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Preface

The dirt and bacterial-free conditions provided by cleanrooms are essential for
much of modern manufacturing industry. Without clean conditions, products get
contaminated and either malfunction or become hazardous to people. In recent
years there has been a considerable increase in the number of cleanrooms. They
are now used for the manufacture of items used in computers, cars, aeroplanes,
spacecraft, televisions, disc players and many other electronic and mechanical
devices, as well as the manufacture of medicines, medical devices and conven-
ience foods. This rapid increase in the use of cleanrooms has created a demand
for good quality information about cleanrooms that is free from the ‘hype’ of
sales and marketing jargon. Information is also required to teach production per-
sonnel about their working environment, and how to conduct themselves within
the cleanroom to minimise contamination.

Cleanroom technology can be divided into three parts: design, testing and op-
eration. Cleanrooms have to be first designed and constructed; they then have to
be tested to ensure they achieve their design specification and continue to do so;
finally they have to be operated in such a way as to minimise contamination.
This book covers, in a holistic way, these three main facets of cleanroom tech-
nology.

This book has been written using the principals generally accepted within
cleanroom industries. However, I have found many areas where no sound advice
exists and have had to develop guidance using my knowledge and experience.
Because of this, 1 have tried wherever possible to give the scientific reasons for
the contamination control measures suggested, so that the worth of my opinions
may be judged. However, many of the principals are one man’s opinion, and this
should be borme in mind.

This book is intended for anyone involved with cleanrooms who wishes an
overview of the fundamentals of cleanroom design, testing and operation. How-
ever, it is inevitable that with my teaching background I would wish to help
those who instruct, or are about to instruct, the subject of ‘Cleanroom Technol-
ogy’ either at college, or to their cleanroom personnel. I hope the information
given in this book is helpful in achieving these requirements.
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Introduction

1.1 Whatis a Cleanroom?

It is clear that a cleanroom is a room that is clean. However, a cleanroom
now has a special meaning and it is defined in the International Organiza-
tion for Standarization (ISO) standard 14644-1 as:

A room in which the concentration of airborne particles is controlled, and
which is constructed and used in a manner to minimise the introduction, gen-
eration, and retention of particles inside the room and in which other relevant
parameters, e.g. temperature, humidity, and pressure, are controlled as neces-

sary.

The first two thirds of the definition is, in essence, what a cleanroom is. It
is a room that minimises the introduction, generation and retention of parti-
cles. This is achieved, firstly, by supplying it with exceptionally large
quantities of air that has been filtered with high efficiency filters. This air is
used to (1) dilute and remove the particles and bacteria dispersed from per-
sonnel and machinery within the room and, (2) to pressurise the room and
ensure that no dirty air flows into the cleanroom. Secondly, a cleanroom is
built with materials that do not generate particles and can be easily cleaned.
Finally, cleanroom personnel use clothing that envelops them and mini-
mises their dispersion of particles and micro-organisms. These and other
similar measures that minimise the introduction, generation and retention of
contamination in a cleanroom are discussed in this book. Cleanrooms can
also control the temperature, humidity, sound, lighting, and vibration.
However, these parameters are not exclusive to cleanrooms, and are there-
fore not discussed in any detail in this book.
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Figure 1.1 A cleanroom with personnel wearing special cleanroom clothing.

1.2 The Need for Cleanrooms

The cleanroom is a modern phenomenon. Although the roots of cleanroom
design and management go back for more than 100 years and are rooted in
the control of infection in hospitals, the need for a clean environment for
industrial manufacturing is a requirement of modern society. Cleanrooms
are needed because people, production machinery and the building struc-
ture generate contamination. As will be discussed later in this book, people
and machinery produce millions of particles, and conventional building
materials can easily break up. A cleanroom controls this dispersion and al-
lows manufacturing to be carried out in a clean environment.

The uses of cleanrooms are diverse; shown in Table 1.1 is a selection of
products that are now being made in cleanrooms.
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Table 1.1 Some cleanroom applications

Industry Product

Electronics Computers, TV-tubes, flat screens

Semiconductor Production of integrated circuits used in
computer memory and control

Micromechanics Gyroscopes, miniature bearings, compact-
disc players

Optics Lenses, photographic film, laser equipment

Biotechnology Antibiotic production, genetic engineering

Pharmacy Sterile pharmaceuticals, sterile disposables

Medical Devices Heart valves, cardiac by-pass systems

Food and Drink Brewery production, unsterilized food and

drink

It may be seen in Table 1.1 that cleanroom applications can be broadly di-
vided into two. In the top section of Table 1.1 are those industries where
dust particles are a problem, and their presence, even in sub-micrometre
size, may prevent a product functioning, or reduce its useful life.

particle

Figure 1.2 Contaminating particle on a semiconductor
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A major user of cleanrooms is the semiconductor fabrication industry,
where processors are produced for use in computers, cars and other ma-
chines. Figure 1.2 shows a photomicrograph of a semiconductor with a
particle on it. Such particles can cause an electrical short and ruin the semi-
conductor. To minimise contamination problems, semiconductors are
manufactured in cleanrooms with very high standards of cleanliness.

The bottom section of Table 1.1 shows manufacturers who require the
absence of micro-organisms, as their growth in a product (or in a hospital
patient) could lead to human infection. The healthcare industry is a major
user of cleanrooms, as micro-organisms or dirt must not be injected or in-
fused into patients through their products. Hospital operating rooms also
use cleanroom technology to minimise wound infection (Figure 1.3).

Figure 1.3 Unidirectional flow system in an operating room
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It may also be seen from Table 1.1 that many of the examples are recent
innovations and this list will certainly be added to in the future, there being
a considerable and expanding demand for these type of rooms.

1.3 Types of Cleanrooms

Cleanrooms have evolved into two major types and they are differentiated
by their method of ventilation. These are turbulently ventilated and unidi-
rectional flow cleanrooms. Turbulently ventilated cleanrooms are also
known as ‘nonunidirectional’. Unidirectional flow cleanrooms were origi-
nally known as ‘laminar flow’ cleanrooms. The unidirectional type of
cleanroom uses very much more air than the turbulently ventilated type,
and gives superior cleanliness.

The two major types of cleanroom are shown diagrammatically in Fig-
ures 1.4 and 1.5. Figure 1.4 shows a turbulently ventilated room receiving
clean filtered air through air diffusers in the ceiling. This air mixes with the
room air and removes airborne contamination through air extracts at the
bottom of the walls.

high efficiency
A/air filter

=

[ ]

production
equipment

air extract

Figure 1.4 Conventionally ventilated type of cleanroom
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The air changes are normally equal to, or greater than, 20 per hour, this
being much greater than that used in ordinary rooms, such as in offices. In
this style of cleanroom, the contamination generated by people and ma-
chinery is mixed and diluted with the supply air and then removed.

high efficiency filters

vV vV vV ¥V ¥

production
equipment k‘

Figure 1.5 Unidirectional flow type of cleanroom

Figure 1.5 shows the basic principles of a unidirectional flow room. High
efficiency filters are installed across a whole ceiling (or wall in some sys-
tems) and these supply air. This air sweeps across the room in a unidirec-
tional way at a speed of around 0.4 m/s (80 ft/min) and exits through the
floor, thus removing the airborne contamination from the room. This sys-
tem uses much more air than the turbulently ventilated cleanroom but, be-
cause of the directed air movement, it minimises the spread of contamina-
tion about the room and sweeps it out through the floor.
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Clean air devices, such as unidirectional benches or isolators, are used
in both turbulently and unidirectional ventilated cleanrooms. These ma-
chines will give a localised supply of filtered air and enhanced air condi-
tions where required, e.g. at the area where the product is open to contami-
nation.

1.5 What is Cleanroom Technology?

As can be seen in Figure 1.6, cleanroom technology can be divided into
three broad areas. These areas can also be seen to parallel the use of the
technology as the cleanroom user moves from firstly deciding to purchase a
room to finally operating it.

CLEANROOM TECHNOLOGY

CLEANROOM DESIGN CLEANROOM CLEANROOM
AND CONSTRUCTION TESTING OPERATIONS
and MONITORING
e monitoring the room
e standards e testing that the new conditions
o layout room performs as  entry of people, machines
e construction materials designed and materials
e services — water and o cleanroom disciplines to
gases and avoid contaminating the
e setting cleanroom to product
work o testing to ensure that e cleanroom garments
the room continues to including gioves, masks,
perform as designed etc.

¢ cleanroom cleaning and

cleaning equipment

Figure 1.6 Various parts of cleanroom technology and their interconnections
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Firstly, it is necessary to design and construct the room. To do this one
must consider (1) the design standards that should be used, (2) what design
layout and construction materials can be used, and (3) how services should
be supplied to the cleanroom.

Secondly, after the cleanroom has been installed and working, it must be
tested to check that it conforms to the stipulated design. During the life of
the cleanroom, the room must also be monitored to ensure that it continu-
ally achieves the standards that are required.

Finally, it is necessary to operate the cleanroom correctly so that the
manufactured products are not contaminated. This requires that the entry of
people and materials, the garment selection, cleanroom disciplines and the
cleaning of the room are all correctly carried out.

These fundamental elements of Cleanroom Technology are covered in
this book.

Acknowledgements
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The History of Cleanrooms

2.1 The Early Years

It is clear that the first cleanrooms were in hospitals. Lord Lister’s contri-
bution to history was his realisation that bacteria caused surgical wound
infection. He thought that the elimination of bacteria from the operating
room should prevent infection. This was the scientific basis for the first
cleanrooms.

In the 1860s, Lister dramatically reduced infection in his operating room
at the Royal Infirmary, Glasgow by use of an antiseptic solution (carbolic
acid) that killed bacteria. He used this on the instruments, the wound and
the surgeon’s hands, and he attempted to prevent airborne infection by
spraying it into the air.

Shown in Figure 2.1 is a photograph taken in 1889 of a group of sur-
geons from the Aberdeen Royal Infirmary in Scotland using Lister’s spray,
which sprayed carbolic acid into the air of an operating room. This photo-
graph is interesting from several points of view. Lister’s spray is of histori-
cal interest, although it probably did little to reduce airborne bacteria. Also
to be seen is the surgeon Ogston, who is the third figure from the right. He
was the discoverer of the bacteria Staphylococcus aureus, an important
cause of wound sepsis, then and now.

It is interesting to observe the accepted mode of dress at that time. Al-
though this photograph is probably posed, operations at that time were car-
ried out without the protection of sterile (or even clean) clothing. The sur-
geon would often operate wearing an old frock coat contaminated with
bloody pus and bacteria. He might wear an apron or gown, but this would
be used to protect him from blood and not meant to protect the patient from
his bacteria.
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Figure 2.1 A group of surgeons with the Lister steam spray.

A photograph taken in the Royal Infirmary, Edinburgh, Scotland in the
1890s (Figure 2.2) shows a number of aspects of surgery that will interest
those working in modern cleanrooms. The gas lamp seen in the top left-
hand side of the picture confirms the age of the photograph, as do many
other aspects.

