cnsure the continuing performance of Control Room equipment and to provide reasonable
standards of human comfort for the operators. The primary means of achieving these conditons ate air
cleaning, venulatuon, and air-conditioning systems that are appropriately designed, tested, maintained, and
operated in conformance with the facility design criteria and best engineering practices. In addition, to
enhance operator performance, the Control Room environment must be free from excessive noise, equipped
with adequate lighting, and be designed with easy accessibility to equipment controls.

Control Room System Design Criteria

The basic regulauon applicable to nuclear stauon Control Room systems is 10 CFR Part 50, Appendix A,
“General Design Criterion 19.”% The regulaton states, “A Control Room shall be provided from which
actions can be taken to operate the nuclear power unit safely under normal conditions and to maintain it in a
safe condition under accident conditions, including loss-of-coolant accidents. Adequate radiation protection
shall be provided to permit access and occupancy of the Control Room under accident conditons without
personnel receiving radiation exposures in excess of 5 rem whole body, ot its equivalent to any part of the
body, for the duration of the accident.” Control Room habitability during a postulated hazardous chemical
release also is the subject of two regulatory guides. Regulatory Guide 1.78, Assumptions for Evaluating the
Habitability of a Nuckar Power Plant Control Room During a Postulated Hasardous Chemical Release3  identifies
chemicals which, when present in sufficient quanuties, could result in the Control Room becoming
uninhabitable. Design considerations to assess the capability of the Control Room to withstand hazardous
chemical releases cither onsite or within the surrounding atea are covered. SRY 6.4, Contro/ Room Habitability,36
contains guidance for reviewing Control Room ventilation systems and control building layouts, and is
intended to assure that plant operators are protected against the effects of accidental releases of toxic and
radioactive gases. The area served by the Control Room emergency ventilation system must be reviewed to
verify that all critical areas requiring access in the event of an accident are included within the area {(Control
Room, kitchen, sanitary facilities, and computer facilitics). The ventilation system layout and functional
design must be reviewed to determine whether flow rates and filter efficiencies will be adequate to prevent
buildup of toxic gases or radioactive materials inside the Control Room after an accident. Outside air intake
locations for the Control Room must be reviewed to determine the potential release points of hazardous
airborne materials to assure that such airborne materials cannot enter the Control Room.

The details of the ESIF atmosphere cleanup system, including the credit to be assigned to the filtration system
for iodine and particulate removal for use in dose calculations, are covered in SRP 6.5.1.3¢ This information is
identical to the informaton specified in Regulatory Guide 1.52.27 The remainder of the Control Room area
ventilation system is reviewed under SRP 8.4.1.3% A functional review of this system must be performed,
including components such as air intakes, ducts, air-conditioning units, filters, blowers, isolation dampers or
valves, and exhaust fans.

Control Room fire protecton (for fires occurring either inside or outside the Control Room) is described in
SRP 9.5.1.3¢ Section 6.4 presents specific details concerning the applicability of fire protection features to
assure Control Room habitability under all required operating conditions.

SRPs 123 and 12.4% provide guidance for radiation protection design features. Occupational radiation

cxposures are to be kept within ALARA limits by using appropriate shiclding and air cleaning. Additional
details on this subject are provided in Chapter 11.
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The criteria for the design, installation, operation, testing, and maintenance of Control Room air cleaning
systems have a single objective: to provide a safe environment in which the operator can keep the nuclear
reactor and auxiliary systems under control during normal operation and can safely shut down these systems
during abnormal situations to protect the health and safety of the public and plant workers.

Basic Control Room Layout

The endre Control Room envelope is serviced by the Control Room emergency ventilation system. All areas
that require access in the event of a nuclear accident are included within this envelope. The Control Room
emergency zone includes all of the instruments and controls needed for safe shutdown, the critical reference
files, the computer room (when used as an integral part of the emergency response plan), the shift
supervisor's office, a washroom, and a kitchen. Battery rooms, cable spreading rooms, switchgear rooms,
motor control center rooms, and other spaces that do not require continuous or frequent occupancy after an
accident are generally excluded from the Control Room emergency zone. However, these areas need to be
provided with nuclear-safety-related cooling for essential equipment during and following DBAs. While these
areas usually do not require the same level of protection from mdiation and contaminants as the Control
Room, their cooling systems (air handling and water cooling) should meet all of the other requirements.

Control Room General Ventilation Criteria

Control Room ventilation criteria are based on the premise that contaminants must be kept outside the
Control Room. Therefore, Control Rooms are maintained at a positive pressure with respect to their
immediate environs to assure that all air leakage flows out of the Control Room. The ventilation system
should be capable of providing fresh outside air at a rate sufficient to dissipate any internally generated
carbon dioxide or other noxious fumes.®? The system also should be capable of providing sufficient cfm per
occupant to maintain human comfort. There should be no noticeable drafts to disturb operators or
documents. In addition, the ventilation system must take care of the Control Room cooling and heating
loads.

Control Room Temperature and Relative Humidity

The Control Room HVAC system must be capable of maintaining a comfortable temperature and RH range,
generally considered to be 73 degrees Fahrenheit (23 degrees Celsius) to 78 degrees Fahrenheit (26 degrees
Celsius), and 20 to 60 percent RH (ASHRAE Comfort Standard 55-74).42 A secondary criteria is that the air
temperature at floor and head levels should not differ by more than 10 degrees Fahrenheit (5.6 degrees
Celsius).

Effective temperature, which takes into account dry-bulb temperature, RH, and air velocity, is commonly
used as a measure of maximum limit for reliable human performance. The maximum effective temperature
for reliable human performance is believed to be 85 degrees Fahrenheit (29 degrees Celsius). As extremes,
this effective temperature can be achieved with 100 percent humid air at 85 degrees Fahrenheit (29 degrees
Celsius), or with 20 percent humid air at 104 degrees Fahrenheit (40 degrees Celsius). Air velocity under
100 fpm (30.5 m/min.) has a negligible effect on effective temperature. Effective temperature is not intended
to be used as a design critetion, only as a guideline for limiting operating conditions. Because RH is not
normally measured in a Control Room, a worst-case condition should be assumed, implying that a dry-bulb
temperature of 85 degrees Fahrenheit (29 degrees Celsius) should be the maximum temperature for a Control
Room. This temperature should not be exceeded for longer than 1 hour, after which steps should be taken to
reduce the temperature. Previous regulatory requirements in this area were based on equipment qualification
only, and required temperatures were to be kept under 120 degrees Fahrenheit (49 degrees Celsius). This is
too extreme for an operator to function efficiently and has been revised.
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Control Room Air Composition

Clean air breathed by operators can be compromised by radioactive and chemically toxic gases. Chlorine is
used extensively at nuclear power plants, and 1s the principal toxic gas of concern. With respect to radioactive
materials, the air composition is specified in 10 CFR 20, Appendix B, Table 2.43 The limits specified for every
radionuclide are given as the maximum allowable airborne radioactive material concentrations to occupational
workers during normal operations. During an accident, the HVAC system must be designed to limit the dose
to the Control Room operator to 30 rem thyroid exposure.

Control Room Noise Levels

Verbal communication is necessary for efficient Control Room operation. Background noise, particularly
from HVAC systems, should not impair this communication. Background noise levels should not exceed
65 Decibels A-weighted (dBA), and sound absorption should be sufficient to limit reverberation time.

Control Room Fire Protection Criteria

Fire Events Inside the Control Room. For fire cvents inside the Control Room, the design must ensure
that plant shutdown capability, independent of the Control Room, is provided. With respect to vendlation,
means should be provided to remove combustion products from the Control Room. Smoke detectors are
necessary to alert Control Room operators of a fire and should be located in Control Room cabinets,
consoles, and air intakes. The location of air supply intakes must be remote from all exhaust air and smoke
vent outlets. The outside Control Room air intakes and all recirculation portions of Control Room
ventilation systems requirc manual-isolation fire and smoke dampers. Peripheral rooms within the Control
Room emergency ventlation zone should have fire dampers that close when the fire detection or fire
suppression system begins operation.

Fire Events Outside the Control Room. The Control Room complex should be separated from the

remainder of the plant by fire dampers. Important HVAC fire protection features, in addition to detection,
include:

¢ Fire suppression,
®  Qualified penetration scals for all penetrations,
e Portable blowers for smoke removal, and

e Locaton of all ventilation intakes and exhausts in relation to fire hazard.

2.7.2.8 Control Room Ventilation System Arrangements

The influx to a Control Room of radioactive and other contaminants can be climinated by a ventlation
system designed to filter the inlet air and by pressurizing the room to ensure that any leakage will be out-
flowing. Design alternatives include one-pass purified outside air, recirculation purified air, stored bottled air,
and a choice of dispersed air inlets.# FEach system has a different application, with advantages and
disadvantages. This section will discuss the four types, present models for calculating doses to the Control
Room operators, and associated air cleaning requirements.
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Control Room Infiltration

Infiltration is defined as unintentional leakage of air into the Control Room caused by pressure differences
across the boundary of the Control Room air space. Typical leak paths are cracks around doorframes; duct,
pipe, and cable penetrations; structural joints; and damper seals. Good Control Room design minimizes
leakage paths by using gaskets, weather stripping, and sealing techniques. However, continuous distributions
of microscopic capillaries and pores in concrete are possible, making complete elimination of infiltration
difficult.

Pressure differentials may be due to natural phenomena such as wind and temperature or barometric
differences. Pressure differences can also occur when there are flow imbalances between the Control Room
and adjoining spaces.

Precise evaluation of Control Room infiltration is difficult to predict in the design phase because of the many
variables (e.g., wind direction and speed, building geometry, Control Room leaktightness, and internal
building pressure distribution) that can combine in different ways. In addition, the degree of Control Room
isolation after an accident associated with ingress/egress traffic further compounds the situation. One
approach is to measure infiltration at a number of Control Rooms and analyze the data. An isolated Control
Room can be pressurized to determine the pressurization flow rate required to maintain a constant pressure.
Tracer gases may also be used in a series of concentration decay measurements under various atmospheric
conditions to establish empirical correlation between Control Room configuration, construction quality,
ventilation characteristics, and infiltration characteristics. A study performed at the Zion Generating Station
in Zion, Illinois using sulfur hexafluoride, provided extremely useful results. Sulfur hexafluoride was used
because it is nontoxic, nonreactive, inert, and easily detectable by electron capture gas chromatography. With
a measured makeup flow of 1,700 cfm, total infiltration leakage was experimentally determined to be 150 cfm.
This was reduced by 50 percent when simple corrective measures were taken (new gaskets).

Air Cleaning Criteria

The most important feature of a Control Room air cleaning system is its ability to deliver sufficient quantities
of clean air to the Control Room so that operators can perform their assigned duties in comfort and safety.

During normal operations, the Control Room ventilation system keeps out dust and noxious contaminants
and maintains effective temperature at acceptable levels. It also keeps the Control Room pressurized to
1/4 in.wg to prevent in-leakage. During an accident situation, the Control Room air cleaning system must
continue to function and provide a habitable environment for the operators. The system must be designed to
seismic Category I and must be redundant to satisfy the single failure criterion. Automatic activation is
necessary. Design features and the qualification requirements of an ESF Control Room air cleaning system
are contained in Regulatory Guide 1.5227 and ASME Code AG-1.4 The components included in each of the
redundant filter trains are: (1) demisters to remove entrained moisture, (2) prefilters to remove the bulk of the
particulate matter, (3) HEPA filters, (4) iodine adsorbers (generally, activated carbon), (5) HEPA filters after
the adsorbers for redundancy and collection of carbon fines, (6) ducts and valves, (7) fans, and (8) related
instrumentation. Heaters may be used to reduce the RH entering the carbon beds to maximize performance
and remove radioiodine species. Figure 2.17 is a schematic of a typical ESF air cleaning system.

Subsystems
Cable Spreading Rooms. These rooms contain the cables that are routed to the Control Room. They are
normally cooled by a 100 percent recirculation air conditioning unit that is nuclear-safety-related and has an

assured (nuclear-safety-related) source of cooling to maintain the space temperature for all applicable design
basis events. This unit may be a part of the control complex HVAC system.
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Emergency Electrical Switchgear Rooms. These rooms contain the essential switchgear for the plant.
They are normally cooled by a 100 percent recirculation air conditioning unit that is nuclear-safety-related and
has an assured (nuclear-safety-related) source of cooling to maintain the space temperature for all applicable
design basis events. This unit may be a part of the control complex HVAC system.

isolation Damper

HEPA Filter Access

Type Il Carbon Absorber
36 1n. min.

Service Area
Light (typ.)

Pre-Filter Access

Moisture
Separator
Access

Damper

HEPA Filter Access
Drain (typ.)

Heater Access

36 in. min.
Service Area

Figure 2.17 — Typical Air Cleaning System for Nuclear Power Plant Applications

Battery Rooms. The essential battery rooms contain the batteries that provide backup power for certain
design basis events. They should be designed for a maximum room temperature of 77 degrees Fahrenheit
(25 degrees Celsius) per IEEE Standard 484+ and should be provided with an assured (nuclear-safety-related)
source of cooling. These batteries also produce hydrogen when they are being charged. Therefore, a nuclear
safety-related exhaust system is required that provides a minimum of five room air changes per hour. Also,
the exhaust pickup points must be located at the ceiling of these rooms because hydrogen s lighter than air
and will pocket at the highest point in the room.

Testability

Qualification testing and quality assurance of individual components by manufacturers in accordance with
ASME N509,2 ASME Code AG-1,* and ASME NQA-1* ate required. After installation, pre-operational
tests on individual components and the complete system are necessary. Deficiencies need to be repaired
prior to accepting the system for operation and subjecting the system to radioactive contamination. An
operating system must undergo periodic surveillance testing to verify that it can continue to perform its
intended function. Technical Specifications, a part of the license for each nuclear power station, define the
limiting conditions for operation (LCO) and the surveillance requirements for sausfying the LCOs. The
LCOs specify which actions must be taken if the system becomes inoperable. The surveillance requirements
are contamned in Regulatory Guide 1.52,2 ASME N510,2 and ASME Code AG-1.#
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Inspections of Control Room ventilation and radiation protection provisions for Control Room personnel are
performed during the construction, pre-operational, and operational stages. In the United States, regional
staffs perform this function at nuclear power plants. Inspection guidance is contained in manuals in the form
of inspection modules. Inspections are performed to ensure that all systems will perform their intended
functions, that operating procedures are in place, and that training has been provided.

Licensee Event Reports (LERs) submitted to the NRC by operators of commercial nuclear power plants are a
useful source of information on the performance of habitability systems in Control Rooms, as well as other
air cleaning systems. It is important to evaluate them and factor the lessons-learned into future activities.
Ownets of commercial nuclear power plants evaluate LERs through their Operating Experience Program.
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CHAPTER 3
FILTERS FOR THE NUCLEAR INDUSTRY

3.1 Introduction

Filters are widely used in nuclear ventilation, air cleanup, and confinement systems to remove particulate
matter from air and gas streams. Air filters are defined as porous structures through which air is passed to
separate out entrained particulate matter. The word “filter” is derived from a word for the fabric called felt,
pieces of which have been used for air and liquid filtradon for hundreds of years. The porous structures of a
filter may also be composed of granular material such as sand or fibers derived from cotton, minerals (glass, &
asbestos), metals, or a wide sclection of plastic materials. For filtration purposes, the fibers may be woven or
felted into a cloth or formed into a paper-like structure. Filters may also be constructed in the form of highly
porous fibrous beds of considerable depth. Other kinds of air cleaning devices (e.g., adsorbers, liquid
scrubbers, electrostatic precipitators) are sometmes referred to as “filters” because they are capable of
removing particles from an airstream, For clarity, the strict definition of a filter (given above) will be used in
this chapter.

High-efficiency particulate air (HEPA) filters are components of a nuclear treatment system that degrade with _

service. The user/owner of the facility shall incorporate written specifications on the service life of the
HEPA filters for change-out criteria. Appendix C provides guidance on determining the acceptable service
life for each application pf HEPA filters.

Air Filter Types

Air filters of many types and materials of construction have been designed, manufactured, and applied to
meet a wide variety of industrial and commercial requirements for clean air (e.g., the nuclear industry makes
full use of all filter types). Commercially available filters are divided into three distinct categories based on |
how they operate to remove suspended partculate matter from the air passing through them. The largest

category, often referred to as ventilation or heating, ventilation, and air conditioning (HVAC) filters, is 5

composed of highly porous beds of resin-bonded glass or plastic fibers with diameters ranging from 1 to
40 micrometers (um). The fibers act as targets for collecting airborne dust. As their name indicates, HVAC
filters are widely used for air cleaning in mechanical vendlaton systems. They are almost all single-use,

disposable items, and are used in all sectors of the nuclear industry, including as prefilters that reduce the =

amount of coarse dust reaching more efficient filters located downstream.

A second category also is comprised of single-use, disposable filters called HEPA filters. By definition, a §8
HEPA filter is a throwaway, extended-medium, dry-type filter with: (1) a minimum particle removal

efficiency of no less than 99.97 percent for 0.3-um particles, (2) a maximum resistance, when clean, of

1.0 inches water gauge (in.wg) when operated at 1,000 cfm, and (3) a rigid casing that extends the full depth
of the medium! (Figure 3.1). [Note: Filters of different flows and resistances are allowable by the AG-1
Code.} 2 A filter of identical construction and appcarance, but having a filtering medium with a retention of §
99.9995 percent for 0.1 um particles, is referred to as an ultra-low penetration aerosol filter (ULPA). The
filtering medium of HEPA filters is thinner and more compressed, and contains smaller diameter fibers than
HVAC filters. HEPA filters are widely used throughout all phases of the nuclear industry.
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A third category of commercial air filters is
gluvte;:d o ers known as industrial cleanable cloth filters.

As the designation indicates, these filters
have built-in mechanisms for periodically
cleaning the filtering surfaces of accumulated

Dol Wide dust. Unlike the first two types, industrial
Flanges Both cleanable cloth filters rely on building a thick
Faces layer of dust on the surface of the cloth to
‘ provide a high-efficiency filtering medium.
Steel-Encased HEPA Filter ms type of filter is gsed in the 'nuclear
, industry for ore processing and refining and
Corner Joint f imil k nvolvi hich
Continuous Sheet of Nall or Detail or s ar tasks involiving g

Papre Pleated Back
and Forth Over
Corrugated Separators

Screw from concentrations of coarse mineral dusts.

Further, this third category includes special
types of pardiculate filters for chemical and

Gasket Comer combustion operations. These include deep
3/4 in. Thick beds of sand in graded granular sizes, deep
Exterior Plywood [" beds of glass fibers, and stainless steel

membranes formed from compressed and
sintered granules or fibers. Stainless steel
membrane filters operate like industrial
Wood-Cased HEPA Filter Nohed cleanable cloth filters in that they depend on
a dust layer for high-efficiency particle

Corrugated
Separators

removal and must be cleaned periodically,

Figure 3.1~ Filter Casing usually by reverse compressed air jets.

3.2 Filtration

The porosity of air filters has been noted. High porosity is associated with low resistance to airflow (e.g., low-
tesistance HVAC filters contain approximately 97 percent voids). In a uniformly dispersed filter medium, the
individual fibers are relatively far apart—so far apart that the gaps between them are larger than the particles
removed from the air. This means that sieving (particle removal via openings that are smaller than the
particle dimensions) is not an important filtration mechanism. In fact, a sieve would make a poor air filter,
even one containing submicrometer openings, because each collected particle closes up a sieve opening so
that very soon no air can pass through. In contrast, filters collect particles from air and gas streams in a
number of well-defined ways that are associated with the dynamic properties of airborne particles. The filters
trespond to the physical forces present as an aerosol passes through a porous medium composed of small
granules, fibers, or other shapes.

3.2.1 Particle Collection by Fiiters

Figure 3.2 shows the streamlines around a spherical granule or a single filter fiber lying normal to the flow
direction. A particle entering the flow field surrounding the fibers must follow the curved path of the
streamlines so it can pass around the obstacle. When particles possess sufficient inertia, they resist following
the cutrvature of the airstream and come in contact with the fiber because of their higher momentum relative
to that of the conveying gas molecules. The capturing effect of inert¥al impaction (see 1 in Figure 3.2) becomes
greater as both aerodynamic equivalent diameter and the velocity of the air approaching the fiber increase.
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When suspended particles are very small, however, they tend to

follow the curved streamlines closely; that is, they have little -
inerta, but are in vigorous, random moton (Brownian motion—sce ~__/_\‘
II drawing in Figure 3.2). Therefore, when a streamline passes :;';/\
close to the fiber surface, the random movements around the
streamline may result in some of the particles contacting the
fiber and adhering to it. This sets up a concentration gradient __w
between the zone close to the fiber and the bulk of the acrosol —_\_/
which, in turn, results in particle diffusion in the direction of the
fiber surface. The smaller the particles, the more vigorous their
Brownian motion and the more effective their filtration by
diffusion.  Because the rate at which small partcles cross %
streamlines under the influence of diffusional forces is slow

compared to rate of the effects of inertial force on large particles,
separation of small particles by diffusion is enhanced by slower

velocities through a filter. w

Particle collection by interception (111 in Figure 3.2) occurs when a - T

particle traveling in a streamline that approaches a fiber within Il. The effect of Brownian Motion
one pardcle radius makes contact with the fiber and adheres to it.
Intercepdon is independent of flow velocity and is enhanced
when the diameter of the collecting fiber or granule approaches
the geometric diameter of the particle.

The several filtration mechanisms of importance are shown

together in Figure 3.3, where penetration (equal to 100 minus R//
collection efficiency) is plotted against particle size.  The - T
penetration lines are not cumulative, as particles can be collected fil. Particle caught by interception

but once; however, the net effect can be approximated by the
“dashed” summation curve. Figure 3.3 makes it clear there is a Figure 3.2 - Streamlines Around
particle size where both inertial and diffusional forces are a Filter Fiber

minimal and only interception is unaffected. This explains the

concept of a minimum filterable particle size. The exact minimum size depends on fiber diameter, filter
construction, and flow velocity. The minimum filterable particle size for currently manufactured nuclear
grade HEPA filter papers is closc to 0.1 um when operated at the design flow rate of 1 foot per second. The
effect of flow velocity on particle penctradon for HEPA filter paper also shows a minimum efficiency point.

I. The effect of inertial forces

3.2.2 Particle Retention in Filters

After an airborne particle contacts a filter element, retention forces prevent re-entrainment under the
influence of the drag of the air. For small particles, the principal retentive force is a surface phenomenon
called the Van der Waals force, which is proportional to the total area of contact. For small spherical
particles, the fraction of the total surface area in contact with a filter fiber will be relatively large, resulting in a
retention force that exceeds the re-entrainment force of the air drag.

3.2.3 Airflow Resistance of Filters

Filter resistance is directly related to airflow rate and filter construction details. Decreasing the diameter of
filter fibers or granules produces higher resistance for the same overall unit volume of the solid fraction of
the filter medium. Greater filter depth at the same porosity increases resistance in proportion to the increase
in depth. Within limits, compressing a highly porous filter medium decreases porosity and increases flow
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resistance, but it does not have

Interception much inﬂuen'ce on particle

As Partice Radus M-mmtl removal efficiency undl the

As Fiber Dismeter incresses, Line Moves . .

Ae erive Disance increeves, i bioves | medium  becomes  highly

iI. Direct Interception compressed.

loedtia The text in Section 3.2.1 that
As Particie Radius increases, . 5
o describes how fine particles are
As Denetty Increeses. Line collected by filter elements
o ‘ appl‘ics to new clean filters. As
Line Moves —e particles collect on the surfaces

of fibers or granules, or become
entrapped in the interstices
between upstream elements of
the filter, the collected particles
tend to form a coherent dust
layer known as a filter cake.
When this occurs, particle
collection gradually shifts from

Percentage Penetration
/
0,
L

Diffusi
As Pariicia Radius incresses Line Moves @~
As Fiber Diametar increeses Line Moves —e
As Iniarfiber Distance Increases Line Moves —o

Parlide Size or Linear Velociy media filtration (i.e., particle

. . . removal by individual filter
Figure 3.3 = The Effects of Inertia, Diffusion, and fibers or granules) to cake
Intecception on the Penctration-Velocity Curve filtration. and the filter shares

the characteristics of the
industtial cloth filter because the original structure now has the sole function of providing support for the
filter cake and the filter cake completely takes over the particle separation function. This transformation
produces two important changes: (1) efficiency increases in proportion to the increase in thickness of the
cake; and (2) after formation of a coherent filter cake, resistance of the filter to airflow, which initally
increased at a slow, steady rate as particles accumulated, now increases at an accelerating rate in response to
additional particle deposition and narrowing of the pathways. When cake filtration begins, the filter rapidly
reaches its terminal design aitflow resistance. Figure 3.4 shows typical pressure rise curves for two HEPA
filters exposed to atmospheric dust. As shown, the long, slow pressure rise is clearly followed by a rapidly
accelerating increase. The reason for the abrupt change is the onset of sieving, which takes over when the
collected particles form a structure containing less space between the particles than the characteristic diameter
of the particles being collected. When HEPA filters reach this stage, they must be replaced.

3.3 HEPAFilters

The original specifications for HEPA filter media and cased filters were concealed under a veil of military
secrecy because of their use for chemical, biological, and radiological defense purposes. Following World
Woar 11, the Atomic Energy Commission (AEC) chose the military's HEPA filters as their principal device for
patticle removal in all exhaust air systems of nuclear facilides. Eventual expansion of the use of HEPA filters
for nonmilitary applications required declassification and release of information about HEPA filter
components and manufacturing methods (see Chapter 1). For this reason, military standards MIL-F-510683,
MIL-E-51079* (filter construction and filter medium preparation), and MIL-STD-2825 (filter testing) were
issued in an unclassified format.

MIL-F-51068% and MIL-F-510794 have now been withdrawn by the Department of Defense and replaced by
the American Society of Mechanical Engineers (ASME) Code O# Nuclear Asr and Gas Treatment, AG-12 and
US. Department of Energy (DOE) Standard (DOE-STD-3020-97).6  While MIL-F-51068° and
MIL-F-51079* were active, the Edgewood Arsenal in Maryland prepated a procurement guide for military and
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nuclear agencies, the Qualified Products List (QPL),
which is based on exhaustive tests of manufacturers’

filter media and filters. The QPL referenced available 70

American Society for Testing and Materials (ASTM), | | ... Mini Plat
Technical Association of the Pulp and Paper Industry 60 —— Deep Ploat
(TAPPI), and other standard test procedures and

equipment in its documentadon of products. 50

Edgewood no longer maintains the QPI., and only

issues letters to manufacturers after qualification 0

testing. Standards incorporating the major provisions
of these military specification and qualification
standards have been issued. Besides AG-1,2 those
most relevant to nuclear service applications include
two standards administered by the ASME Committec
on Nuclear Air and Gas Treatment (CONAGT), with
participation from DOE and the US. Nuclear
Regulatory Commission (NRC). These standards
relate directly to HEPA filter applicatons in the DEC JAN FEB WAR APR MAY JUN JUL AUG SEF
nuclear industry (i.e., ASME N509, Nuclear Power Plant
Air Cleaning Units and Components,) and ASME NS510,

3.0

20

Testing of Nuckear Air Cleaning  Systems.”) The Figure 3.4 — Pressure Rise With
requirements of Nuclear Regulatory Guide 1.52 have Operating Time for Deep-Pleat and
been incorporated into these standards.® DOE Mini-Pleat HEPA Filters

prepared a series of filter standards to establish the

performance and physical requirements for the filter media and cased filters used in DOE environmental
protection applications and to set policy and quality assurance procedures for DOE filter test facilities
(FTF).6.9.10.11

While HEPA filters and their properties are discussed in this section, the same facts apply to ULPA filters
(except for differences in penetration, resistance, and media test velocity).

3.3.1 Filter Medium

Filtration theory implies that filter fibers must have diameters that are approximately the same as the aerosol
particles to be removed. Therefore, the standard HEPA filter medium must have fiber diameters of 0.2 to
0.5 pm to remove submicrometer particles, and even smaller fiber diameters are necessary for the ULPA filter
medium. All high-cfficiency filters are now made from a mixture of glass fibers with carefully graduated
diameters that provide the required particle retention cfficiency without exceeding the maximum airflow
resistance criterion and meet a wide variety of physical and environmental requirements. Typical glass fiber
sizes used to manufacture HEPA filter media are shown in Table 3.1. Small amounts of chemicals are
usually added to the glass fibers at the finish stage or after the medium is formed to impart desirable
properties to the product (e.g., mildew resistance, water repellency, increased tensile strength of the glass
paper). Plasuc fibers in amounts less than 7 percent are sometimes added to the glass fibers to increase acid
resistance. The ASME AG-12 Code for the HEPA filter medium is now a universal standard. This is
primarily a performance standard, and the mixture of fiber sizes and specific additives and concentrations
vary among manufacturers. Each filter manufacturer has a proprietary formula that qualifies the product for
nuclear applications. Other nations have well-established criteria for HEPA filter paper that differ only to a
minor degree from the current U.S. standard. Microfibers of plastic materials such as polystyrene,
polycarbonate, and polyvinyl chloride also have been used for manufacturing HEPA filter media. Claims
have been made that triboelectric charge effects, which are induced on these plastic materials during
manufacturing, enhance filtration performance and save energy. Filters from these materials have found
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some acceptance in European markets, but have been rejected by the nuclear industry because of
flammability, high cost, and loss of performance under conditions such as high humidity, ionizing radiation,
and exposure to atmospheric contaminants. A HEPA filter medium made from polyvinyl chloride fibers has
been used in East European installations, but has been found unacceptable elsewhere for the reasons noted
above.

