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1. Scope and limtations

1.1 Scope. This docunent establishes standard cl asses, and provides for alternative
cl asses, of air cleanliness for cleanroons and cl ean zones based on specified
concentrations of airborne particles. It prescribes nmethods for verifying air
cleanliness and requires that a plan be established for nobnitoring air cleanliness. It
al so provides a nethod for determ ning and describing concentrations (U descriptors) of
ultrafine particles.

1.2 Limtations. The requirenents of this docunent do not apply to equipnent or
supplies for use within cleanroons or clean zones. Except for size classification and
popul ati on, this docunent is not intended to characterize the physical, cheni cal
radi ol ogi cal, or viable nature of airborne particles. No universal relationship has been
establ i shed between the concentration of airborne particles and the concentration of
viable airborne particles. In addition to the need for a clean air supply that is
monitored for total particulate contam nation and that neets established limts, specia
requi rements are necessary for nonitoring and controlling other forns of contam nation.

2. Ref erenced docunents.

2.1 Box, George E. P., Hunter, WIlliam G, and Hunter, J. Stuart, Statistics for
Experinmenters, John Wley & Sons, New York, 1978

2.2 Hinds, W C., Aerosol Technol ogy: Properties. Behavior. and Measurenent of Airborne
Particles, John Wley & Sons, New York (1982).

2.3 FED STD-376, Preferred Metric Units for General Use by the Federal Governnent.

The International Systemof units (SI) is preferred. In the event of a conflict between
SI and U S. customary units, Sl units shall take precedence

3. Definitions

3.1 Airborne particulate cleanliness class. The |level of cleanliness specified by the
maxi mum al | owabl e nunber of particles per cubic nmeter of air (per cubic foot of air),
shown for the class in Table |, as determined by the statistical methods of 5.4. The
nane of the class in Sl units is taken fromthe logarithm (base 10) of the naxi mum

al | owabl e nunber of particles, 0.5 mand |arger, per cubic nmeter. The name of the class
in English (U S. customary) units is taken fromthe nmaxi mum al |l owabl e nunber of

particles, 0.5 mand |arger, per cubic foot.

3.2 Anisokinetic sanpling. The condition of sanpling in which the nean velocity of the
flowing air streamdiffers fromthe nean velocity of the air entering the inlet of the
sanpling probe. Because of particle inertia, anisokinetic sanpling can cause the
concentration of particles in the sanple to differ fromthe concentration of particles in
the air being sanpl ed.
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3.3 Calibration. Conparison of a measurenment standard or instrunent of unknown accuracy
with anot her standard or instrunent of known accuracy to detect, correlate, report, or
elimnate by adjustnent any variation in the accuracy of the unknown standard or

i nstrunent .

3.4 Cean zone. A defined space in which the concentration of airborne particles is
controlled to nmeet a specified airborne particul ate cleanliness class.

3.5 deanroom A roomin which the concentration of airborne particles is controlled
and whi ch contains one or nore clean zones.

3.5.1 As-built cleanroom (facility). A cleanroom (facility) that is conplete and ready
for operation, with all services connected and functional, but w thout equipnent or
operating personnel in the facility.

3.5.2 At-rest cleanroom (facility). A cleanroom (facility) that is conplete, with all
services functioning and with equi pment installed and operable or operating, as
specified,* but without operating personnel in the facility.

3.5.3 Operational cleanroom (facility). A cleanroom (facility) in normal operation,
with all services functioning and with equi pnent and personnel, if applicable, present
and performng their normal work functions in the facility.

3.6 Condensation nucleus counter (CNC). An instrunment for counting small airborne
particles, approximately 0.01 mand larger, by optically detecting droplets forned by
condensation of a vapor upon the particles.

3.7 Discrete-particle counter (DPC). An instrument, such as an optical particle counter
or a condensati on nucl eus counter, capable of resolving responses from i ndividual
particles.

3.8 Entrance plane. A plane perpendicular to the unidirectional airflow |ocated

i medi ately upstream of the region of interest (typically the work area unl ess otherw se
speci fied') and having the same di mensions as the cross section of the clean zone
perpendicular to the direction of the airflow

3.9 lsoaxial. A condition of sanpling in which the direction of the airflowinto the
sanpling probe inlet is the sane as that of the unidirectional airflow being sanpl ed.

3.10 | sokinetic sanpling. The condition of isoaxial sanpling in which the nean
velocity of the air entering the probe inlet is the sane as the nean velocity of the
unidirectional airflow at that |ocation.

3.11 Monitoring. The routine determ nation of airborne particle concentrations, as
well as other relevant conditions, in cleanroons and cl ean zones

"When terms such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to neet requirenents will be specified by the
user or contracting agency.
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3.12 Nonuni directional airflow. Airflow which does not neet the definition of
unidirectional airflow, previously referred to as "turbulent” or "non-lam nar" airfl ow

3.13 Particle. An object of solid or liquid conposition, or both, and generally
between 0.001 and 1000 min size

3.14 Particle concentrati on. The nunber of individual particles per unit volune of
air.

3.15 Particle size. The apparent maxi numlinear dinension of a particle in the plane
of observation as seen with a mcroscope, or the equival ent dianeter of a particle
detected by automatic instrunentation. The equivalent dianeter is the dianmeter of a
ref erence sphere having known properties and produci ng the same response in the sensing
instrunent as the particle being neasured.

3.16 Student's t statistic. The distribution

t = [(sanple nean) - (population nean)]/[standard error of the sanple nean]

obtained fromsanpling a normal (Gaussian) distribution. Tables of critical values are
available in statistics texts (see 2.1).

3.17 U descriptor. The maxi num al | owabl e concentration (particles per cubic neter of
air) of ultrafine particles. The U descriptor serves as an upper confidence limt or as
the upper linmt for the |location averages, or both, as appropriate. U descriptors are

i ndependent of airborne particulate cleanliness classes, and nmay be specified alone or in
conjunction with one or nore airborne particul ate cl eanliness cl asses.

3.18 Utrafine particles. Particles in the size range from approximately
0.02 mto the upper limt of detectability of the DPC described in Appendix D.
Utrafine particles are operationally defined by the relationship for counting
efficiency vs. particle size of Appendix D

3.19 Unidirectional airflow Airflow having generally parallel stream ines, operating
in asingle direction, and with uniformvelocity over its cross section; previously
referred to as "lanm nar" airfl ow.

3.20 Upper confidence limt CUCL). An upper limt of the estimated mean whi ch has been
calculated so that, in a specified percentage of cases, its value exceeds the true
popul ati on nmean, both means having been sanpled froma normal (Gaussian) distribution.

In this Standard, a 95% UCL is used.

3.21 Verification. The procedure for determ ning the conpliance of air in a
cl eanroom or cl ean zone to an airborne particulate cleanliness class linmt or a
U descriptor, or both, as specified.?

when terms such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to neet requirenents will be specified by the
user or contracting agency.
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4. Ai rborne particul ate cleanliness classes and U descriptors. Verification of air
cleanliness, in accordance with section 5 of this Standard, utilizes a system of
classification based upon specified lints.

This section defines standard classes of air cleanliness, each having specific
concentrations of airborne particles in specific particle size ranges (see Table I).
Provisions are also made for defining standard cl asses based upon alternative particle
sizes, and for defining alternative (nonstandard) classes. In addition, a basis is
provi ded for describing air cleanliness in terns of concentrations (U descriptors) of
ultrafine particles.

A system of nomencl ature suitable for describing all classes and U descriptors is given.

4.1 Casses listed in Table |I. For the airborne particulate cleanliness classes |isted
in Table I, verification of air cleanliness shall be perfornmed by neasurenment at one or
more of the particle sizes listed in Table | or at other specified particle sizes, as
foll ows:

4.1.1 Measurenent at particle sizes listed in Table I. Verification shall be perforned
by neasurenent at one or nore of the particle sizes listed for the class in Table |, as
specified,! and shall be reported using the format described in 4.4.1. The airborne
particul ate cleanliness class is considered nmet if the particle concentration
measurenents for the specified size or sizes are within the limts given in Table I, as
determ ned by the statistical analysis of 5.4.

4.1.2 Measurenent at alternative particle sizes. Verification may be perforned by

measurenment at particle sizes other than those listed in Table I, with the follow ng
limtation: The alternative particle size or sizes selected nust be within the range of
sizes listed for the indicated class in Table |I. The airborne particul ate cl eanliness

class is considered net if the particle concentration nmeasurenments for each sel ected
alternative size do not exceed the limt given in Table | for the next larger particle
size, as determined by the statistical analysis of 5.4. Verification shall be reported
using the format described in 4.4.1.

4.2 Provision for defining alternative airborne Particul ate cleanliness classes. C asses
other than those shown in Table | (for exanmple, Casses M2.2, M4.3, and M 6.4 (C asses
5, 600, and 70 000)) may be defined when special conditions dictate their use. The nane
for an alternative class shall be based on the concentration limt specified for
particles 0.5 mand larger, in the same manner as the classes listed in Table I.
Concentration limts for other particle sizes shall be in the sanme proportions as those
of the next cleaner class in Table |I; these linmits can be cal cul ated by using the
appropriate equation in the footnote under Table |I. Similarly, for classes cleaner than
Claus M1 or dass 1, the concentration linmts at particle sizes other than 0.5 m shal

be in the sanme proportions as those of dass M1 or Class 1

"When terms such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to neet requirenents will be specified by the
user or contracting agency.
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TABLE |

Al RBORNE PARTI CULATE CLEANLI NESS CLASSES

Class linmits are given for each class nane.

1992

The limts designate specific concentrations

(particles per unit volune) of airborne particles with sizes equal to and larger than the
particle sizes shown*
Class limts
Cl ass Nane ** 0.1 m 0.2 m 0.3 m 0.5 m 5 m

Vol une units

Vol une units

Vol une units Vol une units

Vol une units

Sl [English*** [(mf) (ft3) | (nmf) (ft9) (nf)  (ft? (n?) (ft9) (n?) (ft3
ML 350 9.91[75.7 2.14 [ 30.9  0.875 10.0 0.283 = =
ML. 5 1|1, 240 35.0| 265 7.50 | 106 3.00 11.0 1.00 - -
V2 3,500 99.1| 757 21.4 | 309 8.75 100 2.83 - -
M2. 5 10|12, 400 3502, 650 75.0 [1, 060 30.0 353 10.0 - -
MB 35,000 991(7,570 214 3,090 87.5 1, 000 28.3 B B
MB. 5 100 - - [26, 500 750 |10, 600 300 3,530 100 - -
M4 - - [75,700 2,140 30,900 875 10, 000 283 - -

247 7.00
M4. 5 1, 000 - - - - - - 35, 300 1, 000

618 17.5
NG - - - - - - 100, 000 2,830

2,470 70.0
NB. 5 10, 000 - - - - - - 353,000 10, 000

6, 180 175
VB - - - - - - 1000, 000 28, 300

24,700 700
NB. 5 100, 000 - - - - - - 3530, 000 100000

61,800 1,750
M7 - . - - - - 10000000 283000

* The class limts shown in Table |

are defined for classification purposes only and do

not necessarily represent the size distribution to be found in any particul ar situation.

**Concentration limts for

the follow ng equations:

*** For nam ng and describing the classes,

English (U S. customary) units may be used.

particles /n? =

internedi ate cl asses can be cal cul at ed,

10M0.5/d) %2
where Mis the nunerical
the particle size in mcroneters,

particles /ft3= Ny(0.5/d)??

where N, is the nunerical
(U S

customary) units,

Sl

desi gnation of the class based on Sl

units,
or

desi gnation of the class based on English
and d is the particle size in microneters.

nanes and units are preferred;

approxi mately,

from

and d is

however,
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When expressed in Sl units, the numerical designation of the class is derived fromthe

| ogarithm (base 10, with the nmantissa truncated to a single decimal place) of the maxi mum
al | owabl e nunber of particles, 0.5 mand |arger, per cubic neter of air. Wen expressed
in English (U S. customary) units, the nunerical designation of the class is derived
fromthe maxi mum al | owabl e nunber of particles, 0.5 mand |arger, per cubic foot of air.

(a) For alternative classes less clean than Cass M4.5 (O ass 1000),
verification shall be performed by nmeasurenment either in the particle size
range 0.5 mand larger or in the particle size range 5 mand | arger, or
both, as specified.?