The surgeons can be seen to be wearing gowns, but not gloves, hats or
masks. In the background of the operating rooms is a gallery where the
medical students would crowd in to see the operation without consideration
of the bacteria they dispersed; the gallery is the reason that operating rooms
are still called operating ‘theatres’ in many parts of the world. The floor is
exposed wooden flooring, and the sinks, buckets and exposed pipes reflect
a bygone age where little was known of contamination control.
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Figure 2.2 An operating room in the late 1890s.

Lord Lister’s reduction of wound sepsis was by an antiseptic method, as he
used a disinfectant to kill the bacteria on bandages, the hands of the sur-
geon and in the operating room environment. One of his former assistants,
Sir William Macewan, who succeeded Lister as Professor of Surgery at the
University of Glasgow, along with other surgeons in Germany and the
USA, developed Lister’s techniques into the field of aseptic techniques. By
aseptic means they sought not to kill bacteria that entered the wound, but to
prevent them from getting there. Boiling of instruments and bandages was
introduced and the surgeons and nurses ensured their hands were rigorously
‘scrubbed’ to remove bacteria. By the year 1900, surgical gloves, masks
and gowns had been introduced. These could be steam sterilised before an
operation, although at a lower temperature and pressure than used today.
These methods were the basis of cleanroom techniques used today.

Shown in Figure 2.3 is an operating room in the Royal Infirmary, Edin-
burgh, photographed around 1907. The contrast to the photograph in Figure
2.2 is noticeable. Electricity has been installed, but of more interest is the
fact that the surgeon can be seen to wear gloves and a facemask. The face-
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Figure 2.3 Operating room in 1907 showing aseptic precautions

mask is below his nose, as it was not till the end of the 1930s that it was
appreciated that it should go over the nose. There is also a terrazzo-type
floor and tiled walls to facilitate disinfection and cleaning.

2.2 Ventilated Operating Rooms

Although the operating rooms of yesteryear had contamination control
methods that were similar to modern cleanrooms, an important omission
was positive ventilation with filtered air. Artificial ventilation was rarely
used in hospitals in temperate climates until the 1940s, and where ventila-
tion was used it was more for comfort than contamination control. It was
only after the end of the Second World War (1945) that ventilation in hos-
pitals was clearly advocated for contamination control. The problems of
airborne infection of people in crowded situations that occurred in wartime,
e.g. submarines, air raid shelters and army barracks, were studied. Micro-
biological warfare required the airborne dispersion of micro-organisms and
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this was also studied. The airborne bacterial sampler was invented, and the
ventilation of rooms and aerodynamics of particles were all studied during
the Second World War.

By the early 1960s, most of the principles that dictate the performance
of turbulently ventilated rooms were known. Also established was the fact
that people were the source of airborne bacteria, these being dispersed on
rafts of skin, and that open-weave cotton garments did little to prevent this
dispersion; tightly woven fabrics were required.

In 1960 Blowers and Crew attempted to obtain a downward ‘piston’ of
air (unidirectional flow, although they did not call it that) from an air dif-
fuser fitted over the entire ceiling in an operating room in Middlesborough
in England. Unfortunately, because of the thermal air currents from people
and the operating room lamp, as well as movement of people, the low air
velocity was disrupted; this made it impossible to achieve good unidirec-
tional airflow. This was the situation when Professor Sir John Charnley
(with assistance from Howorth Air Conditioning) decided to improve the
ventilation in his operating room at Wrightington Hospital near Manchester
in England.

Figure 2.4 The Charnley-Howorth ‘greenhouse’
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Charnley was a pioneer of hip replacement surgery. He devised an opera-
tion to replace a diseased joint with an artificial plastic and metal one. His
initial operations gave a sepsis rate in the region of 10%. This was a major
problem, and so he initiated a number of preventative measures. Using the
knowledge that existed at the time (1961), Howorth and he attempted to
perfect the ‘piston effect’ of a downward flow of air. Instead of using the
whole of the operating room ceiling (as Blowers and Crew had done) they
restricted it to a small area and hence improved the downward flow of air.
They used a 7ft x 7ft-area ‘greenhouse’ placed within the operating room.
This is shown in Figure 2.4

Figure 2.5 shows the diagram Charnley published of the airflow in the
system; it can be seen that reasonable downward unidirectional flow was
achieved.

\4 »" \4 f'

, Area of failure
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Figure 2.5 Section through Charnley’s original system showing the airflow

Charnley and Howorth Air Conditioning increased the air supply volume
and then incorporated design improvements using the knowledge gained
from the work on laminar (unidirectional) flow systems in the USA and
elsewhere. He found that the improvements in his operating room, and in
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the fabric and design of clothing substantially reduced airborne bacteria.
These reductions were paralleled with reductions in deep hip infection.
These were reduced from about 10% in 1959, when his operating room
conditions were poor, to less than 1.0% by 1970 when all his improvements
were complete. The Medical Research Council of the United Kingdom con-
firmed in the 1980s that the use of unidirectional flow enclosures with oc-
clusive clothing would reduce the joint sepsis to one quarter of that found
in turbulently ventilated operating rooms.

2.3 Early Industrial Cleanrooms

In engineering industries, similar advances were being made. The devel-
opment of the first cleanrooms for industrial manufacturing started during
the Second World War, this was mainly in an attempt to improve the qual-
ity and reliability of instrumentation used in guns, tanks and aircraft. It was
realised that the cleanliness of the production environment had to be im-
proved, or items such as bombsights would malfunction. However, it was
assumed that cleanrooms were kept clean like people’s homes. Surfaces
like stainless steel, which did not generate particles, were used and kept
clean. It was not appreciated that the airborne dispersion of large quantities
of particles by machines and people should be minimised by supplying
large quantities of clean air. For example, the dominant idea in a pharma-
ceutical production room was that it had to be kept free of micro-organisms
by the use of copious quantities of disinfectants. The walls were made suit-
able for this purpose often being tiled, and the floor would be a terrazzo-
type having a gully and drains to remove the disinfectant. Ventilation was
very basic, there being few air changes per hour, and there was little in the
way of air movement control within the room, or between the production
area and outside areas. Personnel were dressed in cotton clothing similar to
that used in the operating rooms of that era, and clothes changing areas, if
they existed, were very basic.

The use of nuclear fission, as well as the biological and chemical war-
fare research carried out during the 1939-1945 Second World War, were
the driving forces for the production of High Efficiency Particulate Air
(HEPA) filters necessary to contain the dangerous microbial or radioactive
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contaminants. Their availability allowed cleanrooms to be supplied with
very clean air, and low levels of airborne contamination to be achieved.

Rooms with large volumes of well-filtered air supplied by ceiling dif-
fusers were built between 1955 and the early 1960s. In the early 1950s the
Western Electric Company in Winston-Salem, NC, USA was having a
major problem in manufacturing missile gyroscopes. About 99 out of 100
gyroscopes were being rejected, the problem being identified as dust. It was
decided that a ‘dust free’ production room should be built and this was de-
signed by the AC Corporation and completed in 1955. Figure 2.6 shows the
room soon after production started.

Figure 2.6 Gyroscope production room at Western Electric

This may be the first production cleanroom built that recognised all of the
basic requirements of a cleanroom. Personnel wore synthetic fabric cloth-
ing with a cap; they also had a locker room for changing clothes. Construc-
tion materials were chosen for ease of cleaning and to minimise the pro-
duction of particles. Cracks and corners were minimised and the vinyl-
covered floors were coved onto the wall and the lighting was flush-
mounted to minimise dust accumulation. As can be seen in the back right-
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hand side of the photograph, pass-through windows were used. The air-
conditioned supply was filtered through ‘absolute’ filters that were capable
of removing 99.95% of 0.3 um particles, and the room was positively pres-
surised.

2.4 Unidirectional Flow Cleanrooms

Figure 2.7 Willis Whitfield in his original laminar flow room
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The watershed in the history of cleanrooms was the invention, in 1961,
of the ‘unidirectional’ or ‘laminar flow’ concept of ventilation at the Sandia
Laboratories, Albuquerque, New Mexico, USA. This was a team effort, but
it is to Willis Whitfield that the main credit goes. Shown in Figure 2.7 is a
photograph of him in his original room.

The room was small, being 6 ft wide by 10 ft long by 7 ft high (1.8 m x
3 m x 2.1 m). Instead of the air being supplied by ceiling diffusers and
moving about the room in a random way, it was supplied by a bank of
HEPA filters. This ensured that air moved in a unidirectional way from the
filters across the room and out through the floor grilles. Shown in Figure
2.8 is a cross-sectional drawing of the original unidirectional airflow room.
It may be seen that anyone working at the bench in the room should not
contaminate anything in front of them, as their contamination would be
swept away.

Flourescent lights Blower

yd ~ 3 Rough filters
/O O\ /O O\ {forlamphouse

ventilation)

R

Absolute filters

Insulated wall
steel, palnted

Air conditioning
Grating floor and heating

Make-up air
\ \ rough filters

Rough filters Blower

111

Figure 2.8 A cross-section of the original unidirectional cleanroom
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The invention at Sandia was publicised in Time magazine of April 13"
1962, and this article created a great deal of interest. The article was as
follows:

‘Mr Clean

Scientists at the Sandia Corp. in Albuquerque, where nuclear weapons are de-
signed and assembled, have a passion for cleanliness. They have to. As weap-
ons components are made smaller and still smaller, the presence of a single
particle of dust can make larger and still larger trouble. The strictest house-
keeper in all Sandia is Texas-born Physicist Willis J. Whitfield, creator of the
Whitfield Ultra-Clean Room. “I thought about dust particles,” he says with a
slight drawl. “Where are these rascals generated? Where do they go?” Once
he answered his own questions Physicist Whitfield decided that conventional
industrial clean rooms are wrong in principle.

The usual system in clean rooms, which are necessary for an ever-
increasing number of industrial operations, is to keep dust particles from be-
ing released. Smoking is forbidden; so are ordinary pencils, which give off
graphite particles. People who work in the clean rooms are “packaged” in
special boots, hoods and coveralls and are vacuum-cleaned before they enter.
The rooms themselves are vacuumed continually. But despite all these precau-
tions each cubic foot of their air still contains at least 1,000,000 dust particles
that are .3 microns (000012 in.) or larger in diameter. This is a vast im-
provement over ordinary air, but Whitfield was sure he could do better. Aban-
doning the idea of keeping dust particles from being generated, he decided to
remove them as soon as they appear.

The Whitfield Ultra-Clean Room looks like a small metal house trailer
without wheels. Its floor is metal grating. It is lined with stainless steel, and
along one wall the workbench faces a 4 ft by 10 ft bank of “absolute filters”
that remove all particles above .3 microns from a slow stream of air. Most
clean rooms use their filters simply to clean up incoming air. Whitfield's trick
is to make the clean air from the filters keep the room clean. It flows at 1 mph
(a very faint breeze) across the workbench and past the people working at it.
Workmen can dress in ordinary clothes and smoke if they desire. Dandruff; to-
bacco smoke, pencil dust and any other particles generated are carried away
by the clean air, whisked down through the grating floor, and discharged out-
doors. Every six seconds the room gets a change of ultra-clean air. No parti-
cles get a chance to circulate, and as a result, Physicist Whitfield’s room is at
least 1,000 times as clean as the cleanest of its competitor’.