112 260 - 3.80
110 2.50 - 4.00
108B 120 -2.40
108A 0.69 - 1.10
106 0.54 - 0.63
104 039 -0.53
102 033-0.38
100 029 -0.32

[Note: Glass Fiber Industry Code Numbers 100-110 were determined by the William Freeness
Test. Code 112 was determined by the Manville Micronaire Test FG-436-202 and calibrated by
the Brunauer, Emmett, and Teller Test (BET) Surface area.]

In addition to a limit on the organic material content of these filter papers (for fire and smoke control), other
qualification criteria include:

¢ Not less than 99.97 percent retention of 0.3-um test aerosol particles at a flow rate of 32 liters per minute
through a paper area of 100 square centimeters;

¢ C(lean airflow resistance not exceeding 40 millimeters of water at a filtration velocity of 320 centimeters
per minute (0.053 meters per second);

e  Average tensile strength of not less than 179 g/cm of width in either direction after exposure to 6.0 to
6.5 X 107 rads;

e Resistance to excessive strength degradation after exposure to high temperature [698 L 82.4 degrees

Fahrenheit (370 * 28 degrees Celsius)] for 5 minutes and to wetting by immersion in water for
15 minutes; and

¢ Paper thickness of approximately 0.38 millimeters.

HEPA filter papers used for nuclear service cutrently provide collection efficiencies greater than
99.99 percent when tested with a 0.3-um-diameter acrosol by the official U.S. test method contained in
MIL-STD-2825 By increasing the fracdon of fine glass fibers in the paper that are less than 0.25 um in
diameter, it is possible to obtain efficiencies in excess of 99.999 percent for 0.1- to 0.3-um particles with a
modest increase in filter resistance—typically about 25 percent. Performance standards for filter papers that
are acceptable for use in nuclear-grade HEPA filtets (as distinguished from performance standards for
fabricated filter units that contain such materials) have not been considered important by some nuclear
authorities. This view is based on the assumption that, unless the glass fiber filter paper has the required
characteristics, the completed filter unit will not meet the acceptance critetia. This approach is reasonable,
provided the filter paper is subjected to equivalent stresses after fabrication (e.g., shock, ionizing radiation,
heat, fire).
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The filter media production usually constitutes the definition of a batch for HEPA filter manufacturing.
Typically, a batch of media can be used to make a lot of only 6 to ten 24- X 24- X 11 1/2-inch HEPA filters.
Any sclective filter testing (as opposed to 100 percent testing at the manufacturers’ or FTF) should be done in
accordance with ASQC-Z 1.4-1993, with the batch size set by the media batch production capability of the
manufacturer. To utilize this standard, the user must also sclect the appropriate reliability. A value of
90 percent or greater is appropriate for nonsafety class HEPA use.!2

3.3.2 HEPA Filter Construction

Most HEPA filter units are constructed the same way—a continuous length of filter paper is folded back and
forth into pleats and corrugated separators are inserted between cach fold. The assembly is then sealed into a
rigid, open-faced rectangle. The components of a fabricated HEPA filter include: (1) extensively pleated
filter medium, (2) separators that provide air passages and keep adjacent pleats apart, (3) a rigid filter case that
encloses and protects the fragile filter medium, (4) sealants used to bond the filter pack (consisting of the
assembled pleated medium and separators) to the filter case and to climinate leak paths between filter pack
components, and (5) gaskets attached to the filter case on one or both open faces to provide an airtight seal

between the filter and the mounting
frame. Some filter construction
methods form the filter paper on
the papermaking machine using an
interval means to keep the adjacent
folds apart, thereby climinatung a
nced for corrugated separators.
These filters are called separatorless
HEPA filters (seec Section 3.3.3).
Figure 3.5 shows the assembled
components of an open-face, decp-
pleat HEPA filter with corrugated
SCparators.

Filter Casing

Separator

3.3.2.1 Separators

The most widely used material for Gasket Seal/

the interleaved corrugated Adhesive Bond )
. - Bet Filter Pack Continuous Sheet of
separators is tempered aluminum etween Filter Pac Flat Filter Medium
. . . and Integral Casing
foil. The aluminum foils currenty
used for separators are identified as Figure 3.5 - Open-Face Deep-Pleat HEPA Filter-
ASTM B209, Standard Specfication for Type A Filter Pack

Aluminum and Aluminum Allay Sheet

and Plate,? alloys 1145-H19, 3003-H19, or 5052-H39, and are a minimum of 0.035 mm thick. When
corrugating the aluminum sheet into separators, edges are often hemmed (turned back on themselves) to
prevent the sharp edges from puncturing or tearing the part of the filter medium folded around the separator.
Examination of disassembled filters aged up to 10 years showed deterioration of uncoated aluminum spacers
to be common to all operating environments. Corrosion leads to adhesion of the spacer to the glass fiber
medium. Levels of radioactive contamination on the evaluated filters appeared not to have affected the aging
process. When greater chemical resistance is required, a plastic coating of an epoxy, thermo-set vinyl (or a
similar compound) is applied to the aluminum sheet. [Note: If significant radiation is a concern, the use of
organic materials may not be appropriate.] A dye is usually added to clear coating materials so that defects in
the plastic coating can be easily detected. After drying to a film, the coating must be 0.0025- to 0.0050-mm
thick, with no cracking, peeling, or delamination after corrugation. Experiments to determine the corrosion-
resistance of certain all-plastic separators have been conducted and have generally found them to be
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unacceptable because the corrugations tend to reflatten due to “plastic memory,” particularly after exposure
to moderately high temperatures. ASME AG-12 details additional requirements for corrugated aluminum
separatofs.

3.3.2.2 Filter Case

The filter case is constructed of materials that correspond to the specific application, decontamination
requirements, and considerations of disposal ease and cost. Commonly used case materials include fire-
retardant plywood, chromized carbon steel, and alloys UNS $30400 and UNS S40900 stainless steels. The
minimum thicknesses required to maintain rigidity under compressive loads ranging up to 1,400 pounds when
the filter is clamped to a mounting frame, ate 3/4 inch for wood and manufacturer’s standard steel sheet
gauge for steel. Grade A-C, American Plywood Association (APA) PS-1 fire-retardant-treated plywood is
acceptable, but the “A” face must be on the inside, facing the pack, and should be assembled with this face
completely coated with a sealant to close off any leak paths. The outer face should be filled and sanded as
smooth as possible (for plywood). This is particularly important for nuclear plant workers whose gloved
fingers and hands must not be punctured by splinters from a wooden frame when replacing filters in a
contaminated area. For wooden case filters, case panels are to be joined with rabetted joints, which are
assembled by gluing with an adhesive and double nailing or doubling screwing with coated box nails,
corrosion-resistant plated screw nails, or flat-head wood screws. The end points of the fasteners must not
penetrate the inside or outside surfaces of the case. Metal cases should be used in instances of potential
wetting or high humidity at elevated temperatures and when the filter will be exposed to corrosive chemicals.

3.3.2.3 Sealants

Sealants used to provide a leak-free bond between the filter pack and case must be resistant to heat and
moisture, noncombustible, fire-resistant, or self-extinguishing, as well as capable of maintaining a reliable seal
under continuous exposure to design operating conditons. Rubber-based adhesives compounded with
chlorine or bromine to ensure self-extinguishing when exposed to ignition are acceptable, but catalytically
cured solid and foamed polyurethanes containing additives for combustion suppression are the sealants of
choice for most filter manufacturers. Sealants should maintain their integrity over a wide temperature range.
Filters designed to operate at temperatures above 392 degrees Fahrenheit (200 degrees Celsius) have been
sealed with compression-packed glass fibers and with ceramic cements reinforced with glass fibers, and have
been hardened thermally. Compression-packed glass fiber seals are sometimes found to be damaged after
shipment. The ceramic seal is often too brittle to withstand commercial shipment. Room temperature
vulcanizing silicone rubber sealants have been used successfully at operating temperatures only slightly lower
than 392 degrees Fahrenheit (200 degrees Celsius).

3.3.2.4 Gaskets

Filters must be installed so that even the smallest volume of air or gas does not escape filtration; therefore,
gaskets and alternative methods of sealing filter units to the mounting frames play a critical role in the
satisfactory operation of HEPA filters. The most widely used sealing method is a flexible gasket attached to
the open face of the filter case and pressed against the flat face of the mounting framework. The second
most popular method is referred to as a “fluid seal.” This method uses a channel formed or routed in the
peripheral face of the filter case that is filled with a highly viscous, very low volatility, nonflammable (or self-
extinguishing), odor-free, non-Newtonian fluid such as a silicone. The fluid flows around and over
imperfections, but does not relax or separate from the surfaces it contacts. For installation, the matching
framework face is equipped with a continuously protruding knife-edge that mates with the fluid-filled channel
in the filter case. The reverse atrangement of a protruding knife-edge on the filter and a fluid-filled channel
on the mounting frame also may be employed. These two mounting methods do not have interchangeable
parts, so hybrid sealing systems are not feasible.

3-8
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Gaskets must be oil- and ozone-resistant.!  Closed-cell sponge gaskets composed of synthetic rubber
(neoprene) that conforms to grade 2C3 or 2C4 of ASTM D1056, Sponge and Cellular Rubber Products's have
been widely used. Gaskets should have a minimum thickness of Y inch and width of % inch. The gasket
face attached to the filter case should be free of any adhesion-resistant mold-release contaminant that may
have been acquired when the gasket material was molded. To ensure an absence of residual mold release
chemical, only cut surfaces are permitted on both gasket faces. Gaskets may be cut out of a sheet of stock as
a single piece or may be made of strips joined at the corners by dovetail or other interlocking arrangement.
Joints are scaled against air leakage with a rubber-base adhesive, usually the same adhesive used to attach the
gasket to the filter case. Manufacturers of ncoprenc gaskets recommend a shelf life not to exceed 3 years.

3.3.2.5 Faceguards

To guard against damage from careless handling and faulty installaton procedures, a recessed faceguard
should be installed across both faces of the filter during fabrication. Woven or expanded metal with square
openings approximating 1/3 inch to 1/2 inch on a side have proven satsfactory in largely preventing the
inadvertent intrusion of hands or other objects into the filter pack. In additon, a metal mesh faceguard
provides added strength to the filter unit, increasing resistance to transportation damage and shock
overpressure. Faceguards should conform to either galvanized steel ASTM A740'¢ or 304 stainless steel
ASTM A580.7

3.3.3 Separatorless HEPA Filters

A scparatorless HEPA filter design,'® shown in Figure 3.6, is constructed without corrugated spacers
inserted between the folds of the filter paper. Instead, a continuous sheet of filter paper is molded on the
papermaking machine with corrugations at intervals. When it is folded back and forth upon itself, it becomes
a self-supporting pack where the peaks of the interval corrugations of successive layers contact each other to

form a honeycomb-like filter pack.
For the same filter frame size, a
separatorless filter contains more
useful filter paper surface than the
corrugated separator type, and thus
provides greater airflow capacity at
cqual resistance.

Filter Casing

Continuous Sheet
/of Corrugated
.. Filter Medium
3.3.4 Mini-Pleat HEPA ’

Filters

Mini-pleat  filter  construction
methods utlize 7/8 to 1 1/4-inch-
deep pleats with very narrow air
spaces (1/8-inch) between, making
it possible to pack more filter paper
into the standard frame sizes than
can be done with deep-pleat, Adhesive Bond
corrugated separators, or even by Between Filter Pack
using  scparatorless  construction and Integral Case

methods. Abuttng folds are
separated by threads, ribbons,
tapes, strips  of medium, or
continuous beads of glass, foam, or

Figure 3.6 — Separatorless Style Filter-Type C
Filter Pack
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plastic spaced across the width of the medium. Mini-pleat filters contain almost twice as much filter paper as
deep-pleat, corrugated separator filters of equal frame size (Figure 3.7) (see Section 3.3.2.3). They are rated
to have an airflow tesistance of 0.25 Kilopascals (kPa) when operated at 3,060 cubic meters per hour (m3/hr),

compared to the same resistance for a
flow rate of 1,700 to -2,040 m3/hr for
deep-pleat corrugated separator filters.
This gives the user of mini-pleat filters
the option of utlizing space-saving
higher airflow rates or extending filter
life by operating at lower than rated
airflow capacity. This is called
downrating a filcer.

When a mini-pleat filter rated for
3,060 m3/hr is downrated to service at
1,700 m3/hr, it theoretically should
extend service life more than threefold
before it reaches its final permissible
resistance increase. In practice, filter
life extension was found to be merely
1.6-fold because of dust bridging
across the very narrow air passages
between the paper pleats to form a
filter cake covering the face area. An
efficient prefilter might be used to
prevent the formation of a surface
filter cake and extend the service life of
the mini-pleat filter.
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Cased mini-pleat HEPA filters are
formed from subcomponents
assembled in a continuous “V** array.
The subcomponents are panels that
hold the pleated filter paper in metal frames approximately 23.62 inches wide, 11.81 inches high, and the
depth of the paper pleats. A seal is made between framed filter packs and the standard frame using rubber-
based adhesives, polyurethane, or some other plastic-based material, all of which are chemically compounded
to inhibit their support of combustion.

Figure 3.7 — Mini-Pleat (Thread Separator) Filter-
Type B Filter Pack

Another mini-pleat filter design is formed by molding narrow longitudinal ridges into the wet filter paper at
approximately 1-inch intervals while the paper is still on the papermaking machine, then folding the paper as
it comes off the machine into mini-pleats that may be 2, 4, or 6 inches deep.'® The filter pack is mounted
into the filter case perpendicular to the airflow direction instead of mounting a number of shallow panels
arranged inside the filter frame in a series of “V” formations The 6-inch-deep mini-pleat separatorless filter
contains the same area of filter paper as the 12-inch-deep separator type. This type of filter has been placed
into service, but there is no experience to report for nuclear applications.

3.3.5 HEPA Filter Classes and Sizes

In addition to being the wotkhorse filter for the nuclear industry, HEPA filters have found many important
applications in the industrial, medical, pharmaceutical, and microelectronic sectors. These diverse
applications have tesulted in a number of industrial and governmental specifications. In general, these
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specifications can be grouped into five construction grades and three performance types that provide a range
of materials, manufacturing techniques, performance characteristics, and costs for different applications and
user preferences. A standard covering the grades and types of HEPA filters has been issued as
IEST-RP-CCO001.3 by the Institute of Environmental Sciences and Technology.!® This standard lists the
following classifications.

3.3.5.1 Filter Construction Grades

Grade 1 ~ Fire-Resistant Filters. Filters of this grade must contain fire-resistant materials that may ignite
when the filter is exposed to hot air or fire, but will not continue to burn once the ignition source is removed.
The filter must exhibit a specified retention efficiency after exposure to no more than 700 * 50 degrees
Fahrenheit (371 1 10 degrees Celsius). These filters comply with ASME AG-1, Section FC.2

Grade 2 -~ Semicombustible Filters. This grade costs less, but provides a lower level of protection against
elevated temperature than Grade 1. For this reason, the user should evaluate application of this filter grade
with the individual fire propagation hazards in the area of use. This filter type will fail at temperatures much
lower than Grade 1. These filters comply with UL 586.20

Grade 3 — Combustible Filters. This grade covers filters required for certain service requirements that
permit acceptance of the combustibility hazard. Grade 3 filters are readily combustible and are used only
where high-value product recovery by incineration is desirable, disposal of volumes are critical, or exposure to
chemical atmospheres might be incompatible with the use of a HEPA filter incorporating a medium of glass
fibers. It should be noted that manufacture of a combustible HEPA filter medium formulated from asbestos
and cellulose has been discontinued for more than a decade because of the hazards associated with its use and
the resulting low demand. Specialty filter media for recovery of precious metals by incineration are stll
available. These filters comply with UL 900, Class 1.2!

3.3.5.2 Filter Performance Levels
IEST-RP-CCO001.3" classifies filter performance levels as:

Type A Filter Performance. Sometimes referred to as industrial types, these filters are tested for overall
penetration at rated flow only. The filter retention (inverse of penetration) must exceed 99.97 percent for
0.3-um particles. ULPA filters greater than this value can be obtained upon agreement between the buyer
and seller.

Type B Filter Performance. In addition to the basic requirements for Type A filters, Type B units are
certified free of significant pinhole leaks that would cause penetration at low flow rates. This type is tested at
20 percent of rated airflow with the filter encapsulated to disclose casing or gasket leaks. This type is
sometimes referred to as “nuclear-type.”

Type C Filter Performance. In addition to the performance required of Type A filters, Type C filters, are
tested with the use of air-generated test aerosols at 80 to 100 feet per minute (fpm) face velocity. The units
are fully face-scanned to detect and eliminate all significant leakage streams greater than 0.01 percent of the
upstream test acrosol concentration to which the filter is subjected. This type is infrequently called “laminar-
flow type.”

Type D Filter Performance. In addition to the testing required for Type C filters, Type D filters should be
retested at their rated airflow and penetration, which should be no more than 0.001 percent of the upstream
concentration. The filter unit should be encapsulated so that all components, including the filter pack, frame,
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and gasket, are subjected to testing. In the U.S., laser spectrometers are used to measure efficiencies of
ULPA filters (>99.99999 percent).

Type E Filter Performance. Type E filters are designed, constructed, and tested in strict accordance with
military specifications for HEPA filters intended for biological use.2 This type is for application in air
cleaning or filtering systems involving toxic chemical, carcinogenic, radiogenic, or hazardous biological
particulates. ‘This type is referred to as a “biological unit.”

UL Class 1,21 Type B filters are recommended for most nuclear applications, particulatly in single-pass
systems. These units comprise a large part of those manufactured by industry and are used extensively in
nonnuclear industries as well. UL Class 1, Type C filters are common in clean room applications whete
laminar flow requirements are coupled with low particle
penetration.2 UL Class 1, Type D filters presently are used
in printed-circuit or microprocessor clean rooms.

3.3.5.3 Enclosed Filters

Most HEPA units are used in the open-face configuration
(Figure 3.1). When used in this manner, the filter is
secured firmly to a rigid framework by a pressure device
such that a leak-free seal exists between the unit and the
framework. ~The HEPA filter may also be placed
completely within an enclosing casing that is equipped with
nipples at both ends for attachment to existing ventilation
ducts (Figure 3.8). Enclosing casings may be metal or
plywood, but care must be taken to ensure the casi . _ ;
material is compatible with Underwriters Laboratories, I:clf F 3.8 - Enclosed HEPA Filter
(UL) requirements for resistance of the filter to heated air and flame.22 The enclosing casing forms the leak-
free pressure boundary in addition to the filter case, and care must be taken to ensure that it is treated as an
encapsulated design for both performance and leak-acceptance testing. Enclosed HEPA units have
significantly higher resistance to airflow than the open-faced design because of the added restrictions of the
duct transitions.

Enclosed filters are sometimes referred to as encapsulated (nipple-connected, closed-face, or self-contained)
HEPA filters. They are not recognized by applicable codes (i.e., AG-12) and standards and fail to meet all the
requirements contained in DOE Standard DOE-STD-3020-976. The most
serious deficiency is failure to meet the requirement for uniform velocity across
the filter face. This can invalidate the in-place filter leak test.

The enclosed filter and its casing are often misused as part of a nuclear
ventilation system pressure and confinement boundary. Enclosed HEPA
filters are not specifically designed, analyzed and tested 10 meet cither the
housing or the ventilation ducting containment requitements of nuclear codes.
When designing and constructing new nuclear facilities, enclosed HEPA filters
should not be used in nuclear ventlation systems. When an installed
ventilation system is being modified or upgraded, consideration should be
given to replacement of enclosed HEPA filters with nuclear grade housings
containing ASME AG-1 certified filters. A technical justification should be
developed where the enclosed filter is not replaced with a housing.

Figure 3.9~ Open-Faced
Cylindrical Axial Flow
HEPA Filter
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3.3.5.4 Cylindrical Filters

Cylindrical filters may be either open-faced cylindrical axial
(Figure 3.9) or radial flow (Figure 3.10). Filters fabricated
with cylindrical cases appear to offer substantial advantages
such as easier mounting in circular ducts, but in practice they
have been found to have disadvantages attributable to
manufacturing difficuldes, escalated costs, and increased
susceptibility to leakage. However, cylindrical filters offer
significant advantages regarding simplified gasketing and
automated filter-changing techniques. In the United Kingdom,
a “push-through filter system” has been developed that permits
changing of cylindrical filters by loading a clean filter that has
gaskets on the top and bottom filter flanges into the filter
housing tube from the “clean side,” then pushing it through
until it ejects the old contaminated filter into the “dirty side” of
a cell or glovebox. A cylindrical filter of somewhat different
design, but with similar characteristics, has been developed in
the United States.

3.3.5.5 Filter Sizes

The physical dimensions shown in Table 3.2 have been standardized for the HEPA filters currently used in
nuclear service and by U.S. Government agencies. [Note: DOE STD-3020-97 addresses more sizes than are
indicated here, and may be used in addition to the table shown below.] Other sizes can be manufactured and
Nonnuclear applications (clean rooms, biological safety
cabinets, medical facilities) generally use the same filter height and depth dimensions shown in Table 3.2, but
may have lengths up to 72 inches. Special HEPA filter configurations for computer applications use many
different sizes and shapes depending on the volume available within the computer cabinet. As many as 1,000
different configurations exist, each specific for a respective manufacturer, model, type, or size of computer.

purchased, but are considered “special orders.”

Figure 3.10 — Radial Flow HEPA Filter

Table 3.2 — Nominal Sizes and Ratings

Chapter 3

Size Minimum Rated Airflow Maximum Resistance
Standard Cubic

Number Feet per Minute Inches Water Pascal
Designation Inches Millimeters (scfm) m’/br Gauge (in.wg) (Pa)
1 8x8x31/16 203 x 203 x 78 25 42 1.3 325

2 8x8x57/8 203 x 203 X 149 50 85 1.3 325

3 12x12%x57/8 305 x 305 x 149 125 212 1.3 325

4 24x24%57/8 610 x 610 X 149 500 850 1.0 230

5 24x24x111/2 610 x 610 x 292 1,000 1,700 1.0 250

6 24x24x111/2 610 X 610 x 292 1,250 2,125 1.3 325

7 24x24x111/2 610 x 610 x 292 1,500 2,550 13 325

8 24x24x111/2 610 x 610 x 292 2,000 3,400 1.3 325

9 12x12x111/2 305 x 305 x 292 250 424 1.3 325

[Note: AG-1 currently allows for the qualificaton of the largest size to apply smaller size filters, i.c., a size
5 filter fan be used to qualify a size 4 filter. It has been brought to the attention of the CONAGT that the
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qualification of the size 4 filter listed above may need to be independent of the size 5 qualificaton. Readers
should check revisions to AG-1 post 2003).

3.3.5.6 Filter Weight

The weight of a filter unit is an important factor in design and maintenance. Table 3.3 lists the weight of
clean, open-faced filters and enclosed filters of rectangular design. For design purposes, the weight of a dirty
filter that is ready for change-out is approximately 4 pounds heavier per 1,000 cfm of rate capacity. Because
many applications employ multiple filter units in banks that are as many as 6 to 10 units in height, minimal
filter weight, without loss of performance, is ctitical to the ease of original installation and replacement.

Table 3.3 - Weig
e ﬁ X [
8x8x31/16 25 2 3
8x8x57/8 50 36 58
12x12x57/8 125 48 73
24x24x57/8 500 17 22
1000, 1250, 15000 32 40

24x24x111/2

Enclosed 25 5 9
8 x 8 cross-section 50 7 10.5
8 X 8 cross-section 125 17 20
12 % 12 cross-secton 500 64 72
24 X 24 cross-section 1000 78 95
24 x 24 cross-section

3.3.6 HEPA Filter Performance Characteristics
3.3.6.1 Airflow Resistance

Resistance to airflow (pressure drop) of a nuclear-grade, 1,000 cfm capacity filter should not exceed 1 in.wg
when tested at rated airflow (see Table 3.2 for additional filter capacities and pressure drops). The pressure
drop for ULPA filters is frequently greatey than for standard HEPA filters, and this feature is subject to
negotiation between customer and vendor. Resistance increases with particulate loading. A new nuclear-
grade filter is qualified by a wet overpressure test up to 10 in.wg for 1 hour; however, this should not be
confused with normal in-service operating pressures. Normal in-service pressures should be limited to 3 to
5 in.wg above startup pressure.

3.3.6.2 Dust-Holding Capacity

The dust-holding capacity of a filter is a function of the type, shape, size, and porosity of the filter as well as
the aerosol size, shape, and concentration characteristics to which the filter is exposed. As HEPA filters are
designed to filter out the smallest particles, they can accommodate only extremely light particulate loadings
without experiencing a rapid pressure drop increase. HEPA filters are affected particularly adversely by
fibers, lint, and other materials that exhibit a large length-to-diameter ratio because they tend to bridge the air
entrance gaps between the adjacent pleats of medium, thereby preventing particles from accessing the full
depth of the filter. A HEPA filter can be protected by a prefilter capable of removing the bulk of large
particles and fibers, thereby extending its useful lifetime. As noted earlier, a dust-holding capacity of
4 pounds per 1000 cfm of rated airflow capacity may be assumed for design purposes. This is probably a
conservative figure for granular dusts, but may overestimate the filter’s dust-holding capacity for metal fumes.
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An increase in dust accumulation on the filter medium both improves filtration efficiency and increases
resistance to airflow. One of the limitations of HEPA filters is their low-dust-holding capacity and their need
for frequent replacement when exposed to high acrosol concentrations. The pressure rise curve experienced
by HEPA filters also depends on the particulate composition of the atmosphere to which it is exposed. A
filter installed in a moderately contaminated urban area will show as much as a six-fold increase in resistance
in a year's time, whereas a unit in a clean room application may last ten years or longer before reaching a six-
fold pressure increase. The use of a prefilter (described in Scction 3.4) increases the service life of HEPA
filters and helps make the combined filtration system cost effective.

Tests conducted at the Harvard Air Cleaning Laboratory?* explored the pressure buildup of filter units under
urban conditions. During testing, commercial deep-pleat, aluminum-corrugated separator HEPA filters and
mini-pleat HEPA filters, all 24 X 24 X 11.4 inches in size, were exposed side-by-side to an urban atmosphere
while being operated continuously at rated and downrated airflow without prefiltraton. The downrated mini-
pleat HEPA filters did not fulfill the theorctical prediction of three times the service life of a deep-pleat
U.S. HEPA filter when both were operated at 1,700 m3/hr; instead, an extended service life of about
1.6 times was achieved. This shortfall was attributed to dust and lint bridging the narrow openings between
the pleats of the mini-pleat unit (the pressure rise curves of the two filter types are illustrated in Figure 3.4).
Extremely high concentrations of soot and dense particular matter from fire condidons may overwhelm both
the prefilters and the HEPA filters, thereby inactivating the total system. For this reason, some practical
means of suppressing smoke before it reaches the filters is required. Water curtains, electrostatic precipitators,
incrtial separators, or other devices have been utilized for this purpose with varying success.

3.3.6.3 Shock and Blast Resistance

The resistance of HEPA filters to shock and blast is important because these filters are often the final barrier
between a highly contaminated enclosure and the environment. Shock stress may occur from disruptive
natural phenomena (e.g., carthquakes) or from internal and external explosions.