(b) For alternative classes cleaner than dass M4.5 (O ass 1000) but |ess clean
than Cass M3.5 (Oass 100), verification shall be perforned by neasurenent
in one or nore of the particle size ranges: 0.2 mand larger, 0.3 mand
larger, and 0.5 mand |arger, as specified.?

(c) For alternative classes cleaner than Class M3.5 (C ass 100), verification
shall be perfornmed by neasurenment in one or nore of the particle size ranges:
0.1 mand larger, 0.2 mand larger, 0.3 mand |larger, and 0.5 m and
| arger, as specified.?

4.3 Provi sion for describing ultrafine particle concentrations (U descriptors).

A U descriptor, if specified,' shall be used to express the concentration of
ultrafine particles as defined in 3.17. The U descriptor may suppl enent the cl ass
definition or may be used alone. The format for U descriptors is described in 4.4.2.

4.4 Nonmencl ature for airborne particle concentrations.

4.4.1 Format for airborne particulate cleanliness classes. asses shall be expressed
by using the format "Class X (at Y n)," where:

X represents the nunerical designation of the airborne particul ate cleanliness
class; and

Y represents the particle size or sizes for which the corresponding particle
concentration (class) limts are specified

For exanpl e:

"Class M2.5 (at 0.3 mand 0.5 m" describes air with not nore than
1060 particles/nt of a size 0.3 mand larger, nor nore than 353
particles/n’ of a size 0.5 mand |arger

"Class 100 (at 0.5 m" describes air with not nore than 100
particles/ft®of a size 0.5 mand |arger.

"When terms such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to neet requirenents will be specified by the
user or contracting agency.
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4.4.2 Format for U descriptors. A U descriptor may be used alone or as a supplenent to

the specification of an airborne particul ate cleanliness class. Specifying a particle size
for U descriptors is unnecessary, since the lower cutoff for ultrafine particles is
determ ned by the equi pnent used (see 3.16 and Appendi x D)

U descriptors shall be expressed by using the format "U(x)," where:

X is the nmaxi num al | owabl e concentration (particles per cubic neter of air) of
ultrafine particles.

For exanpl e:

"U(20)" describes air with not nore than 20 ultrafine particles/nt

"Class M1.5 (at 0.3 m), U(2000)" describes air with not nmore than 106
particles/nf of a size 0.3 mand larger, and not nore than 2000 ul trafine
particl es/ nt

5. Verification and nonitoring of airborne particul ate cleanliness.

5.1 Verification of airborne particulate cleanliness. Verification, the procedure for
determ ning the conpliance of air in a cleanroomor clean zone to an airborne particul ate
cleanliness class limt or a U descriptor, or both, as defined in section 4, shall be
perfornmed by nmeasuring the concentrations of airborne particles under the conditions set
forth in 5.1.1 through 5.1.4. The particle size or sizes at which the neasurenents are to
be nade for verification shall be specified, using the appropriate format as described in
4.4.

5.1.1 Frequency. After initial verification, tests shall be perfornmed at periodic
intervals, or as otherw se specified.1

5.1.2 Environnental test conditions. Verification of air cleanliness shall be
acconpl i shed by neasuring particle concentrations under specified operating conditions,
i ncluding the foll ow ng.

5.1.2.1 Status of cleanroomor clean zone during verification. The status of the
cl eanroom or clean zone during verification shall be reported as "as-built," "at-rest,"
"operational ," or as otherwise specified.?

When terms such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to neet requirenents will be specified by the user
or contracting agency.
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5.1.2.2 Environnental factors. Measurenents and observations of applicable environnental
factors related to the cleanroomor clean zone during verification shall be recorded.

Such factors nmay include, but are not limted to, air velocity, air volune change rate,
room pressurization, nakeup air volume, unidirectional airflow parallelism air

turbul ence, air tenperature, humdity or dew point, and roomvibration. The presence of
equi pnent and personnel activity should al so be noted.

5.1.3 Particle counting. Verification of air cleanliness in cleanroons and cl ean zones
shall be perforned in accordance with the appropriate particle counting nethod or methods
in 5.3 as specified.! Appropriate sanpling locations and sanpling plan shall be sel ected
fromthe foll owi ng subparagraphs.

5.1.3.1 Sanple locations and nunber: unidirectional airflow For unidirectional airflow,
the sanple | ocations shall be uniformy spaced throughout the clean zone at the entrance
pl ane, unless otherwise specified,' except as linited by equi pment in the clean zone.

The m ni num nunber of sanple |ocations required for verification in a clean with
unidirectional airflow shall be the | esser of (a) or (b):

(a) Sl units: A/2.32
where Ais the area of the entrance plane in nf
English (U S. customary) units: A/ 25
where Ais the area of the entrance plane in ft2
(b) Sl units: A x 64/(10M°%%

where Ais the area of the entrance plane in nf and Mis the Sl nunerical
designation of the class listed in Table |

English (U S. customary) units: A/ (NJ)®°®
where Ais the area of the entrance plane in ft2?, and N, is the
numeri cal designation of the class, in English (U S. customary)

units, listed in Table |

The nunber of |ocations shall always be rounded to the next higher integer.

"hen terms such as "shall be specified," "as specified," etc. are used without further
reference, the degree of control needed to neet requirements will be specified by the user
or contracting agency.
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5.1.3.2 Sanple locations and nunber: nonunidirectional airflow For nonunidirectional
airflow, the sanple locations shall be uniformy spaced horizontally, and as specified!
vertically, throughout the clean zone, except as limted by equi pnent within the clean
zone.

The m ni mum nunber of sanple |ocations required for verification in a clean zone with
nonuni di rectional airflow shall be equal to:

Sl units: A x 64/(10M°%°

where Ais the floor area of the clean zone in nf, and Mis the SI numerical
designation of the class listed in Table |

English (U S. customary) units: A/ (N)%®

where Ais the floor area of the clean zone in ft2 and N. is the nunerical
designation of the class in English (U S. custonmary) units listed in Table I

The nunber of |ocations shall always be rounded to the next higher integer.

5.1.3.3 Restrictions on sanple locations. No fewer than two | ocations shall be sanpl ed
for any clean zone. The sanple |ocations shall be uniformy spaced throughout the clean
zone except as limted by equi pnment within the clean zone. At |east one sanple shall be
taken at each of the sanple |locations selected (see 5.1.3.1 or 5.1.3.2). More than one
sanpl e may be taken at each | ocation, and different numbers of sanples may be taken at
different locations, but a total of at least five sanples shall be taken in each zone.
Sanpling at nore locations than the required mininumw |l result in greater precision in
the nean of the | ocation averages and, when applicable, its upper confidence limt.

5.1.3.4 Sanpl e volune and sanpling tine. The volune of air sanpled and tine of
sanpling shall be determ ned in accordance with the applicabl e paragraph bel ow

5.1.3.4.1 Single sanpling plan for classes in Table |I. Each sanple of air tested at
each |l ocation shall be of sufficient volune such that at |east 20 particles
woul d be detected, if the particle concentration were at the class linmt, for
each specified particle size. The follow ng formula provides a neans of
calculating the m ni numvolume of air to be sanpled as a function of the
number of particles per unit volume listed in the appropriate cell of Table |

Vol une = 20 particles/[class limt (particles/volune) from Table I]

"When terns such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to nmeet requirenments will be specified by the
user or contracting agency.
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The volune of air sanpled shall be no less than 0.00283 n? (0.1 ft%, and the results of
the calcul ation of the sanple volume shall not be rounded down.?

A larger sanple volunme will decrease the variation between sanples, but the volunme shoul d
not be so large as to render the sanpling tinme inpractical. Sanple volunmes need not be
identical at all locations; however, the particle concentration shall be reported in terns

of particles per cubic neter (per cubic foot) of air regardless of the sanple volunme. The
volune of air sanpled shall also be reported. Sanpling |arger volunes than the required
mnimumw ||l result in greater precision in the mean of the | ocation averages and its
upper confidence limt.

The sanpling tine is calculated by dividing the sanple volune by the sanple flow rate.

5.1.3.4.2 Single sanpling plan for alternative classes or particle sizes. The m ninum
sanpl e volune required for verifying the conpliance of air to other class linmts, as
defined in 4.2, shall be the volunme determ ned for the next cleaner class listed in Table
I, in accordance with the procedure described in 5.1.3.4.1

The m ni num sanpl e volune for verification by neasurenent at alternative particle sizes,
as described in 4.1.2, shall be the volume deternmined for the next larger particle size
shown in Table I, in accordance with the procedure described in

5.1.3.4.1.

The sanpling tine is calculated by dividing the sanple volune by the sanple flow rate.

O her considerations concerning sanple volune, as detailed in 5.1.3.4.1, also apply in
these situations.

2Exanpl e:
The m ni num sanpl e volunme for Class M2.5 (at 0.5 m [Class 10 (at 0.5 m]:
vol ume = 20 particles/ (353 particles/nt)
= 0.0567 nt or
vol ume = 20 particles/ (10 particles/ft?)
=2.00 ft?®

10
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5.1.3.4.3 Single sanpling plan for U descriptors. The sanple volune required for verifying the
concentration of ultrafine particles shall be the volunme of air sufficient to pernit at |east 20
particles to be detected at the specified U descriptor. The mninmmvolune, in cubic neters
shall be cal culated by dividing 20 by the U descriptor. The results of this calculation shall
not be rounded down, and in no case shall the volume be |ess than 0.00283 n.

The sanpling tine is calculated by dividing the sanple volune by the sanple flow rate.

5.1.3.4.4 Sequential sanpling plan. As an alternative nethod for verifying the conpliance of
air tothe linmts of airborne particulate cleanliness Casses M2.5 and cl eaner (Cl asses 10 and
cl eaner), the sequential sanpling plan described in Appendix F nay be used (Sequential Sanpling:
An Optional Method for Verifying the Conpliance of Air to the Limts of Airborne Particul ate
Cleanliness Classes M 2.5 and C eaner). The advantage of sequential sanmpling is the potentia

to reduce significantly the sanple volune at each |l ocation and, consequently, to reduce sanpling
tinmes.

5.1.4 Interpretation of the data. Statistical evaluation of particle concentration neasurenent
data shall be perforned, in accordance with 5.4, to verify conpliance of air to airborne
particulate cleanliness class lints or U descriptors, or both. |If a sequential sanpling plan
is used, the data analysis described in Appendix F shall be used.

5.2 Mnitoring of airborne particulate cleanliness. After verification, airborne particulate
cleanliness shall b. monitored while the cl eanroomor clean zone is operational, or as otherw se
specified.™® Oher environnental factors, such as those listed in 5.1.2.2, may al so be

moni tored as specified'to indicate trends in variables that may be related to airborne
particul ate cl eanliness.

5.2.1 Monitoring plan. A nonitoring plan shall be established based on the airborne
particul ate cl eanliness and the degree to which contam nati on nust be controlled for protection
of process and product, as specified.?

"When terns such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to neet requirenents will be specified by the user or
contracting agency.

3For nonitoring purposes only, determining the extent to which particles are contaninating
surfaces may be acconplished by allow ng airborne particles to deposit on test surfaces and then
counting them by appropriate nmethods. The relationship between airborne and deposited
particles, however, i s conplex. Al though the concentration of airborne particles in anbient air
is an inportant variable influencing the deposition of these particles, it is not the only

vari abl e; unfortunately, the magnitudes of many of the other variables may either be unknown or
not easily measured. Therefore, while the rate of particle deposition on surfaces can be a
suitabl e nmonitor for airborne particul ate cleanliness, an unambi guous rel ati onship cannot be

gi ven.

11
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The plan shall specify the frequency of nonitoring, the operating conditions, and the nethod of
counting particles. The nunber of |ocations and the nunber and volune of sanples, as well as the
nmet hod used for interpreting the data, shall also be specified.

5.2.2 Particle counting for nmonitoring. Particle counting for the nmonitoring plan shall be
performed using one of the methods in 5.3, as specified.! Particle concentration nmeasurenents
shall be nade at sel ected |ocations throughout the clean zone, or where cleanliness levels are
especially critical, or where higher particle concentrations have been found during verification.