20 Cleanroom Technology

The concept of unidirectional flow cleanroom ventilation was very
quickly adopted by a large variety of industries, as high quality cleanrooms
were urgently required.
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3

Cleanroom classification
standards

3.1 The History

It can be argued, with justification, that the first standard written for clean-
rooms was published by the American Airforce on March 1961 and known
as Technical Manual (T.0.) 00-25-203. This considered cleanroom design
and airborne particle standards, as well as operating procedures such as:
entry procedures; clothing; restriction of certain articles; cleaning of mate-
rials; procedures for cleaning the room. However, the standard that had the
most influence on the design and operation of cleanrooms, and is the basis
of most world cleanroom standards, including ISO standard 14644-1, was
Federal Standard 209.

The Sandia Corporation team that invented the unidirectional concept,
aided by others from the USA military, industry and governmental agen-
cies, produced the first Federal Standard 209 in 1963. This standard dis-
cussed both conventional and unidirectional cleanrooms. In the standard
there is the first suggestion of measuring particles of > 0.5um by means of
optical particle counters; these instruments had just become commercially
available. It often asked why 0.5 um was adopted as the standard size on
which the Federal Standard was based. The answer is that it was the ‘art of
the achievable’, as this was the smallest size that was easily measured by
the particle counters available at that time.

It has been asked why 90 ft/min was suggested in the Federal Standard
209 as the velocity to be used in unidirectional flow cleanrooms. It has
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been said that this was the velocity theoretically calculated to remove a
particle dropped in front of the supply filter in the first laminar flow room
at Sandia Corporation. An alternative opinion given was that the only air
supply fan available to Willis Whitfield gave this air velocity. I have dis-
cussed this with Willis Whitfield who said that the fan was capable of giv-
ing velocities of between 50 ft/min and 200 ft/min. When the room was run
at high velocities, it was very noisy and expensive to maintain. When run at
50 ft/min, and with only one person in it, it was possible to obtain good
particle counts. However, if several people were in the room, a velocity of
about 90 ft/min to 100 ft/min was required to control the particle contami-
nation. As he and his team were under pressure to produce data for the de-
sign of unidirectional cleanrooms, and little time was available for a thor-
ough scientific evaluation, this velocity was adopted.

Cleanroom standards have been written to cater for the needs of the ex-
panded cleanroom industry. These are discussed below.

3.2 The Basis of Cleanroom Standards

It is best to start this section of the book by giving some indication of the
size of particles used in cleanroom standards. The unit of measurement is a
micrometre, one micrometre (1 um) being one millionth of a metre. Figure
3.1 shows a drawing comparing particle sizes. A human hair, a size that can
be readily appreciated, is approximately 70-100 um in diameter. Another
size that helps to put particle sizes into perspective is the size of particle
that can be seen on a surface. This is approximately 50 pm in diameter,
although this varies quite considerably depending on the acuteness of sight
of the person, the colour of the particle and the colour of the background.
Cleanrooms are classified by the cleanliness of their air. The most easily
understood classification of cleanrooms is the one used in the earlier ver-
sions (A to D) of Federal Standard 209 of the USA. This classification has
been superseded by the last version of the Federal Standard (E) and now by
the International Standard ISO 14644-1. However, this old classification is
still widely used. In the older Federal Standards (A to D), the number of
particles equal to, and greater than, 0.5 um were measured in one cubic foot
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of air and this count used to classify a room. The most recent Federal Stan-
dard 209 (E version) accepted a metric nomenclature, but in 1999, 1ISO
14644-1 was published. This standard has been adopted by all countries in
the European Union and is now being adopted by other countries.

In this book, cleanroom classifications are given according to ISO
14644-1, with the Federal Standard 209 classification given in parentheses,
e.g. ISO Class 5 (Class 100).

THICKNESS OF
HUMAN HAIR

100mp

VISIBLE PARTICLE

S0mp

-

0.5mp PARTICLE

Figure 3.1 Comparison of particle diameters
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3.3 Federal Standard 209

3.3.1 The earlier Federal Standards 209 (A to D)

The first Federal Standard 209 was published in 1963 in the USA and titled
"Cleanroom and Work Station Requirements, Controlled Environments". It
was revised in 1966 (209A), 1973 (B), 1987 (C), 1988 (D) and 1992 (E).
The cleanroom class limits, given in the earlier 209 A to D versions, are
shown in Table 3.1. The actual class of a cleanroom is found by measuring
the number of particles > 0.5 pm in one cubic foot of room air, and deter-
mining which class limit is not exceeded; this is the cleanroom classifica-
tion.

Table 3.1 Federal Standard 209 D class limits

Class Particles /ft’

201pm 202 um >203um 205pum  =5.0pm
1 35 7.5 3 1 NA
10 350 75 30 10 NA
100 NA 750 300 100 NA
1,000 NA NA NA 1,000 7
10,000 NA NA NA 10,000 70
100,000 NA NA NA 100,000 700

3.3.2 Federal Standard 209 E

In Federal Standard 209 E the airborne concentrations in the room are
given in metric units, i.e. per m’ and the classifications defined as the loga-
rithm of the airborne concentration of particles > 0.5 pm per m’. For exam-
ple, a Class M3 room has a class limit for particles > 0.5 um of 1000/m’.
The logarithm of 1000 is 3, which is the class. This is shown in Table 3.2.
The current version is available from the Institute of Environmental Sci-
ences and Technology in the USA. Their contact information is given in
Chapter 4.
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3.4 ISO Standard 14644-1

The International Organization for Standards (ISO) is developing a series
of cleanroom standards. These cover a wide variety of important cleanroom
issues such as design, testing, operation and biocontamination. The first
document, published in 1999, is ISO 14644-1 and entitled ‘Classification of
Air Cleanliness’. This gives the cleanroom classification method. Other
standards are also available and these are discussed in the Chapter 4. In-
formation on where to purchase the ISO 14644-1 standard is also given in
the Chapter 4.
The ISO classification is based on the following equation:

2.08
Cn = 10N x [ﬂ} (3.1
D

where:

Cn is the maximum permitted concentration (in particles/m’ of air) of air-
borne particles that are equal to, or larger, than the considered particle
size.

Cn is rounded to the nearest whole number, using no more than three sig-
nificant figures.

N is the ISO classification number, which shall not exceed the value of 9.
Intermediate ISO classification numbers may be specified, with 0.1 the
smallest permitted increment of N.

D s the considered particle size in um.

0.1 is a constant with a dimension of pum.

From equation 3.1, the maximum permitted airborne concentration of parti-
cles, i.e. the class limit can be calculated for any given particle size. Shown
in Table 3.3 are the classes selected by ISO 14644-1 to illustrate class lim-
its.

It should be noted that there is a crossover to the Federal Standard 209
classes. If the particle concentration/m’® in the ISO standard is divided by
35.2 the count is converted to counts/ft’ . The equivalent Federal Standard
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209 classification is then found in Table 3.3 at the 0.5 um size, e.g. an ISO
Class 5 is equivalent to Federal Standard 209 Class 100 or M3.5.

Table 3.3 Selected ISO 14644-1 airborne particulate cleanliness classes for
cleanrooms and clean zones

ISO Classi- Maximum concentration limits (particles/m’ of air) for particles equal

fication to and larger than the considered sizes shown below
number

20.1pm 20.2um 20.3pum 20.5um >lpm 25.0um
ISOClass1 10 2
ISOClass2 100 24 10 4
ISOClass 3 1000 237 102 35 8
ISO Class 4 10000 2370 1020 352 83
ISO Class 5 100 000 23700 10200 3520 832 29
ISOClass6 1000 000 237 000 102 000 35 200 8320 293
ISO Class 7 352 000 83 200 2930
ISO Class 8 3520 000 832 000 29 300
ISO Class 9 35 200 000 8 320 000 293 000

Table 3.4 Comparison between selected equivalent classes of FS 209 and ISO
14644-1

ISO 14644-1 Class 3 Class 4 Class 5 Class6 Class 7 Class 8

Classes

FS 209 Class Class Class Class Class Class 6

Classes 1 10 100 1000 10 000 100 000
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Given in ISO 14644-1 is the same information in a graphical form. This
is shown in Figure 3.2. It should be appreciated that the airborne particle
concentration of a given cleanroom is dependent on the particle generating
activities going on in the room.

Airborne particle concentration, C , particles/m3

0.1 0.2 0.3 05 1.0 5.0
Particle size, D ,in um

Figure 3.2 Graphical representation of ISO-class concentration limits for se-
lected ISO classes.

If a room is empty, a very low particle concentration can be achieved, this
closely reflecting the quality of air supplied. If the room has production
equipment in it that is operating, there should be a greater particle concen-
tration, but the greatest concentration occurs when the room is in full pro-
duction. The classification of the room may therefore be carried out in these
different occupancy states.
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The occupancy states defined in ISO 14644-1 are as follows:

As built. the condition where the installation is complete with all services
connected and functioning, but with no production equipment, materials or
personnel present.

At-rest. The condition where the installation is complete with equipment
installed and operating in a manner agreed between the customer and sup-
plier, but with no personnel present.

Operational: The condition where the installation is functioning in the
specified manner, with the specified number of personnel present and
working in the manner agreed upon.

The ISO 14644-1 standard also gives a method by which the standard of a
cleanroom may be ascertained by measuring particles at various sampling
locations. The method for determining the number of sampling locations,
the sampling volume and counting the number of airborne particles is
similar to Federal Standard 209 E and discussed in Chapter 13 of this book.
ISO 14644-1 also includes a method for specifying a cleanroom using
particles outside the size range given in Table 3.2. Smaller particles known
in the standard as ‘ultrafine’ (< 0.1 pm) are of particular importance in the
semiconductor industry and the large ‘macroparticles’ (= 5 um) are of use
in industries, such as parts of the medical device industry, where small par-
ticles are of no practical importance. Fibres can also be specified. The M
descriptor method employed with macroparticles uses the format:

‘M(a; b);c’
where

a is the maximum permitted concentration/m’
b is the equivalent diameter.
¢ is the specified measurement method.

An example would be: ‘M(1 000; 10 um to 20 um); cascade impactor fol-
lowed by microscopic sizing and counting’. A similar classification method
is used with ‘ultrafine’ particles.



30 Cleanroom Technology

3.5 Pharmaceutical Cleanroom Classification

Cleanrooms used for pharmaceutical manufacturing have their own stan-
dards. The two most widely used are those published by the European Un-
ion and the USA.

3.5.1 European Union Guide to Good Manufacturing Practice

The most recent pharmaceutical standard used in Europe came into opera-
tion on January 1997. This is called ‘The rules governing medicinal prod-
ucts in the European Union. Volume 4. Good manufacturing practices -
Medicinal products for human and veterinary use’. It is often called the
European Union Guide to Good Manufacturing Products (EU GGMP). This
is available in various languages of the EU. Information as to where the
standard can be obtained is given in Chapter 4.

For the manufacture of sterile medicinal products four grades of air-
borne cleanliness are given. The airborne particulate classification for these
grades is given in Table 3.4.