Early tests at the Harvard Air Cleaning Laboratory showed that filter units of 1950s vintage sustained
moderate damage at 6-inch-mercury [2.95 pounds per square inch (psi)] overpressure, and complete
destruction at 10-inch-mercury overpressure (4.91 psi). The U.S. Navy determined that filter units subjected
to an overpressurc simulating an atomic explosion (50-millisecond duration) failed at variable values
depending on the face and depth dimensions. The values listed in Table 3.4 are the maximum shocks that
can be tolerated without visible damage or loss of filtration efficiency. Specific conclusions reported from the
Harvard study included: (1) filters with faceguards on both faces had about a 40 percent greater resistance to
shock than those without faceguards; (2) dirt-loaded filters had 15 percent less shock resistance than clean
filters; (3) the smaller the filter face area, the greater the resistance to shock; (4) the greater the filter depth,
the greater the resistance to shock. At overpressures exceeding those listed in Table 3.4 by 0.5 to 1.0 psi, the
filter medium ruptured or experienced cuts on the downstream face. At pressures 2 psi greater than those
listed in Table 3.4, extensive damage occurred. At pressures above 5 psi, the entire filter pack within the
frame was dispersed. No significant differences were found between successive tests of increasing shock
force on the same filter and a one-shot test of the same force—both procedures produced the same failure
modes. Using the data on shock overpressure resistance versus face depth and dimensions, Burchsted!®
produced the chart shown in Figure 3.11. Los Alamos National Laboratory (LANL) repeated some of the
Navy shock tests and arrived at similar values for loss of structural integrity. In addition, the researchers
discovered that, although the break point for the units was similar in value, the specific values for rupture
were highly dependent on the filter source. Tests on HEPA filters constructed with a special scrim-backed
glass-fiber filter medium showed that this filter retained an efficiency in excess of 99.92 percent for the test
aerosol after exposure to a differential pressure of 7.5 kP2 and a temperature of 932 degrees Fahrenheit
(500 degrees Celsius).
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LANL also conducted tests on filter units under simulated tornado pressure loadings (represented by a slower
pressure buildup, but sustained for a longer period of time). Damage levels in these tests were identical to
those found for shock overpressures of the same level, but shorter duration. Filters of U.S. and European
manufacture gave comparable results. LANL found separatotless filters had only two-thirds the structural
strength of their separator-containing counterparts when subjected to tornado conditions, and only one-half
the strength under shock overpressure exposures. However, another series of seismic simulation tests
conducted by Wyle Laboratories found that separatorless filters successfully withstood seismic shocks
equivalent to 12 moderate (less than 4.0 Richter scale) earthquakes when correctly mounted in well-designed
housings. During these tests, the filters were operated at design flow rate of 1,700 m3/hr, but under
cumulative (multiple earthquake) worst-case conditions. The units were challenged continuously with
heterogeneous test aerosol, with no demonstrated resulting loss of efficiency for the filter, housing, or fluid
seal between the filter and housing. Current NRC regulations do not require seismic testing for filters, but do
allow mathematical analysis of the housing, with the sole consideration being the weight of the filter(s) in the
housing.

I;zgyle 34— Shok Ove pressure Rcsistcc o Open-face HEPA Filters®

* Clean filter with 4 by 4 mesh faceguards on both faces.
b Faceguards not available.

3.3.6.4 Heat from Fire and Explosion
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1,700 degrees Fahrenheit flame will cause immediate meldng. A glowing solid particle that lands on HEPA
filter media will perforate it if it continues to burn. Explosions that could destroy or seriously damage the
filter from high pressure, shock waves, or an excessive temperature excursion can also occur from ignition of
organic or pyrophoric dusts, vaporized organics, or combustible gas products of combustion. The spark and
flame arresters installed upstream of the filters are designed to alleviate this problem. Spark arresters
constructed of coarse glass fibers provide reasonable protection at low cost. Spark and flame arresters
constructed of grids or heavy wire mesh that provide graduated openings are required to provide a 2-minute
delay before flame penetration.

The recommended limitation for filter operating temperature is 250 degrees IFahrenheit.’? The filter media
binder is assumed to be the HEPA filter component that is most susceptible to failure resulting from elevated
temperaturce. The binder begins burning off at 350 degrees Fahrenheit.

Commonly used sealants are also highly susceptble to elevated temperatures. Tables 3.5 and 3.6 list
continuous-service temperatures for wood- and steel-cased filters. At temperatures well below the char point
of an clastomeric sealant, the sealant loses its shear strength, resulting in a reducton from approximately
6,000 kPa at room temperature to a low of 100 kPa at 300 degrees Fahrenheit. HEPA filters exposed to
thermal stress will begin to release contaminates at temperatures above 300 degrees Fahrenheit.

Table 3.5 - Recommended Limited Service Temperatures for Steel-Framed Fire-Resistant HEPA
Filter Units Sealed with Elastomeric Adhesives

Temperature to Which Filter was Exposed (degrees Fahrenheit)

Sealant Used Upto 10 Min* | Upto2Hours | Up to 48 Hour Up to0 10 Days > 10 Years
HT-30-FR b 750 350 325 300 260
Z2-743 ¢ 750 325 300 275 200
EC-21554 750 250 220 200 200
Polyurethane foam 750 325 300 275 230
*Some reduction in efficiency may occur after 5 minutes of exposure.

b Goodyear.

¢ Pittburgh Plate Glass.
4 Minncsota Mining and Manufacturing (3M).

Table 3.6 - Recommended Limited Service Temperatures for Wood-Framed Fire-Resistant

HEPA Filter Units?
Temperature to Which Filter was Exposed (degrees Fahrenheit)
Frame Material Up t0 10 Min Upto2Hours | Upto48Hours | Upito10Days® | > 10 Years®
3/4-inch-thick plywood ¢ 750 300 275 200 180

*Subject to sealant limitations given in Table 3.5.
b Maximum temperature of 120 degrees Fahrenheit where relative humidity is 75 percent or higher.
< Exterior grade, fire-retardant-treated.

3.3.6.5 Moisture and Corrosion Resistance

Moisture

Water exposure is unquestionably an important factor leading to the deterioration of HEPA filters and their
degradation to 0 percent efficiency when coupled with higher pressure drop. HEPA filters become weak and
plug with water. One of the most common events is when people think no detrimental effects occur as a
result of repeatedly wetting the filter and drying it. Tests have shown that repeat wetting and drying of a
HEPA filter will cause the loss of half its strength. There also are very strong effects of operational time on
the behavior of HEPA filters under wet conditions. Tests have shown that the binder starts to get soft and
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dissolves at high differential pressures. One of the most setious issues dealing with HEPA filters in DOE
facilities is their potential for rupture during accidental fires and the resulting release of radioactive smoke.
The water spray systems in the HEPA filter housings used in nearly all DOE facilities for protection against
fires were designed under the assumption that the HEPA filters would not be damaged by the water spray.
The most likely scenario for filter damage in these systems involves filter plugging by the water spray,
followed by fan blowing out of the medium.

Water repellency is important for units that are used in laboratory and industrial applications. Repellency is
measured by the height of a water column that does not leak through the paper. A water repellency of
20 in.wg is required for filters that are operated in high-humidity conditions and stream-containing
atmospheres. In the absence of adequate water repellency characteristics, liquid contaminants that collect on
the filter paper can be carried through it by air pressure or capillary action and become re-entrained into the
downstream air.

Humidity

Numerous German studies from the Nuclear Air Cleaning Conferences during the 1970s and 1980s showed
that high humidity can result in high pressure drop and a corresponding decrease in media strength, the
combination of which can lead to structural damage and a loss of filter efficiency. These tests showed the
most frequent failure mode is rupture of the downstream pleat. With particle deposits, the filter would
absorb water at a lower relative humidity (RH) and would rupture even with a demister installed to protect
the filter. The tests further showed that filtet failure undet the humid air condition occurtred at differential
pressures that were one-third to one-fourth the comparable values for filter failure under dry conditions. The
tests also showed that the tensile strength of a new filter is teduced by a factor of three due to humidity
exposure.

Previous studies have shown serious problems exist with HEPA filter wetting 22 2627, 28 (Bergman, Fretthold).
HEPA filters exposed to wetting or high humidity must be removed from setvice before an accident can
happen because the strength of the filter may be seriously compromised (see Appendix C).

Corrosion

For many industrial applications, a moisture- and chemical-resistant filter should be capable of withstanding
attack by acids, most gas-phase alkalis, and solvent droplets and vapors. However, fine glass fibers have poor
resistance to hydrogen fluoride (HF), only moderate resistance to other concentrated acids, and fair resistance
to water and milder chemical corrosive agents. On occasion, corrosive chemicals in the airstream will
condense on the filter medium, accelerating the attack on the finest fibers. Airstreams containing some
residual HF and droplets of liquid catryover after treatment by an alkali scrubber produce a severe attack on
the glass fiber filter medium.

In AEC-sponsored research to develop an HF-resistant filter medium, Johns-Manville Corporation
formulated a special glass fiber for the purpose. However, the high costs associated with the finished paper,
together with a high shot content, large fiber diameter, and production difficulties, resulted in only marginal
benefits and precluded the glass fiber’s adoption for industrial use. Media made from ceramic fibers
(a combination of silicon dioxide and aluminum oxide) were found to have higher HF resistance than glass,
but in this case as well, the fibers have not been produced with diameters small enough to provide the
required efficiency characteristics. A U.S. filter manufacturer has developed an HF-resistant, high-efficiency
glass fiber paper containing up to 7 percent of a temperature-resistant polyamide (nylon). Filter units
incorporating this medium were exposed to 2 to 3 parts per million (ppm) of HF and 100 ppm of nitric acid
in 2 humid atmosphere. The test results were considered successful, and the medium was incorporated into
filters used at a nuclear energy plant. The setvice life of the new filters was three to four times longer than
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that of previously used filters that were manufactured with a glass-asbestos filter medium. The adoption of
plastic-coated separators has contributed significanty to extending the life of HEPA filters under corrosive
service conditions.

A wooden case is more resistant to chemical attack than is a steel case. Exterior-grade material should be
specified, however, because interior-grade plywood is unsuitable for outdoor filter operaton or for
continuous interior operation in very humid (90 to 100 percent RH) environments at temperatures above
131 degrees Fahrenheit (55 degrees Celsius), particularly when operation and shutdown periods alternate and
the environment returns to room temperature. During cooling, moisture may condense on the surfaces of
the wooden case and infiltrate the structure, causing swelling of the elements and a separation between the
seal and frame. Most exterior-grade wood products employ a moisture-impermeable phenolic resin bonding
agent, while water-soluble urea-formaldehyde resins are used as bonding chemicals for interior-grade
products. Stainless stecl is recommended when a metal frame is required. Mildew growth may occur on the
sealant and frame interface in high humidity while the filter is in storage, causing filter degradation.

Seepage of particles collected on HEPA filters never occurs unless the filter paper becomes thoroughly wet.
For this condition, different entrainment mechanisms are involved.

3.3.6.6 Radiation Resistance

Most applications for HEPA and ULPA filters in the electronics and other industries do not involve exposure
to high levels of ionizing radiation. However, post-accident cleanup by nuclear reactor containment systems
and some fuel reprocessing applications of facilities can involve exposure of filters to high levels of radiation.
One reactor accident scenario estimates an integrated beta-gamma dose to the engineered safety feature (ESF)
filters of 3.5 X 107 rads. This radiation level can result in a significant reduction in tensile strength, an increase
in penetradon, and an impairment of water repellency. Tests of commercial HEPA filter media before and
after radiation exposures up to a level of 4.5 X 107 rads were made at the Savannah River Site. The filter
papers were tested at a face velocity of 28.2 feet per minute, which is more than five times the design service
velocity and greater than any velocity anticipated under post-accident conditions. Test results showed up to
64 percent loss of strength and penetration increases of 4 to 50 percent. When samples were tested for
degradation of water repellency as a functon of gamma dose, half of the samples showed hydrophilic action
in less than 10 seconds and the remainder in 60 to 100 seconds. The current code, ASME AG-12, calls for
filter papers to support a 6-inch column of water after exposure to an integrated gamma dose of 6.0 to
6.5 % 107 rads. Other tests exposed small HEPA filters to a range of radiatdon doses, and then exposed them
to a flowing steam-air mixture to determine the residual resistance to plugging and rupture. Plugging was
found to be inversely proportional to radiation dose (e.g., filters exposed to 6 X 108 rads ruptured in
100 seconds) but a sample irradiated to only 1 X 108 rads withstood the steam-air mixture for 250 seconds
before failure. Despite some blinding (water vapor interference with particulate capture), unirradiated
samples did not rupture under the same flow regimen. These tests verified the need to provide filter systems
with reliable protection from wetting wherever exposure to spray or condensing steam is possible, particularly
when water exposure may be coupled with high levels of radiation.

3.3.7 HEPA Filter Performance Testing for Nuclear Service

HEPA filters for nuclear service undergo a qualification procedure and two testing regimens. The first
regimen consists of a stringent visual examination and penetration tests at the place of manufacture. The
second regimen is an in-place leak test performed at the place of utilizadon. DOE requires independent
inspection and penetration tests at the designated DOE FTF prior to installation at its final destination. [For
a denailed discussion of qualification procedures, see Section 8.2, “Proof of Design — HEPA Filter
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Qualification for Nuclear Service.”] The state of DOE testing and the test facility are discussed in DNFSB
Tech-23.2

The manufacturer’s testing regimen involves two distinct phases: (1) a quality control routine to ensure
careful manufacture of the product, and (2) a series of tests to verify filter compliance with standards and
performance criteria related to collection efficiency and resistance to airflow. When all factors are within the
tolerance limits set by applicable specifications, the manufacturer certifies that each filter unit meets the
specification acceptance criteria.®

In addition, DOE mandates independent inspection and penetration testing for all filters purchased. Testing
is currently required for filters installed in hazard Category 1 and 2 facilities that perform a safety function,
and a statistical approach for the balance.3! The filters are tested for compliance with the requirements for
physical characteristics, efficiency, and airflow resistance. This testing is conducted at the DOE-supported
FTF before the filters are released to the customer’s facility. Filters failing to meet the FTF specification
acceptance criteria ate rejected and turned over to the purchaser for disposition; typically, they are returned to
the manufacturer for credit. Both DOE and the NRC do not permit repairs of HEPA filters intended for
nuclear service.

3.3.7.1 Manufacturers’ Filter Qualification Test Protocols
Penetration (Efficiency)

For HEPA filters, patticle temoval is usually expressed as collection penetration (treated air concentration
+ untreated air concentration X 100) or as penetration (100 - efficiency). Concentration may be expressed by
particle count per unit air volume (emphasizing the smallest particles present), particle weight per unit air
volume (emphasizing the largest particles present), ionizing radiation intensity per unit volume of air (particle
size effect indeterminate), or by light-scattering intensity- per unit air volume (emphasizing small particle
sizes). Sometimes filter penetration is expressed as a decontamination factor (DF), the ratio of the untreated
air concentration to the treated air concentration, (¢.g., a2 99 percent collection efficiency is the same as a DF
of 100, and is equal to a penetration of 1 percent). The DF descriptor is most frequently used when ionizing
radiation is the concentration descriptor.

Airflow Resistance

The resistance of a filter to airflow, often expressed as “pressure drop” and “back pressure,” is almost always
measured as the height of a water column that exerts an equal pressure. This practice probably was borrowed
from hydrology, where the unit has a more direct relationship, as well as the use of water-filled manometers
to measure air filter resistance. The characteristic flow regime through HEPA filter media is aerodynamically
described as laminar. For this reason, the airflow resistance of these filters changes in direct proportion to
changes in air volume throughput (expressed as feet per unit area), even though the air approaching the filter
may be turbulent. The direct proportionality of resistance to flow rate is not a characteristic of prefilters. For
prefilters, resistance is 2 power function of airflow rate with an exponent larger than 1, but not exceeding 2.

The test protocols used to qualify HEPA filters for nuclear service are described below. Testing of all new
filters intended for nuclear service in the United States is conducted with a 0.3-um test aerosol in a rig called a
Q107 penetrometer that was designed by the U.S. Atmy Chemical Corps during the 1950s. Construction and
operation are described in MIL-STD-282, Method 102.9.5 The complete penetrometer consists of test
aerosol generator, an instrument that measures the size and uniformity of the particles formed, a clamping
device to seal the filter under test into the test rig, a total scattering photometer to measure test aerosol
penetration, and a manometer to measure filter resistance at rated airflow rate.
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The Q107 penctrometer, used for filters of 1,700 m3/hr rated capacity, exceeds 40 feet in length
(Figure 3.12). The Q76 penetrometer, which tests smaller filters and is based on the same principle of
operation, is considerably smaller. When testing a 1,700 m3/hr filter, about 2,400 m3/hr of outside air is
drawn into the system and divided into 3 parallel ducts that carry approximately 170, 500, and 1,350 m3/hr,
respectively. The remainder, approximately 350 m3/hr, is exhausted through another path. The 170 m3/hr
duct contains electric heaters that raise the temperature of the air to 374 degrees Fahrenheit (190 degrees
Celsius). Other electric heaters keep the liquid test aerosol reservoir heated to approximately 392 degrees
Fahrenheit (200 degrees Celsius). The test aerosol is vaporized from the reservoir into the heated airstream as
it sweeps across the liquid surface and is mixed with the air in the 500 m3/hr duct that contains both cooling
units and reheaters to provide partial dilution and temperature control of the test aerosol vapor stream. The
temperature of the test aerosol liquid reservoir cstablishes the mass concentration of the aerosol; a liquid
temperature of 392 degrees Fahrenheit (200 degrees Celsius) produces 80 to 100 pg/L of test aerosol when
diluted with 2,400 m3/hr of air. The particle size of the aerosol is determined by the temperature differential
between the evaporated test aerosol vapor stream and the much cooler diluting stream—the greater the
temperature differential, the smaller the resultng particle size. Temperature fluctuations in both airstreams
influence particle size distribution; the greater the fluctuation, the wider the size distribution. The combined
flows from the 170- and 500-m3/hr ducts are diluted further with the air in the 1,350-m3/hr duct to produce
the final aerosol concentration used for filter testing. Baffles are placed upstream and downstream to help
mix the acrosol entering and leaving the filter being tested.

Figure 3.12 - Q107 Penetrometer

The test acrosol particle size is determined by passing a sample through an optical particle-sizing instrument
called an OWL and noting the degree of polarization of a light beam. A polarization angle of 29 degrees
indicates a particle diameter of 0.3 um when the aerosol is monodisperse.3?

The optical device used to measure particle concentration is a forward-angle, light-scattering photometer
capable of measuring scattering intensity over a range of at least five orders of magnitude. Current
commercial instruments can give a useful signal with a concentration as low as 10 particles/cm? when finely
tuned and used by a skilled operator. For routine testing, a downstream concentration of 104 mg/m? can be
measured with reliability when the upstream concentraton is 10 mg/m?3, indicating a filter efficiency of
99.99 percent for the test acrosol. This level of measurement is considered adequate for nuclear applications
(in view of the lesser efficiency credit regularly assigned to filters by regulatory authorities), however,
manufacturers of microelectronic chips have sought filters with much higher retention efficiency.

ULPA filters have an efficiency of 99.9995 percent for particles in the 0.1-pm range, which is the minimum
filterable particle size for currently manufactured HEPA filters operating at their design airflow rate. This
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degree of efficiency is beyond the range of the Q107, but a laser spectrometer has been developed that can
measure filter performance at much higher efficiencies and for smaller particle diameters. This device
measures the sizes of individual particles in an aerosol and displays the particle-size distribution on a screen
and a printout. When used with a polydisperse aerosol challenge, it can measure penetration values as low as
1 X 10 in a range of particle diameters from 0.07 to 3.0 um. Use of duplicate instruments upstream and
downstream permits the determination of a “particle size-collection efficiency” table or chart for individual
filters at a modest cost and within a reasonable period of time. Laser spectrometers can also be used to
determine such important filter performance parameters as maximum penetrating size, efficiency of filters in
series, and the optimum formulation of filter fibers. The laser spectrometer has been used experimentally for
in-place filter testing, but an inability to detect and isolate small leaks in a filter bank at low upstream aerosol
concentrations is unresolved. [Note: Lasers are currently being used routinely for high-efficiency filters
(HEPA and ULPA) with acceptable results. Operator training is still an important issue, as is recognition that
most lasers are calibrated using polystyrene latex (PSL) rather than the test aerosol. The properties of PSL
(e.g., refractive index) are not identical to the test acrosol. This can produce inaccurate results unless
operators understand the differences and set up the equipment properly. Upstream concentration is also
critical because lasers can be blinded by the passage of too many particles to the counter. Most successful
applications use calibrated particle diluters to ensure the laser is not overwhelmed.]

An international sampling of laser use for filter efficiency testng was conducted in 1985 by the Institute of
Environmental Sciences and Technology (IEST) Working Group RP7 (IEST-RP-CC007.1)* Samples of
14 different high-efficiency filter media were sent to interested parties with recommended protocols for
instrument calibraton and test performance. Results from eight participants showed wide variation in
particle size efficiency results for identical filter papers. Incorrect calibration of laser spectrometers and
incomplete knowledge of laser operation were contributing factors.

Based on the 1985 IEST findings, standards-writing groups organized at DOE since 1980 have established
rigid procedures for spectrometer calibration and use for filter testing. The operating policy of DOE’s filter
testing program, contained in DOE-STD-3022-98% calls for testing of all HEPA filters intended for
environmental protection at a DOE-operated FTF. Delivery of filters to a test facility for quality assurance
review is mandatory for all DOE facilities, and the service is also available to the public for a fee. When the
filter manufacturer’s test data are confirmed, the FTF test results are added to the information on the filter
case. The test procedures at the FTFs call for “penetration and resistance tests...visual inspection for
damage and visible defects...[and other]...visually verifiable requirements.” Except for the smallest filter
sizes, penetration tests are required to be conducted at 100 percent and 20 percent of rated airflow capacity,
and the maximum penetration of 0.1- to 0.2-um particles at both airflow rates is 0.03 percent, in accordance
with draft DOE-STD-3025-99, Qwality Assurance Testing of HEPA Filters1® Penetradon tests may be
conducted using a monodispersed aerosol and a total light-scattering photometer, or a polydisperse aerosol
with a single particle counting and sizing instrument.!'® A quality assurance program for DOE’s FTFs is
contained in draft DOE-STD-3026-99,!! and specifications for HEPA filters to be used by DOE contractors
are contained in draft DOE Standard DOE-STD-3020-97¢ The HEPA filter specifications in
DOE-STD-3020-97 are the same as those in the previously cited military specifications, except that the size
and size distribution of monodispersed aerosols, when measured by the OWL, must be verified by a single
particle counter.

3.3.7.2 AQuality Control/Assurance Considerations

Systematic quality control and quality assurance testing are conducted at all stages of the product cycle from
development to use. The filter medium receives the most rigorous and extensive control and evaluation,
pethaps because its development and manufacture necessarily demand a degree of art as well as science.
Performance of the filtration medium is determined by a thermally generated monodispersed aerosol
generated by a Q127 penetrometer,’> a smaller version of the Q107 used to test cased filters. The physical
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characteristics of the medium are controlled by a battery of standard test protocols developed by the TAPPI,
ASTM, and ASME AG-12 The use of ASME AG-1 requires an ASME NQA-1% program. After
fabrication, in addition to measuring the efficiency and airflow resistance of the filter assembly with a Q107
or a Q76 penctrometer (depending on the rated airflow capacity and physical size of the filter), a series of
physical tests described in ASME AG-1, Section FC,2 arc applied to filter prototypes for qualification. These
include tests of dimension tolerances and resistance to rough handling, pressure, heated air, flame, and
unfavorable environments (simulated desert, tropical, and Arctic conditions).

Filter Test Facilities were established in the early 1960°s (see Chapter 1, Section 1.1.8). The last remaining
FTF is at Oak Ridge, Tennessee, and continues to inspect and test HEPA filters destined for safety class or
safety significant service at DOE facilitics. The FTF continues to routinely find problems with HEPA filters
sent by the various manufacturers. Problem HEPAs are returned to the manufacturer at no cost to DOE.
Problems encountered occur in two categories: (1) flow/resistance/penctration amounting to approximately
1 to 2 percent per year, and (2) obvious defects in workmanship (which do not get flow tested) such as
splinters, protruding nails, improper gaskets, etc.) amounting to an additional 2 to 3 percent per year. There
have been major spikes (up to 20 percent) when a media making or packaging process was changed. The FTF
serves its function well.

3.3.7.3 Other Historical Methods of Testing New HEPA Filters
Nebulized Paraffin Oil

In Germany, new HEPA filters are tested according to German Standard, DIN 24-18437 The aerosol used is
generated from a distillate oil fraction (paraffin oil) with a viscosity of 3 to 3.8 X 105 m%/sec by heating the oil
to 212 degrees Fahrenheit (100 degrees Celsius) and ncbulizing it with compressed air. The oil mist
concentration is about 10 mg/m3, with a droplet size median diameter of 0.36 pm and a geometric standard
deviation of about 2.0. A 45-degree angle, light-scattering acrosol photometer is used to measure the light-
scattering concentration of the aerosol entering and leaving the filter undergoing a penetration test. The
DIN 24-1842 test method differs in details, but is very close in principle to the U.S. test method.

Nebulized Sodium Chloride

The standard test method used in Great Britain for new HEPA filters?® utilizes a dried sodium chloride
aerosol generated from solution with a compressed air nebulizer. An emission-flame photometer is used to
measure the quantity of sodium chloride entering and leaving the filter being tested. The dried aerosol
particles have a concentration of about 3 mg/m3, a mass median diameter of 0.65 um and a geometric
standard deviation of 2.1. The test rig and test procedures employed do not differ significantly from those
used in the United States, Germany, and a number of other countries.

Nebulized Uranine

The French standard test method, AFNOR NFX 44.011.% uses dried particles of uranine, a fluorescent
material generated from a solution with a compressed air nebulizer. The aerosol concentration for the test is
about 8 X 103 mg/m3. The mass median diameter of the particles is 0.15 um, with a geometric standard
deviation of 1.55.

Aerosol samples are extracted from the test apparatus upstream and downstream of the filter being tested and
are collected on filter papers. After the sampling period has expired, the filter papers are extracted in water
and analyzed by fluorimetry. Filter efficiency is expressed as the percent by weight of fluorescent particles
collected by the filter. Because of the need to collect samples over some averaging period (e.g.,, 10 minutes)
and then to extract the uranine quandtatively from the filters and read the fluorescence intensity in a




Nuclear Air Cleaning Handbook U.S. Department of Energy

fluorimeter, about 30 minutes is required for an analysis. Direct readout of filter efficiency is characteristic of
most other standard test procedures.

Interrelationships Between Test Methods

A number of comparative analyses have been conducted for the purpose of establishing ratios between the
several standard test methods, with indifferent results. This is understandable because different test methods
use different test aerosols, very different analytical processes, and are applied to filters that respond differently
to aerosols that have variable fractions of large and small particles. So, it is wise to view a filter’s ability to
pass the formal test protocols as simple assurance that the filter is constructed of quality components and was
assembled in a sufficiently careful manner to make it free of unacceptable defects. In short, passing any one
of the tests establishes that the filter is satisfactory for nuclear service—nothing more.

3.3.8 The Impacts of Aging, Wetting, and Environmental Upsets on HEPA Filter
Performance

Intuitively, the aging of filters in storage or in use inplace should lead to a higher probability of media or
structural failure. At least five experimental studies 240,41, 42 43 have shown that with aging, HEPA filters lose
strength and water repellency but do not necessatily become less efficient. Logically, it follows that filter
efficiency depends on the physical geometry of the filter media, and is not significandy affected when the
organic binders and sealants become brittle or degrade with age. Filter strength prevents structural failure
during events that produce high stress across filter media, e.g., when particle deposits and water accumulation
cause filter plugging. Historical measures of filter strength are: (1) the tensile strength of the paper in
combination with a 10-inch overpressure test on the filter, and (2) burst strength. Burst strength (the
pressure tequired to tear open the media) quantitatively measures two-dimensional stretches as compared to
the one dimension used to measure the tensile strength. The brittleness of the media, which is measured by
flexing it, is a third major strength measurement, although it is not generally measured in aging studies.
Several authors have noted that aged HEPA filters are very brittle.

Decreasing water repellency produces filter plugging as accumulated moisture plugs filter media and decreases
tensile strength. Critical filter parameters such as media tensile strength and water repellency unfortunately
vary widely by manufacturer and types of patticulate deposits. These varying parameters frequently mask the

effects of aging, often making it difficult to derive an age limit using the available experimental data.
M.W. First®3 qualitatively described the deterioration mechanisms involved in HEPA filter aging as:

® Aging and weakening of glass fibers;

e  Aecterioration of the resin binder and the organic sealant;

¢ Corrosion of the aluminum separators;

® Moisture damage; and

® Mechanical stresses caused by handling the filter and airflow pulses.

Johnson, et al.,*! were unable to measure the tensile strength across the media folds for aged HEPA filters
because the brittle media cracked; they also observed that the media had lost most of its water repellency.

Following issuance of the Defense Nuclear Facilities Safety Board’s Technical Report 23, HEPA Filters Used
in the Department of Energy’s Hazardous Fagilities,® DOE initiated efforts to update ERDA 76-21, The Nuclear Air

3-24




DOE-HDBK-1169-2003 Chapter 3

Cleaning Handbook,* to present new guidelines for root causes and factors that would dictate replacement of
HEPA filters within DOE nuclear facilities. However, as publication of this revision was delayed, increasing
risks identified with aging HEPA filters at many DOE sites required the development of interim criteria for
replacing safety-related HEPA filters to address wetting and environmental conditions, as well as aging
considerations.