5.3 Methods and equi prent for neasuring airborne particle concentrations. The nethod and

equi pnent to be used for neasuring airborne particle concentrations shall be selected on the
basis of the particle size or sizes specified. The methods in the follow ng paragraphs are
suitable for verifying the conpliance of air to airborne particulate cleanliness class limts or
U descriptors, as appropriate, and may al so be used for nmonitoring air cleanliness. Oher
particle counting nmethods or equi prment, or conbinations of other nmethods and equi pnent, may be
used if denpbnstrated to have accuracy and repeatability equal to or better than these nethods and
equi pnent .

Equi prent used to determi ne the concentration of airborne particles shall be properly naintained
in accordance with the manufacturer's instructions and periodically calibrated, as specified.?

5.3.1 Counting particles 5 microneters and |larger. The concentrations of particles in the range
5 mand larger shall be determined by using the procedures in Appendi x A (Counting and Sizing
Ai rborne Particles Using Optical M croscopy).

Alternatively, a discrete-particle counter (DPC) may be used if the procedures described bel ow
for sanple acquisition, handling, and neasurenent are satisfied. The counting efficiency of the
DPC for particles larger than 5 mshall be stated in accordance with the procedures of Appendi x
B (Operation of a Discrete-particle Counter). The DPC shall be operated to count only those
particles 5 mand | arger.

Wi chever method is used, the probe inlet dinensions, sanple flow rates, and probe orientations
shoul d be selected to permt isokinetic sanple acquisition. Isokinetic sanpling is preferred, but
if it cannot be achieved, an estimate of sanpling bias shall be obtained by using the procedures
of Appendix C (Isokinetic and Ani sokinetic Sanpling). Even when the probe inlet faces directly
into the airflow (isoaxial sanpling), artificial enrichment or depletion of the anbient particle
concentration can occur at the inlet if the velocity of the airflowinto the inlet differs from
the velocity of the airflowin the imediate vicinity of the probe. Fornulas are available for
calculating the effects of such

"When terms such as "shall be specified," "as specified," etc. are used w thout further
reference, the degree of control needed to nmeet requirements will be specified by the user or
contracting agency.

12
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ani soki neti ¢ sanpling upon observed neasurenents of particle concentrations (see, for exanple,
2.2 and Appendix C). For particles 0.5 ~ and smaller, these artificial enrichnents and

depl etions in concentration can be shown to be | ess than 5% and can be ignored. For particles 5
~ and |l arger, however, when the predicted artificial change in concentration exceeds 5% the
projected increase or decrease should be reported and the correction applied to the data before
conparison with airborne particulate cleanliness class limts.

5.3.2 Counting particles snaller than 5 microneters. The concentrations of particles snaller
than 5 mshall be determined by using a DPC in accordance with the procedures of Appendix B.
Particle size data shall be reported in terns of equivalent dianmeter as calibrated agai nst
ref erence standard particles.

As mentioned (see 5.3.1), the bias resulting from ani sokinetic sanpling is |less than 5% for
particles 0.5 mand snaller, but can be substantial for particles 5 ~Emand | arger. However, if
verification is to be performed at one or nore particle sizes in the range between 0.5 mand 5
m(that is, intermediate sizes not listed in Table 1), the likelihood of bias from anisokinetic
sanpling increases with increasing particle size, and a correction for anisokinetic sanpling my
be necessary.

5.3.3 Counting ultrafine particles. The concentrations of ultrafine particles shall be
determ ned by using the procedures of Appendix D (Method for Measuring the Concentration of
Utrafine Particles).

5.3.4 Linmtations of particle counting nethods. Discrete-particle counters with unlike designs
or operating principles may yield different data when used to sanple air at the same |ocation.
Even recently calibrated instrunents of |ike design may show significant differences. Caution
shoul d be used when conparing neasurenents fromdifferent instruments.

DPC s shall not be used to nmeasure particle concentrations or particle sizes exceeding the upper
limts specified by their manufacturers.

Since the sizing and counting of particles by optical mcroscopy defines size on the basis of a
"l ongest dimension," while DPC s define size on the basis of "equivalent dianeter," particle
concentration data obtained fromthe two nethods may not be equival ent and therefore shall not be
conbi ned.

13
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5.3.5 Calibration of particle counting instrumentation. All instruments shall be calibrated
agai nst known reference standards at regular intervals using accepted procedures, as specified.?
Calibration may include, but is not limted to, airflowrate and particle size. Calibration with
respect to particle size shall be carried out for each size neasured in verification.

5.4 Statistical analysis. Collection and statistical analysis of airborne particle
concentration data to verify the conpliance of air to specified airborne particulate cleanliness
class limts or U descriptors shall be perfornmed in accordance with the foll owi ng subparagraphs.
This statistical analysis deals only with randomerrors (lack of precision), not errors of a
nonrandom nature (bias) such as erroneous calibration

If a sequential sanpling plan is used, the data shall be treated in accordance with the anal ysis
described in Appendix F.

A rationale for the statistical nethods used in this Standard is given in Appendi x E.

5.4.1 Acceptance criteria for verification. The air in a cleanroomor clean zone shall have net
the acceptance criteria for an airborne particul ate cleanliness class (see Table | for standard
limts) or U descriptor when the averages of the particle concentrations neasured at each of the
|l ocations fall at or below the class linmit or U descriptor. Additionally, if the total nunber of
| ocations sanpled is |l ess than ten, the nean of these averages nust fall at or below the class
limt or Udescriptor with a 95% UCL.

5.4.2 Cal cul ations to deterni ne acceptance.

5.4.2.1 Average particle concentration at a location. The average particle concentration, A,
at a location is the sumof the individual sanple particle concentrations, C, divided
by the nunber of sanples taken at the location, N, as shown in equation 5-1. If only
one sanple is taken, it is the average particle concentration

A- (G+ G+ ... +GC)IN (Equation 5-1)

5.4.2.2 Mean of the averages. The nean of the averages, M is the sumof the individua
averages, A, divided by the nunber of locations, L, as shown in equation 5-2. Al
| ocations are weighted equally, regardl ess of the nunber of sanples taken

H=(A+A+... + A)/L (Equation 5-2)
! When ternms such as "shall be specified," "as specified," etc. are used without further
reference, the degree of control needed to nmeet requirements will be specified by the user or

contracting agency.
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5.4.2.3 Standard deviation of the averages. The standard deviation of the averages, SD, is the
square root of the sum of the squares of differences between each of the individual
averages and the mean of the averages, (A, - N2 divided by the nunber of |ocations,
L, minus one, as shown in equation 5-3.

/(Al-M2+(Az-|V}2+- . +HA-M? (Equation 5-3)
SD= \/ L-1

5.4.2.4 Standard error of the nean of the averages. The standard error, SE, of the nean of the
averages, M is determ ned by dividing the standard deviation, SD, by the square root
of the nunber of |ocations, am shown in equation 5-4.

SE=_SD (Equation 5-4)

\/

5.4.2.5 Upper confidence limt (UCL). The 95% UCL of the nean of averagesM is determ ned by
adding to the mean the product of the appropriate UCL factor (see Table Il) and the
standard error, SE, as shown in equation 5-5.

UCL = H + (UCL Factor x SE) (Equation 5-5)

TABLE 1|

UCL FACTOR FOR 95% UPPER CONFI DENCE LIM T

No. of locations, L 2 3 4 5 6 7 8 9 >9%*

95% UCL factor 6.31 2.92 2.35 2.13 2.02 1.94 1.90 1.86 NA.

*When the nunber of l|ocations is greater than 9, the calculation of a UCL is not required (see
5.4.1).

5.4.2.6 Sanple calculation. A sanple calculation is given in Appendix E.

6. Recommendati on for changes. Wen a Federal agency considers that this Standard does not
provide for its essential needs, witten request for changing this Standard, supported by
adequate justification, shall be sent to the General Services Adnministration (GSA). This
justification shall explain wherein the Standard does not provide for essential needs. The
request shall be sent to the General Services Administration, CGeneral Products Comodity Center,
Federal Supply Service, Engineering Division (7FXE), 819 Taylor Street, Fort Wrth, TX 76102.
The GSA will determi ne the appropriate action to be taken and will notify the requesting agency.
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7. Conflict with referenced docunents. Wiere the requirements stated in this
Standard conflict with any docunent referenced herein, the requirenents of this
Standard shal|l take precedence. The nature of such conflicts shall be subnitted
in duplicate to the General Services Adnministration, General Products Comodity
Center, Federal Supply Service, Engineering Division (7FXE), 819 Taylor Street,
Fort Worth, TX 76102.

8. Federal agency interests.

Departnent of Commerce
Departnent of Defense, O fice of the Assistant Secretary of Defense
(I'nstall ations and Logi stics)
Arny
Navy
Air Force - Custodian - 99
- Reviewer - 84

Departnent of Energy

Departnent of Health and Human Services
Departnent of Transportation

General Services Administration

Nati onal Aeronautics and Space Admi nistration
Nucl ear Regul at ory Conmi ssion
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APPENDI X A
COUNTI NG AND SI ZI NG Al RBORNE PARTI CLES USI NG OPTI CAL M CROSCOPY

Al O Scope. This appendi x describes nethods for determning the concentration of particles

5 pm and larger in cleanroons and clean zones. By collecting the particles on a nenbrane filter
and counting them using optical microscopy, their concentration in the air which is sanpled can
be determ ned.

A20. Summary of the nethod.

A20.1 Description. Using vacuum a sanple of air is drawn through a nenbrane filter. The rate
of flowis controlled by a limting orifice or by a flowreter; thus, the total volune of air
sanpled is deternmined by the sanpling tine. The nmenbrane filter is subsequently exani ned

m croscopically to determ ne the nunber of particles 5 yrri and larger collected fromthe sanple
of air.

A20.2 Alternatives to optical microscopy. |Inmmge analysis or projection nicroscopy may replace
direct optical mcroscopy for the sizing and counting of particles, provided the accuracy and
reproduci bility equal or exceed that of direct optical mcroscopy.

A20.3 Acceptable sanpling procedures. Two acceptable procedures for sanpling air for particles
are described in this Appendi x: (a) the Aerosol Mnitor Method, and (b) the Open Filter Hol der
Met hod.

A30. Equi pnent.

A30.1 Equi prent common to both net hods.

A30.1.1 Mcroscope. Binocular microscope with ocul ar-objective conbi nati ons capable of 100- to
250-fol d magnifications. A conbination should be chosen so that the smallest division of the
ocular reticle, at the highest magnification, is |less than or equal to 5 um The objective used
at the highest magnification should have a nunerical aperture of at |east 0.25.

A30.1.2 OCQcular reticle. A 5- or 10-nmscale with 100 divisions or a mcrometer eyepiece with a
novabl e scal e.

A30.1.3 Stage microneter. A conventional stage microneter with scale gradations of 0.01 to 0.1
mm per di vi si on.

A30.1.4 External illum nator.

A30.1.5 Vacuum source. Capable of maintaining a vacuum of 67 kPa (9.7 |b/inch? while punping
at a rate of at least 0.00047 ni/s (1 ft3 nin).

A30.1.6 Ti mer. 60-minute range.

A30.1.7 Flowreter or linmiting orifice. Calibrated in line with the vacuumtrain.
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A30. 1.8 Manual counter.

A30.1.9 Filter storage holders. Petri slides with covers for the storage of menbrane filters
after use and during counting.

A30.1.10 Rinse fluid. Distilled or deionized water subsequently filtered through a menbrane
havi ng pores 0.45 pm or snaller.

A30.1.11 Forceps. Flat, with unserrated tips.

A30.2 Equi prent specific to Aerosol Mbonitor Method.

A30.2.1 Aerosol nonitors. Dark, pore size 0.8 umor snmaller, with inprinted grid, and white
(for contrast when counting dark particles), pore size 0.8 ymor smaller, with inprinted grid.

A30.2.2 Aer osol adapter and tubing

A30.3 Equi prent specific to OQpen Filter Hol der Method.

A30.3.1 Filter holder.

A30.3.2 Menbrane filters. Dark, pore size 0.8 uymor snaller, with inprinted grid, and white
(for contrast when counting dark particles), pore size 0.8 pymor smaller, with inprinted grid.

A30.4 Optional equipnent.

A30.4.1 |nmage anal yzer.