Table 3.4 Airborne classification in the EU GGMP

Maximum permitted number of particles/m3 equal to or above

Grade at rest (b) in operation

0.5 pm 5 pm 0.5 um 5 um
A 3500 0 3500 0
B(a) 3500 0 350 000 2 000
C(a) 350 000 2 000 3 500 000 20 000

D(a) 3 500 000 20 000 not defined (c) not defined (¢)
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Notes

(a) In order to reach the B, C and D air grades, the number of air changes should
be related to the size of the room and the equipment and personnel present in the
room. The air system should be provided with appropriate filters such as HEPA for
grades A, B and C.

(b) The guidance given for the maximum permitted number of particles in the ‘at
rest’ condition corresponds approximately to the US Federal Standard 209 E and
the ISO classifications as follows: grades A and B correspond with class 100, M
3.5, ISO 5; grade C with class 10 000, M 5.5, ISO 7 and grade D with class 100
000, M 6.5,1SO 8.

(c) The requirement and limit for this area will depend on the nature of the opera-
tions carried out.

The particulate conditions given Table 3.4 for the ‘at rest’ state should be
achieved after a short ‘clean up’ period of 15-20 minutes (guidance value),
after the completion of operations.

Examples of operations to be carried out in the various grades are given
in the Table 3.5. The particulate conditions for a grade A zone that is in
operation should be maintained in the zone immediately surrounding the
product whenever the product or open container is exposed to the environ-
ment. It is accepted that it may not always be possible to demonstrate con-
formity with particulate standards at the point of fill when filling is in prog-
ress, due to the generation of particles or droplets from the product itself.

Table 3.5 Examples of cleanroom conditions required for different operations

Grade Examples of Operations for Terminally Sterilised Products

A Filling of products, when unusually at risk
C Preparation of solutions, when unusually at risk. Filling of products
D Preparation of solutions and components for subsequent filling

Grade Examples of Operations for Aseptic Preparations
A Aseptic preparation and filling
C Preparation of solutions to be filtered

D Handling of components after washing.
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Microbiological monitoring is also required to demonstrate the micro-
biological cleanliness of the cleanroom during production. The recom-
mended limits are given in Table 3.6.

Table 3.6 Recommended limits for microbial contamination

Air Sample Settle Plates Contact Plates  Glove Print

Grade cfu/m’ (diam. 90 mm), (diam. 55 mm), 5 fingers
cfu/4 hours (b) cfu/plate cfu/glove

A <1 <1 <1 <1

B 10 5 5 5

C 100 50 25 -

D 200 100 50 -

Notes

(a) These are average values.

(b) Individual settle plates may be exposed for less than 4 hours.

(c) Appropriate alert and action limits should be set for the results of particulate
and microbiological monitoring. If these limits are exceeded, operating proce-
dures should prescribe corrective action.

The air classification required for a cleanroom that has an isolator used to
protect against contamination depends on the design of the isolator and its
application. It should be controlled and for aseptic processing be at least
grade D.

Blow/fill/seal equipment used for aseptic production, which is fitted
with an effective grade A air shower, may be installed in at least a grade C
environment, provided that grade A/B clothing is used. The environment
should comply with the viable and non-viable limits ‘at rest’, and the viable
limit only when in ‘operation’. Blow/fill/seal equipment used for the pro-
duction of products for terminal sterilisation should be installed in at least a
grade D environment.
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3.5.2  Guideline on Sterile Drug Products Produced by Aseptic
Processing.

This document is produced by the Food and Drug Administration (FDA) in
the USA and published in 1987. Information on how to obtain this docu-
ment can be found in the Chapter 4.

The FDA defines two areas in aseptic processing that are of particular
importance to drug product quality. These are the ‘critical area’ and the
‘controlled area’. A ‘critical area’ is described in the FDA document as:

‘one in which the sterilized dosage form, containers, and closures are ex-
posed to the environment. Activities that are conducted in this area include
manipulations of these sterilized materials/product prior to and during fill-
ing/closing operations’.

The ‘controlled area’ is described as:

‘an area in which it is important to control the environment, is the area
where unsterilized product, in-process materials, and container/closures are
prepared. This includes areas where components are compounded, and
where components, in-process materials, drug products and drug product
contact surfaces of equipment, containers, and closures, after final rinse of
such surfaces, are exposed to the plant environment’.

The environmental requirements for these two areas given in the Guide are
as follows:

3.5.2.1 Ciritical areas
The FDA guidelines give the following information:

‘Air in the immediate proximity of exposed sterilized containers/closures and
filling/closing operations is of acceptable particulate quality when it has a
per-cubic-foot particle count of no more than 100 in a size range of 0.5 mi-
cron and larger (Class 100) when measured not more than one foot away
Jrom the work site, and upstream of the air flow, during filling/closing op-
erations. The agency recognizes that some powder filling operations may
generate high levels of powder particulates which, by their nature, do not
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pose a risk of product contamination. It may not, in these cases, be feasible
to measure air quality within the one foot distance and still differentiate
"background noise” levels of powder particles from air contaminants which
can impeach product quality. In these instances, it is nonetheless important
to sample the air in a manner, which to the extent possible characterises the
true level of extrinsic particulate contamination to which the product is ex-
posed.

Air in critical areas should be supplied at the point of use as HEPA fil-
tered laminar flow air, having a velocity sufficient to sweep particulate
matter away from the filling/closing area. Normally, a velocity of 90 feet per
minute, plus or minus 20%, is adequate, although higher velocities may be
needed where the operations generate high levels of particulates or where
equipment configuration disrupts laminar flow.

Air should also be of a high microbial quality. An incidence of no more
than one colony forming unit per 10 cubic feet is considered as attainable
and desirable.

Critical areas should have a positive pressure differential relative to
adjacent less clean areas; a pressure differential of 0.05 inch of water is ac-
ceptable’.

3.5.2.2 Controlied areas
The FDA Guidelines give the following information:

‘Air in controlled areas is generally of acceptable particulate quality if it
has a per-cubic-foot particle count of not more than 100,000 in a size range
of 0.5 micron and larger (Class 100,000} when measured in the vicinity of
the exposed articles during periods of activity. With regard to microbial
quality, an incidence of no more than 25 colony forming units per 10 cubic
Jeet is acceptable.

In order to maintain air quality in controlled areas, it is important to
achieve a sufficient air flow and a positive pressure differential relative to
adjacent uncontrolled areas. In this regard, an air flow sufficient to achieve
at least 20 air changes per hour and, in general, a pressure differential of at
least 0.05 inch of water (with all doors closed), are acceptable. When doors
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are open, outward airflow should be sufficient to minimize ingress of con-
tamination’.
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4

Information Sources

It is important to be able to obtain current information about cleanrooms
through the latest standards, books, recommended practices, magazines and
other documents, as well as through the Internet. This chapter gives such
information. This information was current when this book was published
but communication details are continually changing. It is hoped that this
chapter can be updated from time-to-time but readers should be aware of
the possibility that the information may not be current.

4.1 The International Confederation of Contamination
Control Societies (ICCCS)

The ICCCS is a confederation of societies that have an interest in
cleanroom technology. The present membership is as follows:

ACCS: Australian Contamination Control Society, Australia

ASCCA: Associazione per lo Studio ed il Controllo della Contaminazione
Ambientale, Italy

ASENMCO: Association of Engineers for Microcontamination Control,
Russia

ASPEC: Association pour la Prevention et I’Etude de la Contamination,
France

BCW: Belgian Cleanroom Workclub, A.S.B.L., Belgium

CCCS: Chinese Contamination Control Society, China

GAA-RR of DIN/VDI: Gemeinschaftsarbeitsausschufl Reinraumtechnik,
GAA-RR, within DIN and VDI, Germany

ICS: Irish Cleanroom Society, Ireland
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IEST: Institute of Environmental Sciences and Technology, USA

JACA: Japanese Air Cleaning Association, Japan

R’ Nordic: Renhetsteknik och Rena Rum, Denmark, Finland, Norway and
Sweden

KACRA: Republic of Korea, South Korea

SBCC: Sociedade Brasileira de Controle de Contaminacdo, Brazil

SEE: Society of Environmental Engineers, UK

SRRT: Schweizerische Gesellschaft fiir Reinraumtechnik, Switzerland
S2C2: Scottish Society for Contamination Control, Scotland;

VCCN: Vereniging Contamination Control Nederland, the Netherlands.

Anyone who is interested in the design, testing or operation of cleanrooms
is advised to join their local society to keep their cleanroom knowledge up-
to-date. A current list of the secretariates of member societies and their
contact information is available on the ICCCS web site (www.icccs.org) or
through its Secretariate at the following address:

ICCCS Secretariate
Postbus 311

3830 A J Leusden

The Netherlands.

Tel: +31 33 43 45752
Fax: + 31 33 43 21 581
E-mail: icccs @ tvvl.nl

4.2 International Cleanroom Standards

4.2.1 IS0 standards

A range of cleanroom standards is being produced by the International
Organization for Standardization (ISO). Various committees of experts,
nominated by countries throughout the world, are writing these standards.

The standards that have been published, or being written at the time of
publication of this book, are as follows:
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4.2.1.1 ISO 14644
This consists of the following parts, under the general title ‘Cleanrooms
and Associated Controlled Environments’:

Part 1: Classification of air cleanliness

This gives the airborne particle limits for different standards of cleanrooms.
It also gives the methods that should be used to measure the airborne
particles when testing a cleanroom to determine its class.

Part 2: Specifications for testing and monitoring to prove continued
compliance with 1SO14644-1

This gives information, including time intervals, for testing a cleanroom to
show that it still complies with the ISO 14644-1 standard.

Part 3: Metrology and test methods

This gives a description of the test methods that should be used to test the
cleanroom to show that it is working correctly.

Part 4: Design, construction, and startup

This gives general guidance as to how a cleanroom should be designed,
constructed and made ready for handing over to the user.

Part5 Operation

This gives general advice on how to run a cleanroom.

Part 6: Terms and definitions

This is a collection of all the definitions of terms used in the ISO cleanroom
standards.

Part 7: Separative enclosures (clean air hoods, gloveboxes, isolator, mini

environments)
This gives information on clean air devices such as isolators and

minienvironments.
Part 8: Molecular contamination
This gives information on gaseous contamination in cleanrooms.

4.2.1.2 ISO 14698
This consists of the following parts under the general title ‘Cleanrooms and

Associated Controlled Environments—Biocontamination Control’:
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Part 1: General principles and methods :

This gives information on how to establish methods for measuring micro-
organisms in the cleanroom.

Part 2: Evaluation and interpretation of biocontamination data

This gives information on how to deal with the results obtained from
measuring micro-organisms in a cleanroom.

These standards are also available throughout the world from the various
national standard organisations; they are also available in some national
languages. For further information on the various ISO members world-
wide, where standards can be bought, you should visit the Internet at
www.iso.ch/addre. html or contact:

International Organization for Standardization (ISO)
1 rue de Varembe

Case postale 56

CH-1211 Geneve 20

Switzerland.