Many of these issues have been reviewed throughout the DOL complex in response in part to the Defense
Nuclear Facilities Safety Board (DNFSB) Recommendation 2000-2, Configuration Management, Vital Safety
Systems. % DOE reviewed several facilities for their conformance to regulations, Orders, and standards
concerning confinement ventlation systems (CVS). These reviews identified both strengths and weaknesses
in the sites’ filter programs in the following areas: (1) independent quality assurance testing/inspection by the
FTF; (2) receiving inspection; (3) storage of HEPA filters; (4) in-place testing; (5) system bypass testing, and
(6) service life. They also identified the need for more periodic CVS reviews. These have typically been
woven into ongoing periodic assessments.

3.3.8.1 Aging

Bergman? stated that, “a conservative interpretation of my experimental results indicates that the maximum
total life (storage and in-service) of HEPA filters for consistently removing greater than 0.9997 of 0.3 micron
particles from highly hazardous aerosols is 10 years from the date of manufacturce for applications in dry
systems, and 5 years in applications where the filter can become wet more than once for short periods of
time.” If a filter gets wet it should be replaced expeditiously. At Oak Ridge National Laboratory (ORNL),
Lawrence Livermore National Laboratory (LLNL), Idaho National Engineering and Environmental
Laboratory (INEEL), and Savannah River Site (SRS) for “dry service” at normal relative humidity, the 10-year
criterion is applicable to HEPA filters for aging. The date of installation is available for most safety-related
HEPA filters. Historically, the date of manufacture has not been documented in a readily accessible manner,
but will be under the new Standards Based Management System (SBMS). Clearly, however, the date of
manufacture may not be retrievable for currently installed filters. If this information is available (without
having to remove the filter to retrieve the data on its frame), the filter service life will be determined based on
the date of manufacture. If the date of manufacture is not available, the date of installation will be used. If
neither is available, the filter will be assumed to be over 10 years old and subject to immediate replacement.

3.3.8.2 Wetting

In his experiments, Fretthold* demonstrated that “previous water exposure weakened the filter media
irreversibly,” and that the “burst strength of the filter media decreased significantly with each wetting and
drying.” The replacement criteria will be exposure to a single occurrence of filter wetting. Potental sources
of filter wetting are entrained droplets tfrom actuation of sprinklers in areas that are upstream of the airflow to
the filters, rain or groundwater inleakage into the filter system, or condensation from a leak of steam or hot
water.

3.3.8.3 Upset Environmental Conditions

Section 12.05 of the Lawrence Livermore National Laboratory Health and Safety Manual,*? High Efficiency
Particulate Air (HEPA) Filter System Design Guidelines for LLNL Applications, stated that continuous exposure to
the following operational environments will permanently damage or compromise HEPA filters:

® Moisture and Hot Air: 95 to 100 percent RH at temperatures higher than 130 degrees Fahrenheit.

¢ Fire: Direct fire or high concentrations of particulate matter produced by fire.
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o High Pressure: 6.0 in.wg or more, internal or differential across the filter media. Filters should be
changed if the differential pressure [adjusted for rated flow] exceeds 4.0 in.wg.

e Corrosive Mist: Dilute moist or moderately dry concentrations of acids and caustics.

¢ Shock Pressures: More than 1.7 psig.

The following criteria were modified for conservatism and simplification for use in an SBMS.

e Wetting: A single occurrence of filter exposure to water including entrained droplets from actuation
of sprinklers in the area upstream of the filters, rain or groundwater, or condensation from a leak of
steam or hot water.

e Moisture and Hot Air: HEPA filters may be operated continuously at 180 degrees Fahrenheit and
between 5 and 75 percent RH, or at 120 degrees Fahrenheit and between 75 and 95 percent RH.
HEPA filters are not to be used for installations where there is a possibility of condensation forming
on them. They will provide maximum service life when operated below 100 degrees Fahrenheit and
75 percent RH. Top
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3.3.8.4 In-Place Testing of Filter Ingtallations

An in-place leak test is done after filters are installed at a DOE nuclear facility to ensure the performance of
the confinement ventilation system. The in-place leak test is used both for an acceptance and for surveillance
leak testing of the installed HEPA filter bank. An in-place leak test and visual inspection of HEPA filters are
performed initially upon installation to detect bypasses and damage to filters and periodically to establish
current condition of a nuclear air cleaning system and its components. Specific objectives of in-place filter
testing are (1) to test the aggregate performance to filters in a filter bank, (2) to evaluate the effectiveness of
seals between the filter gasket and the filter housing, (3) to assess the leak-tightness of the filter housing, and
(4) to determine whether bypasses exist around the filter housing. Each time repairs are made, the system
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must be retested until it meets the established critetia for leaktightness.®® Detailed information on in-place
filter testing is included in Chapter 8.

3.3.8.5 Packaging, Storage, and Handling of HEPA Filters

The manufacturer should have a quality program for the packaging, shipping, handling, and storage of HEPA
filters (c.g., NQA-1). HEPA filters are normally packaged in corrugated cardboard cartons that conform to
shipping regulations. Additional internal pieces are inserted to protect the filter faces from damage during
handling and transit. Palletizing crating should be constructed for case of disassembly (see Figure 3.14). For
multiunit shipments, individual cartons should be crated and palletized to minimize handling, particularly at
trans-shipment points when using public carriers. For very large shipments, scaled and dedicated trailers are
recommended. |Note: Filters shipped in less-than-truckload amounts using common carriers are often
rearranged incorrectly by the carriers,
resulting in damaged filtets.] Upon
delivery at the destination, mechanical
warchousing cquipment should be used
for unloading and transferring the
shipment. Cartons should be placed in
clean, dry, interior storage until used.
They should be positioned as directed
on the carton exterior, and no more
than three filter cartons should be
stacked atop cach other.

When a filter is inserted in the
cardboard  shipping container, the
pleated folds should be oriented in the
vertical direction (except Type B filters),
and both the filter frame and the
enclosing carton should be labeled with
a vertical arrow or the notation, “This
Side Up” (including Type B filters).
When handling a filter inside a carton,
the box should be tilted on one corner,
picked up, and carried by supporting it
at diagonally opposing corners. Removing the filter from its shipping carton without damaging the medium
is best accomplished by opening and folding back the top flaps of the carton, inverting the carton onto a
clean surface, and lifting the carton off the filter. Then the filter unit can be grasped by the outer frame
surfaces without the danger of personnel coming into contact with the filter pack enclosed within the frame.
Additional details can be found in Appendix B.

Figure 3.14 — Filter Crating and Palletizing

3.4 Prefilters for HEPA Filters

3.4.1 Filter Descriptions

The service life of HEPA filters can often be extended by using less efficient filters that selectively remove
the largest particles and fibers from the incoming airstream. In some cases, HEPA filter lifetimes can be
increased by as much as four times with multiple prefilter changes during the interval between HEPA filter
changes. It is rccommended that HEPA filters be protected from: (1) particles larger than 2 pm in diameter,
(2) lint, and (3) particle concentrations greater than 2.3 mg/m3. Selection of an appropriate prefilter includes
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consideration of: (1) the rapidity of filter resistance buildup and associated energy costs, (2) the size and
complexity of the resulting filtration system, (3) the fact that replacement filters and associated costs generally
increase with increasing prefilter efficiency, and (4) the disposal costs for contaminated HEPA filters and
potentially uncontaminated prefilters. It has been estimated that, with frequent prefilter replacements, savings
in filter systern operation could be as much as one-third the cost of operating without prefilters. Assessment
of an acceptable combination of prefilters and HEPA filters depends on the dust-loading and efficiency
characteristics of the different filter types available for the particular aerosol to be filtered. The clogging
susceptibility of HEPA filters will vary with the dust and filtration characteristics of the prefilters.

The types of filters used as prefilters are also widely used for cleaning ventilation supply air in conventional
HVAC systems. The important advantage of filtering ventilation supply ait for many operations that generate
radioactive particles is a reduction in the dust load that reaches the final contaminated filters. This helps
extend the service life of the exhaust filters, thereby reducing overall system costs because the supply air
filters can be changed without resorting to radiation protection measures—often the most costly aspect of a
contaminated exhaust filter change. These filters have a wide range of efficiencies, including 5 to 10 percent
for warm air residential heating systems; 35 to 45 percent for vendlation of schools, stotes, and restaurants;
and 85 to 95 percent for fully air-conditioned modern hotels, hospitals, and office towers.

3.4.2 Classes, Sizes, and Performance Characteristics of Prefiiters

For prefilters intended to remove only the largest airborne particles, a reverse relationship between retention
and re-entrainment forces occurs, causing collected particles to seep through the filter under prolonged
airflow unless the filter fibers are coated with viscous liquids to wet the collected particles and increase the
area of contact between them and the filter surfaces.

The most widely used test methods for ventilatdon air filters are published by the American Society of
Heating, Refrigerating, and Air Conditioning Engineets (ASHRAE) as Standard 52.1-92,% which contains
wwo different protocols. One uses a prepared “test dust” consisting of road dust, carbon black, and cotton
fibers. In this procedure, the test dust is aerosolized by compressed air and blown into the filter at a
concentration many times that normally found in ambient air. The filter is rated by the weight percent of
dust retained. This obsolete test method originated in the days when coal was the only fuel and has little
relevance to today’s air filter requirements. The second test method uses unaltered atmospheric air as the test
medium and rates filter efficiency on the basis of the percent reduction in discoloration of simultaneous
samples taken on white filter papers upstream and downstream of the filter being tested. Reductions in
discoloration cannot be related to weight percent efficiency. In addition to dust-collecting efficiency, the first
test procedure measures filter resistance increase with dust deposition and dust-holding capacity. Ventladon
filters in the 35 to 95 percent efficiency range are evaluated by the atmospheric dust discoloration test.

Table 3.7 (from ASHRAE 52.2)%® shows cross-reference and application guidelines for air cleaners with
particulate contaminants. For comparison purposes, the HEPA filter is rated at 100 percent for both the
stain-efficiency and artificial dust arrestance tests. Because the atmospheric dust test is based on the staining
capacity of the dust that penetrates the filter, compared to the staining capacity of the entering dust, it is not a
true measure of particle-removal efficiency for any one particle-size range.
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Table 3.7 — Cross-reference /Application Guidelines for Air Cleaners with Particulate Contaminants

Std. 52.2 Approximate Std. 52.1
Minimum Results Application Guidelines
Efficiency
Reporting
Value Duct Spot Typical Controlled Typical Applications | Typical Air Filter/Cleaner
(MERY) Efficiency | Arrestance Contaminant and Limitations Type
<0.30 pm Particle Size HEPA/ULPA Filters
20 n/a n/a Virus (unattached) Cleanrooms 299.999% efficiency on 0.1-
Radioactive materials 0.2 um particles, IEST Type I
19 n/a n/a Carbon dust Pharmaceutical 299.999% efficiency on 0.3
Sea salt manufacturing um particles, IEST Type D
18 n/a n/a All combustion smoke Carcinogenic materials | 299.99% efficiency on 0.3 pm
particles, IEST Type C
17 n/a n/a Radon progeny Orthopedic surgery 299.97% efficiency on 0.3 um
particles, IEST Type A
16 n/a n/a 0.3-1.0 pm Particle Size | Hospital inpatient care | Bag Filters: Nonsupported
All bacteria General surgery (flexible) microfine fiberglass
15 >95% n/a Most tobacco smoke Smoking lounges or synthetic media, 12 to
Droplet nuclei (sneeze) Superior commercial 36 inches deep, 6 to
14 90-95% >98% Cooking oil buildings 12 pockets
Most smoke Box Filters: Rigid style
13 80-90% >98% | Insecticide dust cartridge filters 6 to 12 inches
Copier toner deep may use lofted (air laid)
Most face powder or paper (wet laid) media.
Most paint pigments
12 70-75% >95% 1.0-3.0 um Particle Size Superior residential Bag Filters: Nonsupported
Legionella Better commercial (flexible) microfine fiberglass
1 60-65% >05%, Humidifier dust buildings or synthetic media, 12 to
Lead dust Hospital laboratories 36 inches deep, 6 to
10 50-55% >95% Milled flour 12 pockets.
Coal dust Box Filters: Rigid style
9 40-45% >90%, Auto emissions cartridge filters 6 to 12 inches
Nebulizer drops decp may use lofted (air laid)
Welding fumes or paper (wet laid) media.
8 30-35% >90% 3.0-10.0 pm Particle Size | Commercial buildings Pleated Filters: Disposable,
Mold Better residential extended surface, 1 to S in.
7 25-30% >90% Spores Industrial workplaces | thick with cotton-polyester
Hair spray Paint booth inlet air blend media, cardboard
6 <20% 85-90% | Fabric protector frame.
Dusting aids Cartridge Filters: Graded
5 <20% 80-85% Cement dust density viscous coated cube or
Pudding mix pocket filters, synthetic media
Snuff Throwaway: Disposable
Powdered milk synthetic media panel filers
4 <20% 75-80% >10.0 pm Particle Size Minimum filtration Throwaway: Disposable
Pollen Residential fiberglass or synthetic panel
3 <20% 70-75% Spanish moss Window air filters
Dust mites conditioners Washable: Aluminum mesh,
2 <20% 65-70% Sanding dust latex coated animal hair, or
Spray paint dust foam rubber panel filters
1 <20% <65% | Textile fibers Electrostatic: Self charging
Carpet fibers (passive) woven
polycarbonate panel filter
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ASHRAE Standard 52.1-92% tests have replaced those sanctioned formetly by the Air Filter Institute and the
Dill Dust-Spot Test of the National Institute for Standards and Technology. Care must be taken in the
interpretation of data from the ASHRAE tests. Arrestance test results depend highly on particles that exceed
1 um in diameter, but the ambient atmospheric dust test results depend on the nature and concentration of
aerosol particles at the testing location. The average particle size of the urban atmosphere is assumed to be
0.5 um. The results of the various tests are not comparable, and a filter determined to be efficient by one test
may be determined to be inefficient by another. Users should examine the test used to evaluate a filter’s
efficiency to properly understand the results. Efficiency tests are made on prototype filters, and the results
are extrapolated to other units of similar design (certification of every prefilter by testing would be too costly).

Values stated in Table 3.7 for dust-holding capacity were determined with resuspended synthetic dust
mixtures. Dust-holding capacity varies with the nature and composition of the particles (e.g., carbon black,
cotton linters). Dust-holding capacity under service conditions cannot be predicted accurately on the basis of
manufacturers’ data. Air resistance is the primary factor in prefilter replacement. Although manufacturers
recommend specific values of resistance for prefilter replacement, loss of adequate airflow is often 2 more
reliable indicator of system performance and is also more cost effective. Panel filters will plug rapidly under
heavy loads of lint and dust. An accumulation of surface lint may increase the efficiency of an extended-
medium filter by adding “cake” filtration principles to the existing physical mechanisms. The extended-
medium prefilter will plug readily in an airstream carrying profuse smoke and soot from a fire. Operation at
airflows below rated capacity will extend the service lives of filters and be more cost effective by reducing the
frequency of filter replacement. On the other hand, when airflow exceeds rated values, dust-loading rate and
system costs begin to increase exponentially along with proportional increases in airflow. [ASHRAE also
publishes Standard 52.2-99,% which gives methods for testing filter efficiency by patticle size using optical
particle counters, including lasers.]

3.4.3 Construction of Prefiiters

Prefilters are classified by the American Refrigeration Institute (ART) 850-935! as follows:
¢ Group I - Unit or panel.
¢ Group II - Self-cleaning, self-renewable, or any combination thereof.
¢  Group III - Extended surface.
¢  Group IV - Electronic air cleaner.

¢ Group V - Air filter media.

Group 1 panel filters (viscous impingement filters) are shallow, tray-like assemblies of coarse fibers (glass,
wool, vegetable, or plastic) or metal mesh enclosed in a steel or cardboard casing. The medium is usually
coated with an inhibited viscous oil or adhesive to improve trapping and retention of particles. Single-use
disposable and cleanable-reusable types are available. The latter have metal mesh and generally are not used
in nuclear applications for effluent or process air cleaning because of the high labor costs associated with
cleaning and disposal of entrapped radioactive materials. A disposable panel filter has a fairly high dust-
holding capacity, low aitflow resistance, low initial and operating costs, and high removal efficiency for large
particles. It is particularly effective against fibrous dust and heavy concentrations of visible particles, but is
ineffective for smaller particles. For nuclear service, it is less cost-effective than the more costly Group II or
I11 filters that provide better protection for the HEPA filter.
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Group I (moderate-efficiency) and Group III (high-efficiency) filters are usually comprised of extended-
medium, dry-type, single-use disposable units. The filter medium is pleated or formed into bags or socks to
provide a large filter sutface area with minimal face area. They are not coated with adhesive. The particle size
cfficiency of Group II filters is moderate to poor for submicrometer-sized particles, but often approaches
100 percent for particles greater than 5 pm. In most cases, the pressure drop of extended-media Group II
filters varies directly with cfficiency. Group II filters are recommended for high lint- and fiber-loading
applications. The large filter area relative to face area permits duct velocities equal to or higher than those of
panel filters.

Group III filters are preferred when higher efficiency for smaller particles is desired. The dust-holding
capacity of Group III filters usually is lower than that of Group II filters.

3.4.4 Electrostatic and Electrified Filters

An electrostatic charge may be induced on filter fibers by triboclectrification and by sandwiching the fiber
bed between a high voltage and a grounded electrode. Triboelectrification can be used to induce a high
clectrostatic charge on suitable high dielectric materials, but under practical-use conditions, the charge is
subject to rapid dissipation due to air humidity, oily particles, fiber-binding particles, and other interference.
Continuously activated electrodes can induce a more permanent charge.

A program to develop clectrofibrous filters, undertaken by DOE at LLNL, has proved them effective in
providing greater efficiency and longer service life for the prefilters used to protect HEPA filters. They have
been used in gloveboxes and for other applications. Laboratory tests using test and sodium chloride aerosols
have shown that an “electrofibrous prefilter increases in efficiency from 40 to 90 percent as 10 kV is applied
to the electrode.” A comparison of uncharged, triboelectrically charged, and permanently charged fibrous
filters demonstrated the higher collection efficiency of the permanently charged filter design for
submicrometer particles. When continuously charged clectrofibrous filters were applied as prefilters for
HEPA filters in exhaust air systems or gloveboxes used to burn uranium turnings, they significandy
prolonged the life of the final filters.

3.4.5 Operation and Maintenance of Prefilters

All prefilter construction materials must be compatible with those of the downstream HEPA filters they are
designed to protect. Therefore, they must conform to the rigorous physical properties prescribed for HEPA
filters (e.g., resistance to shock, vibradon, tornado, earthquake, moisture, corrosion, and fire). Survivability
under the specific operational conditions and requirements must be addressed when prefilters are selected
because moisture or corrosive products in the airstream may limit the choice of filter. Although many filter
media will not withstand acid or caustic attack, glass fibers are cotrosion-resistant except for fluorides.
However, the casing and face screen materials may be less so. Aluminum may deteriorate in marine air, from
caustics, or from carbon dioxide. Plastics have poor heat and hot air resistance and generally will not satisfy
UL requirements. Condensation from high humidity and sensible water may plug a prefilter and result in
more frequent replacement. In general, a prefilter made of construction materials identical to those in the
HEPA filter will have equivalent corrosion and moisture resistance. Any increase in resistance from moisture
accumulation will be greater for MERV 17-20 filters than for MERV 9-16 filters (ASHRAE 52.2 Table E-1)%.
UL classifies ventilation air filters in two categories with respect to fire resistance.® When clean, UL Class 1
filters do not contribute fuel when attacked by flame and emit a negligible quantity of smoke. UL Class 2
filters are permitted to contain some small amount of combustible material, but they must not contribute
significantly to a fire. The collected material on inservice UL-approved Class 1 and 2 filters may burn
vigorously and create a fire that is difficult to extinguish. Therefore, use of an UL-rated prefilter should not
lead to an unwarranted sense of security on the part of the user. The UL maintains a current listing of filters
that meet the requirements of their standards.?!
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Most types of prefilters are suitable for continuous operation at temperatures not exceeding 149 to
248 degrees Fahrenheit (65 to 120 degrees Celsius). Other types with glass-fiber media in steel or mineral
board frames may be used at temperatures as high as 392 degrees Fahrenheit (200 degrees Celsius). Users of
high-temperature prefilters should take a conservative view of performance claims, particularly claims related
to efficiency at operating temperature.

Because of waste disposal requirements, the preferred choice of a prefilter for nuclear applications is the
single throwaway cartridge. A replaceable-medium filter offers an advantage over the throwaway because the
bulk of material that needs to be discarded is smaller and handling and disposal costs are minimized.
However, re-entrainment of contaminants and contamination of the petipheral area are possible because the
medium is removed from the system and prepared for disposal. The replaceable-medium type is not
recommended for toxic exhaust systems. The cleanable-medium filter is undesirable for nuclear systems
because of the extensive downtime of the system that is required for changing and decontaminating areas in
proximity to the filter installation.

3.5 Deep-Bed Filters

Deep-bed filters were designed, built, and placed in service early in the development of nuclear technology
for treating offgasses from chemical processing operations. The first, a sand filter, was constructed at the
Hanford, Washington, nuclear facility in 1948, and deep-bed glass fiber filters were constructed soon after.
These were not considered competitive with then-cutrent versions of the HEPA filter (the CWS-Type 6 or
AEC-Type 1), but were thought to have a different function. With the thin-bed filters, the intent is usually to
replace or clean the filter medium periodically. The deep-bed filter, on the other hand, usually has as its
objective the installation of a unit which will have a long life, in the dust capacity sense, of say 5 to 20 years,
corresponding to either the life of the process or the mechanical life of the system. Thus, when resistance
starts increasing rapidly, instead of replacing or cleaning the filter medium, the entire filter installation would
be abandoned and replaced with a new unit. In fact, the life span of some deep-bed filters constructed during
the early 1950s has not yet been entirely expended. A partial explanation for this longevity is the original
design concept that deep-bed filters would be used where the total aerosol concentration was usually on the
order of or less than normal atmospheric dust concentratons. An important reason for selecting sand for the
initial bed material was a need to filter large volumes of wet corrosive aerosols for which more usual filter
materials would prove unsatsfactory. Deep beds of crushed coke had been used by the chemical
manufacturing industry for many years to remove sulfuric acid mist from the effluent gas of sulfuric acid
manufacturing plants prior to 1948. Silverman cited efficiencies as high as 99.9 percent by weight for a
crushed-coke bed against a sulfuric acid mist of 0.5 to 3.0 um in diameter.5? Perhaps a carbon-filled bed was
considered unsuitable for filtering an aerosol that might contain fissile material, and sand was selected for the
first deep-bed filter for nuclear fuel processing facility vendlation air.

3.5.1 Deep-Bed Sand (DBS) Filters

Some of the following material is taken directly from ERDA 76-214. Although dated, it is still relevant today.
It has been updated where appropriate. Inidally, sand filters were installed at the Hanford, Washington,
nuclear facility and at the Savannah River nuclear plant. Following their success, more were added at
Hanford and Savannah River and others were constructed at plants in Morris, Illinois, and Idaho Falls, Idaho.
The Argonne National Laboratory compiled a bibliography of DBS filters. These DBS filters had collection
efficiencies for particles greater than or equal to 0.5 um that compared favorably with the HEPA filters of
that era. Their advantages for the nuclear programs at these sites included large dust-holding capacity, low
maintenance, chemical resistance, high heat tolerance, fire resistance, and a capability to withstand large shock
and gross pressure changes without operational failures. They also had disadvantages such as high capital
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costs, need for large areas and volumes, inability to maintain the granular fill, and lack of a reasonable means
of disposing of the contaminated fill.

DBS filters contain up to 10 feet of rock, gravel, and sand constructed in graded layers that diminish granule
size by a factor of 2 as the layers go from bottom to top. Airflow direction is upward so that granules
decrease in size in the direction of flow. A top layer of moderately coarse sand is generally added to prevent
fluidization of the finest sand layer underneath. The rock, gravel, and sand layers are positioned and sized to
provide the desired structural strength, particle collection ability, dirt-holding capacity, and long service life.
Ideally, the layers of the largest granules, through which the gas strcam passes first, remove all the large
airborne particles, whereas the fine sand layers on top retain the finest smallest particles at high efficiency.
Below the granular bed there is a layer of hollow tile that forms passages for air distributon. The total bed is
enclosed in a concrete-lined pit. The superficial velocity is about 5-feet per minute, and pressure drop across
the seven layers, sized 3 1/2-inch average diameter down to 50 mesh, is from 7 to 11 in.wg. Collection
efficiencies as high as 99.98 percent for test aerosols have been reported. Some DBS filters have experienced
premature plugging at relatively low dust loadings. Another suffered partial collapse from disintegration of
grout between the tiles supporting the overhead filter structure. These failures were caused by moisture
leaking through voids in the system perimeter or by chemical corrosion and erosion of system components
from nitric acid fumes in the cffluent air. Disposal of inopecrable DBS filters, usually contaminated, is
generally accomplished by sealing and abandonment. Replacement systems normally are constructed ncarby
to accommodate the same air intake duct system.

Currently, there is renewed interest in sand filters for ESF applications (e.g., the plutonium Pit Disassembly
and Conversion Facility in Savannah River, South Carolina; emergency confinement venting for light-water
reactors). The Swedish confinement venting system, known as FILTRA, features large concrete silos filled
with crushed rock. It is designed to condense and filter the strcam blown from the confinement and to
release to the atmosphere less than 0.01 percent of the core inventory.

3.5.2 Deep-Bed Glass Fiber (DBGF) Filters

The rapidly emerging glass fiber technology of the late 1940s shifted attention to the use of very deep beds
(1 or more meters thick) of graded glass fibers as a satisfactory substitute for sand filters when treating
gaseous cffluents from chemical operations. They proved to be more efficient, less costly, and to have a
lower airflow resistance than the DBS filters they replaced. In addition, these DBGF filters employ a medium
that has more controllable physical features and more assured availability than the DBS to permit a larger
airflow per unit volume at lower pressure drop, lower operating costs, and potendally lower spent-filter
disposal costs. DBGEF filters have been used at Hanford for several decades on their Purex process effluent
streams. However, the DBGF filters do not have the corrosion resistance of the DBS, particularly from HF,
and arc less fire-resistant. The DBGEF is also less of a heat sink and has less capability to resist shock and
high-pressure transients.

The intake segment of the DBGF filter system was designed with layered beds of uniform-diameter glass
fibers to a total depth of 8 to 84 inches. Each layer in the direction of airflow was compressed to a higher
density and enclosed in a stainless steel tray with impermeable walls and a perforated screen above and below.
Capacity varied from 200 to 200,000 cfm (350 to 350,000 m3/hr). Although the first unit constructed at
Hanford was small (400 m3/hr (235.4 cfm), many of the 25 subsequent units were much larger and
expericnced extensive usage from nuclear fuel processing to hot cell ventilatdon. The glass fiber of preference
for this application was Owens-Corning's 115-K, a 29-um-diameter, curled glass fiber that resisted clumping,
settling, and matting. A system that was designed for downward airflow became inoperative from
precipitation of ammonium nitrate at the filter face. Subsequent units were designed with airflowing upward
and were equipped with water sprays directed from below to dissolve salt precipitation on the intake face to
reduce pressure drop buildup. The design airflow velocity of a typical DBGF was 50 feet per minute, and




Niuclear Air Cleaning Handbook U.S. Department of Energy

clean pressure drop was close to 1.5-in.wg. The final pressure drop, after a total particle loading estimated at
10,500 pounds, was 8-in.wg. The final stage of a second-generation DBGF filter system employed two
12-mm blankets of 3.2-um- and 1.2-um-diameter glass fibers fabricated as a twin-layer bag stretched over a
stainless steel framework. Airflow from the first stage passed through the filtration blankets from the outside
to the inside, then was exhausted from inside the metal framework. The number of bag filters was
proportional to the capacity of the intake segment of the DBGF filter. Later designs of the DBGEF filter's
cleanup stage substituted HEPA filters in a group of manifolded caissons (encapsulating filter holders), and a
comparable increase in collection efficiency was realized. The most recent installation of a DBGF filter
system required more than 100 HEPA filters downstream of a deep bed containing more than 38,000 pounds
of 115-K fiber. By carefully selecting the packing density, bed depth, and airflow velocity, collection
efficiencies greater than 99 percent for 0.5 um particles were attained.

Provision for periodic backflushing will often extend the life of the total filter. Most DBGF filter systems,
contained in vaults below ground, are resistant to shock and overpressure from natural phenomena. The
dust-holding capacities of DBGF filters are very large, and many units have operated for years without
attendance or maintenance. Pressure drop sensors can often predict evolving difficulties and indicate when it
is time for backflushing, precipitate dissolution, or other preplanned remedial actions. Just as for DBS filters,
decontamination and disposal is difficult for small systems and nearly impossible for the larger systems.

3.5.3 Deep-Bed Metal Filters

Deep beds of metal fibers have a number of applications in the nuclear industry, particularly where maximum
resistance to fires, explosions, and overpressure shocks are essential. In offgas systems containing substantial
concentrations of HF, use of stainless steel metal fibers has been studied as a substitute for glass.

