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Abstract

Advances being made in the use of recombinant DNA technology for the industrial 

scale production of health care products means that it is becoming increasingly 

important that bioprocesses are adequately contained. There is a need for a quantitative 

approach to the measurement of release from a bioprocess, both incidentally during 

normal operation and accidentally due to mechanical failure or operator error. 

Techniques exist which enable the number of organisms captured in a sampling device 

to be counted. However, it is necessary to relate what is captured in the sampling device 

to what is actually released from a unit operation. This thesis describes the use of 

Computational Fluid Dynamics (CFD) as a tool to assess the release of micro-organisms 

from bioprocesses, as part of any biosafety study.

The effect of different mathematical models has been investigated and guidelines 

developed concerning the most appropriate protocol to use to simulate air flow patterns 

and the movement of micro-organisms. The consequence of the size, shape and density 

of the released organism upon its subsequent trajectory has been studied. It has been 

shown that the size and shape of the organisms must be accurately defined if the correct 

tracks are to be predicted since these parameters affect the degree to which organisms 

are dispersed by turbulent eddies.

CFD predictions have been compared to experimental work within containment cabinets 

and processing areas. These experiments involved releasing a known number of 

particles into an area and counting the number that were collected by an Aerojet-General 

glass cyclone. These comparisons provided proof that CFD can predict correctly 

particle tracks and supplied information regarding the amount of adhesion exhibited 

between micro-organisms and walls. It was found that organisms showed only a small 

tendency to bounce off walls.



The number of released airborne micro-organisms detected from a selection of 

representative bioprocess unit operations has been related to the total discharge. The 

percentage of organisms released from a unit operation which would be captured by a 

sampling device placed at a particular location has been evaluated. The largest detected 

release was 11 pi, which occurred whilst operating a tubular bowl centrifuge. Often 

sampling devices were placed in an inappropriate position to detect microbial release.

The application of CFD in this field has been evaluated and there is evidence that it has 

the potential to be a vital adjunct in bioprocess monitoring and safety. Basic ground 

rules have been established to ensure the accuracy and cost-effectiveness of CFD 

simulations for this application.
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Chapter 1 Introduction

1.0 Introduction

1.1 Project Importance and Aims

1.1.1 The Need for a Quantitative Approach to Release from 

Bioprocesses

The majority of large scale bioprocesses are recognised as being safe \  However, 

some processes may involve a pathogenic organism or one which has been 

genetically modified and, if hazardous to man or to the environment will, by law, 

require containment

Current UK legislation in this area is qualitative in nature and states that microbial 

release from a process must either be minimised or prevented, depending upon the 

containment category under which the process is operating. The words “minimise” 

and “prevent” are obviously subjective and difficult to interpret and to implement. It 

would be better for both the regulatory authorities and the bioprocessing industry if 

quantitative limits were set. However, there is little published data available at the 

moment with regard to the release of micro-organisms from bioprocesses. Previous 

studies which have monitored microbial release have tended to be of a qualitative 

nature Thus, there is a need for a quantitative approach to the measurement of 

releases from a bioprocess, both incidental during normal operation and accidental 

due to mechanical failure or operator error.

1.1.2 Aims of the Project

The primary aim of this project was to relate what is captured in a sampling device to 

the total release from a process. This thesis describes the use of Computational Fluid 

Dynamics (CFD) to determine the effectiveness of sampling techniques and to assess 

the best location for biosafety monitoring devices. This will be achieved by
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generating air flow data and a spatial particle distribution within a processing area, 

then relating this to sampling information. In this way a quantitative assessment of 

total microbial release may be determined, as can an indication of the best position to 

place sampling devices.

1.2 UK Biosafety Legislation

This section will summarise the biosafety legislation as it now stands, it will explain 

how this legislation came into being, highlight the problems associated with it and 

explain why a more quantitative approach is required.

1.2.1 UK Legislation Concerning the Safe Use of Genetically 

Modified Organisms

Firstly, the development of biosafety legislation will be explained followed by a 

description of the current UK legislation. The section is summarised in Table 1.2.

1.2.1.1 Chronological Development of Biosafety Legislation

T h e  R o b e n s  R e p o r t  (1972) a n d  t h e  H e a l t h  a n d  S a f e t y  a t  W o r k  A c t  (1974)

All UK regulations concerning genetically modified organisms are made under the 

power of the Health and Safety at Work Act  ̂ (1974), which makes general 

provisions for the health and safety of individuals which apply to all workplaces. 

The act came into existence as a direct result of recommendations made in the 

Robens' Report  ̂ (1972). At the time the report was published there were no safety 

regulations which encompassed all places of work. The report proposed unified 

arrangements for health and safety at work and made two major recommendations:
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1. That a comprehensive act for health and safety at work should be passed, which 

should be supported by a combination of regulations and non-statutory codes and 

standards. The regulations should be limited to general requirements only, 

detailed specifications on technical content should be undertaken by expert 

technical working parties.

2. That what is now known as the Health and Safety Executive should be set up to 

unify administrative arrangements and to provide a mechanism for linking 

statutory activities in a more comprehensive way.

The Health and Safety at Work Act  ̂(1974) places a general duty on the employer:

“...requiring the provision and maintenance o f a working environment for their 

employees that is, so far as is reasonably practicable, safe without risks to health 

and adequate as regards facilities and arrangements for their welfare at work. ”

The employer is also charged with the duty to avoid exposure of those not in his 

employment, including the general public, to risks. The phrase “so far as is 

reasonably practicable” qualifies these duties, such that the employer must carry out 

a cost-risk analysis, balancing the risk involved in carrying out the work against the 

cost of avoiding that risk.

The Gordon Research Conference on N ucleic A cids (1973)

The first attempt to regulate the use of recombinant DNA technology was made at 

the Gordon Research Conference on Nucleic Acids held in the USA in 1973. The 

conference gave a hearing to several papers which showed that DNA molecules from 

separate sources could be covalently joined and transferred between living 

organisms. It was recognised that this technique could pose unknown hazards and 

would need to be regulated. The US National Academy of Science formed a
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committee on rDNA molecules and a voluntary embargo on certain DNA 

manipulations was introduced. Two major problems were recognised:

1. The biological and ecological hazards of rDNA were not known.

2. Procedures to minimise the spread within humans and other populations had not 

been developed.

The A s ilo m a r  C o n fe r e n c e  o n  R ecom bin ant DNA M o le c u le s  (1975)

The 1975 Asilomar Conference on Recombinant DNA Molecules recommended, 

for the first time, that biological and physical barriers could be used to contain 

recombinant micro-organisms. It recognised that the potential risks of rDNA 

technology should be dealt with by incorporating containment as an essential feature 

in experimental design and matching the level of containment used with the 

estimated risk. It was suggested that experiments be classified into four different 

categories: minimal, low, moderate and high, based on the risk involved. The 

conference recommended the use of vectors and bacterial hosts with restricted 

capacities to multiply outside of the laboratory and physical containment measures 

such as the use of hoods, limited access, negative pressure and adherence to good 

microbiological practices.

The O r g a n isa t io n  f o r  E conom ic C o-O p eration  a n d  D e v e lo p m e n t (OECD) 

G u id elin es  (1986)

In the years following the Asilomer conference, the manufacture of proteins with 

recombinant organisms grew in scale and it became necessary to control the larger- 

scale processes. Much of the guidance on large-scale use is based on the 

recommendations and conclusions of a major international study by the Organisation 

for Economic Co-Operation and Development (OECD) This report gave 

recommendations for the safe use of rDNA technology, based upon existing good
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practices. It described the approach of Good Industrial Large Scale Practice (GILSP) 

which is now in common practice throughout Europe and is the basis of the European 

Directive on the Contained Use of genetically modified organisms (90/219/EEC) 

(1990). The report described large scale (i.e., larger than 10 litres) containment 

levels for genetically modified organisms ranging from GILSP through a series of 

increasingly stringent levels of containment (categories 1 through to 3). The 

differences between these categories are detailed in Table 1.1. The OECD 

recognised that GILSP is not a containment category, but adopted it because many 

organisms used in traditional manufacture are considered safe since they have been 

used for many years and have not presented any problems. Similarly the report 

stated that:

“In the same way, modified organisms prepared by inserting segments o f  DNA that 

are well characterised and free from known harmful sequences into such organisms 

to improve their performance, are also unlikely to pose any risk. ”

The OECD guidelines are operational guidelines which attempt to control the scale 

of release. Incidental release, however small, cannot be prevented so the guidelines 

rely upon biological containment to kill genetically modified organisms once 

released. The sets of large-scale guidelines from the US National Institutes of Health 

and the Advisory Committee for Genetic Manipulation (ACGM) in the UK are 

similar in outline to those from the OECD (1986). All are structured into a set of 

three increasingly stringent levels of containment above a lower level comparable to 

GILSP. A comparison of the three sets of guidelines is given elsewhere
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Table 1.1 OECD Containment Levels

Specification Containment Category
1 2 3

1. Viable organisms should be handled in a system which 
physically separates the process from the environment 
(closed system).

Yes Yes Yes

2. Exhaust gases from the closed system should be treated 
so as to:

Minimise
Release

Prevent
Release

Prevent
Release

3. Sample collection, addition of materials to a closed 
system and transfer of viable organisms have been:

Minimise
Release

Prevent
Release

Prevent
Release

4. Bulk Culture fluids should not be removed from the 
closed system unless the viable organisms have been:

Inactivated
by

validated
means.

Inactivated 
by 

validated 
chemical 

or physical 
means.

Inactivated 
by 

validated 
chemical 

or physical 
means.

5. Seals should be designed so as to: Minimise
Release

Prevent
Release

Prevent
Release

6. Closed systems should be located within a closed area. Optional Optional Yes, and 
purpose 

built.
a. Biohazard signs should be posted. Optional Yes Yes
b. Access should be restricted to nominated personnel only Optional Yes Yes, via an 

airlock.
c. Personnel should wear protective clothing. Yes, work 

clothing
Yes A

complete
change

d. Decontamination and washing facilities should be 
provided for personnel.

Yes Yes Yes

e. Personnel should shower before leaving the controlled 
area.

No Optional Yes

f. Effluent from sinks and showers should be collected and 
inactivated before release.

No Optional Yes

g. The controlled area should be adequately ventilated to 
minimise air contamination.

Optional Optional Yes

h. The controlled area should be maintained at an air 
pressure negative to atmosphere.

No Optional Yes

i. Input air and extract air to the controlled areas should be 
HEPA filtered.

No Optional Yes

j. The controlled area should be designed to contain 
spillage of the entire contents of the closed system.

No Optional Yes

k. The controlled area should be sealable to permit 
fumigation.

No Optional Yes

1. Effluent treatment before final discharge. Inactivated
by

validated
means.

Inactivated 
by 

validated 
chemical 

or physical 
means.

Inactivated 
by 

validated 
chemical 

or physical 
means.
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1.2.1.2 Current UK Biosafety Legislation

T h e  C o n t a in e d  U s e  R e g u l a t io n s  (1992)

In 1992 the Genetically Modified Organism (Contained Use) Regulations  ̂ (1992) 

were introduced, which replaced the earlier Genetic Manipulation Regulations 

(1989). The regulations, which came into force in 1993, were made under the 

powers of the Health and Safety at Work Act (1974) to cover human health and 

environmental risks. “Contained Use” refers to any operation in which organisms 

are genetically modified, or in which genetically modified organisms are cultured, 

stored, used, transported, destroyed or disposed of.

The organism involved must be assigned to one of two hazard ranked groups. This 

will be Group I for low or zero risk micro-organisms (equivalent to GILSP) and 

Group II for micro-organisms which are hazardous to man or the environment. The 

operation being carried out is assigned as Type A for research and teaching work or 

Type B for commercial work. The level of containment must be determined, which 

will be Bj (equivalent to GILSP), B2 , B3 , or B4  (equivalent to OECD large scale 

categories 1, 2 and 3).

A risk assessment must then be performed which considers both human health and 

the environment. This encompasses categorisation of the micro-organism and the 

operation for notification and determination of appropriate control measures.

A summary of UK biosafety legislation is given in Table 1.2.
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Table 1.2 Summary of UK Biosafety Legislation

Title Content
Health and Safety at Work Act 
(1974)"

• Made it the legal responsibility of employers to ensure the 
health, safety and Avelfare at work of all employees.

Organisation for Economic Co- 
Operation and Development 
(OECD), rDNA Safety 
Considerations (1986)

• Recommendations on the use of rDNA technology in 
agriculture, industry and the environment.

• A risk assessment was carried out on all organisms and 
processes were placed into physical containment categories.

Containment of Substances 
Hazardous to Health (COSHH) 
Regulations (HASAWA)
(1988)

• Protects employees from hazards, such as allergens, toxic 
products and carcinogens, connected with biological processes 
and products.

• Makes it the employer's duty to: assess health risks, control 
exposure and measure testing, do exposure testing and health 
surveillance and inform employees of risks in their work.

Advisory Committee on 
Dangerous Pathogens (ACDP) 
(1989)

• Produced a guidance document on the classification of 
pathogens according to the inherent hazard of the organism.

Advisory Committee on Genetic 
Manipulation (ACGM) (1987)

• Guidance notes to support Genetic Manipulation Regulations 
(1989)

• Requires the formation of a Genetic Manipulation Safety 
Committee at a local level, to assist in the assessment of risks 
from proposed work and to decide on a containment level.

• Note 6 relates to the large scale use of genetically modified 
organisms. Note 7 relates to the risk assessment of operations 
involving the use of such.

Environmental Protection Act 
(EPA) (1990)

• Intended to regulate on internationally agreed principles, put 
the safety of people and the environment first and where 
possible allow relaxation of control measures where indicated 
by experience.

Genetically Manipulated 
Organism (Deliberate Release) 
Regulations (1992)

• Introduced in compliance with EC Directive 90/220/EEC 
(under the EPA) to deal with the deliberate release of 
Genetically Manipulated Organisms into the environment.

Genetically Modified Organism 
(Contained Use) Regulations 
(1992) ^
(Replaced Genetic Manipulation 
Regulations (1989) ®̂)

• Introduced in compliance with EC Directive 90/219/EEC 
(under the HASAWA) to deal with the use of genetically 
modified organisms in teaching, research and industry.

• Introduced nomenclature for organism, process and 
containment level.

• Requires risk assessment to consider risks to human health and 
environment.

1.2.2 The Practical Implications of Current Legislation

Current legislation is qualitative in nature and is thus subjective and difficult to 

interpret and implement. Terms such as “minimise release” and “prevent release” are 

inadequately defined and are difficult to translate into mechanical engineering design 

terms. As a result, there are no appropriate engineering standards which can be
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adhered to and this has led to some confusion over the interpretation of the 

legislation. Industry has reacted to biosafety legislation by applying more 

containment measures than are necessary, which inevitably leads to higher plant 

costs and processes which are more difficult to work with. The arguments over 

the appropriate seal design for different containment levels illustrates the problem. 

The following seal specifications have been proposed at different containment
23categories :

• Single static seal for OECD large scale containment category 1 (see section 

1.2 .1.1).

• Double static seal for OECD large scale containment category 2 (section 1.2.1.1).

• Double static seal with barrier fluid/steam trace for OECD large scale containment 

category 3 (section 1.2.1.1).

However, this interpretation of the legislation has been criticised as a simplistic 

model lacking any real validation. It has been pointed out that the assumption that 

two static seals are better than one is not necessarily valid Double static seals can 

be criticised on several counts: they are more difficult to assemble correctly and so 

risk of failure may be increased; it is difficult to detect failure of either seal in 

operation. Both seals will have similar histories, therefore the possibility of 

simultaneous failure might be higher than anticipated. The interpretation of the 

regulations described above may therefore lead to the adoption of inappropriate, and 

possibly costly, engineering features. A report in 1993 by the Select Committee on 

Science and Technology expressed concern that the current biosafety regulations 

would lead to a lack of competitiveness in the UK biotechnology industry.

The difficulties experienced by industry as the use of genetically modified organisms 

has become more widespread across a large number of sectors, has been attributed to 

the following

1. The existence of horizontal legislation across all industry sectors.

26



Chapter 1 Introduction

2. The attempt to apply the same containment parameters to all sectors, when these 

particular parameters are more applicable to only a small area of the total 

biotechnology industry.