A30. 4.2 Proj ection nmicroscope and screen.

A40. Preparati on of equi pnent.

A40.1 For both nmethods. Equipnent should be readied and stored (using protective covers or
other suitable enclosures) in a cleanroomor clean zone having an airborne particul ate
cleanliness equal to or cleaner than that of the cleanroomor clean zone to be tested. Personnel
perform ng sanpling, sizing, and counting operations shoul d wear garnments consistent with the
airborne particulate cleanliness class of the cleanroomor clean zone to be tested.

Using rinse fluid, wash the internal surfaces of all Petri slides that will be used to hold and
transport menbrane filters after the sanpling and during counting. Allow the Petri slides to dry
in a clean unidirectional airflow.
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A40.2 Preparation for the Aerosol Mnitor Method.

A40.2.1 Determ ning background count. If an average background count for a package of nonitors
(in the particle size range of interest) is provided by the manufacturer, exam ne 5% of the
monitors in the package and deterni ne the average background count on the nenbranes by using the
method in A70. |If the count so obtained equals or is |less than the manufacturer's value, use the
latter as the background count for all nmobnitors in the package. |f the count so obtained is

hi gher than the manufacturer's value, or if no value was provided, determ ne a background count
for each nonitor used.

A40.2.2 Packagi ng and handling of aerosol nonitors. After a background count has been

determ ned, place the aerosol nonitors in clean containers and transport themto the sanpling

| ocation. Aerosol nonitors should be opened only at the sanple location or to renove a nenbrane
filter.

A40.3 Preparation for the Open Filter Hol der Method.

A40.3.1 Determning background count. Determine a representative background count for the
menbrane filters fromeach box of filters to be used. Exanmine two or nore filter menbranes per
box, at 40-fold or higher magnification, using the procedure described in A70, and record the
aver age count.

A40. 3.2 Cl eaning the nenbrane filter holder and nmounting the filter. Disassenble and wash the
menbrane filter holder. After rinsing it with rinse fluid, allow the holder to dry in a clean,
unidirectional airflow do not wipe dry. Wth the holder still in the unidirectional airflow,
use forceps to nount a nenbrane filter (grid side up) in the holder.

A40. 3.3 Packaging and transport. Place the |oaded filter holder into a clean container and
transport it to the sanpling |location. The hol der should be exposed only when sanpling is about
to take place or when renoving or replacing a nenbrane filter.

A50. Sanpling the air.

A50.1 Oientation and flow \Wen sanpling air in cleanroons and cl ean zones with unidirectional
airflow, orient the aerosol nonitor or filter holder to face into the airflow and adjust the rate
of sanpling to achieve isokinetic conditions (see Appendix C).

When sanpling air in cleanroons and clean zones w th nonunidirectional airflow, orient the
aerosol nonitor or filter holder so that the opening faces upward, unless otherw se specified;
the airflowinto the filter should be adjusted to 0.00012 n¥/s (0.25 ft%min) for a 25-nmfilter
or 0.00047 mi/s (1 ft3 min) for a

47-mm filter.

For Class H 4.5 (Cass | O0) the volune of air sanpled should not be | ess than 0.28 nf (10 ft?3);
5.5 (d

for dass M ass 10 000) and classes less clean, no | ess than 0.028 n? (1 ft3) of air should
be sanpl ed.
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A50.2 Using the Aerosol Mbonitor Method.

A50 2.1 Setup. At the location to be sanpled, renove the bottom plug froman aerosol nonitor.
Connect the nmonitor in series with the aerosol adapter, the limting orifice or flowreter (or
orifice-flowreter conbination), and the vacuum source. Position the aerosol nonitor as required.

If a punp is used, it should either be exhausted outside the area being sanpled, or else
appropriately filtered, to avoid contanminating the clean environment. |If a floweter is used,
adjust the flow to obtain the specified sanpling flow rate.

A50.2.2 Sanpling. Renove the top portion of the aerosol monitor and store it in a clean

|l ocation. Activate the vacuum source, start the timer, and sanple the air for a time sufficient
to provide the required volunme of air at the selected flowrate. Wen that tinme has el apsed,
renove the aerosol nonitor fromthe vacuumtrain and replace the top portion of the nmonitor. The
bottom plug need not be replaced. Identify the aerosol nonitor with a sanple identification tag.
Transport the aerosol nonitor to a clean zone for counting; the clean zone should have an
airborne particulate cleanliness equal to or cleaner than that of the clean zone sanpl ed.

A50.3 Using the O~en Filter Hol der Method.

A50.3.1 Setup. At the location to be sanpled, connect the filter holder in series with the
limting orifice or flowreter (or orifice-flowreter conbination), and the vacuum source.
Position the filter hol der as required.

If a punp is used, it should either be exhausted outside the area being sanpled, or else
appropriately filtered, to avoid contanm nating the clean environnment. |If a floweter is used,
adjust the flow to obtain the specified sanpling flow rate.

A50.3.2 Sanpling. Renpbve the cover fromthe nmenbrane filter holder and store it in a clean

|l ocation. Activate the vacuum source, start the tinmer, and sanple the air for a tinme sufficient
to provide the required volume of air at the selected flowrate When that time has el apsed,
renove the filter holder fromthe vacuumtrain and replace the cover. Identify the filter hol der
with a sanple identification tag. Transport the filter holder to a clean zone for counting; the
cl ean zone shoul d have an airborne particulate cleanliness equal to or cleaner than that of the
cl ean zone sanpl ed.

AGO. Calibration of the microscope.

A60.1 Setup. Verify that the microscope has eyepi ece-objective conbi nati ons capabl e of 100- to
250-fold magnification. Adjust the |lanp and focus the microscope to illumnate evenly the entire
field of view Place the stage microneter on the nechanical stage. Adjust and focus each

eyepi ece i ndependently to give a sharp image of the gradations on the stage mcronmeter.
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If an image anal yzer or projection mcroscope is used, performa sinilar calibration

A60.2 Procedure. The following steps are used to calibrate a specific ocular reticle
paired with a specific stage mcroneter for the measurenent of particles at any sel ected
| evel of magnification

(a) Determ ne and record the nunber of stage microneter divisions, S, of size M
(mcroneters), corresponding to the nunber of divisions, R in the full scale of
the ocular reticle for each magnification of interest.

(b) Calibrate the scale of the ocular reticle for a given magnification using the

formul a:
SXx MR = Mcroneters per scale division of the (Equation A60-1)
ocul ar reticle
Exanpl e:

For a given ocular reticle and stage mcrometer at 100-fold magnification, let 150
divisions of the reticle correspond to 100 divisions, each 5.0 ~in length, of the
stage mcrometer. Using equation A60-I

Sx MR (100 divisions) x (5.0 punm division)/(lI50 divisions)
= 3.33 um per scale division of the ocular reticle

(c) Cal cul ate the nunber of divisions of the ocular reticle corresponding to each
specific particle size of interest.

Exanpl e:

Using the sanme data as in (b), calculate the nunber of divisions of the ocular reticle
required to size particles in the range of 10 to 20um

Since, at 100-fold magnification, each division of the ocular scale equals 3.33um
counting particles whose | ongest dimensions span 3 to 6 divisions will size particles

in the range of 10 to 20 um

If the microscope has a zoom nechani sm appropriate internedi ate nagnifications may be
selected in order to calibrate the ocular scale to integral values only. A change in
interpupillary distance between operators changes focal |ength and, therefore,
calibration.
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A70. Counting and sizing particles by optical mcroscopy.

A70.1 Setup. In a cleanroomor clean zone suitable for the counting and sizing of
particles, renove the nenbrane filter fromthe aerosol nonitor or open filter hol der using
forceps. Insert the menbrane, grid side up, in a clean Petri slide and cover it with the

lid. Place the Petri slide on the nicroscope stage. Adjust the angle and focus of the
illum nator to provide optinumparticle definition at the nmagnification used for counting.
Use an oblique lighting angle of 10 to 20 degrees so that the particle casts a shadow,

t hus enhanci ng definition.

A70.2 Selecting a field size. Select a field size which contains fewer than
approximately 50 particles, 5 mand larger. Possible choices are: a single grid square,
a rectangl e defined by one side of a grid square and the entire calibrated scale in the
ocular reticle, or a rectangle defined by one side of a grid square and a portion of the
calibrated scale of the ocular reticle.

A70.3 Counting particles. Estimte the total nunber of particles, 5 pymand |arger,
present-on the nenbrane filter by exam ning one or two of the selected fields. |If this
estimate is greater than 500, use the procedure for counting particles described in A70.4.

If the estimate is | ess than 500, count all of the particles on the entire effective
filtering area of the nenbrane. Scan the nenbrane by manipul ating the stage so that the
particles pass under the calibrated ocular scale. The size of a particle is deternined by
its |l ongest dinension. The eyepiece with its calibrated ocular scale may be rotated if
necessary. Using a manual counter, tally all particles with sizes in the range of
interest. Record the nunber of particles counted in each field.

A70.4 Statistical particle counting. Wen the estimte of the nunmber of particles, 5 pm
and |l arger, on the nenbrane filter exceeds 500, a statistical counting nethod should be
used. After a unit field size has been selected, particles are counted in a nunber of
fields of that size until the followi ng statistical requirement is net:

F x N > 500 (Equation A70-1)
wher e:

F nunber of unit fields counted, and

N = total number of particles counted in F unit fields.
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The total nunmber of particles on the nenbrane is then cal culated fromthe
foll owi ng equation:

P=Nx A(F x a) (Equation A70-2)

wher e:

P = total number of particles in a given size range on the nenbrane,

N = total number of particles counted in F unit fields,

F = nunber of unit fields counted

a = area of one unit field, and

A =total effective filtering area of the menbrane.
A80. Reporting. Subtract the background count fromthe total nunber of particles on the
menbrane. Calculate the airborne particul ate concentration the air sanpled by dividing

the nunber of particles collected by the sanple volune. Results nay be expressed for each
size range of interest.

A90. Factors affecting precision and accuracy. The precision and accuracy of this

met hods are subject to human and nmechanical error. To mininmze human error, technicians
must be trained in mcroscopy and in the sizing and counting of particles. Experienced
technicians are also nore likely to note deficiencies in equipnent, further reducing the
possibility of error. Standard specimens nay be obtained or prepared for use in training
technicians in the counting and sizing of particles.

For a given location, the repeatability of this method can be inproved by
i ncreasi ng the nunber of sanples or increasing the volune of air sanpled, or
bot h.
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APPENDI X B
OPERATI ON OF A DI SCRETE- PARTI CLE COUNTER

B10. Scope and limtations.

B10.1 Scope. This appendix describes nethods for the testing and operation of discrete-
particle counters (DPC s) used to satisfy the requirenents of this Standard. DPC s

provi de data on the concentration and size distribution of airborne particles within the
approximate range 0.01 to 10 mon a near-real-tine basis. A DPCwll correctly size only
those particles within the linmts of its dynam c range. The optical particle counter and
the condensati on nucl eus counter are representative of single particle counting

i nstrunents.

B10.2 Linitations. Data related to the size and size distribution of particles,
obtai ned through the primary calibration of a DPC, are dependent upon the type of
particles used for calibration and upon the design of the DPC s.

Care must be exerci sed when conparing data from sanpl es containing particles that vary
significantly in conposition or shape fromthe particles used for calibration.

Differences in the design of DPC s which can lead to differences in counting include
dissimlar optical and el ectronic systens, predetection sanple processing systens, and
sanpl e handl i ng systens.

Potenti al causes of difference such as the foregoing should be recogni zed and mni m zed by
using a standard primary calibration method and by minimzing the variability of sanple
acqui sition procedures for instrunents of the sane type. In view of the significance of
these effects, a detailed description of each DPC in use should be recorded.

B10.3 Qualifications of Personnel. |Individuals supervising or performng the procedures
descri bed herein should be trained in the use of DPC s and shoul d understand the
operation, capabilities, and limtations of the instrunments.

B20. References.

B20.1 ASTM F50, Standard Practice for Continuous Sizing and Counting of Airborne
Particles in Dust-Controlled Areas and O ean Roonms Using |Instruments Capabl e of
Detecting Single Sub-Mcroneter and Larger Particles.

B20.2 ASTM F328, Practice for Deternmining Counting and Sizing Accuracy of an
Ai rborne Particle Counter Using Near-Mnodi sperse Spherical Particul ate
Material s.