In most cases, the objective when using metal fiber filters is to obtain particle collection efficiencies that
duplicate those obtainable with HEPA filters. However, the unavailability of metal fibers with diameters
close to or below 1 um makes it necessary to provide great filter depth as a substitute for small fiber
collection efficiencies. For sodium fire aerosols, high collection efficiency can be obtained with relatively
large diameter metal fibers because the combustion products in air, sodium oxide, and carbonate rapidly form
large flocs that are easily filtered. The ease of filtration results in the extremely rapid formation of a high-
resistance filter cake that severely limits the amount of sodium aerosol particles that can accumulate in the
filter before the limit of the fan's suction pressure is reached. Here, the requirement is for a graded-efficiency,
deep-bed, metal filter with a large storage capacity in the initial layers of the filter for the fluffy sodium aerosol
particles, a high efficiency for small particles in most downstream layers of the filter, and the elimination of
abrupt interfaces between graded fiber layers where a filter cake might form. This is a different filtration
requirement than obtaining high efficiency for low concentrations of small, nonagglomerating particles—
instead, the requirement is for uniform particle storage throughout the depth of the filter. Here also, uniform
diameter fibers can be used in great depths, as in the DBGF filters, to substitute for the presence of very
small-diameter filter fibers.

Other types of metal filters have been constructed by sintering stainless steel powders or fine fibers into a
sieve-like structure that function very much like a conventional pulse-jet-cleaned industrial cloth filter. The
metal membrane has an inherent high efficiency for particles greater than a few micrometers, but depends on
the formation of a filter cake to obtain high efficiency with submicrometer particles. Clean airflow resistance
is high and increases rapidly as cake thickness builds up. It is cleaned periodically by backflow jets of
compressed air. Efficiencies are comparable with those of HEPA filters when the sintered metal filters are
precoated with filter aids. Because of their high-temperature resistance and ability to handle high
concentrations of mineral dusts, these types of filters have been used in nuclear incinerator offgas cleaning
systems, particularly when heat recovery from the hot filtered gases is desired. However, care must be
exercised to avoid releasing tar-like combustion products to sintered filters that are operated at high
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temperatures because the tarry material tends to lodge in the pores and turn to cake that cannot be removed
by chemical means or by elevating the temperature to the limit of the metal structure.

Another type of sintered filter construction for high-temperature applications has been prepared from a
mixture of stainless steel and quartz fibers. The composite material has the same efficiency and pressure drop
as HEPA filter glass paper, but has 4 times the tensile strength and can operate continuously at temperatures
up to 932 degrees Fahrenheit (500 degrees Celsius). Applications of the stainless stcel and quartz fiber HEPA
filter medium have not procecded beyond the laboratory stage.

3.6 Demisters

Liquid droplet entrainment separators are required in the standby air treatment systems of many water-cooled
and -moderated power reactors to protect the HEPA filters and activated-charcoal adsorbers from excessive
water deposition should a major high-temperature water or stream release occur as a result of an incident
involving the core cooling system. Droplet entrainment separators are also used in fucl processing operations
to control acid mists generated during dissolving operatdons and subsequent separation steps.

Entrainment separators consisting of a series of bent plates are widely used in HVAC applications for
controlling water carryover from cooling coils and humidifiers; but for nuclear applications, their droplet
removal efficiency is inadequate. Therefore, fiber-constraining demisters with a much greater efficiency for
small droplets are standard for nuclear service. Entrainment separators utilizing fiber media remove droplets
by the same mechanisms that are effective for dry fibrous filters, but they must have the additional important
property of permitting the collected water to drain out of the cell before it becomes clogged. Should clogging
occur and the pore spaces fill with water, the pressure drop across the separator will rise and some of the
water retained in the pore spaces will be ejected from the air discharge side to create sufficient passages for air
to pass through. The cjected water can become aitborne again by this mechanism.

Droplets from condensing vapors originate as submicrometer-sized aerosols, but the droplets may grow
rapidly to multimicrometer size by acting as condensation centers for additional cooling vapors and by
coagulation when the concentradon of droplets exceeds 106 droplets/ml.  Firefighting spray nozzles,
confinement sprays, and other devices that mechanically atomize liquid jets yield droplets that predominantly
range from 50 to more than 1,000 um in diameter. This range means that entrainment separators must not
only be capable of removing the smallest droplets, but also must resist becoming flooded by the largest
droplets and releasing the collected liquid as entrained water.

The NRC recommends the use of entrainment separators for engineered safety systems when the air may be
carrying entrained liquid droplets or a cooling and condensing vapor. 8.31.45. 50 Although HEPA filter paper is
treated for water repellency, high-water loadings rapidly saturate the paper and raise its airflow resistance to a
point where gross holes can result. Hot water and stcam cause paper to lose its strength and to fail even
more rapidly. Therefore, the criteria for entrainment separators used for nuclear service call for: (1) at least
99.9 percent retention by weight of entrained water and condensed steam in the size range 1 to 2,000 um
diameter, at a duct velocity from 250 to 2,500 linear feet per minute, and water delivery rate of 8 gallons per
minute (gpm) per 1000 cfm of installed HEPA filter capacity; (2) at least 99 percent retention by count of
droplets in the 1- to 10-um-diameter range, at a duct velocity from 250 to 2,500 lincar feet per minute; (3) no
flooding or water re-entrainment at a water-steam delivery rate of 8 gpm at a duct velocity of 2,500 linear feet
per minute; and (4) a temperature tolerance at least to 320 degrees Fahrenheit (160 degrees Celsius) and
gamma radiation exposure up to 106 rads integrated dose without visible deterioration or embrittlement of the
materials of construction. An entrainment separator with these characteristics will provide long-term
protection for a downstream HEPA filter that would be destroyed in a few minutes without it. Entrainment
separators are usually constructed of deep layers of high-porosity metal and glass fibers, either packed or
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woven into stable batts, and arranged in graded sizes and packing density to give the desired small droplet
collection capability with excellent resistance to flooding and re-entrainment.

3.7 Filter Design Selection

Nuclear-grade HEPA filter papers are distinguished from otherwise identical products by their proven
resistance to deterioration by radiation. This requirement is spelled out in ASME AG-1,2 which calls for
50 percent retention of original strength and water repellency after exposure to an integrated dose of
6.0 X 10710 6.5 X 107 rads at a dosage rate not to exceed 2.5 X 10¢ rads per hour. Because all fabricated filters
destined for nuclear service will contain identical or equivalent paper, selection can be based solely on the
type of filter construction.

Deep-pleat filters with corrugated aluminum separators have dominated nuclear service both by numbers and
years of use, and therefore have the longest and most thoroughly documented performance record. They
appear to be stronger than other filter designs, although mini-pleat and separatorless filters are able to meet
existing strength requirements in applicable filter standards. Mini-pleat construction has the desirable
advantage of packing twice as much paper into a given volume of filter. A disadvantage of the mini-pleat
design is the narrowness of the air passages between adjacent pleats, which make it susceptible to premature
clogging of the openings by large particles and fibers. This may not be a difficulty when the air being filtered
is exceptionally dust-free or when efficient prefilters are employed. Nuclear service experience is sparse or
totally lacking for types of filter construction other than deep-pleat filters with corrugated separators,
although there may be equivalent experience in nonnuclear applications.

Special nuclear filters are needed when service conditions involve exceptional physical or chemical stress.
Although the usual run of filters for nuclear service must provide resistance to short-term exposure to heated
air and flame, they are not designed for long-term operation at temperatures exceeding 250 degrees
Fahrenbeit (120 degrees Celsius). Because the organic sealant between filter pack and filter frame is the least
temperature-resistant component, it is possible to increase temperature resistance by substituting a tighdy
compressed fine-fiber batt for the organic adhesive. In addition, substituting a metal frame for a plywood or
composition board increases temperature resistance to the meltng point of the glass fibers in the filter
medium [932 degrees Fahrenheit (500 degrees Celsius)]. Before this temperature is reached, the organic
binder and water-repellent chemicals in the paper will be lost, but this may not adversely affect fileration
efficiency or airflow resistance, but does reduce the filter strength.

The chemical resistance of low-temperature nuclear filters is generally excellent for all dry gases. With high
humidity, the presence of HF will cause etching and embrittlement of the glass fibers and ultimate failure of
the filter. When droplets of HF or condensed water plus HF gas are present in the airstream, rapid failure of
the glass filter paper may be anticipated. Rapid failure (within hrs) also occurs when hydroscopic salts from
chemical processing collect on the filter surface and form a moist, slush-like cake that absorbs HF and
infiltrates the pores of the filter paper. Special filter papers have been formulated with 7 percent Nomex
fibers to provide extra chemical resistance for this type of service.

Aluminum separators are especially susceptible to chemical attack by many substances other than HF. United
States requirements call for vinyl-epoxy coatings of 0.2 to 0.3 um in thickness on both the sides and edges of
aluminum separators when the presence of acid is predicted. Stainless steel separators are a more costly
alternative.

Deep-bed filters of sand, gravel, and crushed stone do not compete directly with HEPA filters, except at a
few installations involved in chemical operations associated with fuel reprocessing, but they have recently
come under intense study as a means of mitigating core meltdown events by providing a filtration capacity for
venting confinement vessel overpressures and for coping with a possible hydrogen burn inside the
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confinement. DBS filters have also been studied extensively for a potential role in mitigating loss of coolant
accidents for metal-cooled reactors.




Nuclear Air Cleaning Handbook U.S. Department of Energy

3.8 References

1. ASME (American Society of Mechanical Engineers), 1989, Nuckar Power Plant Air Cleaning Units and
Components, ASME N509, New York, NY.

2. ASME (American Society of Mechanical Engineers), 2003, Code on Nuclear Air and Gas Treatment, ASME
AG-1, New York, NY.

3. DoD (US. Department of Defense), 1986, Filters, Particulate, High-Efficiency, Fire-Resistant, U.S. Military
Specification MIL-F-51068F, Aberdeen Proving Ground, MD, June.

4. DoD (US. Department of Defense), 1963, Filter Medium, Fire-Resistant, High-Efficiency, Military
Specification MIL-F-0051079, U.S. Army Armament, Munitions and Chemical Commands, Aberdeen
Proving Ground, MD.

5. DoD (U.S. Department of Defense), 1995, Filter Units, Protective Clothing, Gas Mask Components and Related
Products: Pesformance Test Methods, U.S. Military Specificaion MIL-STD-282(4), Edgewood Biological
Center, MD, January 12.

6. DOE (Department of Energy), 1997, Spedfication for HEPA Filters Used by DOE Contractors,
DOE-STD-3020, Washington, DC.

7. ASME (American Society of Mechanical Engineers), 1989, Testing of Nuclear Air-Cleaning Systems, ASME
N510, New York, NY.

8. NRC (U.S. Nuclear Regulatory Commission), 1976, Design, Testing, and Maintenance Criteria for Engineered
-Safety-Feature Atmospheric Cleansp System Air Filtration and Adsorption Units of Light-Water-Cooled Nuclear Power
Plants, NRC Regulatory Guide 1.52 (Rev. 1), Washington, DC.

9. DOE (US. Department of Energy), 1998, DOE HEPA Filter Test Program, DOE-STD-3022,
Washington, DC.

10. DOE (U.S. Department of Energy), 1999, QOwality Assurance Inspection and Testing of HEPA Filters,
DOE-STD-3025, Washington, DC.

11. DOE (U.S. Deparument of Energy), 1999, Filter Test Fachty Quality Program Plan, DOE-STD-3026-99,
Washington, DC.

12. ANSI/ASQC (American National Standards Institute/American Society for Quality Control), 1993,
Sampling Procedures and Tables for Inspection by Antributes, ASQC-Z 1.9; DoD (Department of Defense)
Sampling Procedures and Tables for Inspection by Attributes, MIL-STD-105E, May 10, 1989, superceded by
ANSI/ASQC Z1.9-1993.

13, ASTM (Ametican Society for Testing and Materials), 2002, Standard Specification for Aluminum and
Aluminum Allgy Sheet and Plate, ASTM B209, West Conshohocken, PA.

14. Adley, F. E., Progress Report, 1996, “Factors Influencing High Efficiency Gasket Leakage,” 9% Air
Cleaning Conference, Atomic Energy Commission Report CONF-660904, National Technical
Information Service, Springfield, VA.

3-38



DOE-HDBK-1169-2003 Chapter 3

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

ASTM (American Socicty for Testing and Materials), 2000, Standard Specification for Flexible Cellular
Materials-Sponge or Expanded Rubber, ASTM D1056-2000, West Conshohocken, PA.

ASTM (American Society for Testing and Materials), 1998, Standard Spectfication for Hardware Cloth (Woven
or Welded Galvanised Stee! Wire Fabric), ASTM A740, West Conshohocken, PA.

ASTM (American Society for Testing and Materials), 1998, Standard Specification for Stainless or Fleat-Resisting
Steel Wire, ASTM 580, West Conshohocken, PA.

Burchsted, C. A., 1968, “Environmental Properties and Installadon Requirements of HEPA Filters,”
Symposium on Treatment of Radioactive Wastes International, Atomic Energy Commission, Vienna,
Austria.

IEST (Institute of Environmental Sciences and Technology), 1993, HEPA and ULPA Filters,
IEST-RP-CCO001.3, Mt. Prospect, IL..

UL (Underwriters Laboratories Inc.), 1990, Standard for Safery for High Efficiency, Particulate, Air Filter Units,
UL 586, Northbrook, IL.

UL (Underwriters Laboratory, Inc.), 1994, Safety Standard for Air Filter Units, UL 900, Northbrook, IL,
November 9.

Gilbert, H., J. K. Fretthold, F. Rainer, W. Betgman, and D. Beason, February 1995, “Preliminary Studies
to Determine the Shelf Life of HEPA Filters,” 234 Department of Lnergy/Nuclear Regulatory
Commission Nuclear Air Cleaning Conference, CONF-940738, pp. 613-638, Nadonal Technical
Information Services, Springfield, VA.

Flanders Filters, Inc., 1988, Laminar Flow Guide I IEPA, ULPA, and BISI Filters, Washington, NC.

First, M. W. (Harvard University), 1980, “Performance of 1,000 and 1,800 CFM HEPA Filters on Long
Exposure to Low Atmospheric Dust Loadings II,” 16 Department of Energy Nuclear Air Cleaning
Conference, DOE Report CONF-801038, National Technical Information Service, Springfield, VA.

Anderson, W. L and T. Anderson, 1966, “Effect of Shock Overpressure on High Efficiency Filter
Units,” 9% Atomic Energy Commission Air Cleaning Conference, USAEC Report CONF-660904,
National Technical Information Services, Springfield, VA.

Bergman, W. and Hune, 1999, “Maximum HEPA Filter Life,” UCRL-AR-134141, Lawrence Livermore
National Laboratory, Oakland, CA.

Fretthold, J. K., 1997 “Evaluation of HEPA Filter Service Life,” Rocky Flats Environmental Technology Site
Report, REP-5141, Boulder, CO, July 14.

Ricketts, C. 1., V. Ridinger, and J. G. Wilhem, 1987, “HEPA Filter Behavior Under High Humidity
Airflows,” 19" DOE/NRC Nuclear Air Cleaning Conference, Springfield VA, CONF-860820, NTIS,
pp- 319-52, May.

Zavadoski, R. and D. Thompson, 1999, HEPA Filters Used in the Department of Energy’s Hagardous Facilittes,
DNFSB Tech-23, Washington, DC.

3-39




Nuclear Air Cleaning Handbook U.S. Department of Energy

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

41.

42,

43.

44.

DOE (U.S. Department of Energy), 1961, Recommended Minimal Specification Revised for the High-Efficiency
Particulate Filter Unst, Atomic Energy Commission Health and Safety Information Issue No. 120,
Washington, DC, June 30.

Conway, J. (Defense Nuclear Facilities Safety Board), 2000, Letter to B. Richardson, Secretary of Energy,
Recommendation 2000-2, Configuration Managemens, Vital Safety Systems, March 8.

LaMer, V. K. and Sinclair, D., 1943, /4 Portable Optical Instrument for the Measurement of Particle Size in Smokes,
(The OWL); and, An Improved Homogensous Aerosol Generator, OSRD 1668, Office of Technical Services,
Washington, DC,

Rudinger, V., C. I. Ricketts, and J. G. Wilhelm, 1985, “Limits of HEPA Filter Application Under High
Humidity Conditons,” 18% Department of Energy/Nuclear Regulatory Commission Nuclear Air
Cleaning Conference, CONF-840806, -1058, -1084, March.

IEST (Institute of Environmental Sciences and Technology), 1992, Testing ULPA Filers, IEST-RP-
CC007.1, Mt. Prospect, IL.

Hinds, W., M. W. First, D. Gibson, and D. Leith, 1979, Sige Distribution of Hot DOP’ Aervsol Produced by
ATT Q-127 Aerosol Generator, 15% Department of Energy Nuclear Air Cleaning Conference, National
Technical Information Service, Springfield, VA. p. 1127-1130.

ASME (American Society for Mechanical Engineers), 2000, Quality Assurance Requsrements for Nuclear
Faalities, ASME NQA-1, New York, NY.

German Standards Institute (DIN), 1974, Typprifung von Schswebstoffiltern, German Standard DIN 24, 184,
October.

BSI (British Standard Institute), 1969, Method for Sodsum Flame Test for Air Filters, BSI-3928.

Dupoux, J. and A. Briand, 1977, Méthode de Mesure de L'efficacité des Filtre au Moyen d’un Aérosol dUranine
(Eluorescéing), Seminar on High Efficiency Aerosol Filtraion, AFNOR NF X 44-011 Standard,
Commission of the European Communities, Luxembourg, pp. 249.

. Robinson, K. S., C. Hamblin, R. C. Hodietne, and M. J. S. Smith, 1986, “In-service Aging Effects on

HEPA Filters,” Gaseous Effluent Treatment in Nuclear Installations, Graham and Trotman, London, England.

Johnson, J. S., D. G. Beason, P. R. Smith, and W. S. Gregory, 1989, The Effect of Age on the Structural
Integrity of HEPA Fulters, 20% Department of Energy/Nuclear Regulatory Commission Nuclear Air
Cleaning Confetence, CONF-880822, Natonal Technology Information Service, Springfield, VA, May.

Fretthold, . K., 1997 Evaluation of HEPA Filter Service Life, Rocky Flats Environmental Technology Site
Report, RFP-5141, Boulder, CO, July 14.

First, M. W., 1996, Aging of HEP.A Filters in Service and in Storage, Journal of the American Biological Safety
Association, 1 (1) pp. 52-62,

ERDA (Energy Research and Development Administraton), 1976, Nackar Air Cleaning Handbook,
ERDA 76-21, Oak Ridge, TN.

340



45.

46.

47.

48.

49,

50.

51.

52.

DOE-HDBK-1169-2003 Chapter 3

Bill Richardson, Secretary of Energy, 2000, T.etter to John Conway, Defense Nuclear Facilities Safety
Board Chairman, Implementation Plan for Recommendation 2000-2, Configuration Management, Vital Safety Systems,
October 31.

Bergman, V., “Maximum HEPA-filter Life,” UCRL-AR-134141, Lawrence Livermore National
Laboratory, Oakland, CA.

LI.NL Health and Safety Manual, Adverse Operating Conditions, Section 12.05, High Efficiency Particulate
(HEPA) Filter System Design Guidelines for LLNL Applications, Lawrence Livermore National
Laboratory, Livermore, CA.

Linck, . ]. and J.A. Greer, 1975, “In-Place Testing of Multiple Stage HEPA Filter Plenums,” 13+ AEC
Air Cleaning Conference, Encrgy Research and Development Administration Report CONF-740807,
National Technical Information Service, Springfield, VA, March.

ASHRAE (American Society of Heating, Refrigerating, and Air Conditioning Engineers), 1992,
Gravimetric and Dust Procedures for Testing Air Cleaning Devices Used in General Ventilation for Removing Particulate
Matter, Standard 52.1-92, Atlanta, GA.

ASHRAE (American Socicty of Heating, Refrigerating, and Air Conditioning Engineers), 1999, Mezhod of
Testing Ventitation Air Cleaning Devices for Removal Effuiency by Particle Sige, Standard 52.2-99, Atlanta, GA.

ARI (American Refrigeration Institute), 1993, Ssandard for Commercial and Indusirial Air Filter Equipment,
ARI 850, Arlington, VA.

Silverman, L., 1951, Chemical Engineering Program, No. 9.

341




CHAPTER 4
HOUSING DESIGN AND LAYOUT

4.1 Introduction

This chapter discusses housing design and requirements
for air cleaning units in which filters and/or adsorbers
are installed (see Chapter 6, “Small Air Cleaning Units,”
for single filter housing design information). Two basic
designs are addressed in this section: man-entry and
side-access (see Figures 4.1 and 4.2). In addition, two
side-access housing types are addressed—one utilizing
square filters and the other radial flow/round filters
(Figure 4.3). Both side-access designs are for housings
with two or more filters and for system capacitics greater
than 2,000 cubic feet per minute (cfm). Single-filter
inline housings, man-entry housings larger than 30 high-
efficiency  particulate air (HEPA) filters, and
masonry/concrete housings are not considered here.

Figure 4.1 - Model of 2 Man-entry Plenum

4.2 Housing System Design

Large-volume air supply and cxhaust requirements may be met by a number of side-access or man-cntry filter
housing installations operating in paralle], or in a single central system. Parallel housings have the advantages
of: (1) greater flexibility for system modification; (2) minimum interference with operations during filter
replacement because individual units can be shut down without affecting the remaining systems; (3) good
overall ventilation control in the event of malfunction, fire, or accident to one or a few individual units; and
(4) easy system testing and balancing.

421 Man-entry Housing System Design

The man-entry filter housing consists of a fabricated steel confinement room with one or more walls seal-
welded in place. The walls have holes and hardware to mount HEPA filters or absorbers. The room has
access doors providing entry at cach side of the walls. pgy
Air is ducted into one end of the room; passed through ¢ 2
the filters/absorbers mounted on the wall; and exits
from the other end of the room. A wall with
filters/absorbers mounted on it is considered a “stage”
or “bank.” The man-entry design is best used for
housings with stages of 15 filters (5 across, 3 high) or
more. As the number of filters/absorbers increases,
consideration must be given to the ability to test the
filters/absorbers and to the distribution of airflow. For
larger systems (over 30 filters per stage), the designer
should consider segmenting the system into two or more
parts of equal airflow capacity, with each part in a
separate, parallel housing. Isoladon valves on each
housing are desirable for convenient system control,

Figure 4.2 - Side-access Design
(Square Filter)
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isolation of individual units duting an emetgency, and
maintenance or testing activities.

4.2.2 Arrangement and Location

Maintainability is a major consideration when laying out
filter housings. Although some systems may have only a
single bank of HEPA filters, most will have at least one
additional bank of prefilters, and many will have multiple
banks of HEPA filters. Those systems in which
contaminated gaseous releases must be controlled will also
require one or more banks of adsorbers. Often a bank of
Figure 4.3 - Side-access Design demisters is required, resulting in as many as six or more
Cylindrical (Radial Flow Filters) banks of components in a single housing. There must be
sufficient clear corridor space adjacent to the housing for
handling filters during filter changes, as well as an adequate number of corridors to and from the housing.
Dollies are often used to transport filters to and from the housing area. This practice results in safer
operations that reduce the risk of both injury to personnel and spread of contamination from dropped filters.
When dollies are used, space is required to move the dollies in and out, and for loading and unloading.
Additional space is desirable for stacking new filters adjacent to the work area during the filter change-out
process. Recommended clearances for housings and adjacent aisles or aitlocks are given in Figure 4.4.

Proper access to the filter housing is sometimes
overlooked. Too frequently, housings are situated
among machinery, equipment, and ductwork where
workmen are required to climb between, over, ot
under obstructions to get to the housing door,
where they still have inadequate workspace. In
some installations, it is necessary to carry filters one
at a time over ductwork and then rely on rope
slings to transfer them up to the floor above where
the air cleaning system is located. It is essential to
preplan the route for getting filters and adsorbers to
and from the housing, and to provide elevators or
cranes where they have to be hoisted to an upper
level. Gallery stairways are also recommended in
lieu of ladders. See Figures 4.5 through 4.10.

Figure 4.4 - Recommended Clearances for

Man-entry HEPA Filter Banks High-risk operations often require segmented
' systems with two or more housings ducted in

parallel that exhaust from the same area and vent to the same stack. Each housing must have inlet and outlet
isolation dampers to permit one to be held in standby or, when both are normally operated simultaneously, to
allow one housing to be shut down for maingenance, testing, and emergencies.

Another important consideration in housing layout is uniformity of airflow through the installed components.
This is especially important for adsorbers, since flow through :those components must achieve the gas
residence time required for efficient adsorption of gaseous contaminants. For large, multiple-filter housings
that must operate in parallel, equalizing screens may be required in each filter unit to ensure uniform flow in
housings. Long transitions are difficult, particularly in large housings. Nevertheless, every effort should be
made to locate and design inlets and outlets to avoid stratification and to enhance the uniformity of airflow
through components.

4.2
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Special care must be taken in designing side-access
housings to ensure uniform flow through all filter
clements. It is recommended that manufacturers
performance-test prototype side-access filter units in
accordance with American Society of Mechanical
Engineers (ASME) AG-1, Section TA,' to document
uniformity of flow through side-access filter units before
fabrication of production units. When high-activity alpha-
emitters such as plutonium or transuranic clements are
handled, it may also be desirable to compartmentalize the
system, both in series, with separate housings for prefilters
and HEPA filters, and in parallel for cxtra safety.

4.3 Com ponent Installation Figure 4.5 - Airlock Entry for Man-entry

Plenum (Filters Above Doors are to
4.3.1 General Allow Pressure Equalization)

Proper installation of HEPA filters, adsorber cells, and
demisters is critical to the reliable operation of a high-efficiency air cleaning system. HEPA filter and
adsorber frames should be designed in accordance with the requirements of ASME AG-1, Section FG.!

4.3.2 Considerations

The following factors must be considered in designing HEPA filter and adsorber frames:
e Structural rigidity of mounting frames;

* Rigid and positive clamping of components to
the mounting frame;

e Careful specification of and strict adherence to
close tolerances on alignment, flatness, and the
surface condition of component seating surfaces;

e \Welded-frame construction and the welded seal
between the mounting frame and housing;

e Ability to inspect the interface between
components and the mountng frame during
installation (man-entry);

® Adequate spacing between components in the
bank (man-entry); and

Figure 4.6 — Man-entry Two-Level
Plenum (lower level) (Looking at Mist
Eliminator Upstream Side of First HEPA
Filter Stage)

® Adequate spacing in the housing for men to
work (man-entry).
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Figure 4.7 - Man-entry Two-Level
Plenum (Upper Level Looking at
Upstream Side of First HEPA
Filter Stage)

Figure 4.8 - Man-entry Plenum
(Looking at a Ship Door Between
HEPA Filter Stages)

Carbon steel sheet, ASTM A1011-03.7

U.S. Department of Energy

4.3.3  Housing Construction

The components and mounting frame should form a
continuous batrier between the contaminated and clean zones
of the system. Any hole, crack, or defect in the mounting frame
or in the seal between components and the frame that permits
bypassing will result in leakage of contaminated air into the
clean zone and reduced system effectiveness. A mounting
frame that is not sufficiently rigid can flex so much during
operation, particularly under abnormal conditions, that leaks
may develop in the HEPA filters clamped to the frame (due to
differential flexing of the filter case relative to the mounting
frame). Cracks may also open between the filters and the
frame, between frame members (due to weld cracking or
fatigue), or between the frame and the housing. Insufficient
attention to maintenance provisions in the original design can
increase operating costs and reduce reliability of the system.
Once the system is installed, defects are difficult to locate, costly
to repair, and may even require rebuilding the system.

Mounting frames for HEPA filters and other critical
components should be all-welded structures of carbon or
stainless steel structural shapes. Carbon steel frames should be
painted or coated for corrosion resistance. Galvanized steel is
not recommended because of welding difficulties and because
the zinc coating dées not give adequate protection in the
environments that may be encountered in a contaminated
exhaust system. Aluminum is not recommended because of the
high cost of surface preparation. Stainless steel is often the best

" and most economic choice for radiochemical plant applications.
~ Suitable housing and mounting frame materials include the
. following (source references are listed at the end of this chapter

as noted below):
o  Stainless steel shapes, American Society for Testing and
Materials (ASTM) A479, alloy UNS 8§30403, class C,
annealed and pickled?;

e Stainless steel plate, ASTM A240, alloy UNS $30403,
hot-rolled, annealed, and pickled;

¢ Stainless steel sheet, ASTM A240, alloy UNS $30403,

annealed and pickled, 2D or 2B finish?;
e Carbon steel shapes and plate, ASTM A36,* A4995;

e Carbon steel structural tubing, ASTM A5009, and
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Information relating to fabrication includes:

e “Specificaton for the Design, Fabrication, and §
Erection of Structural Steel for Buildings,” Manual of §
Steel  Construction Allowable  Stress  Design, American
Insdtute of Steel Construction, New York, NY, 1989.8

o Cold Formed Stee! Design Manual and Specification for the
Design of Cold-Formed Steel Structural Members, American
Iron and Steel Institute, 4t Edition, New York, NY,
1996.°9

JECE L T et T

o AWS  Structural Welding  Code-Steel, AWS DI1.1,
D1.1M-02 American Welding Society, Miami, FL,
2002, 10

o  Desgn  of Welded  Structures,  O.W. Blodgett,
James F. Lincoln Arc Welding Foundation, Cleveland,
OH, 19761

4.3.4 Potential Housing Leakage

Figure 4.9 - Common Aisle Between Two
Contaminated filter housings must be leaktight to prevent Man-entry Plenums
contamination of adjacent service and operating areas.