3. The administrative burden placed on industry by existing legislation.

A quantitative approach to the release of micro-organisms from large scale processes 

is important, in order that the regulatory authorities can categorise containment levels 

in a more precise manner. Less subjective legislation would be easier to apply 

universally and would reduce the confusion which currently exists across industry.

1.3 Biosafety Aspects of Facility Design and Downstream 

Processing Unit Operations.

Having discussed biosafety legislation and the levels of containment required, this 

section will describe the types of containment which are possible and the design 

considerations which are necessary for a contained facility. It then considers the 

biosafety aspects of some of the typical unit operations encountered in bioprocessing.

1.3.1 Bioprocess Facility Design for Biosafety

Bioprocesses have been defined as open or closed systems An open system is one 

in which material enters the process from or exits to the external environment. The 

material could be solvent vapour emerging from the top of a vessel or an aerosol 

release from a unit operation. A closed system is one in which no material passes to 

or from the external environment.

A closed system, since it does not allow any material to escape from the process- 

including leakage of vapour aerosol or dust from unit operations, is defined as 

attaining primary containment. In practice this is difficult, if not impossible, to
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achieve. Primary containment has been defined as “...the protection o f personnel 

and the immediate vicinity o f the process from exposure to process materials (which 

is) provided by appropriate equipment and the use o f  safe operating procedures. ” 

The equipment required for primary containment is mechanically complex, must be 

operated correctly and kept in good repair Its design should incorporate the 

following

• All equipment containing live organisms should be steam sterilisable and have a 

sterile vent filter.

• Exhaust gases from contained vessels should be filtered.

• Special consideration should be given to seals on flange joints, instrument probes, 

etc. This may involve single or double O rings and possibly steam sterilisation.

• Rotating shafts, such as agitators, may require a double-acting mechanical seal 

with a steam or condensate trace.

• Operation of a steam barrier between contained vessels.

• Sterilisation prior to discharge of waste streams.

An open system can achieve secondary containment, in which the facility becomes 

part of the process. A secondary containment barrier has been described as a 

physical and operational barrier erected around the process to isolate it from the 

external environment Secondary containment has been defined as “...the 

protection o f personnel and the environment external to the facility from exposure to 

process materials (which is) provided by a combination o f facility design and 

operating practices. ” The following concepts would be incorporated into the 

design of a secondary containment facility

• The contained area should be physically separated from other building functions, 

usually by an ante room.

• The contained area should be able to contain accidental spillage’s. This may be 

achieved by having the floor recessed slightly below adjacent areas and sloping 

towards drains.

• Floor drains should be routed to a decontamination tank.
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• OECD large scale containment category 3 (section 1.2.1.1) areas must be 

completely sealable to enable the area to be fumigated.

In order to isolate the secondary containment area from the outside environment air 

will be HEP A filtered (see section 1.3.1.1) and perhaps a pressure differential will 

exist between the contained area and it's surrounding (see section 1.3.1.2).

1.3.1.1 High Efficiency Particulate Air (HEPA) Filters

In a contained facility the exhaust air will be passed through a high efficiency 

particulate air (HEPA) filter. In some cases incoming air is also filtered to reduce the 

microbial burden in the room. A HEP A filter is rated by its efficiency in removing 

particles greater than 0.3 pm and typically have a rating of 99.97 %. Under ideal 

conditions HEP A filters have been shown to be 99.9999 % efficient in collecting 

bacterial spores and 99.999 % efficient in collecting viruses thus providing an 

effective barrier between the process and the external environment.

The efficiency of a HEP A filter is affected by the air velocity across it and also by 

the amount of filtering medium it contains Traditional HEP A filters consist of 

rolls of filter paper folded back and forward, the folds of paper being separated by a 

crinkled sheet of foil which gives the filter strength and allows air to pass through it. 

Modem filters do not use a separator, the filter paper is merely folded allowing a 

more compact filter to be constmcted.

The filter medium is generally made of synthetic fibrous materials and particulate 

matter is separated from the bulk flow by impacting upon these fibres or upon 

previously captured particles. Once attached the particulate matter will not be re

entrained. There are several capture mechanisms. As air flows around a fibre, larger 

particles with sufficient momentum will leave the air stream and impact upon a fibre. 

Smaller particles move around randomly as they are constantly bombarded by other
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particles. This random motion causes them to come into contact with the fibres 

where they are retained. Other particles are captured as they pass a fibre tangentially.

1.3.1.2 Negative Pressure Control

For OECD large scale containment category 3 (section 1.2.1.1) there is a requirement 

that a contained area is maintained at negative pressure relative to its surroundings. 

Negative pressure is obtained by extracting more air from the room than is supplied. 

Often a negative pressure room will be entered via an ante room which provides an 

additional barrier to the organisms and limits the impact of opening and closing 

doors. It has been suggested that the exact pressure differential between the 

contained area and its surroundings should be 15 Pa^ ,̂ however there do not appear 

to be any hard and fast rules.

1.3.1.3 Clean Room Design

Since secondary containment facilities have similar fundamental design principles to 

clean rooms, the next section considers the history of and principles behind clean 

room design. Clean rooms originated from the need to control infection in hospitals. 

In recent years a clean environment has become necessary for the industrial 

manufacture of a diverse range of products. In the micro-electronics industry a clean 

area is required to prevent submicron sized impurities from contaminating the 

product, whilst the pharmaceutical/medical sector needs to prevent micro-organisms 

from infecting a product or patient.

Clean rooms are classified into two types, depending upon their method of 

ventilation. In a conventional, or turbulently-ventilated, room cleanliness is 

dependent upon the quantity and quality of the air supplied and the efficiency with 

which it mixes. In a uni-directional, or laminar, room the air flow is in one direction 

at a uniform speed throughout the area. While a conventionally-ventilated system
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removes contaminants by dilution and mixing, in a uni-directional room the air 

velocity is high enough to remove all particles before they settle onto surfaces. The 

cleanliness of a room is also dependent upon the production of contamination within 

the room, which can be caused by people or machinery.

It has been known since the 1860’s that directional airflow was required for the 

efficient removal of airborne contaminants Details of a clean area were reported 

in 1946, which was pressurised with respect to the surrounding area and had 20 air

changes per hour of filtered air Early work also revealed the effectiveness of the
34,35downward displacement of air 

A summary of the key features of clean rooms is given in Table 1.3.

Table 1.3 Features of Clean Rooms

Feature: Details:

Increased Air Supply Conventional Room: Likely to have 

between 20-60 air changes per hour, to 

dilute contamination in the room. 

Uni-directional Room: Air will have a 

velocity between 0.3-0.45 m/s to remove 

contaminants before they settle.

High Efficiency Filters Incoming air may be filtered to remove 

99.97 % of particles greater than 0.3 pm. 

The filters are installed at the point at 

which air enters the room.

Room Pressure Differential To ensure that air does not pass from a 

dirtier area into a clean room, the room is 

positively pressurised. In contained 

facilities the area is under negative 

pressure with respect to its surroundings 

to prevent the escape of organisms.

31



Chapter 1 Introduction

1.3.2 Bioprocessing Unit Operations

The next section will look at the different operations used in the downstream 

processing of a product. In particular, it will examine the hazard posed by each piece 

of equipment with regard to the release of micro-organisms.

The most hazardous operations in terms of worker and environmental exposure are 

material transfers, extraction and concentration 6̂, The potential exposure hazard 

increases as the product concentration increases at each production stage. In the 

chemical industry the probability of a pipeline breakage, for a pipe in the open air, 

has been calculated to be 10'  ̂ per year In bioprocessing, fluids tend to be more 

aqueous, substances are less aggressive and operating temperatures and pressures 

tend to be lower, thus the probability of failure would be expected to be lower. 

Therefore, breakage is less important than leakage. However, this may not be true in 

a pilot plant facility which by its very nature uses interchangeable equipment and 

connections. In this case inadequate setting up of the machinery may cause 

accidents, particularly as the process becomes more complex.

When a force is exerted on a liquid a small aerosol droplet is formed which may have 

a diameter small enough to access all parts of the respiratory tract. Aerosols can be 

generated from any liquids involved in fermenter inoculation procedures, sampling, 

vessel over pressure situations and drug recovery operations. Centrifuges and 

homogenisers have the potential to produce aerosols of allergenic biological material. 

Accidental spills often occur due to leaks in fermentation equipment, during the 

transfer of process fluids and in recovery operations such as filtration.

A lot of attention has focused on incidental release of micro-organisms in aerosols, 

since in such a state the released organisms may pose a threat to health and the 

environment and can not be easily contained In addition, bioaerosols are

implicated in the transmission of disease in a variety of different situations ranging 

from sewage worker exposure to “sick building syndrome” Any process such as 

stirring or bubbling results in the formation of a thread of liquid which subsequently
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breaks down into small droplets and evaporates to form an aerosol. The amount of

aerosol produced from a liquid leak depends upon the cell concentration in the liquid,

the size of the opening, the velocity of the escaping fluid and the obstacles

encountered by the fluid. If the escaping fluid hits the surface of other apparatus,
-6

secondary aerosols may be produced. Aerosols are reported to contain 10 times the 

total number of bacteria escaping in a fluid and in one inhalation a person will inhale 

500-600 cells

The ability of any particular aerosol to cause infection or escape containment will 

depend upon a range of characteristics of that aerosol. The properties of aerosols that 

are important in terms of biosafety are the concentration of hazardous material and 

the particle size distribution. In terms of micro-organisms, their concentration in the 

process liquid will be greatest towards the end of the fermentation and in the early 

stages of downstream processing, this will be reflected in the composition of any 

aerosols produced.

The particle size distribution in an aerosol is dependant on the manner in which the 

aerosol was produced and the nature of the liquid from which it is derived. The size 

of particles in an aerosol is critical in determining the length of time a particle will 

remain airborne. The larger aerosol droplets (>5 pm) sediment rapidly and the 

organisms they contain may contaminate the bench and the operator's hands. Smaller 

droplets dry rapidly in the air and leave the microbial particles suspended. If 

particles of less than 5 pm diameter are inhaled, they may reach the alveoli and cause 

infection while larger droplets are filtered and removed in the upper respiratory 

tract

As well as the properties of the aerosol itself, external factors, such as the 

surrounding air movement, temperature and humidity, will effect the dispersal of 

micro-organisms. The interaction between these will determine the fate of an 

aerosolised microbial release in the environment. Computational Fluid Dynamics 

can be used to investigate the effect of these factors upon the movement of micro

organisms. This is a key aim of this study.
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1.3.2.1 Centrifugation

Centrifugal sedimentation is the principal method used for the harvesting of 

fermentation broths and the recovery of biological products. The main advantages of 

centrifugation include

1. Short retention times.

2. Small space requirements.

3. Adjustable separation efficiency for a particular product.

4. Closed systems. All running parts are enclosed and functional parts are controlled 

hydraulically or pneumatically.

The safe operation of centrifuges can present problems, particularly because many 

processes involve the fractionation of proteins from fermentation broths so a higher 

level of biologically toxic materials persists through several processing stages. 

Rotating machinery can disperse these substances in aerosol form, which presents a 

hazard. For batch machines a biosafety problem may be created by the handling of 

solids by the process operators.

A high speed disc stack centrifuge was monitored following the deliberate leakage of 

10 mL of supernatant at low pressure  ̂where the release was of a mutant strain of E. 

coll. The centrifuge was placed inside a soft-film cabinet to provide secondary 

containment and also to allow the air around the cabinet to be monitored. Inlet air 

was HEP A (High Efficiency Particulate Air Filter) filtered and had a high enough 

flow rate to provide a positive pressure inside the cabinet. Settle plates, both close to 

the leak and further away, revealed that viable cells were present, therefore the 

release must have been at least partly aerosolised. The acceptability of such an 

accidental release during operation would depend upon the organism involved and its 

effect on personnel and the environment.

Several incidents have been reported where the use of centrifuges has caused health 

problems to the operators. In 1938 the improper use of an enclosed tubular bowl
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centrifuge led to the generation of an aerosol of Brucella abortus which was 

disseminated throughout a building, infecting 45 people, one fatally Severe 

allergic effects in four workers were reported in a French pharmaceutical company, 

caused by the generation of a tuberculin aerosol by a centrifuge In the 1960's five 

workers at University College London were affected by Pseudomonas aeruginosa 

cell debris during a tubular bowl centrifugation operation In this last example, 

modification of the type of centrifuge used has been successful in preventing any 

recurrence of this type of incident.

1.3.2.2 Microfiltration

Microfiltration can be used for cell and cell debris removal, enabling product 

recovery from the permeate or the concentration of a cell suspension prior to 

disruption. It has an advantage over centrifugation in that, other than ancillary 

equipment such as pumps, it does not include any high speed rotating parts, thus 

aerosol formation is less likely. The main advantages of microfiltration include 42;

1. Operation at ambient temperature.

2. High separation efficiency.

3. Performance independent of cell size or density.

4. Good containment.

5. Compact, simple and reliable equipment.

1.3.2.3 Homogenisation

Cell disruption constitutes the first stage in the isolation of intracellular enzymes. It 

entails breaking open the cell structure to release the intracellular product for its 

subsequent recovery. A high disruption yield at this step will allow more flexibility 

in the subsequent processing of the product The complete recovery of 

intracellular products is a delicate balance between efficient breakage of the cell
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walls and preservation of the cell contents (particularly with regard to dénaturation) 

and effective separation from the cell debris. Mechanical methods of cell disruption 

are usually applied on the pilot and industrial scale, although in the laboratory a wide 

range of chemical and enzymatic techniques are applied, these include chemical or 

biochemical lysis, osmotic shock and heat treatment 44-53_

High pressure homogenisation is the most widely used method for large scale cell 

disruption 4̂̂  due to its ability to work satisfactorily with a wide range of cell types 

and to process large volumes of material when required. As a direct consequence of 

the high pressure at which it operates, homogenisation has one of the greatest 

potentials to produce aerosols of biologically toxic materials. Leakage rates are also 

expected to be higher in operations in which pressure cycling occurs.

In this section the design of containment facilities has been considered as has the 

nature of bioprocessing unit operations with regard to biosafety. The next section 

will consider a technique which can be used to examine the air flow in bioprocessing 

containment facilities and the movement of micro-organisms around such an area.

1.4 Computational Fluid Dynamics (CFD)

The next section describes the technique of Computational Fluid Dynamics (CFD) 

and the underlying equations of fluid flow. It discusses ways in which the technique 

has previously been applied to predict air flow in buildings. Details of the software 

used in this study are given in section 2.2. Some of the theoretical considerations 

and how these effect the outcome of a simulation are described in Chapter 3. Other 

aspects of CFD are explained in Appendix B.

CFD is an increasingly used technique made possible by the availability of more 

powerful computers. It has a wide range of applications, including flow visualisation 

of air patterns around various geometries. Within this thesis has been used to study
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aerosol emissions from equipment, which provides information relating to the fate of 

emissions within a facility and also aids the development of sampling techniques.

CFD produces quantitative predictions of fluid flow phenomena under conditions 

defined by:

1. Geometry. The shape and size of containing walls, entry and exit apertures, 

internal blockages, etc.

2. Fluid Properties. Viscosity, density, thermal conductivity, etc..

3. Initial conditions. The initial values of all relevant fluid variables at all points.

4. Boundary conditions. Specifications of the in- and out-flows of mass, momentum 

and energy to and from the domain of the fluid.

Errors may occur if the input data is inaccurate, if too few positions in time and space 

are used or if phenomena such as turbulence or two phase flow are not perfectly 

described.

The computer codes which make the predictions do so by computing imbalances of 

mass, momentum and energy for a large number of volume elements into which the 

flow domain is divided and systematically adjusting the associated flow variables 

until balances are achieved for all volumes. This trial and error procedure is adopted 

due to the non-linear nature of the mathematical problem.

1.4.1 The Fluid Flow Equations Utilised by Computational Fluid 

Dynamics Codes: The Navier-Stokes Equations

The description of fluid motion can be based upon two approaches. The Lagrangian 

approach is to follow the motion of fluid “packets”. It considers that the 

characteristic properties of the fluid are functions of time and of parameters used to 

identify the particles (such as particle co-ordinates at some fixed time). The Eulerian 

approach considers the properties of the fluid at a particular point in space and time.
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The characteristic properties of the medium are considered to be functions of time 

and space within the frame of reference.