B20.3 ASTM F649, Practice for Secondary Calibration of Airborne Particle Counter Using
Conpari son Procedures.
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B20.4 | ES-RP-CCOL3, Reconmended Practice for Equi pnment Calibration or Validation
Procedures, Institute of Environmental Sciences.

B20.5 Scheibel, H G, and Porstendorfer, J., "Generation of Monodi sperse
Ag- and NaCl Aerosols with Particle Dianmeters between 2 and 300 nm" J. Aerosol
Sci., 14(2), 113-125 (1963).

B20.6 Bartz, H, et al, "A New Generator for Utrafine Aerosols below 10 nm" Aerosol
Sci. Technol., 6(2), 163-171 (1987).

B20.7 Keady, P. 3., and Nelson, P. A, "Monodisperse Particle Generators for Calibrating
Aerosol Instrumentation,” Proc. IES Ann. Tech. Mg., Olando, Florida, May 1, 1984.

B20.8 Liu, 3. Y. H, Pui, D. Y. H, Rubow, K L., and Szymanski, W W, "Electrostatic
Effects in Aerosol Sanpling and Filtration," Ann. Qccup. Hyg., 29(2), 251-269 (1985).

B20.9 Raasch, J., and H Urhauer, "Errors in the Determination of Particle Size
Di stribution Caused by Coincidence in Optical Particle Counters," Particle
Characterization, 1(1), 53-58 (1964).

B20.10 Niida, T., et al, "Counting Efficiency of Condensation Nuclei Counters in N,, Ar,
@, and He," J. Aerosol Sci., 19(7), 1417-1420 (1988).

B20. 11 Gebhart, J., and Roth, C., "Background Noi se and Counting

Efficiency of Single Optical Particle Counters,"” Aerosols: Formation and
Reactivity (Proc. Second International Aerosol Conference, Wst Berlin, Cermany,
1986), Perganmon Journals, Ltd., Oxford, England (1986) 607-611.

B20.12 Ramey, T. C., "Measuring Air Flow El ectronically," Mechanical Engineering, 107(5),
29-33 (1986).

B20. 13 Baker, W C., and Pouchot, J. F., "The Measurenent of Gas Flow, Part |,'. J. Ar
Pol lution Control Association, 33(1), 1983.

B20. 14 Baker, W C., and Pouchot, J. F., "The Measurenent of Gas Flow, Part IIl,'. J. Ar
Pol lution Control Association, 33(2), 1983.

B30. Sumary of nethod.

B30.1 p of cleanliness of the air that is to be verified or nonitored. This program
shoul d include a description of the DPC or DPC s to be used, the sanple transport system
the inlet probe, and any other features related to the operation of the ~PC. The range of
particle sizes to be neasured should be identified as well as the sanmple vol une and the

| ocation and frequency of sanpling. |f neasurenent is required over a very w de range of
particle sizes, then nore than one DPC may be required. The range for accurate
measurenment of particle size (dynamic range) by a DPCwill vary with sensitivity. For a
DPC used only to size particles smaller than 1 m a dynanic
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range of 20:1 is typical. For a DPC used to size particles larger than 1 m a dynamc
range of up to 40:1 is typical. The dynam c range of a DPC depends upon the particle size
di stribution being neasured and the gain of the data processing system

B30.2 Calibration. Calibration of the DPCis required for the counting and sizing of
particles and to verify the sanmple flowrate. Size calibration is performed with
isotropic particles. Calibration for concentration is carried out with either

nmonodi sperse or pol ydi sperse particles, as described in recognized standard net hods (see,
for exanple, 320.2 and 320.3). Latex spheres of well defined or certified nean di aneter
and standard deviation can be used to calibrate DPC s for particle site definition.
Alternatively, calibration particles can be produced by physically separating a sized
fraction of particles froma pol ydi sperse suspension. The fraction may be defined either
at the lower size linmt or at both the upper and lower linmts. The fractionating device
shoul d be defined and the size of the calibration particles stated with reference to the
process used for fractionation. Monodisperse particles may al so be produced by controlled
condensation froma vapor (see, for exanple, 2.5 and 2.6) or by controlled atoni zation
froma vibrating orifice (see 2.7). Wen calibration particles are produced by either of
these nmethods froma material with a refractive index different fromthat of |atex
particles, it is inportant to note that the DPC being calibrated may indicate different
particle sizes for the different materials, even though the particles are the sanme size.

St abl e operation of the DPC can be achieved by standardi zi ng agai nst internal references
built into the DPC or by other approved nethods (see, for exanple, 320.1 through 320.4).

B30.3 Operation. Air in the cleanroomor clean zone to be verified or nonitored is
sanpled at a known flow rate fromthe sanple point or points of concern. Particles in the
sanpl ed air pass through the sensing zone of the DPC. Each particle produces a signha
that can be related to its size, either directly or with reference to the operation of a
predet ecti on sanple processing system An electronic systemsorts and counts the pul ses,
regi stering the nunmber of particles of various sizes which have been recorded within the
known volune of air sanpled. The concentration and particle size data can be displ ayed,
printed, or further processed locally or renotely.

B40. Apparatus and rel ated docunentation

B40.1. Particle counting system The apparatus shoul d consist of a DPC selected on the
basis of its ability to count and site single particles in the required size range. The
DPC shoul d include a sanple airflow system a particle sensing and neasuring system and a
data processing system The particle sensing and measuring system may include a neans of
site fractionation prior to particle sensing and nmeasuring. The sensitivity of the DPC
(m ni mum neasur abl e particle size) should be selected consistent with the requirenent for
verifying that the air conplies with the airborne particulate cleanliness class in the
area of interest. For verification based on the measurenment of particles approximtely
0.1 mand larger, an optical particle counter, a tinme-of-flight particle sizer, or an
equi val ent counter can be used. For verification based on the neasurenent
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of ultrafine particles, a counter such as a condensation nucl eus counter, alone or in
conbination with a diffusion battery, a differential nobility anal yzer, or an equival ent
devi ce can be used.

B40.2 Sanple airflow system The sanple airflow system consists of a sanpling probe with
a sharp-edged inlet, a transit tube, a particle sensing and neasuring chanber, an airfl ow
nmetering or control system and an exhaust system No abrupt transitions in dinmension
shoul d occur within the airflow system The probe is connected to a transit tube which
transports the sanpled air to the particle sensing chanber. Probes that approach

i sokinetic sanpling conditions can aid in reducing sanpling bias (See Appendix C). The
tube shoul d have di mensions such that the transit time in the tube does not exceed 10
seconds.

B40.2.1 Particle transit considerations. The probe and transit tube should be configured
so that the Reynol ds nunber is between 5 000 and 25 000.

For particles in the range of 0.1 to 1 mand for a flowrate of 0.028 n¥/nin (1.0
ft3mn), atransit tube up to 30 mlong may be used. For particles in the range of 2 to
10 mthe transit tube should be no longer than 3 m Under these conditions, |osses of
smal | particles by diffusion and of large particles by sedinentation and inpaction are
predicted to be no nore than 5% during transit through the tube (see Appendix C). For
nost applications, these tube configurations and flow conditions will be satisfactory.

For special situations, nore precise particle transit characteristics can be cal cul ated
(see 320.8).

B40.2.2 Flow control and exhaust air filtration. The sanple airflow system should
contain a flow induction device and a neans of netering and controlling the flow The
flow i nduction device nmay be either a built-in or an external vacuum source. The system
for netering and controlling the fl ow of sanple air should be located after the particle
sensi ng chanber in order to mninmize particle | osses and the generation of artifacts

bef ore sensing has taken pl ace.

If a built-in vacuum punp is used, the air exhausted fromthe punp should be suitably
filtered or vented to prevent particles in the sanpled air stream as well as those
generated by the punp, from being exhausted into the controlled environnment. |n addition
particles may emanate fromthe interior of the DPC, for exanple froma cooling fan or by
ot her nmovenent of air through the counter. Such particle-laden air nust be suitably
filtered or vented to prevent it fromcontanminating the air being sanpled as well as the
clean zone in which the DPC is operating.

B40.3 Sensing and neasuring chanber. The sensing systemof the DPCis limted in volune
so that the probability of nobre than one particle being present at any tine (coincidence
error) is less than 10% (see 320.9). The operation of the particle sensing chanber will
be defined by the nature of the DPC. Since uncontained sanple flow may occur within the
chanber, its design should be such that mininmumrecircul ation and recounting of particles
occur in that chanmber. |If the particle characterization systemincludes any particle
mani pul ation (e.g., diffusion battery, electrostatic charging system or nucleation
chanber) before sensing occurs, then the DPC el enent used to control or limt the size of
the particles counted should be such that no significant undefined change in the nunber of
countabl e particles takes place during that process. The detection
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el ements within the sensing chanber should be designed to maintain stated accuracy,
despite normal variation in specified operating |ine voltage and anbi ent tenperature.

B40.4 Electronic system The data processing systemof the DPC shoul d include conponents
for counting and sizing (or merely counting) signals fromthe particles observed by the
DPC, a neans of converting signal levels to particle sizes, sufficient data processing
capability to convert the nunmber of particles counted and the volune of air sanpled to
particle concentration, and internal nmonitoring capability to verify that critical DPC
conponents are operating correctly. Data should be avail able as front-panel display, on-
board hard copy, or as signals that can be transmitted to & renpte data reception device
inaformat that will allow either direct storage or further processing. The processing
system shoul d al so include the necessary conponents to carry out standardization of the
DPC. The standardi zation may be done either manually or autonatically.

B40.5 Standardi zation. An internal standardi zation or secondary calibration system or

ot her means of ensuring stability should be provided in the DPC. The standardi zation
system shoul d be capable of validating the stability of the DPC s operating paraneters.
The secondary calibration systemis used to check the stability of the counting and sizing
capability of the DPC and to provide a stable reference for any necessary adjustnents in
sensitivity.

B40.6 Docunentation. Instructions which should be supplied with the DPC by the
manuf act urer incl ude:

(a) Brief description of the DPC s operating principles

(b) Description of major conponents

(O Environmental conditions (anbient tenperature, relative humdity, and
pressure) and |line voltage range required for stable operation

(d) Size and concentration range of particles for which neasurenents are accurate

(e) Suggested mai ntenance procedures and reconmended intervals for routine
mai nt enance

(f) Operating procedure for counting and sizing particles

(g) Secondary calibration procedure (where applicable)

(h) Procedure and recommended interval for primary calibration, as well as
provision for calibration by manufacturer upon request

(i) Field calibration procedures and capability

(j) Recommended supply and estinmated usage of consumable itens

B50. Preparations for sanpling. The procedures described in the foll owi ng paragraphs
shoul d be perforned before using a DPC to verify the conpliance of air to an airborne
particul ate cleanliness class. Each DPC has its own requirenents with respect to the
frequency for perform ng these procedures.

B50.1 Prinmary calibration. Primary calibration of a DPC entails characterizing its
ability to size and count airborne particles with known accuracy in a neasured vol une of
air. The followi ng paragraphs contain guidelines to be considered when using calibration
procedures for DPC s described in the literature (see, for exanple, 320.2, 320.3, 320.4,
and 320.10). It may be necessary to deviate fromthe nethods in such docunments to achieve
a specific
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objective. For a DPC that includes a pre-counting particle size fractionation system
(such as a diffusion screen or a systemthat responds to electrostatic charge), operation
of such a systemmay al so require calibration

B50.1.1 Particle sizing. Primary calibration of the particle siting function of the DPC
is carried out by registering its response to a nonodi sperse, honbgeneous aer0so
(containing predom nantly spherical particles of known size and physical properties), and
by setting the calibration control function so that the correct size is indicated
Thereafter, the internal secondary calibration systemis adjusted, if necessary, to

mai ntain a stable response to a reference aerosol suspension. Nonspherical particles my
be used for primary calibration in specific applications. The particle size is then
defined in terns of an appropriate dinension for the reference particles. Means of
generating reference particles have been extensively described in the literature

B50.1.2 Particle counting efficiency. The counting efficiency of a DPCis affected by a
nunber of operating characteristics. For smaller particles, instrunent sensitivity and
background noi se are inmportant, and procedures for defining the counting efficiency of a
DPC for such particles are discussed in 320.2

For particles larger than approximately 5 m counting efficiency is also affected by the
DPC s sampling efficiency and by transport effects. The counting efficiency of a DPC for
such larger particles can be deternined by nmeans of a referee nethod. The referee nethod
may be a sanpling and measurenment systemwhich is identical (or not) to that of the DPC
being tested. The procedure (see 320.11) consists of generating within a chanber an
aerosol composed of large particles, drawing a sanple of that aerosol into both the DPC
and the referee neasurenent system and determining the ratio of particles counted by the
DPC and the referee system

B50.1.3 Air sanple volunme. The air sanple volume is calibrated by neasuring the fl ow
rate and the duration of the sanpling interval (see 320.12, 320.13, and 320.14). |If the
DPC neasures only those particles within a specified portion of the air sanpled by the
airflow system information nmust be obtained fromthe manufacturer in order to calibrate
both the inlet air sanple volunme and the air volune in which particles are neasured. To
avoi d errors, equipnent used for these nmeasurements shoul d not introduce an additiona
static pressure drop. Al flow neasurenents should be referenced to anbient conditions of
tenmperature and pressure or as otherw se specified.