(Leak-testing of filter housings is covered in Chapter 8). The design of nuclear air cleaning system housings
must consider the potendal for leakage. By locating the filter unit in an appropriate plant locaton and
locating the fan relative to the filter housing, leakage amounts (especially leakage of contaminated air) can be
minimized.

A once-through contaminated exhaust filter housing may be designed with the exhaust fan located after the
filter housing and the housing located in a space that is “cleaner” than the air entering the housing. The
benefit of this system configuration is that the air cleaning system up to the fan is under a negative pressure.
Leakage is into the housing, thereby minimizing the potennal impact of contaminated leakage on plant
personnel  during  system operation. This  system
configuration does not mean leakage should not be
considered. It means that the leakage potential can be
reduced by component location and that further
reductions in personnel dose to levels as low as reasonably
achievable (ALARA) are possible via housing
construction.

If the space where an air cleaning system housing is

located is more contaminated than the air entering the

housing, it would be better to locate the fan on the inlet

side of the housing. This arrangement would eliminate in-

leakage of more contaminated air downstream of the

filters. Figure 4.10 — Man-entry Housing Located
Outside Building

For a habitability system where the housing is located
within a protected space, the fan should be located downstream of the filter unit to ensure any potential in-
leakage is “cleaner” air. If the housing in a habitability system is located in an area outside the protected
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space, then the fan should be located upstream of the filter unit to ensure potentially contaminated air does
not bypass the filter unit.

The first step in determining housing leaktightness is to assess the relative contamination potential between
the air entering the housing and the space where the housing is situated. Locate the fan accordingly, then
determine the allowable leak rate to maintain: (1) the personnel dose within the requirements of 10 CFR 2012
for inplant personnel, (2) the offsite dose per 10 CFR 100,13 and (3) the ability of the system to maintain
petformance [e.g., direction of aitflow, required pressure differendal, air exchange (dilution) rates]. The latter
item depends on the system design and margin. ASME N509-89'4 and ASME AG-1,! Section HA,
“Housings,” provide guidance on determining allowable leakage.

The allowable leakage should be considered when determining construction requirements. However, for
filter housings, the structural design requirements for pressure and dynamic forces dictate that the housing
fabricated of heavy platework (10-gauge to 3/16-inch-thick) can be seal-welded to join the transverse and
longitudinal joints, instead of using bolts, without significantly increasing cost. This will result in a low-
leakage installation.

435 Paints and Protective Coatings

Coatings and paint requirements must be consistent with the corrosion expected in a particular application
and the size of the duct. Corrosion and radiation-resistant paints and coatings should, at a minimum, meet
the requitements of ASTM D514415, Standard Guide for Use of Protactive Coatings in Nuclear Power Plants. Unless
special spray heads are used, spray coating the interior of ducts with an effective minimum diameter of
12 inches is often unreliable because it is difficult to obtain a satisfactory coating and inspection for defects
and voids. The interior of ducts 8 inches and smaller cannot be satisfactory brush painted. Dip coating is
recommended instead. Ducts to be brush painted should not exceed a length of 5 or 6 feet to ensure proper
coverage.

Carbon steel housing interiors and mounting frames must be painted to protect against corrosion and to
facilitate cleaning and decontamination. Surfaces must be properly prepared, and primer and topcoats must
be applied in strict accordance with the coating manufacturer’s instructions in order to obtain the necessary
wet-film and dry-film thicknesses. Film thicknesses should be tested during and after application. Surfaces to
be coated should be abrasive blasted to a profile of 1 to 2 mils in accordance with the Society of Protective
Coating (SPC) SSPC-SP-5/NACE No. 1, Near White Metal Blast Cleaning'6 The prime coat must be applied
within 2 to 3 hours, but in no case mote than 8 hours, after surface preparation.

For exterior carbon steel surfaces, either hand or power tool cleaning (SSPC-SP-2!7 or SSPC-SP-3'8) is usually
sufficient. For certain conditions, such as highly humid atmospheres, exterior carbon steel surfaces should be
prepared in accordance with SSPC-SP-5/NACE No. 1 instead. Both ambient and metal surface temperatures
should be 10 to 20 degrees Fahrenheit (6.6 to 12.2 degrees Celsius) above the dew point before starting to
paint and there must be adequate drying time (recommended by the coating manufacturer) between coats.

Quality assurance for nuclear grade coatings is discussed in ASTM AG-1, Section AA! and ASTM D3843",
Practice for Quality Assurance for Protective Coatings Apphked to Nuclear Facilities. Other standards applicable to
painting of nuclear facilities include ASTM D3911,2 Standard Test Method for Evaluating Coatings Used in Light
Water Nuclear Power Plants at Simulated Design Basis Accident (DBA) Conditions and ASTM D3912-95,21 Standard
Test Method for Chemical Resistance of Coatings Used in Light Water Nuclear Power Plants.

Because the difficulty in applying nuclear grade coatings to carbon steel surfaces often results in
unsatisfactory performance of the coatings in service, designers should seriously consider use of stainless steel
for mounting frames and housings in cotrosive environments or where frequent decontamination is required.
While there are some special handling and fabrication rules associated in working with stainless steel,
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(particularly the highly polished surface finishes that must be protected from scratches during fabrication) the
overall costs of painted carbon steel versus stainless are similar.

4.4 Man Entry Housing

441 General

Steel man-entry housings may be shop built or field fabricated. The trend is increasingly toward shop-built
steel housings. Stainless steel is the most common material of construction; however, carbon steel also may
be used. Aluminum and galvanized steel are not suitable.

4.4.2 Structural

The mounting frame is a statically indeterminate latdce that generally consists of a set of full-length members
spanning the height or width of the bank (whichever is shorter), connected by cross members that are slightly
shorter than the width of individual filter (adsorber) units. For design purposes, the frame may be considered
as an array of simply supported, uniformly loaded beams. Experience has shown that, to obtain adequate
frame rigidity, these beams (frame members) should deflect no more than 0.1 percent of their length under a
loading equivalent to 1.5 times the maximum dirty filter pressure drop across the bank. This loading is
determined from the following equation.

W =0.036(1.5)ApS 4.1)

Where

0.036 = conversion factor, inches water gauge (in.wg) to pounds per square inch (psi)
W = uniform beam loading, Ib/in.

A p = pressure drop across bank, in.wg.

S = center to center spacing of filters on bank, inches

Assuming a center-to-center spacing of 26 inches for 24- x 24-inches filters, equation (4.1) reduces to:
W =1.404ap 4.2)

The value determined from equaton (4.2) can be used in standard beam equations® to determine the
minimum moment of inertia required. Knowing the minimum moment of inertia required for the member,
the size and shape can be sclected directly from the tables of structural shape properties given in the
American Institute of Steel Construction (AISC) Manual of Steel Construction® Tt can also be determined by
calculating the moment of inertia of a built-up or cold-formed section. For ASTM A36 steel, the standard
beam equation reduces to the following equations. 4

3
Major frame members, [ = LG 4.3)
1.59x10
Cross members, I = % “.4)

Where

I = minimum moment of inertia* required, inches
Ap = maximum dirty — filter pressure drop across bank, in.wg.
L. = length of member, inches (cross members assumed to be 22 inches long)

4.7
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In addition to flexural strength, the frame for an exhaust or air cleanup filter system should also be capable of
withstanding a shock loading of at least 3 psi across the bank without exceeding the elastic limit of the frame
material. In most cases, members calculated using equations (4.3) and (4.4) will meet this requirement;
nevertheless, they should be checked. The section moduli (S values) given in Part I of the AISC Manxal of
Steel Construction® then should be compared with the minimum values obtained from the following equations.

. 1312
Major frame members, S = (4.5)
Cross 5= 222 (46)
Where
S = section modulus, in.>
F. = maximum allowable fiber stress, psi
L = length of member, inches (cross members assumed to be 22 inches long)
For ASTM A36 steel, these equations reduce to
Major frame members, S = 0.00361L2 4.7)
Cross members, S = 0.175 (4.8)

For built-up and cold-formed members, the minimum S value calculated from these expressions is compared
with the value for the member calculated from the formula.

S§== 4.9)

S = section modulus, in.3
I = moment of inertia8 of the section, inches
c = distance from neutral axis of member to extreme fiber, inches

If the S values obtained from the AISC manual or calculated by using equation (4.9) are greater than the
values calculated from equations (4.5) through (4.8) (as applicable), the members selected are satisfactory.

Note: The above equations are for illustrational purposes only. The designer is responsible for verifying this
information.

443  Structural Design

Structural design of housings for both Engineered Safeguard Feature (ESF) air cleaning units and non-ESF
units must consider the service conditions the housing may experience during normal, abnormal, and accident
plant conditions. The design requitements for determining housing plate thickness, stiffness, spacing, and
size are presented in the ASME ASME AG-1, Section AA.!

Housing design should consider the following load criteria.
¢ Additional dynamic loads,
¢ Constraint of free end displacement loads,

¢ Dead weight,
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o Design pressure differential,

®  Design wind,

o [External loads,

¢  Fluid momentum loads,

e Live load,

e Normal loads,

¢ Norma] operating pressure differential,
e Seismic load, and

® System operational pressure transient.

Stress criteria limits are given in ASME AG-1, Section AA.! The maximum deflection for panels, flanges, and
stiffeners for the load combination should be the lesser of the two values derived as shown below.!4

4.4.3.1 Criterion 1

e Plate or sheet: 1/8 inch per foot of the maximum unsupported panel span in direction of airflow, but not
more than 3/4 inch

e Stiffeners and flange connections: not to exceed 1/8 inch per foot of span, but not more than 3/4 inch
® Flange connection to dampers and fans: 1/360% of the span, but not to exceed 1/8 inch

4.43.2 Criterion 2

Deflections shall be limited to values that will not cause:

e Distortion of the airflow path cross-section, resulting in unacceptable increase in system pressure;

¢ Damage to safety-related items such as instrumentation or other safety-related equipment or accessories;
¢ Impingement of deflected elements on adjacent services such as equipment, pipe, cables, tubing, etc.;

® Loss of leaktightness (in excess of leakage limit);

¢ Buckling (refer to ASME AG-1, Section AA-4000)!; or

¢ Functional failure of components attached to ductwork (e.g., instrument lines, etc.).

4.9
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444 Mounting Frame Configuration

The basic type of mounting frame construction is face-sealed (i.e., the filter seals to the outermost surfaces of
the frame members by means of gaskets glued to the front surface or to the flange around the face of the
filter unit) as shown in Figure 4.11. The face-sealed configuration is generally recommended for
conventional-design HEPA filters and Type I adsotber cells.2

A minimum face width of 4 inches is
recommended for major and ctoss members of
face-secaled HEPA filter frames. This allows
l-inch-wide  filter-seating  surfaces to
compensate for any misalignment of the filter
during installation and a 2-inch space between
filters, horizontally and vertically. It also
provides adequate room for handling
(personnel replacing contaminated filters will

Support Angles

Face Plate \

Mounting Studs

Adsorber - y PP % probably have to wear double gloves), using
Tray ' 77 power tools or torque wrenches during filter
’ o change, and manipulating a test probe between

units.

Face widths of frame members for installing
Type I (pleated-bed) adsorber cells are the
same as those for HEPA filters. Face widths
of frame members for installing Type II (tray-
type) adsorber cells may be narrower, since
handles are provided on the front of the trays
to facilitate installation. To provide
interchangeability for cells of different

Nut

Figure 4.11 ~ Adsorber Gasket Seals
Against Mounting Frame Face Plate

manufacture, Institute of Environmental Sciences and
Technology (IEST) CS-82 recommends the following
mounting frame dimensions for the installation of Type II
cells (see IEST CS-82 for standard cell dimensions):

e Openings: 6.37 by 24.188 inches (+0.063 inches,
-0 inches),

e Space between openings: vertical, 2.5 inches minimum;
horizontal, 2 inches minimum.

Figures 4.12 and 4.13 show a built-up all-welded Type 11
adsorber cell mounting frame made from rectangular
structural tubing; note that a structure is required behind
the frame openings to support the weight of the cells.
(approximately 100 pounds each). Because the length of
Type II cells may be different for each manufactures, the
support structure should be deep enough to take a cell up
to 32inches long to permit interchangeability of cells of
different manufacture.

Figure 4.12 - Adsorber Tray Mounting
Frame (“X” Cross Units Are for Test
Gas Injection)
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Satisfactory mounting frames may be made from
rolled structural shapes or rectangular structural
tubing. Figure 4.14 shows a HEPA filter frame
made from 4-X 4-inch structural tubing that
meets all structural requirements. Rolled
structural shapes for building mounting frames
are given in Table 4.1. Square structural tubing
frames for HEPA filters should be made from
rectangular tubing with a face width of at least
4 inches; structural tubing frames for Type II
adsorber cells may have narrower face widths.

4.4.5 Frame Fabrication -

Gasket-Type Filter and
Adsorber

Filter mounting frames should be shop-
fabricated if practicable because it is nearly
impossible to avoid misalignment, warping, and
distortion in field fabricadon. Shop fabrication
is less costly than field fabrication and permits
better control over assembly, welding, and
dimensional tolerances. Care must be taken to
avoid twisting or bending the completed frame
during handling, shipping, and field installation.
For proper performance and maintenance of
installed filters, dimensional and surface-finish
tolerances must be tight and rigidly enforced.
Table 4.2 gives minimum tolerances for the
installed frame. Welds on the filter-scating side

of the frame must be ground flat, smooth, and
flush.

Only welders qualified in accordance with the
American  Welding Society (AWS) DI1.1,
Structural Welding Code-Steel/ 10 or Section IX of the
ASME Boiler and Pressure Vessel Code 2 should be
permitted to make welds on HEPA filter and
adsorber mounting frames. Both seal and
strength welds should be visually inspected by a
qualified inspector under a light level of at least
100 foot candles on the surface being inspected.
In addition, liquid penetrant (ASTM E165)% or
magnetic partcle inspection (whichever is
applicable for the base material being inspected)
of the seal welds between frame members is
recommended.

200M
(51mnl1r; —\l L

i | ™ 2413
(613mm)~

Guide & Support

400 Min —

(102mm) = 22.00

v (65mm)
RSN ~.

\

Airfiow

Ja 638
NN (162mm)
\ N

A
\~ 1.25 (32) Min. Clearance

100 (25) TCP Area All Around
& Bottom
350 |
(89)
100 ]
(25) |
-

Shaded Areas to Remain
Clear for Clamping Device

Figure 4.13 — Adsorber Mounting Frame with
Carbon Trays

Figure 4.14 — Filter Mount

Chapter 4
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Table 4.1 - Minimum- Cost Structural Members for 24-by-24 HEPA Filter and Type I Adsorber

2 4% 8in. 4x4M 13 4x1% 54
3 6 ft. 10 in. 4x4M 13 4x 1% 5.4
4 9 ft. 0 in. 4x4M 13 4x1% 54
6 13 fr. 4in. 6x4B 16 4x 1% 54
8 17 ft. 8in. 8x4B 10 4x1% 54
10 22 ft. O in. 10x 4 5/8 254 4x 1% 5.4

* Principal members should span the shortest dimension of the bank.
bSpan = [(number of filters) (26) = 4] inches
Note: This table is intended to provide information only. The designer is responsible for verifying this information.

Table 4,2 - Recommended Tolerances for HEPA Filter and Adsorber Mounting Frames

Alignment Perpendicularity: maximum offset of adjoining members 1/ 64 inch/foot or 1/16 inch, which ever is
greater.

Planarity of adjoining members: 1/64 inch maximum offset at any point on the joint.
Flatness Each filter surface shall be plane within 1/16 inch total allowance.

Entire mounting fixture shall be plane within 1/2 inch total allowance in any 8-by 8-foot area.
Dimensions Length and spacing of members shall be true within +0, -1/16 inch.

Surface-finish Filter seating surfaces are 125 microinch (uin.) AA maximum, in accordance with USA Standard B46.1;
pits, roll scratches, weld spatter, and othet surface defects shall be ground smooth after welding, and
ground areas shall merge smoothly with the surrounding base metal; waviness not exceeding 1/32 inch in
6 inch is permissible, as long as the overall flatness tolerance is not exceeded.

Note: This table is intended to provide information only. The designer is responsible for verifying this information.

446 Filter Clamping and Sealing

HEPA filters and adsorber cells must be carefully sealed to the mounting frame (Figures 4.15 and 4.16) to
achieve the requited low penetration leakage rates and to allow easy replacement. Except for the fluid-seal
design described at the end of this section, sealants are not a satisfactory substitute for gaskets. Experience in
clean rooms and contaminated exhaust and air cleanup applications has shown that flat, closed-cell, neoprene
gaskets, ASTM D1056% grade 2C3, give the most satisfactory seal for high-efficiency filters, adsorbers, and
demisters. There is no advantage in using shaped (molded) gaskets; not only are they more expensive, but
research has shown that they are prone to leaks.25 27 Gaskets that are too soft (i.e., are less than grade 2C3)
take an excessive compression set that may permit leakage when there is relaxation of the clamping bolts.
Gaskets that are too hard (i.e., harder than grade 2C4) require such high clamping loads to effect proper
scaling that the filter itself can be distorted or damaged.

As little as 20 percent gasket compression is needed to effect a reliable seal when the thickness of the gasket is
uniform to within £0.01 inches and the seating surface of the mounting frame is plane to within +0.01
inches's However, these tolerances are much too restrictive for economical construction, and experience has
shown that it is usually necessary to compress a 2C3 gasket at least 80 percent to effect a reliable seal over
long periods. Eighty-percent compression requires a loading of approximately 20 pounds per square inch of
gasket area, or a total clamping load of about 1,400 pounds for a 24- by 24-inch filter unit. The
recommended procedure for installing filters under nonhazardous conditions is to initially torque the

412
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clamping bolts to produce 50 percent gasket
compression and then retorque them 1 or 2
weeks later to a total compression of about
80 percent. In a radioactively contaminated
filter system, replacement can be a hazard to
personnel and to the filters and/or adsorbers
installed in the system. Under such
conditions, one entry is advised. One option
is to manually compress the filter gasket to an
estimated 50 to 80 percent. A spring-loaded
hold-down (Figure 4.17) is another option
used at some U.S. Department of Energy
(DOE) sites. Torsion bar clamps designed to
exert the proper clamping forces are a third
option.

Individual Clamp System

Gaskets that are too thin may not give a
reliable scal using the recommended frame
tolerances given in Table 4.2, whereas those
that are too thick may be unstable and tend to Figure 4.15 - HEPA Filter Mounting Frame

roll or pull off the flange of the filter case as (Showing Two Clamp Designs)

they are compressed, perhaps to the extent

that sections may be extruded between the case and mounting frame and produce a serious air leak.
Recommended gasket sizes are 1/4 to 3/8 inch thick by 3/4 inch wide and 1/4 to 3/8 inch thick by 5/8 inch
wide. Gaskets must be glued to the filter element rather than to the mounting frame because they must be
replaced with each filter change. A sealant such as silicone could be applied lightly to the filter gasket.
Residue must be removed before installing new filters as the sealant may be contaminated, making disposal
more difficult. Gaskets should have cut surfaces on both faces because the “natural skin” produced by
molding sometimes tends to bridge discontinuities or defects in the seating surface, and because the silicone
mold-release compounds used in the manufacture of
sheet neoprene prevent proper adhesion of the gasket to
the filter case.

Shared Ciamp System
(not recommended)

Filter units and adsorber cells must be clamped to the
mounting frame with enough pressure to enable the
gasket to maintain a reliable seal when subjected to
vibration, thermal expansion, frame flexure, shock,
overpressure, and widely varying conditions of
temperature and humidity that can be expected in service.
Clamping devices must function easily and reliably after
long exposure to hostile environments. In addition, they
must be capable of easy operation by personnel dressed
in bulky protective clothing, gloves, and respirators (or
full-face gas masks) while working in close quarters.
Experience has shown that a simple nut-and-bolt system
(Figure 4.17) gives satisfactory service under these
conditons. Nut-and-bolt clamping, however, entails Figure 4.16 — Absorber Mounting Frame
removal and handling of a large number of nuts, and this with Test Section Manitold
procedure can be a problem during a filter change in a

highly radioactive system. However, clamping systems that provide the required torque and gasket
compression without loose parts are highly recommended. Any system that achieves the desired clamping
torque is acceptable. Examples of Type II adsorbent filter clamping systems are shown in Figure 4.18.
Eccentric, cam-operated, over-center, or spring-loaded latches, and other quick-opening latches, such as the
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Figure 4.17 - Filter Hold-down-torque
Spring Design

U.S. Department of Energy

window latch design, are not recommended for clamping
high-integrity components such as HEPA filters and
adsorber cells.

Magnitude and uniformity are major requirements for filter
and adsorber clamping systems. At least four, and
preferably ecight, pressure points are required for HEPA
filters and demisters. Individual clamping of each filter unit
is preferred. Shared clamping, in which holding clips (or
bolts) bear on two or more adjacent filters or adsorber
cells, has been widely used because it is less expensive than
individual clamping and requires manipulation of fewer
loose items within the confines of the housing during a
filter change. However, shared clamping limits the ability
to adjust or replace individual filters in the bank without
upsetting the seals of adjacent units. In the improved
system shown in Figure 4.18, no clip bears on more than
two filter units, and the seals of only four surrounding

filters are upset when replacing a filter unit. This common hold-down design is not tecommended. The
clamping systems shown in Figures 4.16 and 4.17 have the advantage that clips and nuts do not have to be
removed to replace filters, since the clips can be rotated out of the way after the nuts have been loosened. A

pressure  distribution  frame is

shown in

Figure 4.19.  Although this type of clamping
system has been used with good success in nuclear
and nonnuclear applications, many inplace test
personnel object to it because of the extensive leak-
chasing often required before a satisfactory inplace
test can be achieved. Leak-chasing also occurs in
muld-filter common clamping when, on adjusting
or replacing one filter, the seals of surrounding
filters are disturbed, resulting in new leaks that
have to be corrected. This process is time-
consuming, costly, and, when conducted in a
contaminated housing, can result in lengthy
exposure of personnel.

Because of their weight, eight pressure points are
desirable for clamping Type 1 (pleated-bed)
adsorber cells. For clamping Type 1I (tray-type)
cells, two pressure points on the top and two on
the bottom edges of the front plate are needed for
proper sealing, with individual clamping, as shown
in Figure 4.15. Clamping on the short sides only is

Shared Clamp System

Blank Plate

Figure 4.18 - HEPA Filters Mounting Frame
with Blanking Plate Installed for Filter Change

not adequate. As Figure 4.18 shows, captive nuts reduce the number of loose items that must be manipulated
within the confines of the filter housing during filter or adsorber replacement, but they must be prevented
from rotation when positioned for withdrawal of the filter.

The minimum bolt size recommended for individually clamped filters is 3/8-16-UNC, but 1/2-11-UNC or
5/8-11-UNC bolts are less prone to damage. For Type I adsorbers, 5/8-11-UNC bolts are necessary. The
nuts and bolts of the clamping system must be made of dissimilar materials to prevent galling and seizing.

Bolting materials and clips must be cotrosion resistant. Stainless steel (300 series) bolts with brass nuts are
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frequently used. Springs, if used, should
also be made from a PPH grade of stainless
steel if they are to resist corrosion and
relaxation over a period of service.

The design knife-edge type of framing and
sealing (Figure 4.20),2 employs a special
cross-section-extruded- framing member
which presents a knife-edge-sealing surface
to the filter eclement. The filters have a
channel  filled with a  nonflowing,
nonvulcanizing, silicone polymer around the
sealing edge that fits into the knife edge of
the mounting frame to form a positive secal
between filter and frame. Rigidity of the
mounting frame is not a consideration, since
frame flexure cannot affect the seal or the

Pressure
Distribution
Frame

Reinforcing Bars

\ Filter Mounting
/ Studs

Filter Support

filter. The clamping pressure needs to be
sufficient only to hold the filter unit in place.
If the filters arc installed on the downstream
side of the frame, clamping must be

sufficient to resist displacement of the filter under normal operating filter resistance and the pressures

produced by shock loadings in the system.

447 Filter Support

A cradle or other support for the filter clement as it is
moved into position on the frame is a desirable feature
from a maintenance standpoint. The cradle should not
obscure any more of the filter-to-frame interface than
necessary to avoid interference with inspection as the
filter is installed. The support shown in Figure 4.19 is
better because it obscures less of the gasket-frame
interface.  In some installations, filters have been
supported on the bottom clamping bolts, a practice that
risks damage to the threads of the clamping bolts and is
not recommended.

4438 Size and Arrangement of Filter

and Adsorber Banks

The size (nominal airflow capacity) and orientation of

filter banks (vertical or horizontal), the location of filters on the bank (upstream or downstream side), and the
floor plan and height of the bank all affect the reliability, performance, maintainability, and testability of the
air cleaning system. Savings gained by dcsigning for minimum space and materials can be wiped out many
times over by the higher operational, maintenance, and testing costs that will result from higher pressure drop

and cramped working space in the filter housing.

Figure 4.19 - HEPA Filter Mounting Using Pressure
Distribution Frame Design Filter Hold Down

Filter Media

Mounting
N Frame with
—] / Knife Edge
Filter Case
Knife Edge

Fluid Gel In /

Filter Case
Channel

Figure 4.20 — Fluid Seal
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449 Vertical Filter Banks

Vertical banks with horizontal aitflow are preferred in contaminated exhaust systems because the filters are
more favorably oriented with respect to ease of handling, mechanical strength of the filters, and collection of
condensate. On the other hand, the pleats of Type I adsorber cells and the beds of Type II cells must be
installed horizontally to avoid adsorbent settling in the cells. Before designing a horizontal filter bank with
verdcal airflow, filter/adsorber components should be validated for performance in this application/design.
In addition, the design should include provisions for filter installation and removal.

4410 Location of Filters on Mounting Frame

No clear-cut preference can be justified for mounting filters on either the upstream or the downstream side
of the mounting frame. Both methods have been used successfully and the advantages and disadvantages of
each are listed below.

4.4.10.1 Upstream Mounting of Filters

Advantages:

The filters are withdrawn into and handled within the contaminated side of the system during a filter change.
No contaminated materials are brought into the clean side of the system, so thcre is more complete
separation of the clean and dirty sides of the system.

Disadvantages:

¢  Personnel have to work within a potentially contaminated zone during a filter change.

¢ It is possible that contamination can be tracked or carried out of the contaminated zone by workmen,
unless the filter change is carefully planned and executed.

e The filter clamping devices are located in the dirty side of the system where they are most exposed to
corrosion and dirt.

e Contaminated material may accumulate on the hotizontal surfaces of the filter case and may dislodge
during removal.

4.4.10.2 Downstream Mounting of Filters

Advantages:

e Filters are withdrawn into and handled within the clean side of the system, thereby reducing the
likelihood of tracking ot carrying contamination into the building during a filter change.

e Filter clamping devices are located on the clean side of the system where they are less subject to
corrosion.

¢ Leak-scanning of installed filters is more sensitive. If there are gasket or casing leaks, the driving force of
air entering the filter forces the test aerosol through the leak, and they are readily detected. With
upstream mounting, on the other hand, any test acrosol that goes through a leak in a gasket or filter case
mixes with the air and test aerosol passing through the opening in the mounting frame, thus obscuring
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the leaks. Although the existence of a leak may be disclosed by a test, the location of the leak cannot be
easily determined by probing.

®  Only the upstream face of the filter is contaminated during operation. The outer surfaces of the filter
case and the downstream face of the filter pack are not usually contaminated.

Disadvantages:

¢ The contaminated filters must be withdrawn into the clean side of the system in a filter change. This
disadvantage can be offset by “fixing” (locking down) the contaminated dust by spraying the upstream
side of the filter pack with paint or acrylic spray or by taping cardboard over the upstream face of the
filter. However, this procedure requires personnel to enter the contaminated chamber of the housing,
and the possibility still exists of dislodging contaminated dust into the clean side of the system, either
from the filter itself or from the edges of the frame opening (which is exposed to contaminated air during
operation).