The “governing equations”, known as the Navier-Stokes equations, are the 

mathematical statements of three fundamental physical principles upon which all 

fluid dynamics are based. These are:

• The conservation of mass (the continuity equation).

• Newton’s Second Law (the momentum equations).

• The conservation of energy (the energy equation).

Although the equations governing fluid motion are named in honour of P.M.H. 

Navier (who presented a derivation of them in 1823) and Sir George Stokes (who 

gave a more rational derivation of them in 1846), they were derived almost 

completely by Euler in 1755 In the paper in which Euler presented his 

'hydrodynamical equations' he wrote:

“I  hope to emerge successful at the end, so that i f  difficulties remain (in predicting 

fluid motion) they will not he in the field o f mechanics, hut entirely in the field  o f  

analysis. ”

However, these difficulties in the field of analysis are quite formidable and until the 

advent of the computer age it was only possible for the equations to be solved in very 

special cases.

The Navier-Stokes equations provide six equations for six unknowns- pressure (p), 

density (p), temperature (T) and the three velocity components (u, v and w) at each 

point in space occupied by the fluid at each instant in time. At the heart of most 

modem derivations is the concept of control volume and conservation laws. The 

final form of the Navier-Stokes equations are shown in Appendix B. The derivation 

of the equations can be found in most standard fluid dynamics texts.
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The Navier-Stokes equations are a set of simultaneous, non-linear, coupled, parabolic 

partial differential equations. For flows of practical interest there is no prospect of 

obtaining analytical solutions. The classical approach has been to make simplifying 

assumptions which lead to a linearisation of the equations. This approach may be 

characterised as being based on exact equations that describe the fluid motion 

approximately. The modem approach, using Computational Fluid Dynamics is to 

seek approximate solutions of the equations that describe the flow exactly.

1.4.2 Application of Computational Fluid Dynamics to Air Flow 

Predictions in Buildings

In order to carry out building air flow predictions the boundary conditions for the 

problem must be defined for each of the equations to be solved. It is then necessary 

to identify the following:

1. The locations of any supply and extract terminals.

2. The flow rates of the supply and extract air.

3. The velocity and temperature of the supply air.

4. The heat transfer processes occurring at surfaces and within the space.

Additionally, there is a requirement to model physical blockages which influence air 

movement, such as partitions, architectural features and equipment. The accuracy 

with which these blockages are modelled is important.

CFD has previously been applied to building environmental design and has been

successful in predicting air flows, provided the technique is applied with care and

sound engineering judgement is exercised 6̂, The technique can be applied to air 

flows to predict detailed velocity and temperature distributions, and these have been 

used in relation to thermal comfort and energy use. It is possible to predict the 

spatially and temporally varying distribution of indoor pollution within a facility and 

thus ventilation efficiency can also be evaluated.
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The first numerical modelling of turbulent, recirculating flows took place in the early 

1970’s and was restricted to two-dimensional analyses, where the flow was fully 

represented on a plane through the room 7̂, Comparisons were made with 

experimental data and acceptable agreement was obtained for flows with small 

buoyancy effects. Work in the late 1970’s used an “inlet box” method whereby 

the computational domain was limited to exclude a complex initial jet development 

zone. The characteristics of the jet were imposed as a boundary to the flow field 

downstream of the jet source. Since the fine detail of the jet development region was 

not modelled the problem was computationally cheaper. It was found that the 

velocity fields predicted using the k-e turbulence model (see section 3.1.5) 

corresponded well with laser-doppler anemometry data.

In the 1980’s the application of CFD to air flow prediction continued. The air 

movement in a factory space was modelled using a two-dimensional code 

specifically formulated to study contaminant distributions The predictions were 

limited to isothermal flows and comparisons were made with experimental results. 

Recommendations were given on system design practice in order to minimise 

contaminant concentrations in the occupied zone. Various environmental problems 

were studied in two dimensions, ranging from clean room flows to large industrial 

enclosures Steady-state and transient simulations were undertaken, predicting 

velocity and contaminant fields. They concluded that such tools were able to predict 

complex turbulent flows to an acceptable degree of accuracy, provided that proper 

engineering judgement was exercised. Detailed calculations of air velocity and 

temperature to describe flow from a circular diffuser were performed using a two- 

dimensional code Although in reality the flow was only approximately two- 

dimensional a good correlation was achieved with measured data. These 

calculations, in contrast to the “inlet box” method, modelled the flow within the 

diffuser and the initial jet development region.

CFD codes have been used to investigate air movement and temperature gradients 

within different buildings, these studies also looked at smoke movement during the
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early stages of a fire The air movement and temperature distribution in an office 

space subjected to winter design conditions has been predicted and good 

agreement with experimental data was obtained for the variation with height of 

averaged air vélocités and temperatures Air flows and temperature gradients in large 

factory spaces have been studied Here, the work was combined with an

extensive programme of measurements. Generally the correspondence between 

theoretical and experimental results was good. The combined problem of energy 

analysis, indoor air flow and air quality has been investigated by combining CFD and 

thermal modelling codes A number of case studies have been reported where 

CFD has been successfully integrated into the environmental design of atria, airport 

terminals, clean rooms and offices CFD has been used to investigate the effect 

of different room configurations upon the ventilation efficiency The thermal 

comfort in a shopping centre has been assessed by modelling the air flow and thermal 

conditions. The predictions were used to aid the design of an air conditioning
70system .

More recently CFD has been used to improve the effectiveness of a ventilation 

strategy at removing particulates The air velocities calculated by CFD have 

been favourably compared with hot wire anemometry data and the predicted 

movement of the particulate phase validated with flow visualisation techniques and 

smoke or gas tracing.

Thus, CFD has been proven as a suitable technique for modelling the air flow 

movement in rooms. The aim of this work has been to extend CFD studies to 

investigate the air flow patterns in bioprocessing areas and the behaviour of 

bioaerosols, in order to assess the viability of CFD as a tool in quantitative biosafety 

studies.
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2.0 Methods and Materials

2.1 Computational Fluid Dynamics (CFD)

This section describes briefly Computational Fluid Dynamics (CFD) and the package 

used in this thesis. More detailed theoretical considerations are described in Chapter 3.

2.1.1 Specification of Software

CFDS-FL0W3D 3.3 (AEA. Technology, Computational Fluid Dynamics Service 

(CFDS)) was used for the CFD analysis. This software is now marketed as CFX4, and 

comprises the following:

Pre-processor (for grid generation) CFDS SOPHIA (now CFX MESHBUILD) 

Processor CFDS FL0W3D (now CFX F3D)

Post-processors (for displaying results) CFDS JASPER (now CFX VIEW)

CFDS FLAVIA (now CFX VISUALISE)

CFD simulations were run on an IBM RS6000 workstation, under an AIX operating 

system, with 128 MBytes of RAM.

2.1.2 How CFD Codes Work

The first stage in a CFD simulation is to divide the flow domain into a grid of control 

volumes, the solution to the flow problem being defined at a point (or node) within each 

control volume. The accuracy of the CFD model is governed by the number of control 

volumes within the grid (see section 3.1.1). However, the more control volumes used 

the greater the computational cost so a suitable compromise must be identified.
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CFD codes generally use a finite volume method to solve the fundamental equations of 

fluid flow- the Navier-Stokes equations. The numerical algorithm consists of three 

steps. In the first, the governing equations are integrated over all the control volumes in 

the flow domain. These integral equations are then converted to a system of algebraic 

equations by substituting the terms in the integrated equation with finite-difference 

approximations. Finally, the flow solution is obtained by solving these algebraic 

equations iteratively.

2.1.3 Outline of CFD Analysis Using CFDS-FLOW3D

The three main stages in CFD analysis are problem definition, simulation and analysis 

of results performed in a pre-processor, processor and post-processor respectively (see 

section 2.2.1). The geometry of the problem domain is defined in the pre-processor, i.e., 

the size and shape of the processing area, the positions of any air inlets and outlets and 

the positions of any items of equipment. The simulation of fluid flow is subsequently 

performed by the processor. To do this information relating to the problem is required 

(see section 2.1.4). The properties of the fluids are defined as are the velocities of the 

incoming and outgoing air. The simulation results are observed in the post-processor 

where the calculated variables within the geometry can be displayed as vectors or 

contours. Alternatively the output file can be read in numerical form for all the control 

volumes in the domain.

2.1.4 Basic Analysis Assumptions

Air flow at 293 K was assumed, which was taken to be: 3-dimensional, Newtonian, 

turbulent, isothermal, incompressible and at steady-state.
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2.2 Details o f  the Areas Studied

The process areas modelled by CFD are briefly described in this section.

2.2.1 Bassaire Cabinet

This cabinet (manufactured by Bassaire) was made of clear perspex and had a volume of 

0.36 m  ̂ , as illustrated in Figure 2.1. The air inlet and outlet were fan-assisted high 

efficiency particulate air (HEPA) filters, situated on opposite faces of the cabinet. Air 

entered and exited at a flow rate of 1.25 x 10'̂  m^/s (750 L/min) and a velocity of 0.032 

m/s. Ports on the side of the cabinet allowed the connection of a cyclone and an 

atomiser via drilled bung adapters. Whilst sampling from this cabinet the air fans were 

turned off, so that the majority of air flowing through the cabinet was drawn into the 

cyclone.

Air In

I  T ~
10. 12  m ;

,0.34
Atomiser ;

Port
0.74 m Cyclone

Port HEPA
Filter

Air Out.

0.62 m

0.94 m

Figure 2.1 G eom etry o f  the Bassaire cabinet (all d im ensions in m)
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2.2.2 UCL Containment Cabinet

This cabinet (manufactured in house) had a volume of 0.375 m and is illustrated in 

Figure 2.2. It was constructed out of perspex to enable it to be cleaned more easily and 

had a fan-assisted, HEPA filtered inlet which drew air in at a flow rate of 0.024 m^/s 

(1416 L/min) and a velocity of 0.11 m/s. The outlet HEPA filter was not fan-assisted, 

the air flow rate was the same as that entering the cabinet, at a velocity of 3.2 m/s. A 

port underneath the outlet filter allowed the connection of a cyclone via a drilled bung 

adapter. Whilst sampling from this cabinet the inlet air fan was turned off, so that the 

majority of air flowing through the cabinet was sampled by the cyclone.

f

0.60

O utlet 
0.13 HEPA 
7171 filter0.37

Inlet
HEPA
filter

0.38

0.60
/  Cyclone 
Sample port

Figure 2.2 G eom etry o f  the UCL containm ent cab inet (all d im ensions in m)
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2.2.3 Glaxo-Wellcome Bead Mill Cabinet

The Dyno-Mill KDL bead mill (Glen Creston Ltd) was situated in the Bioproeessing 

Pilot Plant at Glaxo-Wellcome (Stevenage). It operated at a speed of 4200 rpm and a 

flow rate of 20 L/h'*, using a continuous flow chamber (600 mL capacity). The separator 

gap was 0.05 mm, glass beads between 0.2 - 0.5 mm diameter were used to grind the 

biomass charge.

The bead mill was sited within a containment cabinet, 1.1 m  ̂ in volume, as illustrated in 

Figure 2.3 The cabinet operated at a negative pressure of -75 Pas relative to the 

surrounding environment. The air inlet and outlet were fan-assisted HEPA (MDH Ltd.) 

filters. Whilst sampling from this cabinet when the bead mill was operating, the inlet 

and outlet fans were turned off to enable the cyclone (see section 2.4.2) to extract air 

from the cabinet.

Air In Bead Mill

Figure 2.3 The bead mill and its cabinet
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2.2.4 Glaxo-Wellcome Sharpies Room

The Sharpies AS 16 V:B tubular bowl centrifuge (Alfa-Laval) was operated at 17,000 

rpm and located in the Bioproeessing Pilot Plant at Glaxo-Wellcome (Stevenage). After 

centrifugation the bowl was removed and transferred to a safety cabinet in which the 

acetate sheet with its cover of cell paste was removed (known as the "dig-out"). The cell 

paste was scraped off the sheet in the cabinet and was subsequently placed into a bag 

which was then sealed before removal.

The centrifuge and safety cabinet were sited in their own room, held at negative pressure 

with respect to the surrounding area. Air entered the room at 0.6 m^/s through a fan- 

assisted HEPA filter and exited through a HEPA filter.

Air Inlet

^ ^ en tr ifn ge

Safety
Cabinet

ii

Air
Outlet
Filter

Holding
Vessel

Position of Cyclone

Figure 2.4 The Sharpies room
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2.2.5 U C L acbe Fermentation Hall

The fermentation hall within the Advanced Centre for Biochemical Engineering at UCL 

housed several fermenters, with total volumes between 2 and 450 litres. The room had a 

volume of approximately 300 m̂  and was at negative pressure with respect to the 

surrounding area. Air entered the room at 1.1 m^/s through a fan-assisted HEPA filter, 

and exited via three HEPA filters.

Figure 2.5 UCLACBE ferm entation hall
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2.2.6 U C L acbe  Downstream Processing Suite

The downstream processing suite within the Advanced Centre for Biochemical 

Engineering had an approximate volume of 300 m̂  and was at negative pressure with 

respect to the surrounding area. Air entered the room through two HEPA filters and 

exited through four HEPA filters, all of which were located in the ceiling.

Figure 2.6 U CL a c be  dow nstream  processing suite
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2.3 Validation of the CFD Models

2.3.1 Anemometer Measurements

Air velocity measurements were obtained using an anemometer (Testo, Catalogue No. 

0560.4910) in conjunction with a hot bulb multi-directional probe (Testo, Catalogue No. 

0635.1549) or a hot wire uni-directional probe (Testo, Catalogue No. 0635.1041). The 

output from this instrument was either recorded with a logger-printer (Testo, Catalogue 

No. 0554.0070) or downloaded to a computer via a PC adapter (Testo, Catalogue No. 

0554.0109)

Both the hot wire and hot bulb probes operated upon the relationship between the rate of 

cooling of a heated body and the speed of flow of the fluid in which the body is 

immersed. They are very sensitive at low velocities; between 0-2 m/s they are accurate 

to ±0.05 m/s, between 2-10 m/s they are accurate to ±0.5m/s. The hot wire probe has a 

very fast response time but is fragile and its characteristics can be seriously affected by 

dust deposition or other surface contamination. The hot bulb probe is more rugged but 

does not respond as quickly and does not give any indication of the direction of flow.

The air velocity was recorded every 10 seconds over a period of 20-30 minutes. Studies 

revealed that any disturbance caused by the movement of personnel was minimised by 

monitoring the velocity at ten second intervals, since the probe had a response time of a 

few seconds. When anemometry measurements were carried out over a period of 20 

minutes or more, any disturbances which were recorded became insignificant.
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2.3.2 Collection Efficiency Data

2.3.2.1 Aerosol Generation

G l a ss  A t o m is e r

Aerosols can be generated from liquids using a glass atomiser (Warren Spring 

Laboratory, now at AEA Technology, Biotechnology Services), which consists of two 

concentric tubes: one for compressed air the other for the liquid to be aerosolised 

(Figure 2.7). The aerosol is formed by the Bernoulli effect, as the compressed air leaves 

the atomiser its velocity increases and pressure decreases, this draws the liquid from the 

tube. The resulting turbulence creates aerosol particles. The cell suspension was 

supplied to the atomiser by a peristaltic pump (Watson-Marlow Ltd., Serial Number 

2090710) at 3.3 X  10’̂  m^/s (2 mL/min).

C o m p r e s s e d  Air  
(10 psi)

26 mm
3 mm

Aeroso l

70 mm

Cel l
S u sp e n s io n

Figure 2.7 Glass atomiser

COLLISON NEBULISER

The Collison nebuliser (supplied by Biral) was used to aerosolise a zinc solution for 

subsequent collection and analysis by atomic absorption spectroscopy (see section 

2.6.2.3) The nebuliser used (see Figure 2.8) was specially designed for use with micro
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organisms, this type of nebuliser has been described elsewhere Using compressed air 

at a pressure of 1.38 bar, it forces a liquid through 6 fine holes, causing it to hit the glass 

wall of the nebuliser. The resultant aerosol is forced out of an opening at the top of the 

nebuliser.