Tel: +41 227490111

Fax: +41 22 733 3430

Web site: www.iso.ch

Information about the availability of these standards is available in the UK
from the British Standards Institution using the following contact
information:

British Standards Institution
Customer Services

389 Chiswick High Road
London W4 4AL

UK.

Tel +44 (0)20 8996 9001
Fax +44(0)20 8996 7001
Web site: www.bsi-global.com
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In the USA these standards are available from the Institute of
Environmental Sciences and Technology (IEST) using the following
communication details:

Institute of Environmental Sciences and Technology
940 East Northwest Highway

Mount Prospect

Ilinois, 60056,

USA.

Tel: +1 708 255 1561

Fax: +1 708 255 1699

Web site: www iest.org

4.2.2 Federal Standard 209 E

Although this standard is being superseded by ISO 14644-1, it is still in use
throughout the world. It is available from IEST, their communication
details being given immediately above (Section 4.2.1.2).

4.2.3 Pharmaceutical standards

The two most commonly used standards concerned with pharmaceutical
cleanrooms are available from the European Union and the Federal Drug
Association (FDA) in the USA.

4.2.3.1. The European Union Guide to Good Manufacturing
Practice (EU GGMP)

This can be downloaded free from the Internet at the following address:
http://pharmacos.eudra.org. It is contained in the ‘units activities’ section
under the heading ‘Eudralex’. Volume 4 is the correct document.

This document is also available in various languages of the countries
within the EU and obtained from bookshops in these countries. Information
as to where these outlets are to be found can be obtained from:




42 Cleanroom Technology

Office for Official Publications of the European Communities

2 rue Mercier

L-2985 Luxembourg.

Tel +352 29 29-42455 Fax: +352 29 29-42758
Web site: http://eur-op.eu.int

The above office encourages customers to purchase from their local
distributors, contact information being published in the Internet site. In the
UK, the EU GGMP is available from:

Stationery Office

PO Box 29

Norwich, NR3 1GN

UK.

Tel: +44 (0) 870 600 5522

Fax: +44 (0) 870 600 5533

Web site: www.the-stationery-office.co.uk

4.2.3.2 Guideline on Sterile Drug Products Produced by Aseptic
Processing

This can be downloaded free from the web site of the FDA Centre for Drug
Evaluation and Research at: www.fda.gov. After opening the FDA site you
should click on ‘Drugs’. The document is available, at the time of writing,
in their ‘Regulatory Guidance’ section where it may be found in the
‘Guidance Documents Web Page’ under the ‘Compliance’ heading. It is
also possible (but not encouraged) to get it from the following address:

FDA Drug Information Branch
HFD-210

5600 Fishers Lane

Rockville

MD 20857

USA.

Tel: +1-301-827-4527

Web site: www.fda.gov
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4.3 Cleanroom Books

The following is a list of books (in alphabetical order) written in the
English language that I know to be available through a bookstore. I would
be pleased to receive any other titles so that the list can be extended.

1.

Cleanroom Design edited by Whyte, W. (1991). Wiley, Chichester,
UK. ISBN 0-471-92814-3.

Clean Room Design by Ljungvist, B. and Reinmuller, B. (1997).
Interpharm Press, Buffalo Grove, IL 60089, USA.
Cleanrooms-Facilities and Practices by Kozicki, M. N. with Hoenig, S.
A. and Robinson, P. A. (1991). Van Nostrand Reinhold, New York.
ISBN 0-442-31950-9.

Contamination Control and Cleanrooms by Lieberman, A. (1992). Van
Nostrand Reinhold, New York. ISBN 0-442-00574-1.

Handbook of Contamination Control in Microelectronics Edited by
Toliver, D. L. (1988). Noyes Publications, Park Ridge, NJ, USA.

. Introduction to Contamination Control and Cleanroom Technology

by Ramstorp, M. (2000). Wiley-VCH. ISBN 3-527-30142-9.

Isolator Technology by Wagner, C. M. and Akers, LE. (1995).
Interpharm Press, Buffalo Grove, IL 60089, USA.

Isolator Technology ~ a Practical Guide by Coles, T (1998).
Interpharm Press, Buffalo Grove, IL 60089, USA.

Practical Cleanroom Design by Schneider, R K. (1995). Business News
Publishing Company, Troy, MI, USA. ISBN 1-885863-03-9.

4.4 Recommended Practices and Guides of the

Institute of Environmental Sciences and
Technology (IEST)

The IEST in the USA produce a large number of Recommended Practices
(RPs) and Guides that cover many topics. They are an invaluable source of
information and are available from:
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Institute of Environmental Sciences and Technology
940 East Northwest Highway

Mount Prospect

Illinois, 60056, USA.

Tel: +1 708 255 1561

Fax: +1 708 255 1699

Web site: www.iest.org

4.4.1 IEST Recommended Practices (RPs)

The following RPs are available:

IEST-RP-CC001: HEPA and ULPA filters

This covers the basic provisions for HEPA and ULPA filter units. Six
levels of performance and six grades of construction are included.
IEST-RP-CC002: Laminar flow clean-air devices

Covers definitions, procedures for evaluating performance, and major
requirements of unidirectional flow clean air devices

IEST-RP-CC003: Garments required in cleanrooms and controlled
environments

Provides guidance for the specification, testing, selection and maintenance
of garments use in cleanrooms.

IEST-RP-CC004: Evaluating wiping materials used in cleanrooms and
other controlled environments

Describes methods for testing wipers used in cleanrooms for characteristics
related to cleanliness and function.

IEST-RP-CCO005: Cleanroom gloves and finger cots

Describes parameters and tests that apply to gloves and finger cots.
IEST-RP-CCO006: Testing cleanrooms

Describes tests to evaluate and characterise the overall performance of the
cleanroom and clean zone system.

IEST-RP-CCO007: Testing ULPA filters

Describes a test procedure for production testing of ULPA filters for
particle penetration and pressure drop.



Information Sources 45

IEST-RP-CCO008: Gas-phase adsorber cells

Covers the design and testing of modular gas-phase adsorber cells for use
where high efficiency removal of gaseous contaminants is required.
IEST-RD-CC009: Compendium of standards, practices, methods, and

similar documents relating to contamination control
Lists standards, practices, methods, technical orders, specifications, and

similar documents developed by government, industry and technical
societies in the United States and other countries.

IEST-RD-CCO011: A glossary of terms and definitions relating to
contamination control

Defines terms relating to contamination control and contains lists of
frequently used abbreviations and acronyms.

IEST-RP-CCO012: Considerations in cleanroom design
Makes recommendations regarding factors to consider in the design of

cleanroom facilities.

1EST-RP-CC013: Equipment calibration or validation procedures

Covers definitions and procedures for calibrating instruments used for
testing clean rooms and intervals of calibration.

IEST-RP-CCO015: Cleanroom production and support equipment

Suggests approaches for the design, installation and operation of production
and support equipment used within a cleanroom to minimise the
contribution of that equipment to the contamination of the product.
IEST-RP-CCO016: The rate of deposition of nonvolatile residue in

cleanrooms
Provides a method for determining the rate of deposition of nonvolatile

residue (NVR) on surfaces in cleanrooms.
IEST-RP-CCO018: Cleanroom housekeeping-operating and monitoring

procedures
Provides guidance for establishing housekeeping procedures and

monitoring surface cleanliness.

1EST-RP-CCO020: Substrates and forms for documentation in cleanrooms
Provides guidance for substrates and forms used in cleanrooms for the

purpose of documentation.
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1EST-RP-CC021: Testing HEPA and ULPA filter media

Discusses test methods for physical and filtration properties of high
efficiency particulate air and ultra low penetration air filtration media.
LEST-RP-CC022: Electrostatic charge in cleanrooms and other controlled
environments

Discusses methods for specifying and evaluating the effectiveness of
techniques for controlling electrostatic charge.

1EST-RP-CC023: Microorganisms in cleanrooms

Provides guidelines for the control and quantitative measurement of viable
air and surface contamination.

1EST-RP-CC024: Measuring and reporting vibration in microelectronic
Sacilities

Discusses equipment used in the manufacture, measurement and inspection
of integrated circuits sensitive to vibration and sound in the
microelectronics industry.

1EST-RP-CC026: Cleanroom operations

Provides guidance for maintaining the integrity of the cleanroom during
preparation of supplies and materials, modification of the facility, and
installation and repair of equipment.

1EST-RP-CCO027: Personnel practices and procedures in cleanroom and
controlled environments

Provides a basis for establishing personnel procedures and the development
of training programs for cleanrooms.

IEST-RP-CC029: Automotive paint spray applications

Provides recommended procedures for controlling dirt in paint spray
operations

1EST-RD-CCO031: Building code reference handbook: a guide to
alternative code compliance issues in the semiconductor industry

This document is a reference guide for code issues that require alternative
compliance to design, construct or operation of semiconductor facilities.
1EST-RP-CCO034: HEPA and ULPA filter leak tests

Covers definitions, equipment and procedures for leak testing filters in the
factory and in the cleanroom.
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4.4.2 IEST Guides

The following Guides are available to complement ISO 14644-1 and ISO
14644-2:

IEST-G-CC1001: Counting airborne particles for classification and
monitoring of cleanrooms and clean zones

This guide provides information on methods used to sample air in clean
environments using a discrete particle counter to determine concentrations
of airbome particles.

IEST-G-CC1002: Determination of the concentration of airborne ultrafine
particles.

This supplements the coverage of procedures for determining the
concentration of ultrafine particles as provided by ISO 14644-1.
IEST-G-CC1003: Measurement of airborne macroparticles.

This covers the sampling of macroparticles, these being the larger particles
to be found in cleanrooms.

IEST-G-CC1004: Sequential-sampling plan for use in classification of the
particle cleanliness of air in cleanrooms and clean zones. This expands the
coverage of sequential sampling as introduced in ISO 14644-1.

4.5 Cleanroom Journals and Magazines

4.5.1 Free distribution

The following magazines are often distributed free of charge. However, this
free circulation may be restricted to the country of publication, and to
individuals that the magazine publishing companies consider to have bona
fide cleanroom credentials.

A2C2-Journal of Advancing Applications in Contamination Control
This publication is published monthly by:

A2C2
Vicon Publishing, Inc.
62 Route 101A
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Ste. 3

Ambherst, NH 03031

USA.

Telephone +1-603-672-9997
Fax: +1-603-672-3028

Web site: www.a2¢2.com

CleanRooms
Cleanrooms is monthly magazine produced by:

CleanRooms

98 Spit Brook Road
Fifth Floor

Nashua NH 03062
USA.

Tel: +1603 891 0123
Fax: +1 603 891 9200

Web site: www.cleanrooms.com

Cleanroom Technology
This publication is published monthly by:

Polygon Media Ltd
Tubshill House

London Road

Sevenoaks

Kent, TN13 1BY, UK.
Tel: +44 (0)1732 470000
Fax: +44 (0)1732 470047

Web site: www.cleanroom-technology.eu.com

Micro Magazine

This publication is concerned with defect reduction and yield enhancement
strategies for semiconductor and advance microelectronics and is published
monthly by:
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Canon Communications

11444 W. Olympic Blvd

Ste. 900

Los Angeles

CA 90064

USA

Telephone (for subscriptions) +1-651 686 7824
Fax (for subscriptions): +1-651 686 4883

Web site: www.micromagazine.com

4.5.2 Journals and magazines available on subscription.

Journal of the Institute of Environmental Sciences and Technology

This is available free to the members of IEST, or by subscription. It covers
a wider field of interest than cleanrooms, but usually has at least one article
about cleanroom related issues in each issue. It is available from:

Institute of Environmental Sciences and Technology
940 East Northwest Highway

Mount Prospect

Illinois, 60056

USA.