B50.2 Fal se count or background noi se check. A check for false counts or the neasurenent
of background noise, or both, should be perforned in the cleanroomto be characterized. A
filter capable of rempoving at |east 99.97% of particles equal to and | arger than the size
of smallest particle detectable by the DPCis connected to the inlet. After adjusting the
flowto the correct rate, the count rate is recorded for the snmallest particle detectable
by the DPC. The DPC should record no nore than an average of one false count during the
nmeasuring period required to collect the mninumsanple volune indicated in 5.1.3.4. |f
nore than one count per period is registered in that size range, the DPC shoul d be purged
with the filter in place until an acceptable |level of false counts is achieved
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B50.3 Field (secondary) calibration Procedures. Standardize the DPC in accordance with
the manufacturer's instructions. The count rate from background noi se, recorded at the
time of primary calibration, should also be checked during field calibration.

B60. Sampling. Performthe background noi se check and the field calibration in
accordance with 350.2 and 350.3. Check the sanple flowrate and adjust it to the
specified value, if applicable. Turn on the counting circuits and data processing
conponents, if necessary. Collect data for the particle site(s) of concern

B60.1 Sanpling for verification. Wen sanpling air for the purpose of verifying its
conpliance to an airborne particul ate cleanliness class, sufficient data should be
obtained to satisfy the statistical requirenments of 5.4. Sanple |ocations should be
established in accordance with 5.1.3. Proper orientation of the probe should be
established in accordance with 5.3. Recommendations for proper lengths of sanple transit
tubes shoul d be observed in accordance with

340.2.1

B60.2 Sanpling for nonitoring. Sanpling procedures should be established in support of
the nonitoring plan described in 5.2.1. Sanple |locations nmay be established in accordance
with 5.1.3, or as appropriate. Probe orientations nay be established in accordance with
5.3, or as deenmed appropriate for specific nonitoring situations. Sanpling in support of
nmonitoring need not neet the rigid statistical criteria required for verification; the
observation of trends and anomalies, w thout application of rigorous statistica
limtations, is generally nore appropriate. For nonitoring purposes, the |engths of
sanple transit tubes may deviate fromthose reconmended in D40. 2.1

B70. Reporting. Record the following information, as specified, for the verification of
air in a cleanroomor clean zone to an airborne particulate cleanliness class, or for the
moni toring of air cleanliness:

(a) Identification and | ocation of the cleanroom (or clean tone)
(b) Identification of the DPC and its calibration statu5

(c) Background noi se count for the DPC

(d) Date and tine when the DPC was used

(e) Cl eanroom (or clean tone) status: "As-built," "At-rest,”
"QOperational," or as otherw se specified

Type of test, verification or nonitoring

Target |level of verification of the cleanroomor clean zone
Range(s) of particle sizes nmeasured

DPC inlet sanmple flow and sensor measured sanple flow
Locati on of sanpling points

Sanpling schedul e for verification or sanmpling protocol for nonitoring
Raw data for each sanple point, a5 required

—x— - T

e e T T e T N
— N N N N e
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APPENDI X C
| SOKI NETI C AND ANI SCKI NETI C SAMPLI NG
ClO. Scope. This appendix presents fornulas for determ ning whether isokinetic
sanpling conditions exist and, if they do not, for estimating the artificial
change in concentration caused by ani soki netic sanpling.

C20. Reference.

C20.1 Hinds, W C., Aerosol Technology: Properties Behavior. and Measurenent
of Airborne Particles, John Wley & Sons, New York (1962), 187-194.

C30. Background. VWhen particles are sanpled froma flowing air stream a

di fference between the air velocity in the streamand the air velocity entering
the probe inlet can cause a change in concentration because of particle inertia.
When these velocities are the sane, the sanpling is isokinetic; otherw se, the
sanpling is anisokinetic.

I sokinetic sanpling is achieved when the probe inlet is pointed into the
direction fromwhich the flowis comng and is parallel with (isoaxial to) that
flow, and when the nean flow velocity into the inlet matches the nean flow
velocity of the air at that |ocation.

C40. Methods. The nean velocity of the air in the probe inlet is V= QA
where Vis the velocity, Qis the volumetric rate of airflowinto the inlet, and
A is the cross-sectional area of the inlet.

Figures C.1 and C. 2 show the dianeters of circular inlets of probes that wll
produce isokinetic sanpling at the indicated air velocities and volunetric flow
rates. |If the velocities are matched to within 5% of one another, isokinetic
conditions are considered to exist and no correction is needed to determ ne the
concentration of airborne particles.

If isokinetic conditions cannot be achi eved, formulas are avail able for

predi cting the concentration in the sanple, C, in terns of the concentration in
the flowing air, C., the nean sanpling velocity, V, and the free-streamvelocity
of the air, Vo. The fornmula of Belyaev and Levin as presented in C20.1 applies:

OGC =1+ (vo/v - I)e(l - 12(1 + {2 + O 62¢(Vv/vg)}Stk]) (Equation C40-1)
In this equation, the Stokes paraneter,

Stk = vy Dy, (Equati on C40-2)

appears, which is based on the particle aerodynanmi c relaxation tine, , the
free-streamvelocity of the air, V,, and the inlet dianeter of the probe, D.
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The aerodynanic relaxation tine for a spherical particle is:
= Gpd,?/ 18m, (Equat i on C40-3)

where C; the Cunningham correction, is expressed as

Cc=1+0.16 x 10* cm d,, (Equati on C40- 4)
and

d, = the particle diameter (cm,

p = the density of the particle (g/cn?), and

m = the viscosity of air (1.81 x 10°* poise at 20 °C).

Therefore, for particles with the density of water and a dianeter, d, at room
tenmperature and pressure, the aerodynam c relaxation tines are (see C20.1):

d

(em (s)

0.1 8.85 x 108
0.2 2.30 x 1077
0.3 4.32 x 107
0.5 1.02 x 10°°
5.0 7.91 x 10°°

For Stk » 1 (large particles, fast flows, probes with snmall inlet dianmeter),

inertial effects predom nate and C/ G becones Vy/V. For Stk << 1, inertial
effects are negligible, and G is nearly equal to 1.0. Between these
limts, calculations can be nade to gauge the inportance of msmatches in
vel ociti es.

Wiere one is free to choose Qor D, or both, the velocities can be matched by
setting:

QA = Q (7 4)D> = vg (Equati on C40-5)
Oten, with Qfixed and with limted choices for the dianeter of the probe
inlet, this degree of flexibility is not available. In such cases, select D,

as close to the optinum as possible, then deternine if TG, is close enough
to unity such that no further correction is needed.
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In Figure C.3 the velocity ratios, V/V, are plotted vs. Stk for those
conditions which result in sanpling bias contours for C/C that are within +5%
of 1.0, i.e., 0.95 and 1.05. The smaller the particle, the smaller ~, thus the
smaller Stk, and the w der the range of acceptable velocities.

Two particle diameters are of particular interest: 0.5 wmand 5 um It can be
shown that anisokinetic sanpling is unlikely to have a significant effect on
particles 0.5 wmand snaller. |If the air is being sanpled for the total
concentration of particles 0.5 wmand |larger, typically the count will be
donminated by particles with diameters near 0.5 pum if these particles are not
much af fected by ani sokinetic conditions, neither will the total count be

af fected. Thus, anisokinetic sanpling in clean zones is likely to be
significant only when sanmpling at 5 wm and | arger.

1
- 7
= &)
g o)
= 4
; 3 CORRECTION REQUIRED
= S C/C,<0.95
= NO CORRECTION REQUIRED
= 10%
= 8
= 7
= )
_ S
=
= g CORRECTION OPTIONAL
= . C/C,<1.05
g 10*1
1073 1072 1071 100

STOKES PARAMETER, Stk = v,/ D,
Figure C 3. Contours of sanpling bias, Cc, = 0.95, 1.05
In a clean zone with unidirectional flow, V, is typically 50 cnmis (100 feet per

m nute) or less. Under such conditions, values of Stk for probes of several
selected inlet diameters, D, and two particle dianmeters, d, are as foll ows:

D, St k

(cm (d =0.5um (d =5 pm
0.1 0. 00051 0. 040
0.2 0. 00026 0. 020
0.5 0. 00010 0. 0080
1.0 0. 00005 0. 0040
2.5 0. 00002 0.0016
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Under these conditions, velocity ratios as extrene as V/Vy,, = 10 and V/ Vo - 0.1 will
not cause so nuch as a 5% sanpling error for 0.5-pmparticles. Under these sane
conditions, for 5-umparticles, a probe with an inlet dianeter greater than 0.5 cm
woul d all ow vel ocity ratios between about 0.3:1 and 7:1 without giving a predicted
error greater than 5% but a probe with an inlet dianeter as small as 0.1 cmwould
allow velocity ratios only between about 0.7:1.0 and 1.8:1 for 5% or |ess sanpling
error.

The anal ysis indicates that anisokinetic sanpling of particles 0.5 um and small er
is not a problemin typical clean zones and will rarely be a probl em when sanpling
at 5 wmunless sanpling is carried out to detect a point source of particles.

If one is sanpling particles 5 wmand larger in a clean zone and if the mismatch in
velocities is greater than 5% then the equation for C/ G (or Figure C 3) should be
used to calcul ate the magnitude of the correction. |If the correction is greater
than 5% then it should be applied to the observed concentration if doing so raises
t he observed concentration, as in the case where the sanpling velocity is nore than
the air free-streamvelocity. The correction may al so be applied to the observed
concentration if doing so decreases the observed concentration, as in the case
where the sanpling velocity is less than the air free-streamvelocity.

C50. Exanple. Assune one plans to sanple particles 5 wumand larger in a flow that
has a velocity, Vo, =1 mls (100 cnm's) using a probe with an inlet dianmeter of 1 cm

Fromthe table, the aerodynami c relaxation time for a particle with a 5-pm
aerodynanic diameter is 7.91 x 10°s. The Stokes paraneter, then, becones
Stk = 0.00791.

The nean sanple flow velocity is V=QA If V=10 cms, then the volunetric flow
rate through the probe is 7.85 cn?/s (since Q = V:A), and V/V, = 0.1. Thus an
artificially high concentration will be produced:

UG =1+ 9(l - /[l + (2.062)(0.00791)])
= 1.144
In this exanple, the anisokinetic bias in the sanple of air is corrected by

di vidi ng the observed concentration of particles, C, by 1.144 to obtain G, the
concentration of particles in the flowing air stream
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APPENDI X D
METHOD FOR MEASURI NG THE CONCENTRATI ON OF ULTRAFI NE PARTI CLES

DIO. Scope. This appendix describes procedures for neasuring the concentration of
ultrafine airborne particles, particles larger than approximtely 0.02 um for
conparison with the specified U descriptor. It also defines the cutoff
characteristic required for discrete-particle counters (DPC s) to be used to
neasure the U descriptor.

D20. References.

D20.1 Cheng, Y. S., and Yeh, H C., "Theory of a Screen-Type D ffusion Batt5ry,u
J. Aerosol Science, 11, 313-320 (1980).