Compressed Air In

Aerosol Out

Cell Suspension

Figure 2.8 The Collison nebuliser

2.3.2.2 Cyclone Operation

Air samples were collected using a glass cyclone. This was an Aerojet-General cyclone 

(Warren Spring Laboratory, now at AEA Technology, Biotechnology Services) shovm 

in schematic form in Figure 2.9. Air was drawn into the cyclone by a pump (Air 

Control Installations Ltd.) at 6 x 10’̂  m^/s (360 L/min), the scrubbing liquid was 

recycled at a flow rate of 3.3 x 10’̂  m^/s (20 mL/min) using a peristaltic pump (Watson- 

Marlow Serial No. 163886). The recycled liquid forms a jet across the air inlet of the 

cyclone, airborne particles in the incoming air stick to the walls of the cyclone and are 

washed off by the scrubbing liquid and collected in the sample bottle. Thus the 

concentration of particles collected increases with sampling time. This cyclone has 

been described elsewhere

52



Chapter 2 Methods and Materials

Air Out
(360 l/min)

Pressure Equalising Tube

Air Sample Drawn into Cyclone

Scrubbing Liquid \  
containing Organism;

Scrubbing Liquid 
Injected into Airstream

Sample
Bottle

Cross Section XX" Cross Section YY

4 cm 7 cm 2.5 cm I O
Quick Fit Joint

5.5 cm 5.5 cm* !̂î cm

Figure 2.9 Schematic of cyclone operation

Previous work has investigated the efficiency of the cyclone in collecting airborne 

particles and found that it was highly dependent upon the operating parameters used. 

The cyclone design was adapted from that of Errington and Powell (1969) who 

showed that when water is injected into the air stream it forms an uneven film which 

completely covers the inner wall of the cyclone. The water moves helically towards the 

lower apex where rotation is very rapid and turbulent. Continuous scrubbing is 

achieved by inducing slight suction at the tail pipe so that liquid is drawn into the 

sample receiver at the bottom. This is achieved by placing a piece of flexible tubing 

between the air outlet at the top of the cyclone and the sample bottle.
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2.3.2.3 Release and Collection of Zinc Ions

An aerosolised zinc solution of known concentration and volume was released into a 

processing area. Air in the vicinity was sampled subsequently using a cyclone. Thus a 

collection efficiency was obtained for comparison with a theoretical value obtained by 

CFD modelling.

Zinc sulphate (Sigma, Catalogue No. Z4750) suspended in sterile RO (Reverse 

Osmosis) water at a concentration of 10 g/1 was released into the processing area. The 

sample collected was analysed using an AAS 3100 (Perkin Elmer) atomic absorption 

spectrophotometer to determine how many zinc ions were present. The AAS was used 

with a nickel lamp at a wavelength of 213.9 nm and a slit width of 0.7 nm. Zinc atomic 

absorption standard solution (Fluka, Catalogue No. 96457) was used to construct a 

calibration curve. The solution is supplied ready to use and has a concentration of zinc 

of 1.000 g/1 (±0.3% @ 20°C).

2.3.2.4 Polymerase Chain Reaction (PCR)

Recent work has shown that the Polymerase Chain Reaction (PCR) technique can be 

used to count the number of DNA inserts from a particular organism within a sample. If 

a known concentration and volume of a cellular suspension is released into a contained 

area and collected by a cyclone, the PCR method can be used to verify the collection 

efficiency obtained by CFD modelling. The method was also used to estimate the 

number of organisms released from a unit operation.

The PCR technique amplifies DNA in vitro, and is illustrated in Figure 2.10. PCR 

involves amplification of the two oligonucleotide primers which flank the DNA 

segment to be studied. These primers hybridise to opposite strands of the target 

sequence and are orientated such that DNA synthesis proceeds across the region 

between the primers, effectively doubling the amount of that DNA segment. Since the 

extension products are also complementary and are capable of binding primers, the

54



Chapter 2 Methods and Materials

cycle can be repeated after a dénaturation step. Repeated cycles of dénaturation, 

priming and extension result in a rapid exponential accumulation of the specific target 

fragment.

Dénaturation by 
heat

Double
Stranded
DNA

and

DNA
synthesis

and

Single
Stranded
DNA

Synthesis o f  
new DNA

C ycle
O ne

D énaturation by heat followed 
by DNA synthesis

and

and

J

)  C ycle 
Tw o

J

Repeated cycles lead to exponential doubling 
o f  the target sequence

Figure 2.10 The polym erase chain reaction (PC R )

To quantify the number of target fragments within a sample an internal standard and a 

standard sample of plasmid DNA, of known coneentration, are included within the 

reaction. Since the internal standard is a fragment of DNA it is amplified with an 

efficiency which is proportional to the amplification of the target fragment.

The PCR products are separated by agarose gel electrophoresis, run alongside molecular 

weight markers. A thermal print of the gel is produced, quantifieation is based upon the 

comparison of the peak area ratios of the standard and the samples.
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Table 2.1 Micro-organisms Used in this Study

Strain: Supplied By:

E. co/( JM107pQR701 Dr J. Ward, Dept, of Biochemistry & 

Molecular Biology, UCL, London, UK.

E. coli JM107pQR126 ” Dr J. Ward, Dept, of Biochemistry & 

Molecular Biology, UCL, London, UK.

E. co/i RV308pHKY531 Dr W. Cook, Dista Products, Speke, 

Liverpool, UK.

A d v a n t a g e s  a n d  D i s a d v a n t a g e s  o f  t h e  PCR M e t h o d o l o g y

The PCR technique has a number of advantages over traditional plating methods. It is 

selective allowing the target organism to be distinguished from other strains present in 

the environment, even closely related ones. The technique is also highly sensitive, in 

theory a single organism can be detected. However, the sensitivity of the technique is 

also one of its drawbacks since samples can be contaminated by product carry-over from 

previous runs, this problem is exaggerated by the subsequent amplification of the
81 82 83contaminant DNA. Recommendations are reported elsewhere ’ ’ on the best ways to 

avoid carry-over of PCR products.

The peak area band ratios are determined by densitometry which requires an element of 

judgement on the part of the analyst. This brings a certain amount of subjectiveness to 

the methodology, although the PCR technique is significantly less subjective than 

plating methods.

Due to these shortcomings, the PCR methodology has relatively high error. For E. coll 

JM107 pQR701 cells this has been calculated as ±30% significantly higher if E. coli 

JM107 pQR126 cells are counted.
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3.0 Computational Fluid Dynamics Theory and its 

Practice

A historical review of CFD and a brief summary were given in section 1.4, with an 

overview of CFD and details of the software used in section 2.1. The current section 

begins by describing in more detail the theory behind CFD, then gives examples of how 

the theory can affect the accuracy of simulation results. Some other aspects of CFD 

theory are explained in Appendix B.

3.1 Some Aspects of CFD Theory

3.1.1 Grid Effects

3.1.1.1 Grid-Independence

It was important that the CFD solution was grid-independent, i.e., the answer obtained 

as the number of control volumes increased only changed within acceptable limits, as 

assessed by the CFD analyst. To determine the appropriate number of control volumes, 

it was necessary to begin with a coarse grid and make it progressively finer until the 

solution did not change significantly, i.e. only within a few percent.

The more control volumes used in a grid the more accurate the solution obtained, 

however, the computational cost associated with a large number of control volumes is 

high. Therefore a compromise between solution accuracy and computational cost must 

be reached. An indication of the disk space and CPU times required for simulations 

using different numbers of control volumes is shown in Figure 3.1.

Further details concerning the number of control volumes required to obtain grid- 

independence in bioprocessing areas are given in section 3.2.1.1.
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Figure 3.1 Disk space and CPU time required with respect to the number of control 
volumes used. The more control volumes used, the greater the computational cost.

3.1.1.2 Grid Refinement

Grid refinement relies on a technique of creating a non-uniform grid, i.e. it is fine in 

regions where large variations in the flow occur from point to point and coarser in 

regions where very little changes. These techniques are not currently incorporated into 

CFD codes and it is up to the user to define the optimal grid. Such an approach was 

exploited in this research to maximise the available computational resources and is 

described in section 3.2.1.2.

3.1.2 Convergence Criteria

To obtain an accurate CFD solution, it was crucial that convergence was achieved. 

During the simulation, the residual was plotted to determine whether the calculation 

was proceeding successfully. At the end of each iteration the calculated variables can be 

substituted into the Navier-Stokes equations. If the exact solution had been obtained the
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individual components should sum to zero. However, since the solution obtained is 

only an approximation, the component terms will not sum to zero. The summed value 

is the residual error which should become smaller as the simulation progresses. In 

CFDS FL0W3D the mass source residual was plotted, which was the sum of the 

absolute values of the net mass fluxes into and out of every control volume in the 

domain. It had dimensions of mass / time. Section 3.2.2 describes and explains the 

types of residual plot obtained by CFD simulations in different circumstances.

3.1.3 Pressure-Velocity Coupling Algorithms

Three particular problems presented by the Navier-Stokes equations are:

• The non-linearity of the convective terms of the momentum equations.

• The intricate coupling of the momentum equations, since each velocity component 

appears in each momentum equation and in the continuity equation.

• There is no transport equation for pressure, yet it appears in all the momentum 

equations.

If a pressure gradient were known, the process of obtaining algebraic equations (see 

section 3.1.5) for each of the velocity components would be the same as for any other 

scalar. However, the pressure field is usually calculated as part of the flow solution, so 

the pressure gradient is generally not known before hand.

For compressible flows, it is possible to use the continuity equation as a transport 

equation for density and the energy equation as a transport equation for temperature. 

The equation of state (p = p(p, T)) can then be used to determine pressure.

For incompressible (constant density) flows, the density is not, by definition, linked to 

pressure. However, if pressure and velocity are coupled, a constraint is placed upon the
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flow solution- if the correct pressure field is applied in the momentum equations the 

resulting velocity field should satisfy continuity.

The problems resulting from the non-linearities in the equations and the pressure- 

velocity linkage can be overcome by using an iterative solution strategy. The oldest and 

most well known of the velocity-pressure coupling algorithms is the SIMPLE (Semi- 

Implicit Method for Pressure Linked Equations), which was developed in 1972.

3.1.3.1 The SIMPLE Algorithm

The SIMPLE algorithm is essentially a guess-and-correct method for the calculation 

of pressure. It is shown schematically in Figure 3.2.

A guessed pressure field, p , is used to solve the discretised momentum equations, 

yielding velocity components u% v and w . A pressure correction equation, deduced 

from the continuity equation, is solved to obtain a pressure correction field, p ’:

p = p + p’ 3.1

Where p is the correct pressure field.

Similarly the velocity corrections, u’, v’ and w’, are defined which relate the correct 

velocities, u, v and w, to the guessed velocities u , v* and w*:

u = u* + u’ 3.2

v = v + v ’ 3.3

w = w + w’ 3.4

These corrections are then used to update the pressure and velocity fields. As the 

algorithm progresses the aim is to improve the guessed fields, the process iterates until 

the velocity and pressure fields converge.

60



Chapter 3 CFD Theory and its Practice

3.1.3.2 The SIMPLEC Algorithm

The SIMPLEC (SIMPLE-Consistent) algorithm follows the same steps as the 

SIMPLE algorithm (see Figure 3.2), except the momentum equations are manipulated in 

a slightly different manner. The SIMPLEC velocity correction equations omit terms 

that are less significant than those omitted by SIMPLE.

86The computational cost of SIMPLE and SIMPLEC is the same . However, for many 

problems SIMPLEC has proven less sensitive to the selection of under-relaxation

factors (see section 3.1.4).

START

Initial guess p*u* v*

p , u , V,

No

Yes

STOP

Convergence?

Set:

= v,

STEP 1 : Solve discretised 
momentum equations

STEP 2: Solve pressure 
correction equation

STEP 3: Correct pressure 
and velocities

STEP 4: Solve all other 
transport euations

Figure 3.2 Sequence of operations for the SIMPLE and SIMPLEC algorithms
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3.1.3.3 Other Velocity-Pressure Coupling Algorithms

There are other velocity-pressure coupling algorithms, but since CFDS FL0W3D can 

only use SIMPLE or SIMPLEC, these are the only two described in any detail. Other 

commercial codes utilise other algorithms.

The SIMPLER (SIMPLE-Revised) algorithm is an improved version of SIMPLE in 

which a discretised equation for pressure is derived from the discretised continuity 

equation. This is used instead of a pressure correction equation.

The PISO (Pressure Implicit with Splitting of Operators) is a pressure-velocity 

calculation method for the iterative solution of steady- state flows. It is best described 

as an extension of SIMPLE, but enhanced with an additional corrector step.

A comprehensive comparison of SIMPLEC, SIMPLER and PISO for a variety of flow 

conditions has been carried out elsewhere It is difficult to ascertain which of the 

SIMPLE variants is better for general flow calculations

3.1.4 Under-Relaxation Factors

Under-relaxation had several purposes in the solution process. Firstly, it reduced the 

amount by which a variable would have changed from iteration to iteration if the 

discrete transport equations were solved as they stand. This reduces difficulties caused 

by instabilities, which result from the non-linearity of the Navier-Stokes equations. 

Another consequence of modifying the equations was that the linear solver was 

presented with an easier problem to solve.

Unless a level of under-relaxation was used during the iterative process, the pressure 

correction equation (see section 3.1.3) was susceptible to divergence. New pressures 

were obtained using the equation:

62



Chapter 3 CFD Theory and its Practice

newp -  = p  +ttpp’ 3.5

Where p"^  ̂was the new, improved pressure which was substituted into the momentum 

equations, p was the guessed pressure, ttp was the pressure under-relaxation factor and 

p’ the pressure correction.

If oCp was selected to be unity, the guessed pressure, p% was corrected by p’. However if 

the guessed pressure was too far from the final solution, the pressure correction term 

was often too large for stable computations. If ttp was chosen to be zero then no 

correction was applied. A value of otp (between 0 and 1) was chosen which was large 

enough to move the iterative improvement process forward, yet small enough to ensure 

stable computation.

Similarly the velocities were also under-relaxed, and this also affected the pressure 

correction equation. The improved velocity components u"^ ,̂ v"^  ̂ and w"^^ were 

obtained from the equations:

ufiew ^ + (1-aJu^"'^^ 3.6

1/"™ = cqiy t  (l-ctjv("-') 3.7

w" '̂̂  = o^w + (l-Ow)w^"‘^̂ 3.8

Where a ,̂, a^, oĉ  were the u-, v- and w- velocity under-relaxation factors (set between 0 

and 1), u, V and w were the corrected velocity components without under-relaxation and 

u("’ )̂, and represent the values obtained in the previous iteration.

The effect of the choice of under-relaxation factor upon the residual plot and simulation 

result is described in section 3.2.3.
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3.1.5 Discretisation: Finite Difference Treatments

This section describes the techniques which were used to substitute finite difference 

approximations into the integral fluid flow equations, thus converting them into the 

algebraic equations solved by the CFD code. These techniques are also called 

discretisation procedures.

The finite difference treatment of the convection terms determines the accuracy of the 

solutions obtained by CFD. The more accurate schemes tend to be less robust and/or 

slower.

Each transport equation was integrated over each control volume, to obtain a discrete 

equation which connected the variable at the centre of the control volume with its 

neighbours. Apart from the continuity equation, all the equations had the same general 

form. For a general property, 0, the integral, steady-state convection-diffusion equation 

was:

J n.(p0u)dA = I  n.(rV0)dA + J SjdV 3.9
cv

Where F is the relevant effective diffusivity for the variable 0.

This equation represents the flux balance over a control volume. The left hand side 

gives the net convective flux. The first term on the right hand side represents the net 

diffusive flux and the second term represents the net creation of the property, 0 , within 

the control volume (these are known as the source terms).

All the terms were discretised in space, using a finite difference treatment. A central 

differencing scheme (see table 3.1) worked well for the diffusion and source terms (on 

the right hand side of equation 3.9). However, the treatment of the convective terms 

was more crucial to the accuracy of CFD results.
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A central differencing scheme could be used for the diffusive terms because the 

diffusion process affects the distribution of a transported quantity in all directions. In 

contrast, convective processes only exert their influence in the flow direction. When 

convective forces were more significant than diffusive ones, the central differencing 

scheme required a large number of control volumes to obtain physically realistic results. 