Tel: +1 847 255 1561

Fax: +1 847 255 1699

Web site: www.jest.org

European Journal of Parenteral Sciences

This is a quarterly journal published by the Parenteral Society in the UK
and is the official journal of the European Sterile Products Confederation
(ESPC). It usually has articles concerned with contamination control in
pharmaceutical manufacturing. Available from:

European Journal of Parenteral Sciences
Euromed Communications Ltd
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The Old Surgery

Liphook Road,

Hastlemere

Surrey

England, GU27 INL, UK

Tel: +44-(0)1428 656665

Fax: +44 (0)1428 656643

Web site: www.euromed.uk.com/ejps

PDA Journal of Parenteral Science

The Parenteral Drug Association (PDA) in the USA publishes this journal.
It wusually has articles concerned with contamination control in
pharmaceutical manufacturing. It is available from:

Parenteral Drug Association
7500 Old Georgetown Road
Suite 620

Bethesda, MD 20814

USA.

Tel: +1 301 986 0293

Fax: +1 301 986 0296

Web site:www.pda.org

4.6 Sources of Pharmaceutical Cleanroom Documents

Interpharm Catalog
A catalogue of technical books, regulatory documents, productivity
software and audio-visual training tools is available from:

Interpharm Press

15 Inverness Way East
Englewood

CO 80112-9240

USA.
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Tel: +1 303 662 9101
Fax: +1 303 754 3953
Website: www.interpharm.com

Parenteral Society
This Society has a selection of books, monographs and videos. They can be
reached at:

Parenteral Society

99 Ermin Street

Stratton St Margaret

Swindon

Wilts, SN3 4N], UK.

Tel: +44 (0)1793 824254

Fax: +44 (0) 1793 832551
Web site: www.parenteral.org.uk

Parenteral Drug Association. This society has a selection of books,
monographs and videos. They can be reached at:

Parenteral Drug Association
7500 Old Georgetown Road
Suite 620

Bethesda, MD 20814, USA.
Tel +1 301 986 0293

Fax +1 301 986 0296

Web site: www.pda.org

4.7 International Cleanroom Forum

This is a questions and answer forum on the Internet. It is sponsored by the
International Confederation of Contamination Control Societies (ICCCS)
and maintained by the Scottish Society for Contamination Control (S2C2).



52 Cleanroom Technology

Experts are available to answer simple or complex questions about
cleanrooms. It can be accessed at either www. s2¢2.co.uk or www.icces.org.
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The Design of Turbulently
Ventilated and Ancillary
Cleanrooms

5.1 Turbulently Ventilated Cleanrooms

The ventilation principles of turbulently ventilated cleanrooms are similar to
those found in most air conditioned rooms, such as offices and shops. The air is
supplied by an air conditioning plant through diffusers in the ceiling. Figure 5.1
is a diagram of a simple turbulently ventilated cleanroom.

This type of cleanroom is called a ‘turbulently ventilated’ cleanroom in this
book as the air moves in a turbulent-random way within the room. This distin-
guishes it from a unidirectional flow cleanroom, where the air enters through
filters across the whole ceiling, or wall, and flows in a unidirectional manner
across the cleanroom. A turbulently ventilated room is also known as a ‘non
unidirectional’ cleanroom; however, this does not describe the airflow as well.

The design of a turbulently ventilated cleanroom differs from an ordinary
air conditioned room in a number of ways. These are:

e The air supply volume is much greater.
e High efficiency air filters are used and normally fitted where the air enters
the cleanroom.
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e The air movement within the cleanroom assists in the removal of contami-
nation.

e The room is pressurised so that air flows out to less-clean adjacent areas.

e Construction material and finishes are of a high standard.

These attributes of a turbulently ventilated cleanroom are now discussed in
more detail.
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Figure 5.1 A turbulently ventilated cleanroom
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5.1.1 Air supply

A normal air conditioned room, such as an office or shop, will be supplied with
just sufficient air to achieve comfort conditions; this may be in the region of 2
— 10 air changes per hour. However, a typical turbulently ventilated cleanroom
is likely to have between 10 and 100 air changes per hour. This additional air is
required to dilute the contamination dispersed into the room and to reduce it to
a concentration specified in a cleanroom standard.

Cleanrooms require large quantities of air that is air conditioned and filtered
to an very high standard. To ensure an economic design, it is essential that the
cleanroom air is recirculated back through the air conditioning plant. However,
it is also necessary to provide fresh outside air for the health of personnel
working in the cleanroom and to pressurise the cleanroom against outside con-
tamination. Normally between 2% and 10% of the total air supply is fresh air;
large airtight rooms require a lower percentage than small less-airtight rooms.
If air extract systems are used to remove contamination from around machinery
or processes, then the percentage of fresh air will have to be increased to com-
pensate.

When designing a ventilation system for a room like an office, it is neces-
sary to calculate the amount of air required to keep the room cool; this is de-
pendent on the heat generated in the room. In cleanrooms it is quite common to
find that production equipment produces large quantities of heat. It is therefore
not unusual to find that the amount of air required to cool the room is similar to
that required to achieve the correct clean air standard.

Air changes per hour are a common way of expressing air dilution in the
room and give an indication of the cleanliness of a room. However, the air-
borne cleanliness of a turbulently ventilated cleanroom is really dependent on
the volume of air supplied to the room in a given time. The airborne cleanliness
is also related to the generation of contamination from production machinery
and personnel working in the room. If the air supply remains constant the
cleanroom is dirtier if there are (a) more people in the cleanroom, (b) more ac-
tivity from people, (c) cleanroom garments that are less effective in preventing



56 Cleanroom Technology

dispersion of contamination, and (d) more contamination coming from produc-
tion machinery and processes.

An approximation of the likely airborne cleanliness of a turbulently venti-
lated cleanroom can be found by use of the following equation:

Airborne concentration (count/m3) — Number of particles (or bacteria) generated / min
Air volume supplied *(m® / min)

* including that from unidirectional flow work stations and benches

This equation cannot be used with a unidirectional flow system where the air
flows in unidirectional streams, as the equation assumes that the room air is
well mixed. It also assumes that the supply air is free from contamination; this
is always true for the comparatively large microbe-carrying particles and true
for most other particles; the exception is very small particles that can pass
through the air filters.

My investigations have shown that an average person moving about with
poor cleanroom garments, such as smocks or laboratory coats, can generate
about 2 x 10° particles = 0.5 um/min, about 300,000 particles > 5.0 um/min,
and about 160 microbe-carrying particles per minute. If people wear well-
designed clothing (coverall, knee length boots, hood, etc.) made from effective
fabrics the average generation of particles per minute will be about 10° for par-
ticles > 0.5 pum, 150 000 for particles > 5.0 um and 16 for microbe-carrying
particles. As discussed in Chapter 19, this will vary from person-to-person and
from time-to-time. Little information is available about the generation of parti-
cles from machinery used in cleanrooms, but this can account for millions of
particles > 0.5 pm per minute.

By using the above equation and airborne dispersion rates, it is possible to
get an estimate of the likely airborne quality of a turbulently ventilated clean-
room. Unfortunately, because of the likely lack of reliable data about the parti-
cle dispersion from the machinery and processes, it may be difficult to get an
accurate result. However, as people are normally the sole source of airborne
bacteria, an estimate of the airborne bacterial count will be more accurate.
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5.1.2 High efficiency air filters

A cleanroom uses air filters that are much more efficient than those used in
offices etc. Cleanroom filters would be normally be better than 99.97% effi-
cient in removing particles greater than about 0.3 pm from the room’s air sup-
ply. These filters are known as High Efficiency Particle Air (HEPA) filters,
although Ultra Low Penetration Air (ULPA) filters, which have an even higher
efficiency, are used in microelectronic fabrication and similar areas. Most
cleanrooms use HEPA or ULPA filters, but in the lowest standards of clean-
rooms they are not essential. In an ISO Class 8 (Class 100 000) room, bag-type
filters, with an efficiency near to 90% against particles > 0.5 um, are often
used.

In most cleanrooms, HEPA or ULPA filters are installed at the point where
the air is discharged into the room (see Figure 5.1). In air conditioning systems
in offices and the like, the filters are placed directly after the air conditioning
plant and the filtered air distributed by air ducts to the air supply diffusers.
However, particles may be drawn into the air supply ducts, or come off duct
surfaces and hence pass into the room. The filters in cleanrooms are therefore
placed in a terminal position in the air supply duct. In lower standards of clean-
room, such as ISO Class 8 (Class 100 000), the particles that could enter, or
come from, the ducts will be a smaller proportion of the total count; filters are
often installed in the traditional position, just after the central air conditioning
plant.

5.1.3 Air movement within a turbulently ventilated cleanroom

The type, number and placement of air supply diffusers, as well as the extract
grilles, is an important consideration in a turbulently ventilated cleanroom. It is
possible to supply the air to a cleanroom with, or without, a diffuser. Air dif-
fusers are used in many air conditioned rooms and situated where the supply air
enters a room; they are designed to minimise the draught caused by high air
velocities and ensure good air mixing. This is illustrated in Figure 5.2.
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Figure 5.2 Airflow conditions produced by a ceiling diffuser

In some conventionally ventilated cleanrooms, diffusers are not used and the
supply air is ‘dumped’ down directly from the air filter into the cleanroom.
This method is chosen to obtain unidirectional flow and good contamination
control conditions under the filter; it is shown diagrammatically in Figure 5.3.
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Figure 5.3 Airflow conditions produced by a ‘dump’ system
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It is my opinion that the use of diffusers is best in conventionally ventilated
cleanrooms. ‘Dump’ methods will give enhanced conditions below the supply
area, but must therefore give poorer conditions elsewhere in the room. If en-
hanced conditions are required at critical areas, then it is better to ensure good
air mixing in the cleanroom by means of diffusers, and use unidirectional cabi-
nets or workstations at the critical areas. Diffusers should, however, be selected
so that there are a sufficient number and size to give good mixing and draught-
free conditions.

If the ‘dump’ method is chosen then the filters should preferably be distrib-
uted evenly about the room. There may be an advantage in grouping the filters
together to protect an area that must be kept clean. However, if grouping is
employed, it should be remembered that the standard of the cleanroom is de-
termined by the dirtiest part and this may give a lower classification. Some
further information on this topic is given in Section 6.1.3.