¢ Tilters have been mounted on both sides of a mounting frame in some installations. This is not
recommended. A cardinal rule in contaminated exhaust systems is that no credit is granted for untested
and untestable filters. Such mounting precludes testing of both filters. Therefore, although double
mounting may provide two sets of filters, the operator cannot take credit for two-stage filtration or series
redundancy. This design has been shown to fail in a fire. The upstream filter blows out when plugged
with smoke particles and impacts the filter downstream, causing it to blow out also.

4.411 Size of Banks

A nominal system capacity of 30,000 cfm has been recommended by DOE and the U.S. Nuclear Regulatory
Commission (NRC) for any filter or adsorber bank. For larger systems, this limit requires the system to be
segmented into two or more smaller subsystems, each contained in an individual housing and having an
installed capacity of 30,000 cfm or less. The purpose of this requirement was to facilitate maintenance and
inplace testing, to improve control in the event of a system upset, and to enhance the reliability of the total
system. A 30,000-cfm bank was considered the largest that can be tested inplace conveniently. By breaking
the system into two or more air cleaning units, testing and filter replacement can be conducted in one unit
while the other unit remains online. NRC Regulatory Guide 1.52 recommends such redundancy for ESF air
cleaning systems in reactors.?? The designer may also choose to segment a system into units of substantially
less than 30,000 cfm when redundancy is desired to achieve advantages of control, maintainability, and
testability. The development of higher-flow aerosol generators and manifold inplace test systems has allowed
larger filter banks than the recommended 30 filters. The use of 1,500-cfm filters allows higher-capacity
systems without increasing the physical size of the bank. Inplace testing and maintenance is the determining
factor.

4412 Arrangement of Banks

Arrangement of filters on a mounting frame influences operating performance and maintenance. Where
possible, banks should be laid out in an array of three filters high or nine Type II adsorber cells high. When
floor space is at a premium, the bank may be arranged with one 3-high array above another, with a service
gallery between, as shown in Figures 4.6 and 4.7. Thus, an 18,000-cfm bank might be arranged in an array
6-wide by 3-high or 3-wide by 6-high, with a service gallery between the third and fourth tiers. The
arrangement of a 24,000-cfm bank in a 6-wide by 4-high array would be undesirable. A better arrangement is
an array 8-wide by 3-high or, if floor space is at a premium, two 4-wide by 3-high arrays, one above the other,
separated by a service gallery. In no case should filter changing require the use of temporary ladders or
scaffolding. To require a workman dressed in bulky protective clothing (with sight obscured by a respirator
or gas mask and sense of feel dulled by double gloves) to manipulate a ladder or scaffold within the confines
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of a filter house is an open invitation to personnel injury and filter damage (see Figure 8.9, which shows
HEPA filters testing). Based on the 95th-percentile man, the maximum height at which a man can operate
hand tools effectively is 78 inches, and the maximum load he can handle at a height of 5 feet or more is
40 pounds, which is the approximate weight of a clean HEPA filter. Therefore, provision for access to the
higher tiers of filters is necessary. In fact, ASME AG-1, Subsection HA,! requires that a permanent platform
be installed to access filters to access filters above 6 feet.

Filter banks should be rectangular. The use of odd-shaped banks to limit installed filter capacity to calculated
system airflow requitements increases construction costs significandy. By filling out the rectangle,
construction costs will be less. In addition, if all nine spaces are filled with filters, operating costs may also be
reduced because the additional filters permit operation at a lower flow rate per unit resulting in longer filter
life and reduced filter-change frequency, as discussed in Chapter 2. For the purposes of laying out adsorber
banks, three Type Il (tray) adsorbers will fit vertically into the space occupied by one 24- by 24-inch
HEPA filter.

4.4.13 Floor Plan of Filter Banks

The plenum floor plan of a vertical filter bank varies with the application of the system. The location of
filters and/or adsotbers is shown in Figures 4.21 through 4.28. Judicious configuration of banks can often
reduce pressure losses in the system and bring about more uniform dust loading of filters, thereby equalizing
the utilization of the filters installed in the banks.

The procedures required for construction and operational maintenance must be considered early in the
planning stages. Adequate clearances for access must be maintained at turning points and between the bank
and the nearest obstruction. Passageways both between the banks and between the banks and the housing
wall must be wide enough for welders to operate effectively and for workmen, dressed in bulky clothing, to
get in to change filters (see Figures 4.29 and 4.30). Both welders and workmen will have to kneel or stoop
to get to the bottom tier. A 95th-percentile man in a kneeling position requires a minimum clearance of
36 inches from the face of the filters to the nearest obstruction, excluding withdrawal space for the filter unit
itself. A minimum clearance of 40 inches is therefore recommended between the face of one bank and the
nearest obstruction.

4414 Steel Housings

Design practices used for conventional air conditioning and vendlation system ductwork and equipment
casings are not adequate for high-reliability, high-efficiency contaminated exhaust and air cleanup systems.
Experience has shown that, under system upset and shutdown conditions, housing leaks can result in the
escape of contamination to clean areas. Even with fans operating, reverse leakage of particles from the low-
pressure side of a system (i.e., the intetior of the housing ot duct) to the high-pressure side (i.e., the occupied
area of the building) can sometimes occur because of dynamic and aspiration effects. Out-leakage may also
occur when the system is shut down. Filter housings for contaminated exhaust service must be able to
withstand negative pressures without damage or permanent deformation at least up to fan cutoff, which may
be equal to 20 in.wg. in many systems. A pressure differential of 2 in.wg. between the inside and outside of a
housing produces a load of more than 1,000 pounds over every 10 square feet of the housing wall. If the
filters are operated to economical pressure drops, the housing may have to withstand 10 or more times this
load without appreciable deflection. Pulsation and vibration may aggravate the condition. In addition, the
housing should be able to withstand design shock loads without damage.
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Figure 4,21 — Typical Filter and Demister Layouts

4-19




Nuclear Air Cleaning Handbook

U.S. Department of Energy

Figure 4.22 - Plan Section of
“Double” Plenum

Figure 4.23 - Plan Section of
“Single” Plenum

Figure 4.24 - Common Configurations Requiring Test Manifolds (Plan A)
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Figure 4.25 — Common Configurations Requiring Test Manifolds (Plan B)
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Figure 4.30 - Blanking Plate Being
Installed On Downstream Side of
Mounting Frame

Figure 4.29 - HEPA Filter Mounted
on Upstream Side of Mounting Frame
Filter Replacement

The references cited in Section 4.4.5 for the design, fabrication, and welding of mounting frames are also
applicable to steel housings. Housings should be of all-welded construction, with bolted flange or welded
inlet and outlet connections to the ducts and fans. Table 4.3 gives minimum sheet metal thicknesses for
sheet steel housings, and Table 4.4 gives minimum moments of inertia for steel reinforcing members. Sheet
metal thicknesses in Table 4.4 are based on a2 maximum deflection of 1/4 inch per linear foot at a pressure
differential between the interior of the housing and atmosphere equivalent to 1.5 times the maximum
pressure at fan cutoff. The moments of inertia for reinforcing members listed in Table 4.4 were selected to
avoid exceeding the allowable stress of the steel. Members up to 20 inches long wete considered to be
uniformly loaded beams with fixed ends, whereas members longer than 20 inches were considered to be
uniformly loaded beams with simply supported ends. The sheet-metal thicknesses in Table 4.3 are given in
U.S. gauge numbers for sheet and fractional inches for plate.
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Table 4.3 — Minimum Sheet-Metal Thicknesses » for Welded Steel® Filter Housings
under Negative Pressure

Dimensions of Largest Thickness < (U.S. gauge for sheet, fractional in. for plate) for negative pressure
Unsupported Panel (in.) (relative to outside)
Long Side 4 Short Side 4 in.wg. 8in.wg. 12 in.wg. 20 in.wg. 1psi 2psf
54 (2) 12 18 18 14 16 14 11
24 18 14 11 12 8 1/4
36 16 12 8 11 1/4 3/8
48 14 12 6 8 1/4 3/8
80 (3) 12 18 16 14 16 14 11
24 18 14 1 12 8 1/4
36 16 12 6 1 1/4 3/8
48 14 12 6 8 1/4 3/8
106 (4) 12 18 16 16 14 14 1
24 18 14 12 11 8 1/4
36 16 12 8 6 1/4 3/8
48 16 10 6 1/4 3/8

* Based on flat plate edges held but not fixed (Roark’s Formulas for Stress and Strain),° and maximum deflection of 0.25 inch per foot
between reinforcements.

b 30,000 to 38,000 psi yield strength.

¢ Meual thickness less than No. 18 U S, gauge are not reccommended because of welding problems.

4 Length based on 2-inch spacing between 24- X 24-inch filter units; the numbers within parentheses denote number of filter units.
The metal thicknesses are adequate for panel lengths within £10 inches of the length shown.

Note: This table is intended to provide information only. The designer is responsible for verifying this information.

Housings installed inside a reactor confinement may experience a pressure lag during rapid pressurization of
the confinement following a major accident. Unless the housings are equipped with pressure-relief dampers,
this lag could result in a pressure differential between the housing and confinement substantial enough to
collapse the housing.

Reinforcing members should be spaced to minimize vibration and audible drumming of the housing walls,
which can be transmitted through the system. Reinforcements should be installed on the outside of the
housing, when possible, to eliminate interior ledges and projections that collect dust and constitute hazards to
personnel working in the housing (Figure 4.31). All sharp corners, welds, weld spatter, and projections
inside the housing should be ground smooth. The housing design must minimize cracks and crevices that are
difficult to clean and that may collect moisture that can causc corrosion.

Mastics and caulking compounds, including silicone-based, room-temperature vulcanizing (RTV) sealants,
deteriorate in service and should not be used for sealing betwcen panels and sections of a contaminated
exhaust housing. Lock scams, rivets, and bolts used in conventional construction for joining panels do not
produce leaktight joints. When bolted flange joints are used between the housing and ducts, 1.5- X
1.5- X 0.25-inch-angle flanges with ASTM D1056, grade 2C5 or 30-40 Shore-A durometer neoprene gaskets
are minimum requirements.? A maximum bolt spacing of 4 inches is recommended for flanges.

Shop fabrication of housings is recommended over ficld fabricaton because of the superior workmanship
and control possible under shop conditions. These housings are built in sections and assembled in the field.
Field joints for such housings should be seal welded, since mastic and gasket-scaled joints cannot be
considered reliable for permanent installations.
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Table 4.4 - Recommended Minimum Moments of Inertia for Selecting Reinforcing Members for
Steel Filter Housings under Negative Pressure™®

St

54 (2) 12 0.04 0.04 0.04 0.04 0.04 0.08

24 0.04 0.04 0.04 0.06 0.08 0.16
36 0.04 0.04 0.05 0.09 0.12 0.24
48 0.04 0.05 0.07 0.12 0.16 0.32
80 (3) 12 0.04 0.04 0.05 0.08 0.11 0.21
24 0.04 0.06 0.09 0.16 0.21 0.43
36 0.05 0.10 0.14 0.24 0.32 0.63
48 0.06 0.13 0.19 0.32 0.42 0.86
106 (4) 12 0.04 0.09 0.13 0.22 0.30 0.60
24 0.09 0.18 0.26 0.44 0.60 1.19
36 0.13 0.27 0.39 0.66 0.90 1.79
48 0.18 0.36 0.52 0.88 1.19 2.38
132 (5) 12 0.09 0.17 0.26 0.51 0.69 1.39
24 0.18 0.34 0.52 1.02 1.39 2.78
36 0.27 0.51 0.78 1.53 2.08 417
48 0.36 0.68 1.04 2.04 2.76 5.55
158 (6) 12 0.15 0.29 0.44 0.73 1.0 2.0
24 0.29 0.59 0.88 1.46 20 4.0
36 0.44 0.87 1.32 219 3.0 6.0
48 0.58 1.16 1.76 219 4.0 8.0

*Based on permissible deflection of 1/8 inch per foot.

bUniformly loaded beam, 50 percent simply supported and 50 percent fixed end assumed.

< Structural angles can be chosen from the tables given in the AISC Mansal of Stee! Construction.

4 Length based on 2-inch spacing between 24- x 24-inch filter units; the numbers within parentheses denote number of filter units.
The metal thicknesses are adequate for panel lengths within +10 inches of the length shown.

Note: This table is intended to provide information only. The designer is responsible for verifying this information.

4.415 Masonry and Concrete Housings

Filter housings for low-gamma-activity systems and vaults for high- (or potentially high-) gamma-activity
systems sometimes have been built as an integral part of the building structure utilizing the same concrete
building walls for HEPA housing walls. This construction is not recommended.

4.4.16 Housing Floor

Steel housings should have steel floors welded continuously to the walls of the housing. In no case should
the housing be installed on a wood floor or on a floor having less than a 3-hour fire rating. A steel curb,
welded to the floor, is recommended to raise the filter-mounting frame off the floor. The section of flooring
between two banks of components must be considered a separate floor to be drained independently. Floors
should be free of obstructions or raised items that could be hazardous to workmen.
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Figure 4.31 - Filter Plenum Floor Plan

4.417 Housing Doors

Easily opened doors are essential on large housings, and more than one door is generally needed. A door
should be provided to each compartment (space between banks) where maintenance, testing, or inspection
may take place. The use of bolted-on removable panels for access to filter compartments should be avoided
for even the smallest filter housings when human entry is required. Sliding doors should never be used for
filter housings, because they cannot be sealed and because they jam after any distortion of the housing.

Sturdy double-pin-hinged doors with rigid, close-fitting casings and positive latches, such as the marine
bulkhead-type shown in Figure 4.32, should be provided on man-entry housings, particularly those for ESF
and other high-hazard service. Doors and gaskets must be designed to maintain a hermetic seal under
positive and negative pressures equal to at least the fan cut-off pressure. Doors of negative pressure systems
must open outward and, since they may have to be opened against the negative pressure, a means for
breaking the vacuum or for mechanically assisted opening is desirable. Doors should have heavy-duty hinges
and positive-latching devices that are operable from inside and outside. Means for locking, preferably a
padlock, should be provided to prevent unauthorized entry. Door stiffness is important because flexible
doors can be sprung when opened against negative pressure or allowed to slam shut under load. An airlock
at the entry to the housing will eliminate problems with opening doors against negative pressure and
slamming, and, if large enough, will provide an intermediate work area for personnel during a filter change.

Housing doors of the type shown in Figure 4.33 require a minimum of two latching dogs on each side.
Lighter-construction doors require additional latches to achieve a satisfactory seal. Latching dogs should be
operable from inside and outside the housing, and shafts must be fitted with O-rings, glands, or stuffing
boxes to prevent leakage. Door hinges should be of the double-pin, loose-pin, or other type that will permit
the full plane of the door to move perpendicular to the planc of the doorframe during the last fraction of an
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Gasket Seal
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Hinge -/

Figure 4.32 - Marine Bulkhead-Type Door

Plan View

inch of closure. Single-pin hinges, which result in angular
motion throughout the door closing arc, do not permit
the door to seal properly and may cause the gasket to be
rolled out of its groove after a period of use, thus resulting
in the loss of housing leaktightness. If door gaskets are
too hard they will be incompressible, and the door cannot
be sealed properly even with lever-and-wedge latching
dogs. If too soft, the gasket will rapidly take a
compression set and lose its ability to seal. Solid neoprene
or silicone rubber of about 30 to 40 Shore-A durometer is
recommended.

A compromise may have to be made in sizing doors for
man-entry housings. On the one hand, the door must be
large enough far easy access to personnel dressed in bulky
protective clothing, wearing gas masks or respirators, and
pethaps carrying 24- X 24- X 11 1/2-inch filters weighing
up to 40 pounds, or 26- X 6- X 30-inch adsorber cells
weighing up to 130 pounds (dimensions of the door
through which a 95th- pcrccntilc man can pass erect
carrying such loads are shown in Figures 4.34 through
4.38). On the
other hand, the
larger the door, the
more difficult it is
to seal and the
more likely that it
or its frame can be

Figure 4.33 - Filter Plenum Entcy Door
(No Aitlock Type-Test Manifold damaged if allowed
with Valves Shown)

to slam under load.
The door should be
as large as possible for easy access, but in no event should it be any less
than 26 inches wide X 48 inches high. A coaming (2-inch-high
minimum to 6-inch-high maximum) should be provided at all doors to
prevent the outflow of contaminated water should the housing
become flooded.

Figure 4.34 — Filter Plenum (Inside
Looking at Entcy Door)
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Figure 4.36 ~ Filter Plenum (Looking
from Ourside into the Airlock at the
Final Stage Upstream and
Downstream Doors)

' Figure 4.35 - Filter Plenum (Looking
from Outside through the Airlock
into the Plenum)

Figure 4.37 - Filter Plenum (Door- Figure 4.38 — Filter Plenum (Door Bar
Wheel Style) Style Showing Difficult Access)
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4.418 Housing Drains

Floor drains are essential in contaminated-exhaust filter housings, particularly when sprinkler protection is
provided. Even if moisture or condensation is not expected under normal conditions, occasional wash-down
may be required for decontamination and water will be needed in the event of a fire. When the housing is
above grade, the minimum provision for drainage is a Chicago half-coupling that is sealed with a bronze pipe
plug using tetrafluorethylene (Teflon®) plastic “ribbon dope” so the plug can be easily removed when
needed. [Note: Use of Teflon in radiation areas needs to be specifically considered for radiolytic
decomposition on a case-by-case basis]. When the filter is at or below grade, drains should be piped to an
underground contaminated waste system during initial construction, since later drainage system installation is
likely to be costly. Drains from contaminated systems should be piped to the radioactive waste system. In
cold climates, water seats, traps, and drain lines must be protected against freezing if they are above the frost
line. In hot climates, water seats/seals may dry out. When fire sprinklers are installed in the filter house, the
drains must be sized to carry away the maximum sprinkler flow without water backup in the housing,

If a separate drain is needed for each
ot e oratioy Y Strainer chamber of the filter house, then each

l 1 /_ drain must have its own water/loop
seal or trap (Figure 4.39). The raised

$ drain (shown) takes into consideration

P Fioor _/. l . ; f_ Bisting Concrete Floor criticality concerns while minimizing
14°Pi 1 .'..;: R -‘I J§ wastewater. The spaces between two
ot | P —— banks of components in series are

piped to a common drain system, drain
lines from the individual chambers of
the housing must have a valve or be
sealed, or otherwise protected to
prevent bypassing of contaminated air
around filters or adsorbers through the
drain system. The drain system must
be tested for leakage as part of the
housing leak test, as well as part of

] 1 )
’ considered separate chambers. When

P-Trap

Figure 4.39 - Plenum Drain Detail system bypass testing of the HEPA
and adsorbent filters.

Provision must be made for those seals or traps to ensure they
ate filled with water during the plant life (Figure 4.40). Water
seals must be periodically checked to ensure they do not dry out.
A manual or automatic fill system may be utlized to ensure
water seals do not evaporate for systems that do not experience
moisture conditions continuously. Figure 4.41 shows alternate
methods of drain connection. The design of housing drain’
systems is often overlooked undl the time of filter housing
installation or testing when it is usually very difficult and
expensive to resolve.

Figure 4.40 - Filter Plenum Drain
P-Trap Fill Tube
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4.419 Demister/Moisture Separator
Mounting Frame

The frame must be fabricated from corrosion-resistant,
non-perforated steel sheet and must be formed and
assembled in a manner that allows no bypassing of the
separator pad (Figures 4.42 through 4.46). Drain holes
must be provided in the bottom of the frame. The design
must include provisions to ensure the pad is maintained
in its operating position and does not settle, pack down,
or pull away from the top or sides of the frame when
installed. Seals must be provided as necessary to prevent
bypass of entrained liquid droplets.

~

Figure 4.42 - Moisture Separator
Mounting Frame

Chapter 4

VALYE SHUTOFF —,
OR CHECK

- 4.00 MIN.
(102mm)

Clamping Device
Water Trough

/— Moisture Separator

Frame —/

Hardware

Drain Clamping Bar

Figure 4.44 — Typical Moisture Separator
and Mounting Frame

Figure 4.43 — Moisture Separator
and Mounting Frame
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Figure 4.45 - Mofsture Separators with
Heat Sensor (Upstream Side)

4.4.20 Other Housing Requirements

Shop fabrication,

Wired-glass viewports on each side of the
filter bank for visual inspection without
entering the housing (Figure 4.49),

Permanently installed lights in vapor-tight
globes that are replaceable from outside of
the housing,

Witring installed on the outside of the
housing (penetratdons for wiring are a
common source of leakage),

Shock-mounted  instruments with a
pressure-drop manometer across each bank
of filters and inlet and outlet temperature
indicators (Figures 4.50 and 4.51),

A large marine bulkhead door that is
operable from both inside and outside the
housing (Figure 4.52),

U.S. Departrment of Energy

- Figure 4.46 — Moisture Scparator
(Downstrearn Side)

Figures 4.47 and 4.48 illustrate a number of features that are desirable in an air cleaning housing. The
housing is all-welded construction. This housing consists of the moisture separator, prefilter, HEPA filter,
carbon adsorber, and downstream HEPA filter. The housing is a 9,000-cfm capacity system and includes the
following features.

PRE-FILTER ACCESS

HEPAFILTER ACCESS

TYPE Ill CARBON ADSORBER

LIGHT (TYP.)

HEPAFILTERACCESS
DRAIN (TYP)

HEATER ACCESS

Figure 4.47 - Desirable Air Cleaning
Housing Features
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o Ample space (approximately 4 X 7
feet) inside the housing to allow
personnel to work during a filter
change,

e All reinforcements located on the
outside of the housing,

* A housing opening on the aisle that
can be controlled and that serves as
a workspace during filter change-
out,

e All-welded construction to
climinate leaks to occupied areas,

e All penetratons sealed by either
contnuous  seal  welding or
adjustable compression-gland-type
seals rated and qualified for the
environmental conditions, and

® Housing drains located in each compartment. Permanently installed test aerosol and Freon injection and
sample ports are highly recommended.

Chapter 4

DOWNSTREAM
TEST SECTION

HEPA

COMBINATION

TEST SECTION

CARBON

COMBINATION FILTER
TEST SECTION

COMBINATION _
TEST SECTION
PREFILTER SECTION

HEATER CONTROL PANEL
SLIP IN HEATER

MOISTURE SEPARATOR
SECTION X

Figure 4.48 — Desirable Air Cleaning Housing Features
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Figure 4.50 - Manual Control and Figure 4.51 - Air Monitor in Exhaust Duct
Instrument Panel from Plenum

4.5 Side-Access Housings

4.5.1 Guidance for Design of Side-Access Housings

The recommended capacity range for side-access housings is 2 filters (24 x 24
x 11 1/2 inches) per stage to 12 filters per stage (4 across X 3 high). Single
filter units are also avaliable. Units may be stacked 3 high or higher if
platforms are provided.

Housings may be provided with or without bag-in/bag-out features
(Figures 4.53 through 4.67). Bag-in/bag-out side-access housings feature a
ribbed bagging ring inside the side-access door. A specially designed
polyvinyl chloride change-out bag is secured around the bagging ring after
initial filter loading. All subsequent filter changes are accomplished through
change-out bags. Contaminants are isolated to the inside of the bag to
protect site personnel and permit safe handling and disposal of spent filters.
A self-adjusting filter seal mechanism prevents filter bypass and maintains a
positive seal during normal system operation. The housing can also be
utilized without the use of change-out bags, which may be specified where
future hazardous contaminants are unknown.

4.5.2 Recommended Design Features

Figure 4.52 — Plenum
Door (Wheel-Type
Inside Plenum Access)

4521 Housing Material

The following is a list of recommended housing design features.

e Standard 14-gauge stainless steel.
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4.5.2.2 Unit Construction

e All pressure boundary joints and seams seal
welded,

e Surfaces free of burrs and sharp edges, and

¢ Rcinforced to withstand up to 30 in.wg.

4.5.2.3 Access Panel

e Completely hand-removable,

e Handles retained in access panel after removal,
and

o Figure 4.53 = Bag-In/Bag-Out Filter Housing
® Protected panel gasket seal covers entire inner

panel surface.

4524 Bagging Ring

e Two continuous ribs for optimum bag scal,

® Ring depth designed to contain bag during operations,
and

e Smooth outer surface and hammed outer edge.

Figure 4.54 — Incinerator Exhaust Filter

45.25 Filter Clamping Mechanism

® Spring-loaded pressure bars exert uniform clamping
force on filed frame;

e Spring loading compensated for any loss of filter gasket memory;

e Positive displacement screw-drive clamping
mechanism;

¢ Leaktight connection for clamping mechanism
on outside of housing;

¢ Stainless stcel clamping mechanism; and

¢ Over 1/2-inch travel to prevent filter binding.

Figure 4.55 — Side Access Housing with
Combination of Filter and Adsorber Sections
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Figure 4.56 - Two Single Housings with Common
Exhaust Fan (Dual Entry Shown)

“

Figure 4.58 — Side-Access Housing
with Fan

Figure 4.60 - Side-Access Housing

U.S. Department of Energy

Figure 4.57 = Side-Access Housing

Figure 4.59 - Side-Access Housing

with Single Air Entry

Figure 4.61 - Side-Access Housing
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Figure 4.62 - Side-Access Housing
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Figure 4.64 - Side-Access Housing

Figure 4.66 — Side-Access Housing
with Morsture Separator

Figure 4,63 — Side-Access Housing
with Multiple Inlet Valves

Figure 4.65 — Side Access-Housing
with Bag-In/Bag-Our Covers

Figure 4.67 - Side-Access Housing
with Test Manifold
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45.2.6 Filter-to-Housing Seal

e Standard full perimeter flat mounting frame mates to filter gasket; and

e Full seal weld around filter frame.

4527 Filter Removal Rod

¢ Standard mechanical assist on all multiple wide housings; and

¢  Operated through bagging ring.

4528 Pressure Taps

¢ Welded in housing, upstream and downstream of filter,
¢ 1/2-inch National Pipe Thread half-coupling with plug.

Seals and gaskets should be installed on panels, and a “knife-edge” gasket sealing surface should be provided.
The gasket should be installed in as few picces as possible to minimize the number of joints and designed to
prevent leakage due to miss fitting butt joints. Side-access, bag-out access panels often use gaskets that
accommodate the panel to the housing seals. Latches or bolts must be of sufficient quantity and strength to
compress the gasket and ensure that the housing leakage criteria are met. Panels must allow access for testing
and component inspection. The drawings for each type and size panel should be submitted to the owner for
review before fabrication. Panel drawings should show the location and details concerning the hinges,
latching lugs, and gaskets.

The number of normally open drains should be kept to a minimum. Drain lines must be valved, sealed,
trapped, or otherwise protected to prevent an adverse condition where: (1) air bypass can occur around
filtration components, and (2) cooling/heating coil capacity is negatively impacted.

Traps ot loop seals, when used, should be designed for the maximum operating (static) pressure the housing
may experience during system startup, normal operation system transients, or system shutdown. Provision
should be made for manual or automatic fill systems to ensure the water loop seals do not evaporate. If
manual filling is utilized, a periodic inspection or filling procedure should be implemented. Use of a sight
glass should be considered to aid inspection. The same applies if 4 local sump is included in the design.

The drain system should be designed so that liquids do not back up into the housing. Hydraulic calculations
should be prepared by the manufacturer to document this drain system feature to treat maximum coincident
flow rate. Initial testing of the drain system should be performed by the owner onsite after installation to
demonstrate operability. When shutoff valves or check valves are utilized, they should be initially tested for
operability and leakage onsite, after installation, and periodically thereafter.

4529 Basic Differences Between Nuclear Filtration Systems and
Commercial/industrial Filtration Systems

e The standard design pressure for nuclear systems is 10 to 15 in.wg. compared to 3 in.wg. or less for

commercial/industrial systems. In addition, confinement systems can be built to higher pressures, such
as 30 to 40 in.wg. without significant cost increases.
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e Nuclear systems are designed, manufactured, and tested to a higher level of quality assurance, such as
ASME NQA-13"  This includes certfied welders, in-process inspections, and material traceability.
Several factory tests are standard, such as filter fit, operability of filter locking mechanisms, flatness of
filter sealing surfaces or alignment of knife edges and leak testing of each filter sealing surface and overall
pressure boundary of each housing and/or system. Test reports are available to the customer for their
files.

e Nuclear systems arc designed and built with all-weld construction. All pressure-boundary welds are
continuously welded. These systems are built for long life, and RTV sealants are not trusted over long
periods of time.

e Over the last 2 decades, stainless steel has become a standard material of construction for confinement
systems versus galvanized construction for commercial/industrial systems.

® Most nuclear systems incorporate the bag-in/bag-out feature which allows the user to protect their
maintenance personnel and the surrounding environment during filter change-out. Some applications do

not require the bag-in/bag-out feature, but still require all the other features of confinement.

o Nuclear filter housings incorporate filter locking mechanisms that are designed to achieve a filter-to-
frame seal that will last throughout the life of the filter, not just when the filter gasket is new.