In these cases, it was preferable to use an alternative differencing scheme. The general 

properties of discretisation schemes are discussed in section 3.1.5.1 and individual 

schemes are described in Table 3.1.

3.1.5.1 Essential Properties of Discretisation Schemes

M a t h e m a t ic a l  C o n s id e r a t io n s

Three mathematical concepts are crucial to determining the success or failure of an 

algorithm: convergence, consistency and stability.

Convergence.

Is the property of a numerical method to produce a solution which approaches the exact 

solution as the grid spacing, control volume size or element size is reduced to zero.

Consistency.

The numerical scheme must produce systems of algebraic equations which can be 

demonstrated to be equivalent to the governing equations as grid spacing tends to zero.

Stability.

Is associated with damping of errors as the numerical method proceeds. An unstable 

method will oscillate wildly or diverge.
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R o b u s t  S o l u t io n  S c h e m e s

Three essential properties of robust methods which are commonly accepted as 

alternatives to the more mathematical rigorous concepts are: conservativeness, 

boundedness and transportiveness.

“Conservativeness. ”

Ensures the global conservation of 0 for the entire domain. This is additional to the 

local conservation of the fluid property within each control volume which is guaranteed 

by the finite volume approach. Conservativeness is achieved by representing the flux 

through control volume faces in a consistent manner.

“Boundedness. ”

This is akin to stability and is the requirement that successive updates of a variable, 0, 

lead to a converged solution. In a linear problem where the property, 0 is being neither 

created nor destroyed (i.e. without sources), the solution is required to be bounded by 

the minimum and maximum boundary values of the flow variable. Although flow 

problems are non-linear, it is important to study the boundedness of a finite scheme for 

closely related (but linear) problems. There are several essential requirements for 

boundedness:

• The source terms (SJ should always be negative.

• All coefficients of discretised equations should have the same sign. Physically this 

implies that an increase in 0  at one node should result in an increase in 0  at the 

neighbouring nodes.

“Transportiveness. ”

All flow processes contain effects due to convection and diffusion. Diffusive 

phenomena affect 0  in all directions in similar measure, convective phenomena 

influence it exclusively in the flow direction (i.e. only whilst at upstream locations). 

Schemes with transportiveness account for the directionality of each influence, by the
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use o f terms which account for the relative strength o f diffusion to convection. These 

relative strengths are defined by the cell Peclet number (Pe), which is a dimensionless 

number defined as the ratio o f the convective mass flux per unit area over the diffusion 

conductance.

3.1.5.2 Types of Finite Differencing Scheme

The next section begins by describing the convention for naming nodes and control 

volume boundaries. To evaluate fluxes at control volume faces, an approximate 

distribution o f properties between nodes was used, the different types o f approximations 

are explained in Table 3.1.

If a node is considered to be at the centre o f each control volume, then the boundaries 

(or faces) o f each control volume are positioned midway between adjacent nodes. The 

system o f notation used in CFD codes is illustrated in Figure 3.3. A general node is 

identified as P, its neighbours to the north, south east and west are called N, S, E and W 

respectively. The control volume boundaries are denoted by n, s, e and w, where n is the 

north face boundary and the other boundaries follow the same pattern. The control 

volume has a width o f  Ax and a height o f Ay.

Direction of Flow

N

n

w P E
w e

s

S

Ay

Ax

Figure 3.3 Control volum e notation
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Each finite differencing scheme will be described by explaining how the value of a 

property, 0, at the east and west cell faces is approximated. The properties of each 

scheme are summarised in Table 3.1.

The effect of the finite differencing scheme upon the predicted air velocities is described 

in section 3.2.4.
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Table 3.1 Comparison of Finite Difference Schemes

Scheme General Comments Value of Variable, 0, at East and West 
Faces

(When flow is in the direction indicated in Figure 
3.3)

Conservative? Bounded? Transportive? Accuracy
(Taylor
Series
Errors)

Central This scheme is generally used to 
represent the diffusion terms in 
equation 3.9.

~  ^  (8w ^p) 
0e =  */2(0p + 0E)

Yes 
Consistent 
expressions are 
used to evaluate 
fluxes

Yes, (g Pe < 2 
At Peclet Nos. 
above 2, the 
coefficients of the 
discretised 
equations have 
different signs.

At low Pe.
In a strongly 
convective flow 
(i.e. at high Peclet 
Nos.), the scheme 
does not recognise 
the direction of 
flow or the relative 
strengths of 
convection and 
diffusion.

2"̂

Upwind This scheme takes into account 
flow direction when determining 
the value at a cell face. The 
convected value of the variable 0 
at a cell face is taken to be equal 
to the value at the upstream 
node.

0e =  0p

Yes 
Consistent 
expressions are 
used to evaluate 
fluxes

Yes
The coefficients of 
the discretised 
equations are 
always positive.

Yes 
The direction of 
flow is accounted 
for.

1"

Hybrid This scheme is a mixture of upwind and central differencing and exploits the 
favourable properties of each. At low Peclet numbers the central differencing 
scheme is used. At high Peclet numbers, the less accurate upwind scheme is used.

Yes Yes Yes r' @ Pe> 
2

2""̂ @ Pe< 
2

OnNO

f
g

i
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Table 3.1 continued

Scheme General Comments Value of Variable, 0, at East and West 
Faces

Conservative? Bounded? Transportive? Accuracy

Higher
Order
Upwind

This is an upwind scheme made 
second-order accurate by 
extrapolating to the face from 
two upwind points. This type of 
scheme is less compact because 
of the presence of terms such as 
0wwand0EE. Discretisation 
errors are reduced by bringing in 
more neighbouring points, albeit 
at a greater computational cost.

0 e = 2 ®P " 2

Yes Yes Yes

QUICK The QUICK (Quadratic 
Upstream Interpolation for 
Convective Kinetics) scheme 
uses a three point upstream- 
weighted quadratic interpolation 
for cell face values. The face 
value of 0 is obtained from a 
quadratic function passing 
through two bracketing nodes (on 
each side of the face) and a node 
on the upstream side.

3 1
-  g  ̂ “ g ®WW

3 3 1
= g 0 £ +4®? “ g®w

Yes 
Consistent 
quadratic profiles 
are used.

Conditionally 
Under certain flow 
conditions the 
coefficients of the 
discretised 
equations can have 
opposite signs.

Yes 3rd

COOT 
(Modified 
QUICK “ )

The instabilities in the QUICK* 
scheme have resulted in it being 
re-formulated in different ways 
to alleviate these problems 
91,92,93 (2FDS FL0W3D utilises 
a modified QUICK’ scheme 
developed in house at AEA 
Technology, the scheme is called 
CCCT

0W  =

0 e  -

Where 
the cur

j - p } p + (

P is a constan 
vature of the \

-  + 2 P ^ w  “ [ g  P^WW 

J  + 2p ) p - [ ^ + p } w
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3.1.6 Turbulent Flow and Turbulence Modelling

Turbulent flow is the most frequently eneountered type of viscous flow, yet its 

analytical treatment is not as well developed as that of laminar flow. Most flows of 

practical significance are turbulent, so it is important that this type of flow regime is 

modelled correctly. This section describes some of the approaches to turbulence 

modelling.

3.1.6.1 Turbulent Flow

In turbulent flow the fluid and flow variables vary with time. For example, the 

instantaneous velocity vector will differ from the average velocity vector in both 

magnitude and direction. This type of dependence is illustrated in Figure 3.4.

I'lM

V (x, y, Z) V (X , y , Z)

(a) (b)

Figure 3.4 Time dependence of velocity in a turbulent flow, 
(a) Steady mean flow, (b) Unsteady mean flow

95Turbulence has been described as "... the most common, the most important and the 

most complicated kind offluid motion”. As a kind of motion it can be characterised by 

the following properties.
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Three-Dimensional

The mean flow may be one, two or three-dimensional but the turbulence is always three 

dimensional.

Unsteady

The mean flow may be steady or unsteady but turbulent flow is always unsteady. 

Random

All the characteristics of a turbulent flow exhibit complex and random variation in both 

space and in time. These variations occur over a wide spectrum of length scales and 

frequencies.

Strongly Diffusive

This is the most distinguishing feature of turbulent motion. In the presence of 

turbulence the diffusion processes (i.e. the rates of transport of mass, momentum, 

temperature and concentration) increase to levels far greater than those due to molecular 

diffusion.

3.1.6.2 Turbulence Modelling

The Navier-Stokes equations provide a valid description of nearly all practically 

relevant flows, including turbulent ones. However it is not currently practical to solve 

the appropriate equations with appropriate boundary conditions using numerical 

procedures for three-dimensional, non-linear, coupled differential equations. Neither is 

it practical to utilise a three-dimensional computational grid, since to obtain sufficient 

accuracy would require too many grid nodes.

Since the effect of turbulence upon the mean properties of the flow is generally more 

relevant than the details of the turbulent motion, there appears to be no need to solve the 

equations for the instantaneous variables if the averaged values are all that is required.
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The decomposition of the instantaneous variables, 0, into mean (0 ) and fluctuating (0) 

components was proposed by Reynolds (1874) thus:

A _ 3.10
0 = 0 + 0

The mean component is the long-term average of the instantaneous value.

These definitions are introduced into the instantaneous Navier-Stokes equations and the 

results averaged. This averaging process introduces some unknown turbulence 

correlations into the equations, which are known as the Reynolds (or turbulent) stresses. 

Physically these represent the rate at which momentum is transported by turbulent 

fluctuations and they have a magnitude many times greater than their laminar 

counterparts which accounts for the vigorous mixing associated with turbulent flows. 

However the unknown Reynolds stresses render the equations insoluble since there are 

now more unknowns than there are equations.

A turbulence model consists of a set of differential equations and/or algebraic formulae 

which allow for the determination of the Reynolds stresses and hence close the time- 

averaged equations of fluid motion. The model will provide a numerical value for the 

Reynolds stresses at each point in the flow by adopting one of the approaches described 

below. The advantages and disadvantages of different turbulence models are 

summarised in Table 3.2.

E d d y - V is c o s it y  M o d e l s

The Reynolds stresses are related to the mean velocity and some other known or 

knowable quantity, e.g. velocity, velocity gradient. The eddy-viseosity, v̂ , is not a 

function of the fluid but rather of the flow. In turbulent flow the value will vary from 

point to point depending upon the local level of turbulence activity. The role of the
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eddy-viscosity turbulence model is therefore to provide values of v̂ . A useful insight 

into the nature of Vt is provided by dimensional analysis which suggests:

Vt a  Velocity Scale x Turbulence Length Scale 3.11

The most popular eddy-viscosity turbulence model is the standard k-e model The 

eddy-viscosity is evaluated from the solution of two differential equations, one for 

velocity scale and one for the turbulence length scale. The velocity scale is taken to be 

the square root of k, the turbulence kinetic energy. Historically the dependent variable 

for the second equation has rarely been the turbulence length scale but a quantity which 

is proportional to both the velocity and the length scale. In the k-e model, this second 

parameter is e, the rate of dissipation of turbulence kinetic energy. In terms of physical 

processes, the equation for e represents a balance between the rate of transport of e by 

the mean flow and the rate of its diffusion by the turbulence fluctuations, its generation 

by vortex stretching and finally its destruction by the action of viscosity.

R e y n o l d s  S t r e s s  (R S M ) a n d  A l g e b r a ic  S t r e s s  (ASM) M o d e l s

In Reynolds stress models the unknown Reynolds stresses are obtained directly from the 

solution of differential transport equations in which they are the dependent variables.

In algebraic stress models the differential transport equations representing the Reynolds 

stresses are reduced to a set of algebraic equations.

The advantages and disadvantages of the different turbulence models are described in 

Table 3.2. The appropriate turbulence model to use to model the air movement in 

processing areas can be determined by analysing anemometry data, as described in 

section 3.2.5.
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Table 3.2 The Advantages And Disadvantages of Different Turbulence Models.

Model Advantages Disadvantages

k - 8 Simplest model for which it is only 

necessary to supply inlet and/or 

boundary conditions.

Capable of describing recirculating 

flows.

Excellent performance for many 

industrially relevant flows, including 

environmental studies.

Well established and widely validated.

Assumes Reynolds stress isotropy, 

which is not valid in some cases, i.e. 

swirling flows

Reynolds

Stress

(RSM)

The most general of all classical 

turbulence models.

Only necessary to supply inlet and/or 

boundary conditions.

Does not assume Reynolds stress 

isotropy.

Very accurate calculation of mean 

flow properties and all Reynolds 

stresses for simple and complex flows 

i.e. for flows with streamline 

curvature, rotation, swirl and 

buoyancy.

Seven additional differential equations 

require larger computing resources. 

Not widely validated.

Algebraic

Stress

(ASM)

Does not assume Reynolds stress 

isotropy.

Combines general approach of RSM 

with computational economy of k-e

• Not widely validated.

• Is restricted in flows where the 

convection and diffusion terms are 

significant.
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3.2 The Impact of CFD Theory upon Simulation Results

3.2.1 Grid Effects

3.2.1.1 Grid-lndependence

The concept o f grid-indcpendence was described in section 3.1.1.1. Although it was 

possible to obtain grid-independent results within a volume o f a few cubic meters, e.g. 

in the bead mill containment cabinet, when modelling a typical processing area o f  many 

cubic meters the computing resources required to do this were extensive and beyond the 

scope o f the workstation available. Figures 3.5 and 3.6 show that in a small 

containment cabinet the difference in the results obtained when 15,000 or 30,000 control 

volumes were used was minimal, but were significantly different from those obtained 

with Just 1,000 control volumes. Figure 3.5 plots the variation in predicted velocity 

along a single axis. Figure 3.6 illustrates the air flow patterns in the whole cabinet as 

velocity contours in a single plane.

  1000 Control Volumes

- 15,000 Control Volumes

— 30,000 Control Volumes
0.03 -

0.02  -

CJO
<u
>
2=  0 .0 1 -
<

0.00
30 45 60 75 90 105 120 135 150150

Distance along x axis (cm)

Figure 3.5 Effect o f  the num ber o f control volum es on the predicted air velocities in a 
1.1 nT containm ent cabinet (G laxo-W elleom e bead mill cabinet, see section 2.2.3). G rid- 
independence w as achieved with 15,000 control volum es. (T he x axis is defined in 
A ppendix C)
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1,000 Control Volumes 45 cm above ground

15,000 Control Volumes

Bead M ill

30,000 Control Volumes

Air Velocity
Contours (Ws)
_ 0.07 ■ 0.06

■  0.00

Figure 3.6 The airflow patterns obtained in a 1.1m cabinet (Glaxo-Wellcome bead mill 
cabinet, see section 2.2.3) when a different number of control volumes were used. Grid- 
independence was achieved with 15,000 control volumes.

However, in a larger processing area (Figure 3.7) the results varied significantly with 

the number of control volumes used. The maximum number of control volumes that 

was permissible with the available computing resources, if particle tracking calculations 

were also required, was approximately 95,000. Nevertheless, when comparisons were 

made between the air velocities predicted by CFD and those measured by hot wire 

anemometry, the trends were similar. Figure 3.8 shows the situation in a processing 

area and indicates that although a totally accurate representation of the air flow was not 

provided, the simulations were at least representative. As the number of control 

volumes was increased, the closer the predicted flow patterns came to the measured air 

velocities. In cases when it was not possible to obtain grid-independent results, CFD 

simulations still gave a good qualitative idea of the air flow and it was applied on this 

basis to a number of process studies.
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-  30,000 Control Volumes

44,000 Control Volumes
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Figure 3.7. Effect o f  the num ber o f control volum es on the predicted air velocities in a 
45 m^ processing area (G laxo-W elicom e Sharpies room, see section 2.2.4). N o attainm ent 
o f  grid independence is seen at the m axim um  o f 95,000 cells. (The z axis is defined in 
A ppendix C)

.6 -, CID Prediction: 30,000 Cells
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Figure 3.8 Predicted and m easured air velocity data at different positions in the Sharpies 
centrifuge room (section 2.2.4). Each position was located approxim ately  1 m aw ay from 
the preceding one. A lthough the predicted air flow pattern was not accurate, when 95,000 
control volum es w ere used it was representative and gave a good qualitative picture o f  the 
air flow in the room .
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3.2.1.2 Grid Refinement

It was explained in section 3.1.1.2 that grid refinement techniques can be used to 

maximise the available computing resources. For example, anemometry data revealed 

that the air flow within the Sharpies centrifuge room (section 2.2.4) was generally not 

subject to fluctuations, except in the regions near the air inlet and outlet, so the grid was 

resolved more finely in these areas. The area underneath the safety cabinet (see Figure 

2.4) contained a significant amount o f pipework. Studies revealed that the overall air 

flow movement in the room was represented more accurately if  this region was defined 

as being porous. These regions are illustrated in Figure 3.9.