It is normal practice in cleanrooms to site the air extract grilles at a low
level around the walls; it is thought that high-level extracts cause a short-
circuiting of air from the air supply and hence the room is not swept by clean
air. This will happen in a unidirectional flow, as the air moves in lines. How-
ever, in turbulently ventilated cleanrooms when diffusers are used, the air sup-
ply is quickly and thoroughly mixed with the rest of the room; this is the func-
tion of a diffuser. If diffusers are not used, the airflow from the filters is more
unidirectional and short-circuiting to an extract is more likely to occur. Where
the air extract is positioned is likely to be of little consequence if diffusers are
used; in this situation any small advantage in using low level extracts is un-
likely to be significant enough to require low level extracts if the design is
more logical with high-level wall extracts.

5.1.4 Room pressurisation and air movement control between rooms

A cleanroom must be designed to ensure that contaminated air does not come
into the room from dirtier adjacent areas. Air should therefore always move
from the cleanroom to less-clean adjacent areas. In Figure 5.1 the air will move
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out from the central production room to both the clothing change and materials
transfer areas, and onwards to the outside corridor.

To ensure that the movement is in the correct direction, airflow can be ob-
served by smoke, water vapour or streamers; these methods are discussed in
Section 11.2. However, although this method is satisfactory when setting up a
cleanroom prior to hand-over, it is not a long-term monitoring possibility. To
monitor a cleanroom, it is normal practice to check that the cleaner areas are
more positively pressurised than less-clean adjacent areas.

If a cleanroom is at a higher pressure than an adjacent area then air will flow
from the cleanroom to the adjacent area. Differential pressures of 10 Pa be-
tween two cleanrooms, and 15 Pa between a cleanroom and an unclassified
area, are reasonable design pressures (12Pa = 0.05 inch water gauge). Where
practical difficulties arise in achieving these pressures, e.g. where there is a
supply tunnel connecting the two areas, a minimum pressure differential of 5
Pa may be acceptable.

In a cleanroom suite, the air pressures should be set up so that the air moves
from clean to the less-clean areas. This means that the highest pressure should
be in the production area. Figure 5.4 is a diagram of a cleanroom suite that is
slightly more complicated than Figure 5.1, as it has a two rooms in the clothing
change area and hence another pressure differential to be maintained. In this
suite the production room would be set at a pressure of 35 Pa compared to the
outside approach corridor. This is necessary to give a 10 Pa pressure difference
between the production room and the clothing change room, a 10 Pa difference
between the change room and locker room and 15 Pa between the locker room
and the outside approach corridor; this gives a total of 35 Pa.

Because a 35 Pa pressure difference is established between the production
room and the outside corridor, the same pressure is available across the mate-
rial transfer room. The material transfer area can therefore be 15 Pa less than
the production area and 20 Pa greater that the outside corridor; this pressure
differential is greater than required but quite acceptable. However, if too large
a pressure difference is used, extra energy costs will be incurred. Problems may
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also be experienced when trying to open and close doors, as well as ‘whistling’
through cracks.

OUTSIDE CORRIDOR

MATERIALS TRANSFER @i 7 é

ROOM
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Pressure damperor grille

Extract

Figure 5.4 A simple cleanroom suite showing pressures and airflow between areas

It must be decided what type of air movement control scheme between rooms
in the cleanroom suite should be used. Two adjacent rooms, with their door
closed can be set up with just sufficient air flowing through the gaps to give the
correct, differential pressure between them. This is known as the ‘closed door’
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solution. However, the air flowing through the doorway may be quite small
(especially if the door is a tight fit). The consequence of this is that when the
door is opened little air is available to pass out through the doorway. There can
then be an exchange of air across the open doorway caused by the air turbu-
lence and an air temperature difference between the rooms. This may be ac-
ceptable and many cleanrooms are set up in this way. To minimise this un-
wanted air transfer it is normal to use an air lock, e.g. the materials transfer, or
clothes changing areas. These air locks should be ventilated so that the con-
taminated air from the outside corridor, and any contaminants generated within
the air lock can be diluted.

It may not be possible to provide an airlock between each cleanroom area,
or it may be considered that the airborne contamination within an air lock is too
high and should not be allowed to flow into the production area. It will then be
necessary to provide an ‘open door’ solution, in which a system of cascading
air passes through the open doorway in sufficient volume to prevent contami-
nated air entering.

The design used to ensure the correct airflow between rooms when the
doors are open can be quite complicated. A solution to these problems is out-
with the scope of this book. Readers who are interested in this topic should
consult Chapter 4 of my book ‘Cleanroom Design’ published by John Wiley &
Sons (1999).

5.1.5 Construction materials and finishes

Another indication that a room is a cleanroom is its construction method.
Cleanrooms should be constructed to minimise air leakage out of the room. The
internal surface finishes should also be sufficiently tough to resist chipping or
powdering when impacted, or abraded. The surface finish should also be
smooth, easy-to-clean and not harbour dirt in cracks. Construction materials
and surface finishes are discussed further in Chapter 7 of this book.
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5.2 Ancillary Cleanrooms

Adjacent to the main production cleanroom there will be other cleanrooms. The
number and type of these rooms will vary according to what is being produced
within the cleanroom suite and the complexity of the task. In the simple clean-
room of the type shown in Figure 5.1, it can be seen that there is a room for
personnel to change their clothing, and one to bring materials in and out of the
production room. In other cleanrooms there may be additional rooms to pro-
duce materials required for the production room. These may also require addi-
tional clothing change materials transfer and storage areas.

5.2.1 Clothing change area

Rooms used for changing into, and out of, cleanroom clothing vary in design.
The number of rooms in the change area, and whether these rooms are divided
into two or more zones by crossover benches, will vary. The design of the
change areas may also be complicated if separate change rooms are provided
for the two sexes. Sometimes lockers for outdoor clothing and valuables are
provided outside the change area, and sometimes inside.

Figure 5.5 is a diagram showing the plan view of a one-room change area
which can be either one or two zones. In this type of room, personnel come into
the room, take off their excess clothing and change into cleanroom garments
and exit directly into the cleanroom; all of the change procedures are carried
out in the one room. A pass-over bench is often provided to divide this room
into two zones. This bench provides a seat for personnel to change or cover
footwear; it also divides the room into two zones of cleanliness. A single room
is popular in the more economically designed cleanroom. It is also successfully
used in high quality cleanrooms with high numbers of staff, and often found in
the microelectronics industry. Sometimes an airlock is additionally provided to
minimise the transfer of contamination from the change area into the produc-
tion area.
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Figure 5.6 shows three possible designs of a two-room change area; these
rooms can also be further divided into zones by a pass-over bench. These
rooms and zones can also be built in line. Change areas that have the greater
number of rooms and zones give a more secure method of ensuring that the
outside of the clothing is not contaminated, but more time has to be devoted to
changing.

Oneroom with one zone One room with two zones
ﬁ Pass-overbench

J\—

Figure 5.5 One-room change areas
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Figure 5.6 Two-room change areas with, or without, pass-over benches
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Procedures used to change in and out of cleanroom clothing are discussed in
detail in Chapter 19; this should be consulted for an explanation as to how
these rooms are used.

Consideration should also be given to where cleanroom garments should be
stored if they are used again on re-entry. They should be stored so that con-
tamination is minimised. In higher quality cleanrooms, clothing hangers are
provided in a unidirectional flow of air. An example of this method is shown in
Figure 5.7.

Figure 5.7 Cleanroom clothing under a vertical unidirectional airflow

Other methods require the provision of lockers, pegs for clothing bags, or pi-
geon holes; further information is given in Section 17.3. Some change areas,
especially those where cleanroom garments are changed at every entry, have a
separate area for personnel to leave the cleanroom.
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Air showers are sometimes provided between the change areas and the
cleanroom. Personnel enter the air shower and turn around as air jets play on
their cleanroom clothing. An air shower is designed to remove particles from
clothing and hence reduce dispersion in a cleanroom. However, their use is
controversial. I have studied the particle dispersion from people after shower-
ing as well as the particle count in the cleanroom, and it is my opinion that air
showers do little to reduce contamination in cleanrooms. However, they do
have a psychological effect of reminding personnel that they are entering a spe-
cial area. This benefit, however, should be balanced against the production time
lost while using, or waiting to get into, the air shower.

Cleanroom flooring and mats that remove dirt from shoes should be placed
on the change areas floor. Where they are placed, and the type used, varies.
More information is contained in Section 17.2.1.

5.2.2 Materials transfer area

Figure 5.1 shows a typical airlock used as a materials transfer area. This allows
materials to be transferred into the cleanroom with the minimum of contamina-
tion. More information as to how these are used is given in Chapter 18.

An airlock may be divided into two zones by a crossover bench. However, a
bench should not be provided if it is an obstacle to large equipment that is
brought into the room. The materials transfer airlock will minimise the transfer
of contamination from the outside corridor to the production room, and give a
clean environment suitable for unwrapping the materials transferred into the
production room. It should therefore be ventilated.

Air lock doors are often interlocked to ensure that both doors cannot be
opened simultaneously. This minimises the direct exchange of air from the out-
side corridor to the production room. Airlocks can also have indicator lights
fitted outside the doors to show if anyone is in it. They ensure that when a per-
son from the outside corridor enters the airlock, personnel from the cleanroom
cannot also enter.
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5.3 Containment Rooms

Cleanrooms are used to prevent the contamination of articles produced in the
room. However, some manufacturing processes produce toxic chemicals or
dangerous bacteria and these must be contained in a clean environment. This
can occur, for example, in the pharmaceutical industry where highly active
pharmaceuticals, such as hormones, must be kept clean but must not reach the
operator. Other examples are found in the biotechnology industry where rooms
are required to contain the genetically-engineered micro-organisms. Microbio-
logical laboratories dealing with dangerous micro-organisms require that the
personnel working in them, or the people passing near them, are not infected.
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Figure 5.8 Containment room

The technology associated with the design of these containment rooms is simi-
lar to that used in cleanrooms, as containment rooms are often cleanrooms with
containment facilities.
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Figure 5.8 is an example of a containment room that might be used for
working with micro-organisms which are dangerous to the health of the per-
sonnel working within it, or to anyone passing close to the room.

It may be seen that clean air is supplied to the room, but more air must be
extracted so that the room will be under a negative pressure and air will always
flow into the room. The air that is extracted must be filtered through a high ef-
ficiency filter before being discharged to the outside environment. In Figure 5.8
this 1s done through the safety, or containment, cabinet,

HEPA

CLASS | CLASS I CLASS It

Figure 5.9 Containment cabinets

Within the containment room shown in Figure 5.8 there is likely to be a safety
cabinet. Shown in Figure 5.9 is a diagrammatic representation of the three
types of safety cabinets that are available, showing their airflow and isolation
principles. In a room where there is not a very high safety risk, a Class I or
Class II cabinet is used. If clean conditions similar to the cleanroom are accept-
able, a Class I cabinet may be chosen, as this isolates contamination in it by
drawing air from the room. However, if cleaner conditions than the room are
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required then a Class 1I cabinet is used; this type gives a flow of filtered air
over the product, while still ensuring a flow of air into the cabinet. In a high-
risk area, a Class III cabinet would be used. A Class III cabinet is very similar,
if not identical, to some designs of negative-pressure isolators and an overlap in
design occurs here. Negative-pressure isolators can therefore be used in such
applications.