D20.2 Cheng, Y. S., and Yeh, H C., Aerosols in the Mning and Industrial Wrk
Envi ronnents, Marple, V. A, and Liu, B. Y. H, Eds.; Ann Arbor Science Publishers,
1077-1094 (1983).

D20.3 Hinds, W C., Aerosol Technol ogy: Properties. Behavior. and Measurenent of
Airborne Particles, John Wley & Sons, New York (1982).

D20.4 Liu, B. Y. H, and Pui, D. Y. H, "A Submcron Aerosol Standard and the
Primary, Absolute Calibration of the Condensation Nuclei Counter,"” J. Colloid and
Interface Science, 47(1), 155-171 (1974).

D30. Apparatus. To verify the U descriptor, a condensation nucl eus counter

(or other DPC as described in Appendi x B) having a dynam c size range of at |east
0.02 to 1.0 umshall be used. Only a DPC whose counting efficiency curve neets
the criteria specified in D30.1 should be used.

D30.1 Counting efficiency. The counting efficiency characteristic of the DPC used
to verify a U descriptor nmust fall within the shaded envel ope of Figure D.1. This
regi on of acceptabl e performance centers on a counting efficiency of 50% at 0.02 um
and includes a tol erance band of 0.002 wmon either side of 0.02 wum The m ni num
and maxi mum counting efficiencies that are acceptable outside the 0.018-to0-0.022-um
tol erance band are based on the cal cul ated penetration of a diffusion elenent (see
D20.1) having either 40% efficiency at 0.02 wm (the branch for particles with

di ameters larger than 0.022 un) or 60% efficiency at 0.02 um (the branch for
particles with dianeters smaller than 0.018 unj.

The counting efficiency curve of a DPC can be determ ned using the nethods of Liu
and Pui (see D20.4). Manufacturers of DPC's will normally provide this information
on request.

If the DPC has a counting efficiency curve that falls to the right of the envel ope
in Figure D.1, the DPC cannot be used to verify the U descriptor. |If the curve
falls to the left of the envelops in Figure D.1, then the DPC may be used to verify
the U descriptor if it is subsequently nodified with a size cutoff inlet device as
described in D30.2, in which case the overall counting efficiency of the nodified
DPC becones the product of the counting efficiency of the unnodified DPC and the
fractional penetration of the cutoff inlet.
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Counting Efficiency (%)

0.03 0.04 0.05 0.06 0.08

Particle Dianeter (um

Figure DI. Envel ope of acceptability for the counting efficiency
of a DPC used to verify the U descriptor.

D30.2 Size cutoff inlet device. To achieve the 0.02-umcutoff characteristic
required to verify conformance of air to a U descriptor, a size cutoff device can
be placed on the sanpling probe of a DPC whose size detection efficiency curve
falls to the left of the acceptable shaded envel ope of Figure D.1. The counting
efficiency is thus reduced in this region so that the overall cutoff
characteristic for the conbined i nstrunent, sanpling probe, and inlet device
falls within the shaded envel ope. Cutoff devices renmove small particles by

di ffusional capture in a well-defined and reproduci bl e manner

The required penetration characteristic is achieved through diffusional capture
of small particles by means of a tube, parallel plate, or fine-nmesh screen. O her
possi bl e devices include those with collimted hole structures, packed beds, and
porous carbon disks. A wide variety of sizes and configurations of inlet devices
i s possible and acceptable, providing they produce the required penetration
characteristics. Cutoff devices are commercially avail able; one type is based
upon the equations of Cheng and Yeh (see D20.1).

The penetration of particles through cutoff devices is a function of the
volumetric flow rate. The device should not be used at flow rates different from
those for which it was designed. To avoid accunul ation of static charge, the
devi ce should be made of electrically conductive material and grounded.

D40. Deternining the concentration of ultrafine particles. Wth the cutoff
device (if needed) fitted to the probe of the DPC as described above, sanple the
air in accordance with section 5 of this Standard. Divide the total nunber of
particles by the volune of air sanpled. Report the concentration in particles
per cubic neter.
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RATI ONALE FOR THE STATI STI CAL RULES USED | N FED- STD- 209E

El O. Scope. This discussion surveys the two statistical rules (see 5.4.1)
embedded in this Standard, describes what the rules acconplish in practice
and sunmarizes the rationale for each.

E20. The statistical rules. The first rule requires that, for each

| ocation sanpl ed, the average particle concentration not exceed the class
limt or Udescriptor. The second rule requires that an upper 95%
confidence linmt, constructed fromall of the |ocation averages, not exceed
the class limt or Udescriptor; this rule applies only when fewer than ten
| ocations are sanpl ed.

The rationale for the first rule is that the cleanliness of the air nust be
checked at nmultiple locations in a cleanroomor clean area. The nunber of
locations is a function of the size of the area to be checked. The average
of all measurenments taken at a given |ocation was selected as the
statistical unit. This unit was chosen fromthe perspective that FED STD
'209E is targeted at an average | evel of performance rather than at an
absol ute one. Thus the average particle concentration at each sanpling
location is the base level of statistical summarization found in the

St andar d.

Al'l variation anong the neasurenments taken at each location is ignored,
except for the extent to which it affects the average at that |ocation and
the two statistical rules. It nmay be possible, therefore, to average out
sanmpling variability, spikes, and time trends in data collected at a given
location. Mnimzing the inpact of sanpling variability is a desirable
consequence of using an average. The potential for obscuring real changes
in particle concentration (spikes, cyclicity, or other tinme-related trends)
i s an undesi rabl e consequence of using an average.

The Standard al so specifies a m ni num sanpling volune for neasurenents
taken at any location. This serves to ensure that (1) sufficient data are
collected to allow a reasonabl e evaluati on of the cleanliness of the air in
accordance with the intent of the Standard, and (2) a sufficiently large
volune is sanpled to allow the approxi mate application of nornmal
distribution theory to the neasurenents collected at a given |location. The
second condition occurs only when actual particle concentrations are near
or above the class limt or U descriptor. This does not present a problem
when a location has a very | ow concentration, conpared to the specified
limt, and statistical analysis of the neasurenents at that location is not
critical

Requi ring a mni mum sanpling vol ume does not average out all sanpling

variability. It is likely, therefore, that if the average air cleanliness
is near the class Iimt or U descriptor and if one or a few neasurenents
are made at each location, that sone |locations will be found which exceed

the specified linmt. The only statistical fix for such locations is to
coll ect additional neasurenents at those |ocations. Thus, the Standard
inmplicitly requires nore, sonetines nany nore, neasurenents to be nade when
average performance is near the specified limt.
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The rule requiring that the average particle concentration at each | ocation neet
the class limt or Udescriptor is the donminant statistical rule for all but the
smal l est facilities. Because this rule inplicitly ignores the effect of sanpling
variability, it becomes increasingly difficult to obtain a passing result as nore
| ocations are required to be sanpled. Thus, the nunber of |ocations sanpled wll
affect the probability of passing the Standard. This rule also has the
undesirabl e ef fect of discouraging sanpling at any nore than the mni mal nunber
of locations required by the Standard whenever the nunber of |ocations equals or
exceeds five.

The hi ghest level of statistical sumarization used in the Standard is the 95%
upper confidence limt placed on the grand average of all the averages obtai ned
at each of the location. sanpled. Al variation ambng the |ocation averages is
i gnored other than how it inpacts the calculation of the upper confidence limt.
It nay be possible, therefore, to average out real differences in average
cleanliness fromlocation to |location or differences observed over tinme so |ong
as the average at each |ocation stays below the specified linit.

Construction of the upper confidence limt is based on use of a t-table which is
provided (Table Il) as part of the Standard. This rule inplicitly assunes that
the distribution of the averages at each location originates fromthe sane nor nal
distribution or that sufficient |ocations have been sanpled for the central limt
theoremto be invoked. Sonetines neither of these inplicit assunptions will be
net. However, the UCL based on the t-statistic is reasonably robust even to
noderate violations of these inplicit assunptions.

The selection of the 95% | evel of confidence is by convention. Traditionally,
many statistical analyses allow for a 5% error rate. |f the exercise of building
t he 95% upper confidence limt were to be repeated nany tines for the facility in
question, 95%of the tine this upper limt would exceed the true unknown overal
average |l evel of particle concentration. Oher |ess comonly enpl oyed | evel s of
confidence are 90% and 99% Intermediate and nore extreme |evels of confidence
are possible as well. Selection of an extrenely high | evel of confidence greatly
increases the risk of failing the Standard, even when the average at al

| ocations sanpled neets the nomnal class limt or Udescriptor. The tradeoff
involved with this second type of risk is the reason for not sinmply choosing an
arbitrarily high confidence |evel

The rational e behind the second rule is to require greater uniformty in results
(less variability fromlocation to location). It also reduces the chance of

fal sely passing the Standard when linmted data are required by the Standard. Wen
trouble is encountered with this rule, there are two possible statistical fixes
for the problem These include (a) collecting data at nore |ocations and (b)
taki ng additional measurenments at one or nore |ocations.

This second statistical rule affects only small facilities, those for which fewer
than ten locations need to be sanpled. For such facilities, this rule nakes
passing the Standard nore difficult than it would be ot herw se, especially when
only two locations are required. The thrust of the second rule is to have a high
degree of confidence that the grand average of the cleanliness of the air in the
entire facility is less than the stated class limt or U descriptor.
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Froma statistical standpoint, the Standard is not targeted at defects that
i mpact small areas relative to the sanpling plan (e.g., leaks in filters).
If there were many such leaks, it is likely that sone woul d be detected
however, the likelihood of detecting any single leak is small.

E30. Sequential sanpling. For situations in which exactly. 20 particles
woul d be expected in a single measurenment taken at the class linmt or U
descriptor, this Standard all ows the option of using a sequential sanpling
plan (see 5.1.3.4.4 and Appendix F). Sequential sanpling may reduce on
average the sanple volune (and therefore the tine) required for making each
neasurenent. At nost, the truncated sequential sanpling plan described in
Appendi x F will result in the collection of the full sanple volune that
woul d otherwi se be obtained if a single sanpling plan were in effect.

If the air being sanpled is much cl eaner or nuch nore contam nated than the
class Iimt or U descriptor, the sequential sanpling plan will require (on
average) dramatically smaller sanple vol unes per neasurenent. Even when
the cleanliness of the air is at or near the specified linmt, sone econony
is normally achi eved by using the sequential sanpling plan. Furthernore,
for a given neasurenent, the sequential sanpling plan typically provides
(prior to testing), a nearly identical probability of that neasurenent's
either exceeding or failing to exceed the class limt or U descriptor as
conpared to the fixed sanple size approach

The main limtations of the sequential sanpling plan are: (a) the plan
applies only when the Standard is targeted at exactly 20 particles per
neasurenent at the class limt or U descriptor, (b) each neasurenent

requi res additional nmonitoring and data anal ysis (al though this can be

m ni m zed through conputerization), and (c) the average particle
concentration as calculated froma given neasurenent typically will not be
determined as precisely (a direct result of collecting a smaller sanple
vol une) .

Result (c) has an inmpact on the Standard's statistical rules. On average
it will be sonewhat nore difficult to pass the upper 95% confidence limt
rule (for fewer than 10 | ocations) when the sequential sanpling plan is
used.

E40. Sanpl e calculation to determine statistical validity of a
verification. The data and cal cul ations presented in the foll ow ng
par agraphs are intended to serve as a working exanple, illustrating the

statistical procedures involved in the verification of air in cleanroons
and cl ean zones. The exanple is based upon air sanpled for particles 0.3
pmand larger in an effort to verify that the air sanpled conplies with
airborne particulate cleanliness Class M2.5 (Class 10), for which it is
required (Table |) that the UCL not exceed 1060 particles, 0.3 pm and

| arger, per cubic nmeter.

The data for the exanple, presented in the table in E40.1, include the
neasured particle concentrations, C;, obtained for different nunbers of
sanpl es, N, taken at each of five locations, L. The calcul ated average
particle concentrations, A;, at each location are also listed in the table.
Cal cul ations follow in E40.2 through E40.5 of: the nmean of the average
concentrations, M the standard deviation of the averages, SD, the standard
error of the nean of the averages, SE, and the upper control limt, UCL
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Particle Concentrations No. of sanples at Aver age concentration
(o each | ocation at each location
N A
Location 1 | 2 | 3 | 4 | 5
1 530 NR NR NR NR 1 530
2 1200 850 320 530 NR 4 725
3 640 100 420 850 NR 4 503
4 1400 640 320 1200 210 5 754
5 0 950 210 0 NR 4 290
(NR: no readi ng taken)
E40.2 Mean of the Averages.
M= (AL+ A+ ...+ A)/L (Equation 5-2)
M= (530 + 725+ 503 + 754 + 290)/5 = 560

E40.3 Standard devi ation of the averages.