Outlet

I  Air Iiilet/Outlet 

I  Solid Region 

L ]  Porous Region

Higli Grid 
Resolution 
Region

Figure 3.9 R egions o f  grid refinem ent in the Sharpies centrifuge room  (see section 2.2.4)

Figure 3.10 shows that when the air velocities predicted by CFD using a refined and an 

unrefined grid were compared to values measured by hot wire anemometry, the 

sim ulations using a refined grid gave a more accurate representation o f the flow, even 

when only 30,000 control volumes were used.
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Figure 3.10 C om parison o f  the predicted air velocities using a refined and an unrefined 
grid. A m ore accurate representation was obtained using a refined grid.

3.2.1.3 Summary of Grid Effects

In small containment cabinets and processing areas (less than 25 m^) it was possible to 

obtain grid independent results. In larger areas (greater than 25 m^) the computing 

resources to do this were not available. However, even in larger areas it was still 

possible to obtain a good qualitative picture o f the air flow and the predicted air 

velocities showed the same trends as the measured data.

Computational resources were maximised by refining the grid in regions where the air 

flow fluctuated rapidly, this was usually near air inlets and outlets. Other regions where 

grid refinement was necessary were detected by hot wire anemometer measurements. 

Even when only a few control volumes were used and grid-independence was not 

obtained, this always resulted in a more accurate representation o f the air flow.
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3.2.2 Convergence Criteria

Examples of the types of residual plot obtained by CFD simulations are deseribed in this 

section. The mass source residual was defined in section 3.1.2.

For a converged solution to a steady-state problem, such as those studied in this work, 

the residuals plot would be as in Figure 3.11. Since the residual was not dimensionless, 

the value which indicated that a converged solution had been reached varied from 

problem to problem.

Using CFDS FL0W3D, it was not possible to solve a transient (time-dependant) 

problem which incorporated Lagrangian particle tracking (see Appendix B). By their 

very nature, air movement in rooms is transient. However, since we were interested in 

the Lagrangian transport of micro-organisms around processing areas, a steady-state 

problem was assumed. In these problems, the residuals had to reach as low a value as 

possible. This value varied from ease-to-case since the residual was not dimensionless. 

Quite often these problems resulted in a residual plot which reached a plateau, as 

illustrated in Figure 3.12.

If the solution was unstable or the problem was set up incorrectly then divergence 

occurred (Figure 3.13). A problem may diverge if the boundary conditions were 

defined incorrectly or the geometry was not defined optimally. If the problem was set 

up properly, convergence could be achieved by using a higher level of under-relaxation 

or a more stable finite differencing scheme.

When a particle tracking calculation was added to the simulation, this added an 

additional loop to the solution strategy. During the first particle tracking loop the 

solution would converge to a certain level. When the second particle tracking iteration 

started a new set of variables were introduced, which caused residual values to jump. 

This pattern was repeated for each subsequent particle tracking iteration and is 

illustrated in Figure 3.14.
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Residual Plot
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Figure 3.11 Converging iterative solution
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Figure 3.12 Steady-state solution of transient flow.

82



Chapter 3 CFD Theory and its Practice

%

I&

lE+30 

lE+25 

lE+20 

lE+15 

lE+10 

lE+05 

1 EOO 

lE-05

Residual Plot

]^silon --------k
Mass --------
W Velocity 
V  Velocity —
U  Velocity -----

_i I I I I I I 1 I I I I 1 I I I I I
10 20

Iterations

Figure 3.13 Diverging iterative solution
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Figure 3 .14 Iterative solution with additional particle tracking loops.
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Figures 3.15 and 3.16 demonstrate how a solution which had not ran long enough to 

converge adequately gave erroneous results. The flow solution shown in Figure 3.15 

was obtained after approximately 100 iterations, after 500 iterations a different result 

was obtained, as shown in Figure 3.16. This is a graphic example of why adequate 

convergence is essential, in this case the flow reversed direction around the 2 0 0  

iteration mark. Although it was difficult to determine which result was correct, since it 

was impossible to measure such low air velocities experimentally, this example 

demonstrates how sensitive the simulation result can be to adequate convergence.

Iiilet
IIEPA
Filter

Outlet
HEPA
Filter

A u Velocity (m/s)

0 0  1.2 2.4 3.6 4.8 6 0  7.2 8.4

Figure 3 .15 Air velocity vectors after 100 iterations
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Figure 3.16 Air velocity vectors after 500 iterations. The direction of flow is the reverse 
to that obtained after 100 iterations.
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3.2.3 Under-Relaxation Factors

Under-relaxation was described in section 3.1.4. A correct choice of under-relaxation 

factors was essential for cost-effective simulations. A value which was too small 

caused extremely slow convergence, as illustrated in Figure 3.17. Due to the 

prohibitively low under-relaxation factor used, the calculated variables altered very 

little from iteration to iteration and the final answer was not very different to the initial 

guess. An under-relaxation factor which was too high led to an oscillatory or divergent 

iterative solution, as illustrated in Figure 3.18. The optimum values of under-relaxation 

factors were flow-dependant and varied according to the pressure-correction algorithm 

used (see section 3.1.3). The level of under-relaxation required had to be determined 

on a case-by-case basis.

Residual Plot
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Figure 3.17 Residual plot at low under-relaxation factor.
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Figure 3.18 Residual plot at high under-relaxation factor.

3.2.4 The Effect of the Finite Differencing Scheme upon the Prediction 

of Air Flow Movement in Processing Areas

On the basis of the discussion in section 3.1.5 it was decided to adopt a central 

differencing scheme for the diffusive and source terms. Since this scheme does not 

always satisfy the boundedness and transportiveness criteria for convective flows, 

another scheme was required to discretise the convective terms. When grid 

independence could be achieved these terms were discretised using the less accurate 

hybrid scheme. However, when simulating the air flow in larger processing areas it was 

thought that a more accurate, higher order scheme might produce more accurate results 

and alleviate any problems caused by not having the computing resources required to 

achieve grid independent results. Comparisons between the results obtained with the 

hybrid and the CCCT finite differencing schemes are discussed in this section. The 

CCCT scheme was used in preference to the less stable QUICK scheme, from which it 

was derived, because convergence problems were encountered when using the QUICK 

methodology.
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3.2.4.1 Problem Definition and Simulation Details

The Glaxo-W ellcome Sharpies centrifuge room, described in section 2.3.4 and the 

UCLacbe  downstream processing, described in section 2.3.6, were used as test areas. 

They were chosen because grid independent results could not be obtained in either 

room. The two represented a small processing area o f 45 m^ (the Sharpies room) and a 

larger area o f -3 0 0  m^ (the downstream processing area). The sim ulations in both areas 

employed the SIMPLEC algorithm to couple pressure and velocity (see section 3.1.3) 

and the standard k-8 turbulence model (see Section 3.1.6).

G r i d  In d e p e n d e n c e  a n d  C o n v e r g e n c e  B e h a v i o u r

fhe change in the predicted air velocities when a different num ber o f control volumes 

were used in the Sharpies room is illustrated in Figure 3.6, which indicates that grid 

independence was not proven when 95,000 control volumes were used. The variation in 

the downstream processing suite is shown in Figure 3.19, which indicates that when

96,000 control volumes were used, grid independence was achieved in some areas o f the 

room although not in the centre.

18,(XX) Control Volumes
%,(XX) Control Volumes 
121 ,(XX) Control Vol uines

0 8 -

0 6 -

>  0 4 -
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00
800 I (XX) 1200200 400 600 1400 16000
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Figure 3.19 Effect o f  the number o f  control volumes on the predicted air velocities in the 
U C L a c b e  downstream processing suite (see section 2 .2 .6 ) .  (The x axis is defined in 
Appendix C)
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Typical residual plots for each area when the hybrid and CCCT differencing schemes 

were used are illustrated in Figures 3.20, 3.21, 3.22 and 3.23. An explanation of the 

different types of residual plot was provided in section 3.2.2. In figures 3.20 and 3.21, 

it can be seen that better convergence was achieved in the Sharpies room when a hybrid 

scheme was used. This is consistent with the more accurate CCCT scheme being less 

stable. In the downstream processing suite (Figures 3.22 and 3.23) both schemes 

converge to the same level.
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Figure 3.20 Typical residual plot for Sharpies room simulations utilising a hybrid 
differencing scheme
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Figure 3.21 Typical residual plot for Sharpies room simulations utilising a CCCT 
differencing scheme
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Figure 3.22 Typical residual plot for downstream processing suite simulations utilising a 
hybrid differencing scheme
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Figure 3.23 Typical residual plot for downstream processing suite simulations utilising a 
CCCT differencing scheme
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3.2.4.2 The Sharpies Centrifuge Room

It was shown in Figure 3.8 that as the number o f control volumes used in a simulation 

was increased, the closer the CFD prediction came to the measured air flow pattern. 

Comparisons were therefore made between the flow patterns obtained when two distinct 

differencing schemes were used in the Sharpies room, utilising a grid o f 66,000 control 

volumes. This was substantially below the maximum permissible.

The predicted velocities obtained by each scheme were compared with the m easured 

velocities, as illustrated in Figure 3.24. Again, the CFD results gave a good qualitative 

picture o f the air flow. Although the CCCT scheme was more accurate in some places, 

i.e. positions 7 and 18, it did not give significantly better results overall. Also, when 

particles originating from the centrifuge were modelled, the trajectories obtained were 

very similar for both schemes. Since the CCCT scheme required twice the CPU time o f 

the hybrid scheme, little benefit was obtained from using the more accurate scheme 

when the model used only a few control volumes.
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0 - -  CCCT Scheme 
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Figure 3.24 Comparison o f  the measured and CFD air velocities when the hybrid and 
C CC T  differencing schemes were used on a grid o f  66,000 control volumes in the Sharpies 
room. Although the CCCT is more accurate in places, overall it does not give significantly 
better results.
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3.2.4.3 The Downstream Processing Suite

Simulations in the downstream processing suite (section 2.2.6) concentrated upon the 

differences between the hybrid and CCCT schemes when the number of control 

volumes used approached the maximum permissible. The models used 96,000 or

1 2 1 , 0 0 0  control volumes, which approached grid independence at some locations in the 

room (see Figure 3.19). Also, the model assumed that the room was empty. If the room 

had been modelled with equipment the complexity of the problem would have been far 

greater than any of the other areas described in this thesis, mainly because of the 

positions of the inlet and outlet filters.

Figures 3.25 and 3.26 illustrate the results obtained at Im and 2m above ground 

respectively. In positions 2 - 7  and 25 - 34 the CFD results accurately quantified the air 

flow in the room, whilst at all other positions the CFD results offered a good qualitative 

representation. This indicated that the bulk air movement in a room could be 

represented by a simplified geometry. However, this was not true of the streamlines 

around equipment The effect upon the localised air flow in these regions is discussed in 

section 4.2.2.

At some locations improved accuracy was achieved by using the CCCT scheme rather 

than the hybrid scheme, whilst at other locations the hybrid scheme produced more 

accurate results. In places the number of control volumes used was the more significant 

factor. Thus, it was not possible to draw conclusions as to whether the CCCT scheme 

produced more accurate results.
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Figure 3.25 Comparison o f  the measured and CFD air velocities Im above ground, when 
the hybrid and C CCT differencing schemes were used on grids o f  96,000 and 121,000 
control volumes in the downstream processing suite. There is no evidence that the C CC T  
scheme produces significantly better results.
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Figure 3.26 Comparison o f  the measured and CFD air velocities 2m above ground, when 
the hybrid and C CC T  differencing schemes were used on grids o f  96,000 and 121,000 
control volumes in thedownstream processing suite. There is no evidence that the C CCT 
scheme produces significantly better results.
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3.2.4 4 Summary of the Effects of the Finite Differencing Scheme

The finite differencing scheme has been reported to have an effect upon the accuracy of 

a CFD simulation although the more accurate schemes tended to be less robust or 

slower. Indeed, when an unmodified QUICK scheme was used the solution diverged. 

However, when modelling the air flow movement in processing areas comparisons 

between the hybrid differencing scheme and the more accurate CCCT scheme did not 

detect any significant advantage in using the more accurate technique. Since the CCCT 

scheme required twice the CPU time of the hybrid scheme, any benefits of using this 

scheme were outweighed by the extra computational requirements.

3.2.5 Analysis of Anemometry Data to Determine the Appropriate 

Turbulence Model

To prove that air flow in the rooms examined in this work were turbulent (see section 

3.1.6), the turbulence intensity in different processing areas at several locations was 

examined. The turbulence intensity can be defined as the ratio of the standard deviation 

of the velocity to the average velocity. Table 3.3 indicates the average turbulence 

intensity and its variation at different locations in the Sharpies centrifuge room (section 

2.2.4), the UCLacbe fermentation hall (section 2.2.5) and the UCLACBE downstream 

processing suite (section 2 .2 .6 ).

Table 3.3 Turbulent Intensities in Processing Areas

Area Average Turbulence 

Intensity

Range of Turbulence 

Intensities

Sharpies Room 0.15 0.06 - 0.26

Fermentation Hall 0.25 0.08-0.57

Downstream Processing 

Suite

0.25 0.08 - 0.82
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The area with the least variation in velocity over time was the Sharpies centrifuge room, 

which had an average turbulence intensity of 15% and a maximum of 26%, in the 

processing areas at UCL the turbulence intensity ratio was much higher, averaging 25% 

but peaking at 82%. These ratios confirm that laminar air flow cannot be assumed.

To determine the appropriate turbulence model to use, the validity of the turbulence 

isotropy assumption was examined. The component turbulence intensities at different 

locations in the above processing areas were evaluated and the results are shown below.

Table 3.4 Component Turbulent Intensities in Processing Areas

Area and Position Turbulent Intensity

Number. X direction y direction z direction

Sharpies Room

Position 1 0.18 0.16 0 . 2 2

Position 2 0 . 2 0 0.25 0.16

Fermentation Hall

Position 1 0.59 0.50 0.53

Position 2 0.65 0.60 0.59

Position 3 0.75 &82 0.78

Downstream 

Processing Suite

Position 1 0.75 0.61 0.70

Position 2 0.48 0.46 0.55

Position 3 0.35 0.40 0.41

In all the locations measured, the turbulence intensities were of the same order of 

magnitude in all three directions. This implied that the Reynolds stresses were isotropic 

and that the standard k-e turbulence model was the most appropriate way of 

modelling turbulence in these studies. However, it is always advisable to perform
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anemometer measurements before modelling since the air flow may comprise swirling 

motions, which would render the k-e model invalid.

3.3 Guidelines for Using CFD to Model Air Flow Patterns in 

Bioprocessing Areas

This chapter has described some of the mathematical models which are incorporated 

into CFD codes. The following strategy has been adopted in these studies to model the 

air flow movement in processing areas.

Although in containment cabinets it was usually possible to obtain grid independent 

results when approximately 30,000 control volumes were used, in larger processing 

areas more than 100,000 control volumes were required. The number of control 

volumes required varied from case to case and it was always necessary to ascertain grid 

independence for each problem. Greater accuracy was achieved by refining the grid in 

regions where the variable changed greatly from point to point, this was generally near 

inlets and outlets. Anemometer measurements indicated regions where grid refinement 

was necessary.

Most problems converged adequately when the under-relaxation factor was set to 0.65 

for all the velocity components, 1.0 for pressure and viscosity and 0.3 for density. 

Again, these values needed to be defined on a case by case basis but it was found that, 

as previously reported when the SIMPLEC pressure-velocity coupling algorithm 

was used (see section 3.1.3) the simulation was not particularly sensitive to under

relaxation.