¢ Nuclear systems are designed so that each tier of filters has its own access door. This is absolutely
necessary when the bag-in/bag-out feature is required, but it is a desirable feature even without the bag-
in/bag-out feature.

® Nuclear systems offer optional inplace test sections.

e Nuclear systems offer optional separate access panels for prefilters, which allows the seal of the HEPA
filters to be on the upstream side.

¢ Most nuclear filter housings have “filter removal rods” to assist in pulling the second or third filter to the
change-out position.

o Nuclear systems now incorporate isolation dampers in many cases. These dampers are now readily

available in both “bubble-tight” and “low-leakage” designs. These dampers are designed, manufactured,
and tested in the same manner as the filter housings.

4.5.2.10 Advantages of Stainless Steel over Heavy Carbon Steel Construction

¢ Nuclear filtration systems are usually constructed of 14- and 11-gauge stainless steel reinforced externally.
The cost of this design is very nearly the same as manufacturing from heavy steel plates and
priming/painting for corrosion protection.

¢ Stainless steel offers much better corrosion protection during installation and use than painted steel.

e Decontamination and cleaning of systems is much casier with stainless steel.

® Modification of systems in the field is much easier with stainless steel. Changes, including welding, can
be made without ruining the corrosion protection of the system.

e  Stainless steel systems typically weigh less than carbon steel systems.
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453 Side-Access Housings for Radial Flow Cylindrical HEPA Filters

Recently, radial flow cylindrical filters have been applied to DOE nuclear applications. Side-access housings
for radial flow cylindrical filters have been designed for the installation of up to 12 plug-in, 2000-cfm filters,
for a total of 24000 cfm. Larger installations are possible
(Figures 4.68 through 4.70). Operational experience is
still being gathered for these units.

HEPA filters must maintain: (1) their gasket integrity in
both manual and remote handling situations; (2) a reliable
seal after installation; and (3) correct orientation and
fastening must be obtained. Radial flow cylindrical HEPA
filter manufacturers maintain that the use of an internal
seal offers the highest performance with the least force
required. It is integral to the design and is extremely
effective in negating alignment problems because it
eliminates the remote handling restrictions of the square
filters.

Manufacturers claim the following for radial flow
cylindrical HEPA filters.

¢ Clamping is not required.

¢ The gasket is less likely to be damaged in normal
handling,

¢ Positioning and orientation are not required. Figure 4.68 - Side-Access Housing

(Cylindrical Radial Flow HEPA Design)
¢ The filter is free of sharp edges and the sealing face

integrity is reliable,

¢ The filter is normally used in-to-out so that
the collected contaminant is on the inside.

e The outside surfaces are “clean,” thereby
easing handling,

¢ Radial flow filters permit higher airflow
designs with lower pressure drops compared
with conventional square section filtratdon
systems.

¢ Plug-in filters are easy to install; they simply
slide into the canister along guide rails and
locate on a spigot at the rear of the canister. -
A ring is provided around the filter access to Figure 4.69 ~ Side Access Housing
facilitate  fitting of the change bag Cylindrical Radial Flow HEPA Design
(Figure 4.71). An access cover is positioned
over the filter. A locator fitted in the cover ensures correct positioning of the filter in the module.
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454 Inplace Leak Test

This is a test to determine if there is leakage through
the filter frame/filter gasket surface or from damage to
the HEPA filter. Inplace leak testing is performed at
the user facility, not at the DOE FTF, because for this
test, the HEPA filter must be installed in a filter
housing,. The FTF performs quality assurance
efficiency testing on each individual filter prior to
installaton in a HEPA filter housing. HEPA filter
housings must be supplied with test sections on the
upstream and downstream sides of the filter bank.
Each test section must be isolated from the other to
permit individual leak testing of each HEPA filter and
its supporting framework in parallel and/or in series in
compliance with ASME AG-1.!

Figure 4.70 - Side-Access Housing

All leak testing must be conducted from a location 550 >
(Cylindrical Radial Flow HEPA Design)

outside the system using apparatus and devices that are
supplied as an integral part of the test sections,
including mixing devices and sample ports. The
upstream and downstream test chambers contain mixing
devices to mix and disperse a uniform challenge
air/aerosol ahead of the filter and the effluent from the
filter being tested. Challenge acrosol inlet ports and
upstream and downstream sample ports must be
provided for cach HEPA filter. All mixing devices in the
airstream must be designed to swing aside when testing
has been completed.

The manufacturer must submit evidence that he has
proof-tested his in-place test method according to the
requirements of ASME AG-1% for systems containing
two filters in series and two filters in parallel, with one
leaking filter in each bank.

Figure 4. 71 — Radial Flow Filter
Bag-Out
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CHAPTER 5
EXTERNAL COMPONENTS

5.1 Introduction

External components of an air cleaning system include fans, ductwork, dampers, louvers, stacks, instruments, §
and other miscellaneous accessories that are associated with the movement, control, conveying, and |
monitoring of the air or gas flow.

This chapter contains information on the design, fabrication, materials, and codes and standards
requirements/considerations for air cleaning system external components for nuclear facilities. Additional
information can be found in Chapters 2 and 4, as well as ASME Code AG-1.! Use of AG-1 requirements is
mandatory for Safety Class and Safety Significant Systems and can be used as guidance for lower systems.

5.2 Ductwork

This section will address the functional design, mechanical design, materials, coatings, supports, acoustic
considerations, leakage, vibration considerations, and applicable codes and standards for ductwork for nuclear
facilities.

5.2.1 Functional Design

The sizing and layout of ductwork to provide desired air distribution, ventilation rates, transport velocities,
and other functional requircments of the ventilation system are covered by the American Society of Heating
Refrigeration and Aur Conditoning Engineers (ASHRAE) handbook2 3 the American Conference of
Governmental Industrial Hygienists (ACGIH) Industrial Ventilation,* and American Natonal Standards
Institute (ANSI) Z9.2.5 The purpose of this section is to review the physical aspects of the duct system in
relation to nuclear air cleaning and treatment. The least expensnve first-cost duct layout may not be the most
economical when the total annual cost of operating the system is considered. Short-radius elbows and other
shortcuts in ductwork may seriously increase system resistance, which could require, for example, the use of a
larger fan and/or fan motor with resulting higher operating costs, or converscly, they could make it
impossible for the system, as installed, to operate at the desired level of performance. The physical layout of
ductwork in a building is often compromised to conform to the confines of a building structure or design.
This may be unavoidable when instaling new ducts in an cxisting building. In new construction,
consideration should be given to providing adequate space and optimizing the duct layout configuration in
the carliest phases of building layout, ie., long before the building design has been finalized. Adequate access
(as described in Chapter 4) to filter housings, fans, dampers, and other components is vital to maintainability
and testability. Allowance of adequate space for well-designed elbows, transitions, and fan inlets and outlets
1s vital to proper operation.

5.2.2 Mechanical Design

Duct cost is influenced by the size and quantities of ductwork, construction materials, coatings used for
protection against corrosion, construction methods (seams, joints, etc.), air-tightness requirements, erection
sequence (including consideration of space limitations, post-ercction cleaning requitements, etc.), and the
number and type of field connections and supports (hangers, anchors, etc.) required. Consideration should |
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be given to future modification, dismantling, and disposal of contaminated ductwork, particularly in the
design of systems for U.S. Department of Energy (DOE) facilities, nuclear power plants, laboratories,
experimental facilities, and other operations where change-out of the ductwork or removal for maintenance
can be expected. Provision for adding on or changing ductwork is a consideration that is often overlooked in
initial design.

Where space permits, a round duct is generally preferred to a rectangular duct because it is stronger
(particulatly under negative or collapsing pressure); is more economical for the high-pressure construction
often required for nuclear applications; provides mote uniform airflow; and is easier to join and seal than a
tectangular duct. The principal disadvantages of round duct are that it makes less efficient use of building
space and it is sometimes difficult to make satisfactory branch connections. Any duct system that carries
radioactive material, or that could carry radioactive material, should be considered as a safety-related system.
Specific requirements for the performance, design, structural load combinations, construction, inspection,
and shop and field fabrication acceptance testing for ductwork, ductwork accessories, and ductwork supports
can be found in American Association of Mechanical Engineers (ASME) AG-1, Sections SA and TA.!

The level of radioactivity will largely determine the quality of duct construction required. Although it is
sometimes assumed that all leakage in negative pressure ductwork will be in-leakage, this is not necessarily
true. In the event of fire or explosion in a contained space (room, enclosure, hot cell, glovebox, or
confinement structure) served by the system, ductwork can become positively pressured, resulting in out-
leakage. Out-leakage can also be caused by a rapidly closing damper or by dynamic effects (in a poorly laid-
out system) under normal operating conditions. Under system shutdown conditions or during maintenance,
the possibility of out-leakage from normally negative-pressure ductwork also exists. The engineer must
consider these possibilities in the design and specification of permissible leak rates for negative-pressure
portions of systems. Ducts should be sized for the transport velocities needed to convey all particulate
contaminants without settling. Recommended transport velocities are given in Section 5 of Industrial
Ventilation.* Ducts for most nuclear exhaust and post-accident air cleanup systems should be sized for a
minimum duct velocity of 2,500 feet per minute (fpm).

ASME AG-1, Section SA,! contains recommendations for ductwork construction standards. This paragraph
recommends the Sheet Metal and Air Conditioning Contractors’ National Association (SMACNA)$ ductwork
construction standards. Note that these standards do not incorporate structural design requirements. These
standards must be evaluated for structural capability and adjusted as necessary to meet the requirements of
ASME AG-1,! and any other facility-specific requirements.

Tables 5.1 through 5.4 list a suggested methodology for sheet-metal gauges and reinforcements for negative
pressure ducts operating at pressures below 2 in.wg negative. Suggested gauges and reinforcements for
positive-pressure ducts are given in SMACNA standards.”

Table 5.1 - Recommended Sheet-Metal Thicknesses for Round Duct Under Negative Pressm

o i’ i ,V.M_A : J‘.-'h-‘.- ).W gt ' i u;‘
4 in.wg ocob 24 24 20 18 16 14 10 8 4
96 24 24 24 22 20 18 16 14 14
48 24 24 24 24 24 22 20 18 16
24 24 24 24 24 24 24 22 20 18
8 in.wg oo 24 22 18 16 14 12 8 4
96 24 22 22 18 18 18 14 12 12
48 24 24 24 2 20 20 16 14 14
24 24 24 24 24 22 22 18 16 16

5-2




DOE-HDBK-1169-2003 Chapter 5

Negative Pressure | Reinforcement Sheet-Metal Thickness (U.S. gauge No.)* for Duct Diameter of
in Duct Spacing 4in. | 8in. | 12in. | 16in. | 20in. | 24in. | 36in. | 48in. | 60in.
12 in.wg oo 25 20 16 14 12 12 6 2
96 24 22 18 18 16 16 12 1 11
48 24 22 22 20 18 18 14 14 12
24 24 24 24 22 22 22 16 16 16
20 in.wg oo 24 18 14 12 11 8 4
96 24 20 16 16 14 14 1 1 8
48 24 22 20 18 16 16 14 12 11
24 24 24 22 20 18 18 16 14 12
12 20 16
1 psi oo 20 14 12 10 8 6
96 24 18 16 14 12 12 10 8 6
48 24 20 18 18 16 16 12 11 11
24 24 24 22 20 18 18 14 12 12
12 16 14
2 pst o 18 12 11 8 4 2
96 22 16 14 12 12 11 6 6 4
48 24 18 16 14 14 12 10 8 6
24 24 20 18 18 16 16 11 11 11
12 14 12 12

ducts with diameters over 24 inches based on paragraph UG-28 in Section VII of the ASME Borler and Pressure Vessel Code.d

duct is No. 16 U.S. gauge.
b Where ©0 is shown, no reinforcement is required.

Note: Factor of safety = 3 over code based on ultimate strength for ducts with diameters up to 24 inches and 5 over code for

* Minimum sheet-metal thickness for shop-weld duct is No. 18 U.S. gauge. Minimum sheet-mctal thickness for ficld-welded

Table 5.2 - Recommended ASTM 36 Angles Reinforcement for Round Duct
Under Negative Pressure

Negative Angle Size* for Duct Diameter of
Pressure
in Duct 4in. 8in. 12 in. 16 in. 20 in. 24 in. 36 in. 48 in. 60 in.

4 in.wg A A A B B B B C C

8 in.wg A A A B B B B C C
12 in.wg A A A B B B B C C
20 in.wg A A A B B B B C C

1 psi A A A B B C C C C

2 psi A A A B B C C D D

4 psi A A A B B C D D

* Symbol for angle size (inches): A=1x3/16B=11/2x11/2x1/4,C=2x2x1/4,D=21/2x21/2x1/4.
Source: Based on R. |. Roark, Formulas for Stress and Strain, Th Editon, McGraw-Hill, 1989, Formula 12, Table XV. 9
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Table 5.3 — Recommended Sheet-Metal Thicknesses for Rectangular Welded Duct
Under Negative Pressure

e R
48 18 18
24 18 18 16
12 18 18 18 18 16
48 18 14 12 12
24 18 16 16 14 14
12 18 18 18 18 18
48 18 12 8 1
12 24 18 16 12 12 12
12 12 18 18 18 18 18
20 48 14 11 : 6 6
20 24 14 14 11 1 1
20 12 18 14 14 14 14
1 psi 48 12 10
24 16 12 T n 10
12 18 14 12 11
2 psi 48 12 10
24 14 11 10 8
12 16 12 1 10

* For maximum deflection of 1/16 inch per foot in the long dimension.

b Minimum sheet-metal thickness for filed-welded duct is No. 16 U.S. gauge.

Source: Based on R. ]. Roark, Flat plate formula for edges held but not fixed, Formulas for Stress and Strain, Th Edition, McGraw-Hill,
1989, p. 246.9

Table 5.4 - Recommended ASTM A 36 Angle Reinforcement for Rectangular Ducts
Under Negative Pressure

; -,';- i
4 E E E F F E G G
8 E E E F F E G G G H H H
12 E E E F F E G G G H H H
20 E F H H G H J
1 psi F G H ) H J K
2 psi G H ) L J K L

Note: Based on uniformly loaded beam with 50 percent simple support, 50 percent fixed ends, and deflection of 1/8 inch per foot.
*+ Symbol for angle size (inches): E=1x1x13/16F=11/4x11/4x3/16,G=11/2x11/2x3/16; H=2x2x 3/16;
J=21/2x21/2x1/4K=3x21/2x1/4L=4x3x3/8.
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Table 5.5 ~ Guide for Selecting Recommended Duct Construction Levels for Various Applications in
Nuclear Facilities *

System Type, Duct Location HVAC, 4 Supply, *
Outside Contained Space, All Recirculating
Contamination Level Operating Systems, Duct Located in—~ Portion within
and/or Function® Mode« ZonelV | Zone IIT Zone IT Zone I Contained Space
None, supply, HVAC A 1 1 2 2 2
B 1 1 i i i
Low (class 4) A 3 2 2 2 2
B 1 1 2 2 1
Moderate (class 3) A 4 3 2 2 2
B 4 2 2 2 1
High (class 2) A 4 4 4 4 2
B 4 4 4 4 2
Very high (class 1) A 4 4 4 4 2
B 4 4 4 4 2
Process off-gas A 5 5 5 4 2
B 5 5 4 4 2
Controlled atmosphere / A 5 5 5 5 5
B 5 5 5 5 5

* Duct construction level: 1, SMACNA low velocity; 2, SMACNA, high velocity; 3, SMACNA high velocity; 4, welded; 5, pipe or
welded duct, zero leak.

b Contamination levels from 1'ables 2.3 for classes 2, 3, and 4.

¢ Operating mode: (A) system to operate following upsct or accident; (B) system shutdown in event of upset or accident.

4 HVAC, building enclosure zones from Section 2.2.9.

¢ Contained space: The building arca or enclosure served by the system.

f Incrt gas, desiccated air, or other controlled medium.

Table 5.6 ~ Recommended Maximum Permissible Duct Leak Rates* at 2 in.wg Negative
(by methods of ASME N510)%

Duct Class Maximum Permissible Leak Rate
Level 1 5 percent of system airflow per minute
level 2 1 percent of system airflow per minute
Level 3 0.2 percent of volume per minute b
Level 4 0.1 percent of volume per minute b
Level 5 Zero detectable leak at any test pressure up to 20 inwyg
Recirculating Icak test not required if totally within contained space served by air cleaning system

2 Maximum permissible leak rate at pressure greater than 2 in.wg is found from the equation.
L,xLyP'/2
where
L, = permissible leak at higher pressure,

L; = permissible leak at 2 in.wg from table,
P’ = higher pressure.
b Based on volume of portion of system under test.

For ducts that are fabricated by welding, a minimum of No. 16 U.S. gauge sheet metal is recommended
because of the difficulty of making rcliable welds in thinner material. Section 5.10 of the ANSI N509
recognizes several levels or grades of duct construction but docs not define them (in terms of specific
requirements) or distinguish clearly between them. Because a nuclear facility may contain spaces of widely
differing potential hazard levels (see confinement zoning discussion, Section 2.2.9), the type of duct
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construction required may vary from one part of the plant to another. The following questions, as a
minimum, must be answered to establish the type of duct construction needed for a particular application.

¢ Is the system nuclear-safety-related?

o If the system is nuclear-safety-related, is the level of radiation that exists in the duct, or the level that
could exist in the duct in the event of a system upset, low, intermediate, or high?

e Must the air cleaning system remain operable in the event of a system upset (power oytage, accident,
malfunction) ot can it be shut down?

e Whete will the ductwork be located in relation to: (1) the contained space served by the system, and
(2) the occupied spaces of the building? [Building spaces that are not normally occupied, but are
occasionally entered for tepair or service of equipment, are considered “occupied.”]

¢ Is the system once-through or recirculating?
o Isita safety-related feature system that is intended to mitigate the consequences of an accident?
*  What are the environmental considerations (e.g., ptessure, temperature, cotrosion, etc.)?

Depending on the answers to these questions, the duct should be constructed to conform to one of the
several grades outlined in Table 5.5 and the leaktightness recommendations of ASME AG-1, Section SA.!
Recommended construction requirements are categorized as described below.

Level 1. In accordance with SMACNA’s “HVAC - Systems-Duct Design,” (with the exceptions that button-
punch and snap-lock seam and joint construction are not permitted), these constructions are considered
unsuitable even for low-pressure construction.” Companion-angle or bolted (or screwed) standing-seam
transverse joints are recommended. Standing edges of seams or joints and reinforcement should be on the
outside of the duct (Figure 5.1).7 [Note: Use of Level 1 ductwork is limited to systems serving
administrative areas and other non-safety-related applications in which maximum static pressure does not
exceed 2 in.wg.] See Figure 5.1.

Acceptable Longitudinal Seams Not-Acceptable Longitudinal Seams

Figure 5.1 - Leakage Class 1 Duct Seams
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Level 2. In accordance with SMACNA’s “HVAC Systems-Duct Design,”” the use of Level 2 ductwork is
limited to systems serving administrative areas, as well as Secondary and Tertiary Confinement Zones in
which the radiotoxicity of materials that are handled or could be released to the ductwork does not exceed
hazard class 2 (see Tables 2.3 through 2.5), and in which negative pressure does not cxceed 10 in.wg. The
following exceptions apply: (1) button-punch and snap-lock construction are not permitted; (2) only bolted
flanged joints, companion-angle flanged joints, welded-flanged joints, or welded joints are permitted for
transverse connections; (3) tic rods and cross-braking are not permitted on negative-pressure ducts;
(4) standing cdges and reinforcement of scams and joints should be on the outside of ducts only; (5) sheet-
metal thickness and reinforcement of negative-pressure ducts should be in accordance with ASME AG-1,
Section SA-4000,! and (6) radiation-resistant sealants (c.g,, silicone room-temperature vulcanizing) are used as
required in the makeup of nonwelded seams and in penetrations of safety-related ductwork.

Level 3. This is the same as Level 2, with the exception that: (1) transverse joints must have a full-flanged
face width and use 1/4-in.-thick gaskets made of American Society of Testing and Materials (ASTM) D1056!!
grade 2C2 or 2C3 cellular neoprene; grade 2C3 or 2C4, 30 to 40 durometer, Shore-A, solid neoprene; or an
equivalent silicone clastomer with interlocking notched corners; and (2) nonwelded longitudinal seams,
transverse joints, or the entire exterior may have hard-cast treatment (polyvinyl acetate and gypsum tape
system) or comparable fire-resistant, corrosion-resistant, radiation-resistant, nonpeeling, leaktight treatment.

Level 4. This level requires all-welded construction with sufficient mechanical transverse joints to facilitate
coating (painting), erection, and future modification and/or dismantling. Mechanical transverse joints must
conform to Figure 5.2. For sheet-metal thickness and reinforcement, see ASME AG-1, Secuon SA.
Specific guidance is provided in nonmandatory Appendix SA-C, Section C-1300.}

Level 5. Level 5 ductwork meets requirements for leaktightness as determined in ASME AG-1, Section SA,
Nonmandatory Appendix SA-B! or the requirements of the American National Standard for Pressure Piping,
ASME B31.1,6 or the ASME Bozler and Pressure Vessel Code. 8

Sec Figures 5.2 through 5.4 for examples of seams, joints, gaskets, and scaling of companion angle joint
corners.

Weld

Weld Weld

Weld

Weld

Figure 5.2 - Acceptable Transverse Joints

5.2.3 Engineering Analysis

When shect-metal thickness and reinforcements are established from engineering analysis rather than from
Tables 5.1 to 5.7, a design pressure of at least 1.25 times the normal operating pressure is necessary for level
1, 2, and 3 construction. A design pressure of 1.5 dmes the maximum negative pressure that can exist in the
particular run of duct, under the most adverse conditions to which it can be subjected under any conceivable
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conditions, including the Design Basis
Formed Flange Accident (DBA) and safe shutdown
earthquake, is recommended. The
maximum  negative  pressute  is
generally the fan shutoff pressure. In
the engineering analysis, the following
loadings should be considered as
applicable to the particular system
under consideration:

Weld

1. Differental pressure across the
duct wall, as affected by maximum
internal and external pressures that
could prevail during testing and
under normal and abnormal
operating conditions, and any
increase or decrease in the pressure
due to inadvertent closure of a
damper or plugging of an internal
component. For ductwork located
within the containment vessel of a
reactor, the external pressure under
DBA conditions, due to the lag of
pressure rise within the ductwork
during the pressure transient in the
containment vessel, must also be
considered (such overpressures
may be alleviated through the use
of pressure-relief dampers that
discharge to the containment
space).

Figure 5.4 - Control Dampers

2. Effects of natural phenomena, including tornado and earthquake, for safety class-ductwork.
3. Thermal expansion.
4. Weight of the ductwork, including all attachments.

5. Weight of personnel walking on large ductwork only. Where this situation is likely to occur, duct sections
with exposed top surfaces should be capable of supporting a 250-pound weight concentrated midway
between the hangers or reinforcement, without permanent deformation. The out-of-roundness produced
by such loading could lead to a sudden collapse of round duct when operating under negative pressure.

A maximum allowable stress of 0.7 times the elastic limit is recommended for the design of ductwork
maximum deflections under normal operating conditions and should be:

Rectangular duct: 0.125 inch per foot of maximum unsupported panel span in the direction of airflow,
but not greater than 0.75 inches. Defection of reinforcement -0.125 inch per foot of span, but not more

than 0.75 inches across total span.

Round duct: 0.025 inch per foot of diameter, but not more than 0.5 inch at any point.
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5.2.3 Engineered Ductwork

When sheet metal or piping thicknesses and reinforcement are cstablished from analysis other than as
required by ASME AG-1,' SMACNA standards,” or other referenced documents, the design should be in
accordance with the criterion found in ASME AG-1, Sections AA and SA.! In the engineering analysis, the
following are examples of loads that should be considered potentially applicable to the system under
consideration:

¢ Additional Dynamic Loads. These loads result from system excitation caused by structural motion
such as relief valve actuation and hydrodynamic loads due to design basis accidents (DBAs).

e Constraint of Free End Displacement Loads. Thesc loads are caused by the constraint of free-end
displacement and are caused by thermal or other displacements.

¢ Dead Weight. These loads are the weight of cquipment and ductwork, including supports, stiffeners,
insulation, internally mounted components, externally mounted components and accessories, and any
contained fluids.

e Design Pressure Differential. These loads are dynamic pressures caused by the DBAs, and
intermediate or small break accidents.

e Design Wind. These loads are produced by design hurricanes, tornadoes, or other abnormal,
infrequently occurring meteorological conditions.

e External Loads. These are applied loads caused by piping, accessories, or other equipment.

¢ Fluid Momentum Loads. These are loads other than those previously listed, such as the momentum
and pressure loads caused by fluid flow.

— Live Load (L). Such loads occur during construction and maintenance and other loads due to
snow, ponded water, and ice.

~ Normal Loads (N). Thesc loads include normal operating pressure differential, system operating
pressure transients, dead weight, external loads, and inertia loads.

— Normal Operating Pressure Differential (NOPD). This is the maximum positive or negative
pressure differential that may occur during normal system operation, including startup and testing.
Thesc include the pressures resulting from normal airflow and damper or valve closure.

— Seismic Load. These loads result from the operating basis earthquake (OBE) or the safe shutdown
earthquake (SSE). These seismic forces are applied in the direction that produces the worst-case
stresses and deflectons.

— System Operating Pressure Transient. These overpressure transient loads are caused by events
such as rapid damper or valve closure, rapid plenum or housing door closure, or other loads of this
type that result in a short duration pressure differential (spike).

Additional information concerning the structural design and supports for ductwork and supports can be
found in ASME AG-1, Section AA!
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5.2.4 Applicable Codes, Standards, and References

Thete are many codes, standards, and other references that are applicable to ductwork design. A complete,
detailed listing is available in ASME AG-1, Sections AA and SA.!

5.2.5 Materials of Construction

Ductwork may be constructed from painted or coated carbon steel, galvanized steel, aluminum, stainless steel,
or any combination of these materials as required to resist cotrosion in the service environment. Glass-fiber-
reinforced plastic (GFRP) and epoxy ducts have been used in corrosive environments where fire and safety
requirements permit, and may be less expensive than stainless steel, lined carbon steel, or epoxy- or vinyl-
coated catbon steel. Although the GFRP duct has been approved by the National Fire Protection
Association and Underwriters Laboratories (UL) for commercial and industrial use, even high-temperature
resins will soften under brief exposure to temperatures of 350 to 450 degrees Fahrenheit. Softening of the
GFRP duct can lead to rapid collapse or distortion, followed by loss of air cleaning function. GFRP and
other plastic ductwork should not be used for Level 3, 4, or 5 construction and should be used with caution
for Levels 1 and 2.

5.2.6 Paints and Protective Coatings

Coating and paint requirements must be consistent with the corrosion that can be expected in the particular
application and with the size of the duct. Corrosion- and radiation-resistant paints and coatings should, as a
minimum, meet the requirements of ASME AG-1,' and ASTM D5144, Standard Guide for Use of Protective
Coating Standards in Nuclear Power Plants\2 Unless special spray heads are used, spray coating of the interior of
ducts smaller than 12 inches in diameter is often unreliable because it is difficult to obtain satisfactory coating
and to inspect for defects. The intedor of a duct sized 8 inches and smaller cannot be satisfactorily brush-
painted; therefore, dip coating is recommended. Ducts to be brush-painted should be no longer than 5 or
6 feet to ensure proper coverage. When special coatings such as high-build vinyls and epoxies are specified,
the designer must keep in mind that difficultes in surface preparation, application, and inspection may
increase the cost of coated catbon steel to the point that stainless or galvanized steel may be more
economical. In addition, stainless or galvanized steel may provide better protection. Note that high-build
coatings and paints can be damaged during handling and shipping (as well as during construction,
maintenance, repair, and testing/surveillance). Corrosion can begin under such damaged areas without the
user’s knowledge. Painted and coated ductwork must be inspected carefully during the painting (coating)
operation, as well as on receipt. Galvanized coatings and plates should also be carefully inspected, particularly
on sheared edges and welds.

5.2.7 Supports

Nonsafety class ductwork can be hung, supported, and anchored in accordance with the recommendations of
Chapter 5 of the SMACNA HV.AC—Ds«t Design,” with the following exception: anchors and attachments
which rely on an interference-fit between, or deformation of, the base material (concrete roof deck, beam,
etc.) and the attachment device (as is the case for power-actuated drive bolts and studs and for concrete
anchors) should not be used for safety-related ductwork. Support requirements for safety class ducts and
other ductwork that must remain in place in the event of an earthquake or major accident must be established
by modeling or engineeting analysis. Such analysis must be based on the inputs (forces, accelerations) to the
building element to which the duct is fastened or from which it is hung (i.e., floor, wall, roof deck, etc.) that
will be produced by the DBA or S