SD= (A-rM*+ (A -M7 + (A -M?
L-1

(Equation 5-3)

SD= (503-560%+(725- 560°+( 503- 560) ( 754- 560) 2+( 725- 560) >+ (290-560) 2

SD = 188

E40. 4 Standard error of the nean of the averages.

SE = SD
5

SD = 188 = 84
5

E40.5 Upper confidence linmt (UCL).
UCL = M+ (UCL Factor x SE)

(Equation 5-4)

For 5 locations, the UCL factor is 2.13 (see Table I1).

UCL = 560 + (2.13 x 84) = 739

E40.6 Conclusion. Since the 95% upper confidence Ilimt (UCL) is |less

than 1060 and since the average particle concentration,

at each

|l ocation is less than 1060, the air sanpled is verified as conplying with

airborne particulate cleanliness Class M2.5 (C ass 10), even though some
of the individual particle concentrations are above 1060.
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APPENDI X F

SEQUENTI AL SAVPLI NG AN OPTI ONAL METHOD FOR VERI FYI NG THE COWPLI ANCE OF
AR TO THE LIM TS OF Al RBORNE PARTI CULATE CLEANLI NESS CLASSES M 2.5 AND
CLEANER

FIO. Scope. This appendix presents a sequential sanpling plan which may
be used to verify the cleanliness of air to airborne particul ate
cleanliness Clauses M 2.5 and cl eaner (Cl asses 10 and cl eaner). This plan
mat ches the properties of this Standard's single sanpling plan (see
5.1.3.4.1 through 5.1.3.4.3), which requires a sanple duration sufficient
to produce an expected 20 counts (E U 20) in air with a particle
concentration exactly at the class Iimt or U descriptor. Use of sequential
sanpling may reduce substantially the sanple volunes required at each

| ocati on.

F20. References.

F20.1 Cooper, D. W, and Ml holland, D. C., "Sequential Sanpling for
Federal Standard 209 for C eanrooms,” J. Inst. Environ. Sci., 33(5), 28-32
(1990) .

F20.2 Duncan, A J., quality Control and Industrial Statistics, 4th ed.,
Irwin, Homewood, Illinois (1974).

F20.3 Siegnmund, D., "Estinmation Follow ng Sequential Tests," Bionetrika,
65, 341-349 (1978).

F20.4 wald, A, Sequential Analysis, John Wley & Sons, New York (1947).

F30. Background. The advantages of sequential sanpling in conparison to
singl e sanpling have been described and denonstrated (see F20.4). In
sequential sanpling, the running total of the particles counted is conpared
with a reference count limt that is a function of the amount of sanpling
done. Sequential sanpling typically requires | ess sanpling than any single
sanpl i ng plan having the sanme probability of fal se acceptance and fal se
rejection. This particular sequential sanpling schenme has been presented
inthe literature for use in this Standard (see F20.1).

F40. Method. Figure F.I (see' F20.1) illustrates the boundaries of the
sequential sanpling plan that has been designed for use in this Standard.
The observed nunber of counts, C, is plotted vs. the expected nunber of
counts, E, for air which is precisely at the class linmt or U descriptor.

A full single sanple corresponds to E = 20. The domains in Figure F.1 were
derived from published formulas (see F20.4 and F20.2). The upper and | ower
lines are:

Upper: C = 3.96+1.03 E (Equation F40-1)

Lower: C = -3.96+1.03 E (Equati on F40-2)
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Figure F.1. Cbserved count, C, vs. expected count, E, for
sequential sanmpling. The |abels delineate those regions where
the cunul ati ve observed count indicates that the air either
exceeds the class limt or U descriptor (REJECT), neets the
class limt or U descriptor (ACCEPT), or is indetermnate

( CONTI NUE COUNTI NG) .

Table F.| gives the upper and lower times at which C =10, 1, 2, etc., nean
PASS or FAIL, derived fromthese equations. The tinmes are listed both in
terms of E (E = 20 for full sanple) and t (t = 1.00 for full sample
corresponding to E = 20).

Thi s plan has been truncated by design so that the conventional single-
sample time (E = 20) is its longest time. A third linmt was found to be
needed, C = 20, to nmatch the operating characteristics for the single-
sanpl e pl an.

To use the sequential sanpling plan, record the nunber of particles
observed as a function of tinme. Conpare the count, as sanpling continues,
with the upper and lower limits, using either equations F40-1~and F40-2, or
a chart such as Figure F.1, or Table F.I. Conputerized analysis of the
data is usually hel pful.

If the cumul ative observed count for the sanple crosses one of the upper
lines, then sanpling is stopped and the air is judged to have FAILED |f
the cumul ati ve observed count crosses the lower line, then sampling is
stopped and the air is judged to have PASSED. |If the cumul ati ve observed
counts equal 20 or less at the end of the sanple duration, not having
crossed the upper line, the air is also judged to have PASSED
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Table F.I. Upper and lower limts for tine at which C counts should
arrive. Tinmes are given in units of expected count (E = 20 at the
class limt or U descriptor) and as the fraction of total tine

(t =1 at the class limt or U descriptor).

FAIL I F COUNT, C, CQOVES PASS | F COUNT, C, COVES
EARLI ER THAN EXPECTED LATER THAN EXPECTED

Count, C Expected, E Time, t Expected, E Time, t
0 - - 3.844 0.1922
1 - 4,815 0. 2407
2 - - 5.786 0. 2893
3 - - 6. 757 0. 3378
4 0. 038 0. 0019 7.728 0. 3864
5 1.010 0. 0505 8. 699 0. 4349
6 1.981 0. 0992 9. 669 0. 4834
7 2.951 0. 1476 10. 640 0. 5320
8 3.922 0.1961 11. 611 0. 5805
9 4,893 0. 2447 12.562 0. 6291
10 5. 864 0. 2932 13. 553 0. 6676
11 6. 834 0. 3417 14. 524 0.7262
12 7.805 0. 3902 15. 495 0. 7747
13 8.776 0. 4388 16. 466 0. 8233
14 9.747 0. 4873 17. 436 0.8718
15 10. 718 0. 5359 18. 407 0. 9203
16 11. 689 0. 5844 19. 378 0. 9689
17 12. 660 0. 6330 PASS 1. 0000
18 13. 631 0. 6815 PASS 1. 0000
19 14. 601 0. 7300 PASS 1. 0000
20 15.572 0.7786 PASS 1. 0000
21 FAI L 1. 0000 PASS 1. 0000

An equivalent nmethod is to conpare the time at which count C occurs with the
times shown in Table F.1. |If the count occurs earlier than expected, as
indicated in Table F.1, then the location PAILS. |If the count occurs later than
expected, as indicated in Table F.1, then the |ocation PASSES. This requires at
nmost 21 conparisons of arrival tinme of particles with the limting tines.

Where a first sanple leads to a decision to PASS or FAIL, but it is desired to
test the air further, subsequent sanples should be taken as single sanpl es of
duration such that E = 20 for each. Then conbine the counts of the single

sanpl e(s) at the location with those of the sequential sanple and divide the sum
by the total volune of the sequential and single sanple(s). The result is the
mean concentration at that |ocation, to be conpared to the concentration for the
class limt or U descriptor.
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To determ ne the concentration for the entire clean zone froma set of
sequential sanples at the designated |ocations, divide the total numnber of
particles counted by the total volune of air sanpled. A nore advanced
net hod of treating the data can be found in the literature (see F20.3).

F50. Exanples. For further investigation, a reference in the literature
(see F20.1) give. three exanples of procedures for sequential sanpling.

F60. Reporting. The data should include an identifier for each |ocation,
the volune of air sanpled and the count for each sanple, and whether the

| ocation passed or failed for that sanple. |If a location that failed is
resanpl ed, then the total counts and the total volunme (of both the original
sanpl e and the repeated sanple) should be reported along with the
concentration derived fromtheir ratio.
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APPENDI X G
SOURCES OF SUPPLEMENTAL | NFORNMATI ON
G O Scope. This appendix |ists organizations and other sources from
whi ch suppl emental information may be obtained for instruction or guidance
in preparing docunents related to the design, acquisition, testing,

operation, and mai ntenance of cleanroons and cl ean zones.

&20. Sour ces of suppl enental information

&20.1 American Institute of Aeronautics and Astronautics (Al AA)
370 L' Enfant Pronenade, S. W
Washi ngton, DC 20024

&20. 2 American National Standards Institute (ANSI)
11 West 42nd Street, 13th Fl oor
New York, NY 10036

&20. 3 American Society of Heating, Refrigerating, and Air-Conditioning
Engi neers ( ASHRAE)
1791 Tullie Crcle, NE
Atlanta, GA 30329

&0.4 Anerican Society of Mechanical Engi neers (ASME)
345 E. 47th Street
New York, NY 10017

&0.5 Anerican Society for Testing and Materials (ASTM
1916 Race Street
Phi | adel phia, PA 19103-1187

&0. 6 Associ ation pour la Prevention et |'Etudie de la
Cont ami nati on ( ASPEC)
Secretariate d ' ASPEC
1, Cite Paradis, rue Paradis
75010 Paris

France

&20.7 British Standards Institution (BSl)
2 Park Street
London WLA 2B5
Engl and

&0. 8 Conmi ssi on of the European Communities (CEC
Ofice for Oficial Publications of the European Comunities
2 rue Mercier
L 2985, Luxenbourg

&20.9 Def ense Research Establishment, Suffield (DRES)
Nat i onal Defense
Ral ston, Al berta
Canada
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&20.
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G20.

G20.

10

11

12

13

14

15

16

17

18

Deut sches Institut fur Normung (Dl

(German Institute for Standardization)

Post fach 1107

Bur ggr af enstrasse 6
1000 Berlin 30

CGer many

Food and Drug Administration (FDA)

N)

Di vision of Drug Quality Conpliance

Center for Drugs and Biol ogic.
5600 Fishers Lane
Rockville, MD 20857
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Institute of Electrical and El ectronics Engi neers (1 EEE)

445 Hoes Lane
PO Box 1331
Pi scat away, NJ 08855-1331

Institute of Environmental Sciences (IES)

940 E. Northwest Hi ghway
Mount Prospect, IL 60056

I nternational Organi zation for Standardization (1SO

1, rue de Varenbe
Case Postale 56
CH 1211 Geneva 20
Switzerl and

I nternational Society of Pharnaceutical

3816 West Li nebaugh Avenue
Suite 412
Tanpa, FL 33624

Japan Air O eaning Association (JACA)

Tomoe- Ya Buil ding No. 2-14
1- Chone, Uchi - Kanda

Chi yodaku, Tokyo, 101
Japan

Japanese Standards Association (JSA)

1-24- 4, Akasaka

M nat 0-Ku
Tokyo, 107
Japan

Engi neers (| SPE)

Nati onal Technical Information Service (NTIS)

U S. Departnent of Conmerce
5285 Port Royal Road
Springfield, VA 22161
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&0. 19 Nor di ¢ Associ ation for Contami nation Control (R:-NORDI Q)
R-kansliet, Paronvagen 15
5-262 62 Angei hoim
Sweden

G20. 20 Schwei zeri sche CGesel |l schaft fur Reinrauntechnik
Seestrasse 5
Post f ach
CH 8700 Kusnacht ZzZH
Switzerl and

&20. 21 Soci ety of Autonotive Engi neers (SAE)
400 Conmmonweal th Drive
Warrendal e, PA 15096

&20. 22 St andards Associ ati on of Australia (SAA)
St andar ds House
80 Arthur Street
North Sydney, NSW 2060
Australia

&20. 23 Ver ei n Deut echer | ngenicure (VD)
VDI - Gesel | schaft Techni sche Gebaude Ausrustung
G af - Recke Strasse 84
4000 Dusseldorf 1
Ger many
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