A hybrid differencing scheme was considered sufficiently accurate when converting the 

convective terms of the governing equations from a set of differential equations to a set 

of algebraic ones. This scheme was more robust than the QUICK scheme and 

computationally cheaper than a modified QUICK methodology.
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The air flow in these studies was found to be turbulent, however anemometer 

measurements indicated that the turbulence was of the same order of magnitude in all 

directions. Thus the standard k-e turbulence model was used in preference to 

Reynolds or Algebraic Stress models.
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4.0 The Effect of Initial and Boundary Conditions 

Upon the Movement of Organisms

Boundary conditions describe the physical shape (or boundaries) of a flow domain, (i.e., 

the positions of walls, equipment, inlets and outlets) and the associated behaviour of the 

fluid at these boundaries (i.e., inlet and outlet air velocities). Initial conditions define a 

particular variable at the start of the simulation, for a release of organisms this is their 

initial velocity, size distribution and shape. This section describes the effect that the 

initial and boundary conditions have upon the predicted trajectories of a microbial 

release.

4.1 Problem Definition and Simulation Details

4.1.1 Problem Definition

Two test systems were used. The first was the Bassaire cabinet described in section 

2.2.1. The second test system was the bead mill and containment cabinet described in 

section 2.2.3.

The simulations in both cabinets all employed a hybrid treatment for convection 

(section 3.1.5), the SIMPLEC algorithm to couple pressure and velocity (section 

3.1.3) and the standard k-e turbulence model (section 3.1.6).

4.1.1.1 Bassaire Cabinet

Simulations of the Bassaire cabinet were designed to investigate the effects of altering 

the mass flow boundaries upon predicted air patterns and organism trajectories.
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The CFD predictions were compared with PGR results obtained from experimental 

work within the cabinet Further details of these comparisons are given in Chapter 5. 

In these experiments the inlet and outlet fans were turned off, hence the air flow was 

effectively stagnant. Different concentrations of E. coli JM107 pQR701 cells were 

sprayed into the cabinet using an atomiser. The aerosol formed was sampled by a 

cyclone attached to the side of the cabinet (Section 2.3.3). Since a known volume of E. 

coli suspension was aerosolised and the cell concentration was also known, it was 

possible to determine what proportion of the released cells had been collected.

Air velocities within the cabinet were measured by hot wire anemometry (section 2.3.1). 

The cyclone extracted air from the cabinet at a velocity of 9.6 m/s.

4.1.1.2 Bead Mill Containment Cabinet

The models of the bead mill cabinet aimed to determine the following:

• The amount of detail required in a CFD simulation, with regard to how process 

equipment is described.

• The effect of varying the initial conditions of a microbial release on the predicted 

path taken by the organisms.

When an air sample was taken from this cabinet, the air inlet and outlet fans were turned 

off so that the cyclone could operate effectively. Thus, the air velocities in the cabinet 

were very low. In contrast when the fans were turned on the air flow through the 

cabinet was extremely high. Air velocities were measured using a hot bulb anemometer 

(section 2.3.1). It was assumed that the particles were leaking out of the bead mill at a 

very low rate.

Fixed Boundary Conditions

• With the fans are turned off:

Inlet air velocity: 0.05 m/s. Outlet air velocity: 0.01 m/s.
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• With the fans are turned on:

Inlet air velocity: 0.24 m/s. Outlet air velocity: 0.21 m/s.

• Velocity o f air entering the cyclone: 8.5 m/s

Fixed Initial Conditions

•  Initial velocity o f  the particles: ±0.02 m/s in each direction (assumed equally

distributed).

4.1.2 Grid Independence and Convergence Behaviour

The concept o f grid independence was explained in sections 3 .1.1.1 and 3 .2 .1.1. Figure

4.1 illustrates how grid independence was achieved in the Bassaire cabinet simulations 

when 15,000 control volumes were used. All subsequent Bassaire cabinet simulations 

used 50,000 control volumes, which ensured grid independent results. In the bead mill 

cabinet, grid independence was achieved when 15,000 control volumes were used (see 

Figure 3.5). All ensuing bead mill cabinet simulations were carried out using 30,000 

control volumes.

  1000 Control Volumes

0 1 0 -, - 15,000 Control Volumes

— 30,000 Control V olum es

0 08 -

0.06 -

y
0)
>
<

0 .0 2 -

0.00
30 45 60 900 15 75

Distance along x axis (cm)

Figure 4.1 Variation o f  air velocity in the Bassaire cabinet with the number o f  control 
volumes used, indicating that grid independence was attained when 15,000 control volumes 
were used. (The x axis is defined in Appendix C)
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A high level of under-relaxation was required for simulations in both cabinets (see 

sections 3.1.4 and 3.2.3), however once the required levels were established the 

simulations converged to an acceptable level. Typical residual plots for each cabinet 

are shown in Figures 4.2 and 4.3. An explanation of the different types of residual plot 

was given in section 3.2.2.
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Figure 4.2 Typical residual plot for Bassaire cabinet simulations.
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Figure 4.3 Typical residual plot for bead mill cabinet simulations.
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4.13 Comparison of Air Velocities Predicted by CFD and those 

Measured by Hot Wire Anemometry

Within the Bassaire and the bead mill cabinet the air velocities predicted by the CFD 

model were within the range 0 .0 1 -0 . 0 2  m/s and the corresponding anemometry data was 

between 0.01-0.08 m/s. However, the anemometer was only accurate to ±0.05 m/s at 

these velocities. Thus it is difficult to comment upon the accuracy of the models, except 

to say that the predicted results are of the right order of magnitude and follow the 

correct trends.

4.2 Variation of Boundary Conditions

4.2.1 Characterisation of Mass Flow Boundaries

A mass flow boundary defines a flow into or out of a system. In CFDS FL0W3D these 

boundary conditions can be defined in two ways:

• A fixed boundary condition. The magnitude and direction of flow defined initially 

do not change over the course of the simulation.

• A variable boundary condition. The flow magnitude and direction change as the 

simulation progresses, depending upon the flow solution throughout the domain.

Studies were performed to compare the flow patterns obtained with different 

combinations of variable and fixed boundaries. During the trials in the Bassaire cabinet, 

the fans were turned off and the low flow rate through the cabinet made it very difficult 

to measure and to define an air velocity. Since the boundary conditions within this 

cabinet were not known, it was initially thought that the best option was to define both 

the inlet and outlet filters as variable mass flow boundaries. Figure 4.4 illustrates the 

flow patterns predicted when the inlet and outlet filters are both labelled as variable 

mass flow boundaries. Although the model initially defines the flow as entering the
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cabinet through the inlet filter and exiting through the outlet filter, after a few hundred 

iterations the simulation has reversed the flow direction. As a result, it is predicted that 

any organisms entering the cabinet through the atomiser port will leave the cabinet by 

way of the inlet filter, and consequently none would be picked up by the cyclone. This 

is a very interesting, if surprising, answer- when the experiment was performed this 

scenario was not considered. It was assumed that the cyclone port would always be 

downstream of the atomiser port, regardless of the fans being turned on or off. 

Although the possibility of air being drawn in through the outlet filter is credible, in 

experiments organisms were collected by the cyclone in contradiction to the case 

illustrated in Figure 4.4.

The flow pattern obtained when the inlet filter was described as a fixed boundary and 

the outlet as a variable boundary is shown in Figure 4.5. In this case air was 

recirculated around the cabinet, organisms entering the cabinet through the atomiser port 

become caught up in this recirculation loop. However, simulations showed that no 

organisms would travel near to the cyclone port and that they all exited the cabinet 

through the outlet filter.

The third option was to define the outlet as a fixed boundary and the inlet as a variable 

boundary. In this case, simulations predicted a different recirculation pattern with 

organisms being drawn into the cyclone, as depicted in Figure 4.6. This is the only 

simulation set-up which predicts that the cyclone will collect organisms and was used in 

further studies to determine the efficiency of collection.

It was not possible to define both filters as fixed flow boundaries, since the CFD code 

requires the mass balance within the cabinet to be accurate to a very high level (more 

than 1 X 10'  ̂ kg/s) and it was impossible to define boundary conditions which would 

satisfy these stringent conditions.
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Figure 4.4 Predicted flow patterns and particle trajectories when the inlet and outlet 
filters were both defined as variable mass flow boundaries. All organisms were predicted 
to exit the cabinet via the inlet filter.
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Figure 4.5 Predicted flow patterns and particle trajectories when the inlet was defined as 
a fixed flow boimdary and the outlet as a variable flow boimdary. All organisms were 
predicted to exit the cabinet via the outlet filter.
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Figure 4.6 Predicted flow patterns and particle trajectories when the inlet is defined as a 
variable flow boundary and the outlet as a fixed flow boundary. It was predicted that 
some organisms were collected in the cyclone.

4.2.2 The Required Level of Model Accuracy

It was essential that the geometries of the model were defined carefully. Of particular 

interest is the level of accuracy required for the modelling of complex internal 

structures in the area. For example, the air flow movement in a room would not be 

greatly affected by a spanner placed on a table and it would be a waste of computational 

resources to refine a grid to such a level that it will pick up such a fine detail. By 

contrast, larger pieces of equipment could have a significant effect upon the air flow 

patterns in a processing area. Studies of the consequences of given levels of model 

simplicity on the predicted air flows were conducted to determine the level of 

complexity that must be incorporated into a CFD model.

Within the bead mill cabinet, two geometry configurations were studied to identify an 

appropriate level of model simplicity. A simplified model assumed that the bead mill 

itself was a single block. The more accurate model took account of the shape of the 

bead mill. It was assumed that the “accurate” geometry would provide a better 

representation of the air flow around the bead mill, since it would account for the 

affects of the local streamlines. The predicted trajectories of released micro-organisms
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in both geometries were calculated with the fans turned both off and on. All the other 

boundary conditions and the initial conditions were the same, with the particles’ initial 

position being the top of the bead mill.

When the fans were turned off, the predicted particle trajectories in the simplified 

geometry were considerably different to those predicted in the accurate geometry 

(Figures 4.7 and 4.8). This indicates that the local air flow pattern has a considerable 

effect upon the particle paths. The bulk air flow remains effectively the same, however 

the particles encounter the local stream-lines first and these determine their subsequent 

paths.

This effect could have been due to the very low air velocity within the cabinet and the 

local air stream lines may be less dominant at higher velocities. However, when the 

simulations were repeated with the fans turned on, producing an air flow rate of 160 

mf h,  the predicted particle trajectories in both geometries are still notably different 

(Figures 4.9 and 4.10). Thus it appears that, in this case, a more detailed geometry is 

essential for the simulations to provide an accurate representation of the organism 

trajectories during operation of the bead mill cabinet.
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Figure 4.7 Predicted particle trajectories in the simplified geometry, with the inlet and 
extraction fans turned off.

Particle S ize (M icrons)

Figure 4.8 Predicted particle trajectories in the accurate geometry, with the inlet and 
extraction fans turned off. The predicted trajectories are significantly different to those 
predicted in the simple geometry.
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Figure 4.9 Predicted particle trajectories in the simplified geometry, with the inlet and 
extraction fans turned on.

Particle Size (M icrons)

Outlet

Figure 4.10 Predicted particle trajectories in the acciu-ate geometry, with the inlet and 
extraction fans turned on. The predicted trajectories are significantly different to those 
predicted in the simple geometry.
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4.2.2.2 The Influence of Domain Size on Local Stream-Line Effects

Further studies were undertaken to determine whether the effects described in section

4.2.1 were significant in larger processing areas. It was assumed that the bead mill was 

placed within a larger, geometrically identical cabinet with a volume of 2 . 6  m ,̂ 

compared to a cabinet of 1.1 m  ̂ in the previous simulations. The air inlet and outlet 

remained the same size and the air flow rate per unit volume was unchanged. The 

predicted organism trajectories were obtained at low and high air flow rates, i.e., with 

the fans turned off and on.

From the simulations in a notional larger cabinet, it appears that local velocity fields are 

less consequential in larger areas, especially at higher air flow rates when it is predicted 

that all the released organisms are drawn towards the outlet filter (Figures 4.13 and 

4.14). At lower air flow rates most of the organisms are still drawn towards the outlet 

filter (figures 4.11 and 4.12), although when the more accurate geometry is used there is 

still a tendency for some organisms to become caught up in these local currents and 

travel around the cabinet.

It appears that in some cases it is important that a sufficient level of detail is captured in 

the CFD model. This is essential in smaller processing areas and containment cabinets. 

It must also be considered as a factor when the air flow rate through an area is low. In 

larger processing areas, when the air throughput is relatively high- greater than 150 

m^/h, less detail is necessary.
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Figure 4.11 Predicted particle trajectories in a larger cabinet (simplified geometry), with 
the inlet and extraction fans turned off.
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( T ^ ’l 4
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Figure 4.12 Predicted particle trajectories in a larger cabinet (accurate geometry), with 
the inlet and extraction fans turned off. The predicted trajectories remain significantly 
different to those predicted in the simple geometry.
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Figure 4.13 Predicted particle trajectories in a larger cabinet (simplified geometry), with 
the inlet and extraction fans turned on
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Figure 4.14 Predicted particle trajectories in a larger cabinet (accurate geometry), with 
the inlet and extraction fans turned on. The predicted trajectories are very similar to those 
predicted in the simple geometry.
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4.3 Variation of Initial Conditions

The initial conditions used as a basis for predicting the Lagrangian transport of particles 

(see Appendix B) can have a substantial impact upon the subsequent trajectories 

calculated by the CFD simulation. This section describes some studies to determine the 

effect of varying initial conditions, such as particle size distribution, shape, density and 

coefficient of restitution (the likelihood of a particle to bounce off a wall). Since these 

are parameters which are currently hard to define, it is essential that an indication of 

their importance is obtained. In all of these simulations, the more accurate bead mill 

geometry described in section 4.1 was used and the particles’ initial position was the 

side of the bead mill.

4.3.1 Particle Size Distribution

There is as wide a variation in the size distributions of organisms as there are different 

types of organisms. If the organisms typically used within UCLacbe alone are 

considered, there is immense diversity. Escherichia coli is considered to have an 

average size of 1 |Lim, Saccharomyces cerevisiae an average size of 5 |LLm while 

Streptomyces organisms may have a length of 10 |Lim or above. When organisms are 

released in aerosol form, there will be particle coalescence, composites will form with 

salts in the solution, etc.. In short, it is extremely difficult to predict what the size 

distribution of aerosolised organisms will be. It will vary according to the concentration 

of organisms within the cell suspension and the conditions under which the unit 

operation it was released from is operating The only readily available information 

concerning the size of aerosolised micro-organisms is provided by Ferris (1995) 

although even this data has its limitations since the sample measured was only a fraction 

of that released. Based on the results of Ferris, the size distribution of aerosolised 

organisms has been taken to be:
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Escherichia coli: 1-10 \xm, equally distributed

Saccharomyces cerevisiae: 2-10 )Lim, normally distributed, average 5 \Lm.

Studies into the effect of particle size distribution assumed that all the particles were 

spherical with a density of 1400 kg/m^ and a coefficient of restitution of zero. The 

predicted trajectories of organisms with the above size distributions were calculated, 

although the size range was only up to 5 jam since particles larger than this will be 

retained by the bead mill sieve. All the other initial conditions and the boundary 

conditions were the same.

It had previously been assumed that the organisms would always follow the air flow 

patterns and would all ultimately follow approximately the same path, irrespective of 

size. However, as Figures 4.15 and 4.16 illustrate, particle size distribution is a very 

important parameter and must be defined correctly. In other simulations, 100 particles 

of the same size were released. Again the trajectories taken by dissimilar sizes were 

different, with the smaller particles moving around the cabinet for a longer time.

If the size of the released particles is not known, it will not be easy to predict where to 

position sampling devices. Also, since PCR detects DNA fragments, not whole cells, 

there will also be a large variation in the size of these fragments which will be even 

harder to predict.
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Figure 4.15 Predicted particle trajectories of a release of E. coli.
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Figure 4.16 Predicted particle trajectories of a release of S. cerevisiae. The predicted 
trajectories are significantly different to those predicted for E. coli, indicating that the 
particle size distribution is a significant parameter.
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4.3.2 Particle Density

An analogous problem to that of defining the particle size is that of particle density. 