Another feature that may be found in containment rooms is an air lock to
allow people to change into special clothing and to minimise airflow out of the
containment room. A pass-through autoclave may be available to allow the
sterilisation of contaminated material.

Other containment rooms may be of a higher or lower standard, depending
on the toxic, chemical or microbiological hazard of the room. Less hazardous
rooms would not use an airlock or pass-through autoclave and rely on the ex-
haust of a Class I cabinet to create a negative pressure in the room. Rooms in
which the hazard was high would use a Class III type of cabinet or a negative
pressure isolator, and may provide a shower area between the air lock and the
room. In particularly hazardous situations, personnel would wear suits supplied
with filtered air. Chapter 6 of my book ‘Cleanroom Design’ is devoted to the
design of containment facilities.

Acknowledgement

Figure 5.7 is reproduced by permission of Roger Diener of Analog Devices.



Cleanroom Technology: Fundamentals of Design, Testing and Operation
Author: W.Whyte

Copyright 2001 John Wiley & Sons Ltd

Print ISBN 0-471-86842-6 Online | SBN 0--470-84777-8

6

Design of Unidirectional
Cleanrooms and Clean Air
Devices

Cleanrooms that are ventilated in the turbulent manner described in the pre-
vious chapter may achieve conditions as low as ISO Class 6 (Class 1000)
during manufacturing, but this is more likely to be ISO Class 7 (Class 10
000). To obtain rooms better than ISO Class 6 (Class 1000) during opera-
tion, greater dilution of the generated particles is required. This can be
achieved by a unidirectional flow of air.

6.1 Unidirectional Cleanrooms

Unidirectional airflow is used in cleanrooms when low airborne concentra-
tions of particles or micro-organisms is required. This type of cleanroom
was previously known as ‘laminar flow’, both names describing the flow of
air. The airflow is in one direction, either horizontal or vertical, at a uniform
speed that is normally between 0.3 and 0.5 m/s (60 ft/min to 100 ft/min) and
throughout the entire air space. Figure 6.1 is a cross-section through a typi-
cal vertical flow type of cleanroom. It may be seen that air is supplied from
a complete bank of high efficiency filters in the roof of the cleanroom. The
air then flows down through the room like an air piston, thus removing the
contamination. It then exits through the floor, mixes with some fresh air
brought in from outside, and recirculates back to the high efficiency air fil-
ters.
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Figure 6.1 Vertical unidirectional flow cleanroom

Airborne contamination from people and processes can be immediately re-
moved by this flow of air, whereas the turbulently ventilated system relies
on mixing and dilution. In an empty room with no obstructions to the unidi-
rectional airflow, contamination can be quickly removed by air velocities
much lower than those mentioned above. However, in an operating room
there are machines causing obstructions to the airflow, and people moving
about it. Obstructions may cause the unidirectional flow to be turned into
turbulent flow and local air recirculation to be established round the ob-
structions. Movement of people will also turn the unidirectional flow into
turbulent flow. With lower air velocities and air dilution, higher concentra-
tion of contamination can be established in these turbulent areas. A velocity
in the region of 0.3 m/s to 0.5 m/s (60 ft/min to 100 ft/min) is necessary so
that disrupted unidirectional flow can be quickly reinstated and the con-
tamination in turbulent areas round obstructions adequately diluted.

I have studied the effect of velocity in a variable-velocity unidirectional
flow room that was operational. The velocity could be varied from 0.1 m/s
to 0.6 m/s (20 ft/min to 120 ft/min). The results showed that a velocity of
0.3 m/s (60 ft/min) was required to give stable unidirectional flow and low
particle and bacterial concentrations. Increasing the air velocity, in stages up
to 0.6 m/s (120 ft/min) gave lower airborne counts, but this worked on the
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‘law of diminished returns’. The information obtained can be interpreted as
suggesting that a velocity of 0.3 m/s (60 ft/min) gives the best returns for
effort, but if a cleanroom has a high density of machinery, or personnel, a
higher velocity would give lower airborne contamination.

Unidirectional airflow is correctly defined in terms of air velocity as the
higher the velocity the cleaner the room. Air changes per hour are related to
the volume of the room, e.g. ceiling height and are therefore incorrect units
of measurement.

The air supplied to unidirectional flow rooms is many times greater (10s
or 100s of times) than that supplied to a turbulently ventilated room. These
cleanrooms are therefore very much more expensive to build and run.

Unidirectional flow rooms are of two general types, namely horizontal or
vertical flow. In the horizontal system, the airflow is from wall to wall and
in the vertical system it is from ceiling to floor.

6.1.1 Vertical flow unidirectional cleanrooms

A vertical flow unidirectional cleanroom is shown in Figure 6.1. This shows
the air flowing through the complete area of a floor. However, unidirec-
tional flow rooms are also designed so that air is returned through extract
grilles distributed around the wall at floor level. This type is illustrated in
Figure 6.2. This design can only be used in rooms that are not too wide, and
6 metres (20 ft) has been suggested as a maximum width.

(HEPA FILTERS |

Exhaust Exhaust

Figure 6.2 Vertical unidirectional cleanroom with exhausts in the wall
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Care must be taken with this design. The route that the supply air takes
to get to the air exhausts is the reason for the problem. Airflow of the type
shown in Figure 6.2 gives poor unidirectional flow in the centre of the room
and a flow of air that is not vertical in the rest. Personnel may therefore
contaminate the product if they are positioned between the air supply and
the product.

6.1.2 Horizontal flow unidirectional flow rooms

Figure 6.3 shows a typical design of a horizontal flow cleanroom. In this
design, the air is supplied through a wall of high efficiency filters and flows
across the room and exits on the other side. The air is then returned to a
ventilation plant and back through the air filters. The area of a wall in most
rooms is usually much smaller than the ceiling, and hence a crossflow room
will cost less in capital and running costs than a downflow one. The hori-
zontal flow type of cleanroom is not as popular as the vertical type. The rea-
son for this is illustrated in Figure 6.4, which shows the problem that can
occur with a contamination source.
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Figure 6.3 Horizontal unidirectional flow cleanrooms



Unidirectional Cleanrooms and Clean Air Devices 75

A/- AirPIenp/— A/-

Air Filters!

Ny

o
B
i
<

Figure 6.4 Dispersion in both a downflow and crossflow cieanroom

Any contamination generated close to the filters in a vertical flow will be
swept across the room and could contaminate work that is progressing
downwind. Generally speaking, a vertical flow of air gives better contami-
nation control (as shown in Figure 6.4) because the dispersed contamination
is less likely to reach the product.

If the crossflow cleanroom can be arranged so that the most critical op-
erations are close to the supply filters and the dirtier ones at the exhaust end,
then this type of room can be successful. The following works well:
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1. A faulty component, requiring repair, enters the end of the room away
from the filters.

2. The component is dismantled in stages as work progresses towards the
filters.

3. The most susceptible-to-contamination repair is carried out next to the
supply filters.

4. The component is reassembled and then packaged on its way back up
the other side of the cleanroom.

5. The repaired component exits out of the room, on the opposite side from
the entering components.

A crosstlow type of cleanroom can also be successful if the machine or pro-
cess is placed close to the filter bank and no-one passes between the filter
bank and machine when production is going on.

6.1.3 Unidirectional flow rooms used in semiconductor manufacturing

Unidirectional flow cleanrooms are much used in semiconductor fabrication
where the very best cleanroom conditions are required.
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Figure 6.5 Vertical flow cleanroom often used in semiconductor manufacturing
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The design of semiconductor cleanrooms has evolved over several years,
but a design that has been popular for a number of years is shown in Figure
6.5. The air in Figure 6.5 flows in a unidirectional way from a ceiling of
high efficiency filters and down through the floor of the cleanroom. As the
manufacturing of semiconductors is sensitive to vibration, and anti-vibration
measures are incorporated. Some designs return the air from just below the
floor, while other designs (similar to the type shown in Figure 6.5) use a
large basement, that basement being used for services. Other designs have
both the sub floor and a basement below. The design shown in Figure 6.5 is
often called a ‘ballroom’ type because there is one large cleanroom. Typi-
cally, it is over 1000 m” in floor area and some rooms are large enough to
hold two football fields. It is expensive to run but adaptable. Figure 6.6
shows a photograph of a typical ‘ballroom’ cleanroom before production
equipment was installed.

Figure 6.6 Ballroom type of cleanroom

In the ‘ballroom’ type of cleanroom, a complete ceiling of high efficiency
filters provide clean air throughout the whole room, irrespective of need,
and the machinery stands throughout the room. However, the best quality
air is only really necessary where the product is exposed to airborne con-
tamination, and lesser quality should be acceptable in other areas.
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Figure 6.7 Plan views of three types of cleanrooms

Using this concept, less expensive cleanrooms have been designed. One
such design is that where service chases with lower cleanliness standards
are inter-dispersed with cleanroom tunnels. This concept is shown in Figure
6.7 (b), and a photograph of a cleanroom tunnel is shown in Figure 6.8.

Figure 6.8 Cleanroom tunnel design
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Service technicians can gain access to bulkhead-fitted machinery
through the service chases without entering the clean space where the semi-
conductor wafers are exposed. Less expensive air conditions are provided in
these service chases.

It is also possible in the ballroom type of design to divide up the ‘ball-
room’ with prefabricated walls and provide clean tunnel and service chases;
these walls can be dismantled and reassembled in a different configuration
should the need arise.

Service chases and other less critical areas of the cleanroom are normally
supplied with lesser quantities of air and have a lower standard of air clean-
liness. This can be achieved by reducing the ceiling filter coverage by
means of ceiling blanks; this method is shown diagrammatically in Figure
6.9. If this method is used, it is best to distribute the filters evenly around
the ceiling. If the filters are grouped together in lines or rectangles the area
under the filters will be better, but away from them will be poorer. As the
cleanroom classification is determined by the poorest particle count this de-
sign may result in a poorer classification. Another alternative is to use 100%
filter coverage and reduce the overall air velocity. This design is likely to
give better air movement that a filter ceiling with less than 100% coverage
and hence will give lower particle counts. However, it will be more expen-
sive to build.
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Figure 6.9 Reduced ceiling filter coverage to give non-unidirectional conditions
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If either of these two methods is employed, use may be made of Table
6.1 to calculate the percentage of filter coverage. Table 6.1 is published in
the Recommended Practice RP CC012 of the IEST, although the nomen-
clature of the room classification has been changed to that used in this book.
It should be noted that 100 ft/min = 0.5 m/s, approximately.

Table 6.1 Air velocities in cleanrooms

Class of cleanroom  Airflow  Average velocity  Air changes/hr

type (ft/min)

ISO 8 (100,000) N/M 1-8 5-48
ISO 7 (10,000) N/M 10-15 60-90
ISO 6 (1,000) NM 25-40 150-240
ISO 5 (100) U/N/M  40-80 240-480
ISO 4 (10) U 50-90 300-540
1SO 3 (1) U 60-90 360-540
better thanISO3 U 60-100 360-600

Average airflow velocity” x room area x 60 min / hr
Room Volume

Air changes per hour =

* taken over