This will vary according to the level of amalgamation between the organism and the 

salts in the original suspension. It can be assumed that an E. coli organism has a 

density of 1400 kg/m^ but the density of the combined E. coli organism and 

associated salts will be different.

Investigations into the effect of varying the particle density were undertaken, 

comparisons were made between organisms with a density of 1400 and 2300 kg/m^. 

All the organisms were assumed to be spherical, with a size distribution of 1-5 |L im , 

equally distributed (i.e. E. coli) and a coefficient of restitution of zero.

It can be seen in Figures 4.17 and 4.18 that the difference in density has a minimal 

effect upon the predicted trajectories. Although gravitational forces have a greater 

effect upon the more dense particles, this effect is slight and does not influence the 

paths taken by the organisms. It would appear that density is not a significant 

parameter.

Particle Size (M icrons) Air
Inlet

.Air ^  
Outlet

Figure 4.17 Predicted particle trajectories of a microbial release with a density of 1400 
kg/m^
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Particle Size (Microns)

Outlet

Figure 4.18 Predicted particle trajectories of a microbial release with a density of 2300 
kg/m^. The predicted trajectories are similar to those obtained with a density of 1400 
kg/m\ indicating that the particle density is not a significant parameter

4.3.3 Coefficient of Restitution

The coefficient of restitution is a measure of how much a particle will rebound off a 

wall. It has a value between 0 and 1, where 0 indicates that a particle will completely 

adhere to any wall it encounters and 1 denotes that a particle will always bounce off a 

wall. This is another parameter value not known for organisms, although an educated 

guess can be made. An organism will tend to stick to walls, the extent to which it does 

so is unknown. Simulations were performed using a coefficient of restitution of 0.2. 

These results are compared with those illustrated in Figures 4.17 and 4.18. Spherical 

organisms, with an identical size distribution and a density of 1400 or 2300 kg/m^ were 

assumed.

The simulations, unsurprisingly, illustrate that as the coefficient of restitution is 

increased more organisms move around the cabinet for a longer time. However, the 

paths followed by the organisms do not alter very much- it is simply a case of there 

being more of them. In terms of deciding where to locate a sampling device, altering
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the œefficient of restitution does not change the best location. However, it will affect 

the prediction of the number of organisms that are sampled. Further studies into the 

effect of the coefficient of restitution on the number of organisms collected by a 

cyclone are described in Chapter 5.

Particle Size (Microns)

Outlet

Figure 4.19 Prediclcd particle trajectories of a microbial release with a density of 1400 
kg/m^ and a coefficient of restitution of 0.2 (c.f. Figure 4.17). The predicted trajectories 
are the same as those obtained when a coefficient of restitution of 0.0 is used, except the 
particles travel around the cabinet for a longer time.

Particle Size (Microns)

Outlet \

Figure 4.20 Predicted particle trajectories of a microbial release witli a density of 2300 
kg/m^ and a coefficient of restitution of 0.2 (c.f. Figiu-e 4.18) The predicted trajectories is 
the same as those obtained when a coefficient of restitution of 0.0 is used, except the 
particles travel aroimd the cabinet for a longer time.
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4.3.4 Particle Shape

Another generally accepted assumption is that non-filamentous organisms are spherical. 

Some investigations were made to determine whether the shape of the particles has a 

significant effect upon their movement around the containment cabinet. A density of 

1400 kg/m  and a coefficient of restitution of zero were assumed. Simulations were run 

in which the organisms were assumed to be elongated with their width defined as being 

20% of their length. Their surface area was 40% of that of an equivalent spherical 

particle, i.e. a spherical particle with a diameter the same length as the elongated one. 

The different shapes are illustrated in Figure 4.21. The length scale, used in the 

simulations was equivalent to the size distribution of E. coli used in previous 

calculations (i.e. 1-5 pm, equally distributed).

Spherical Organism Non-Spherical Organism

Width = d/5

Diameter = d

Surface Area = A

Length = d 

Surface Area = 2A/5

Figure 4.21 Comparison of the spherical and non-spherical shapes used in the models

Figure 4.22 illustrates the trajectories followed by non-spherical organisms, they are 

considerably different to those of spherical organisms (Figures 4.15 and 4.17). This is 

not surprising when compared to the previous finding that organisms of different sizes 

move in different directions. Filamentous organisms distort the surrounding local air 

flow differently to spherical ones and consequently alter the path followed by the 

organism. It would appear that particle shape is as important a parameter as particle size 

distribution and needs defining accurately if CFD modelling is to give a realistic idea of 

the movement of organisms in processing areas and cabinets.
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Figure 4.22 Predicted particle trajectories of non-spherical organisms (c.f. Figures 4.15 
and 4.17). The predicted trajectories are significantly different to those predicted for a 
spherical organism, indicating that the particle shape is a significant parameter.

4.4 Summary of Boundary and Initial Condition Effects

4.4.1 Boundary Condition Effects

In small cabinets when the air velocities are very low, i.e. when the inlet and outlet fans 

are turned off, a variety of different flow patterns are possible. These variations depend 

upon the way in which mass flow boundaries are defined and do not arise when the fans 

are turned on since the air flow is then dictated by the high throughput. The predicted 

trajectory of organisms is highly dependant upon these flow patterns, if they are 

incorrectly defined the predicted capture efficiency in the cyclone can drop to zero.

Local air currents have a significant effect upon the movement of organisms around the 

cabinet. Thus, it is necessary for the model to capture quite a high level of detail



Chapter 4 The Effect o f Initial and Boundary Conditions

regarding the shape of a unit operation, it is not sufficient to assume that a piece of 

equipment can be designated as a solid block.

The effect of local currents appears to be less significant in larger processing areas, 

particularly if the volumetric flow rate through the area is high. If an accurate 

representation of every piece of equipment in a pilot plant or large-scale facility were 

required, the problem would be extremely difficult to define, both in terms of man-hours 

and computing resources. In larger areas it seems more sensible to define equipment 

items as being solid blocks. If an accurate depiction of more complicated geometries is 

required, it may be necessary to buy a pre-processor which can read in a CAD 

(Computer Aided Design) diagram, since CFD pre-processors are notoriously difficult 

to use.

The discovery that, in some cases, we should be more concerned with local air flow 

patterns rather than bulk air flow has major implications in both biosafety and clean 

room design, since current thinking considers bulk air flow to be the more important 

parameter.

4.4.2 Initial Condition Effects

Many of the values of initial conditions that are required as an input into a CFD model 

cannot, yet, be determined. Currently an educated guess has be made about these 

parameters.

The size distribution of a released aerosol and the shape of the organisms both have a 

dramatic effect upon the predicted trajectory of a microbial release, particularly when 

the surrounding air is moving at a low velocity. It is obvious that the paths followed by 

different organisms will be very different and, to optimise sampling, the location of the 

sampling device will move according to the organism being sampled. More accurate 

data concerning the particle size distribution and shape is required if CFD models are to 

reflect correctly the movement of organisms around rooms. If a filamentous organism
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were being modelled, its shape could be determined by image analysis, so this definition 

should not present difficulties.

Altering the density of the organisms has little effect upon their movement, although the 

gravitational effects become greater, they do not become substantially so. Thus, the 

mass and momentum of an organism are not significant. Whilst changing the 

organisms’ size alters its predicted trajectory, this is not because larger particles are 

heavier but is probably due to the turbulent dispersion of particles. This is discussed 

further in Chapter 7.

The coefficient of restitution, or the extent to which an organism will bounce off walls, 

does not have a significant effect upon the predicted microbial trajectories. The effect 

of altering this parameter can be foreseen relatively easily- as the “bouncability” of the 

organisms becomes greater, the number of organisms expected to be sampled becomes 

higher.

However, the likelihood of an organism to adhere to a wall is inversely proportional to 

its size. Simulations were run of the UCL containment cabinet (see section 2.2.2), in 

which organisms were released from the same position, with the same boundary 

conditions, the same initial velocity and a coefficient of restitution of 0 .2 , the only 

variable was the particle size. Figure 4.23 illustrates the percentage of organisms of 

each size which were predicted to stick to the walls, roof or floor of the cabinet. This 

phenomena is probably due to boundary layer effects. When a fluid reaches a surface 

the velocity in the neighbourhood of the surface changes, this change is proportional to 

the perpendicular distance from the wall and is brought about because of the viscous 

forces acting within the fluid. Thus, directly adjoining the wall is a region which is at 

rest. The boundary layer is the region immediately adjacent to a wall where there is a 

velocity gradient, the velocity progresses from zero at the wall through to the bulk 

velocity of the fluid. A small particle, with a diameter much less than the thickness of 

the boundary layer, will be completely immersed in the boundary layer and is more 

likely to be captured than a larger particle.
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Figure 4.23 Percentage of particles adhering to walls as a function of particle size. The 
smaller particles show a greater tendency to stick to walls.

Hence, the probability of an organism sticking to a wall is not only dependant upon the 

coeffieient of restitution but is also a function of its size. Thus, the size distribution of a 

microbial release effects its subsequent predicted movement around a processing area 

and also the predicted efficiency of a sampling regime. Another point to consider is that 

the thickness of the boundary layer is related to the velocity of the adjacent air. The 

lower the air velocity, the thicker the boundary layer. The boundary layer thickness may 

have a significant affect upon the movement of organisms released into stagnant air, as 

opposed to a release into fast-moving air.

The next chapter will compare CFD predictions to experimental data, with the aim of 

validating the CFD models, also to attempt to predict the initial conditions of a 

microbial release.
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5.0 Validation of the CFD Models

A simulation protocol for modelling the air flow patterns in processing areas has been 

established (Chapter 3) and the initial and boundary conditions which must be defined 

accurately have been identified (Chapter 4). In this chapter the CFD results are 

compared to experimental data to prove the effectiveness of the technique in correctly 

predicting the trajectory of a microbial release.

5.1 Experimental Collection Efficiencies of Micro-organisms 

within Containment Cabinets

5.1.1 Bassaire Cabinet

The experiments using the Bassaire cabinet were outlined in section 4.1.1.1, the aim was 

to determine the relationship between the number of organisms sprayed as an aerosol 

into a fixed, contained volume and the number of cells captured in a cyclone. The 

organisms were enumerated using either microscopic cell counting or quantitative 

P C R ".

In the first set of experiments, performed by Ferris , suspensions of E. coli and S. 

cerevisiae were sprayed into the cabinet using a glass atomiser (section 2.3.2.1 ). The 

cells were suspended in either Ringers solution or nutrient broth. The aerosol formed 

was sampled by a cyclone attached to the side of the cabinet, as shown in Figure 2.1. 

Enumeration was by microscopic cell counting. These experiments were repeated by 

Noble whose enumeration technique was quantitative PCR (section 2.3.2.4). In that 

work a suspension of E. coli JM107pQR701, in either Ringers solution or nutrient broth, 

was released.
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The results of these experiments are shown in Figure 5.1. It can be seen that there was a 

significant variation in the percentage collection efficiency. It was suggested that this 

variation may be due to a variation in particle size because the organisms were 

released from different suspensions.
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Figure 5.1 Experimental collection efficiencies of micro-organisms in the Bassaire cabinet. 
The large variation in collection efficiency may be attributed to differing particle sizes 
because the bioaerosols were formed from different solutions.

5.1.2 UCL Containment Cabinet

Again, the aim of the experiments based in the containment cabinet (performed by 

Bradley were to determine the relationship between the number of aerosolised 

organisms sprayed into the cabinet and the number collected in a cyclone. A glass 

atomiser (section 2.3.2.1) was used to spray a suspension of E. coli RV308pHKY531 

into the cabinet at different spatial locations (see Figure 5.2). The aerosol formed was 

collected in a cyclone attached to the side of the cabinet (Figure 2.2). The number of 

organisms collected was enumerated by quantitative PCR (section 2.3.2.4). The
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organisms were released from different spatial locations in the cabinet, called “centre”, 

“wall 1” and “wall 2”. These locations and the percentage collected in the cyclone from 

each location, is illustrated in Figure 5.2. The percentage of organisms collected was 

dependant upon their point of release.

Inlet
HEPA
Filter

'Centre'
93% Cyclone

'Wall 2 
42%

'Wall 1 
25%

Figure 5.2 Experimental collection efficiencies of micro-organisms in the UCL 
containment cabinet, when the organisms were released from different locations within the 
cabinet (view from above). The percentage of organisms collected was dependant upon 
their point of release.

5.2 CFD Predictions of Collection Efficiencies in 

Containment Cabinets and Processing Areas

5.2.1 Problem Definition and Simulation Details

5.2.1.1 Problem Definition

CFD results were compared to experimental data obtained in the Bassaire cabinet 

(sections 2.2.1 and 5.1.1), the UCL containment cabinet (sections 2.2.2 and 5.1.2) and 

the UCLacbe Fermentation Hall (section 2.3.5). All the simulations utilised a hybrid 

differencing scheme for convection (section 3.1.5) the SIMPLEC algorithm to couple 

pressure and velocity (section 3.1.3) and the standard k-e turbulence model (section 

3.1.6).
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B a s s a i r e  C a b i n e t

These simulations aimed to reproduce previous experiments performed in the Bassaire 

cabinet The results Of these experiments were summarised in section 5.1.1.

The inlet and outlet fans were turned off when the experiments were performed, so the 

air in the cabinet was stagnant. Stagnant air flow is more difficult to model, these 

difficulties were described in sections 4.2.1 and 4.4.1. In these simulations the outlet 

was defined as a fixed flow boundary and the inlet as a variable flow boundary, since 

this set up was found to be the most representative of the air movement in the cabinet 

(section 4.2.1). The organisms were assumed to be spherical with a density of 1400 

kg/m^. Simulations were run varying the particle size, initial velocity and coefficient of 

restitution.

UCL C o n t a i n m e n t  C a b in e t

The aim of these simulations was the same as those performed in the Bassaire cabinet- 

to reproduce experimental work relating the number of organisms released into the 

cabinet to those collected by a cyclone. The organisms were enumerated using 

quantitative PCR and the key experimental results are detailed in section 5.1.2.

For most of the experiments the outlet filter was blocked off, thus the inlet filter had to 

be defined as a variable mass flow boundary. Spherical organisms with a density of 

1400 kg/m^ and an initial velocity of 20 m/s were assumed, the particle size and 

coefficient of restitution were varied.

U C L a c b e  F e r m e n t a t io n  H a l l

Simulations within the UCLACBE fermentation hall were designed to extend the 

corroboration of CFD calculations to larger processing areas. Instead of quantifying the
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collection of micro-organisms, the experimental work focused upon the release and 

collection of zinc ions at different locations in the room. An aerosol of zinc sulphate 

was released and the amount collected by the cyclone was determined by atomic 

absorption spectroscopy (section 2.3.2.3). Zinc sulphate was released in preference to 

micro-organisms for two reasons. Firstly, it was felt unethical for a biosafety research 

group deliberately to release genetically modified organisms into an open area. 

Secondly, an alternative methodology might provide a more accurate way (see section 

2.3.2.4) of validating the CFD results. Details of these experiments are given later in 

the chapter (section 5.2.3.2).

The air velocities at the inlets and outlets were measured by hot wire anemometry 

(section 2.3.1). Spherical particles with a density of 2300 k g W  and an initial velocity 

of 40 m/s were assumed. The particle size was taken to be 3 pm, the reason this value 

was chosen is explained in section 5.2.3.2. The coefficient of restitution was varied.

5.2.1.2 Grid Independence and Convergence Behaviour

Grid-independence was explained in section 3.1.1.1. Grid-independence in the Bassaire 

cabinet was proven when 70,000 control volumes were used, as illustrated in Figure 4.1. 

All simulations in the Bassaire cabinet utilised 95,000 control volumes. Figure 5.3 

illustrates that grid independence was attained in the UCL Containment cabinet at 

15,000 control volumes, subsequent calculations used 30,000 control volumes. Within 

the UCLacbe fermentation hall it was not possible to prove grid-independence 

conclusively, although in many parts of the room there was little difference in the 

velocities calculated when 95,000 and 110,000 control volumes were used. 

Nevertheless, as in the Sharpies centrifuge room (section 3.2.1.1), it was still possible to 

obtain a very good qualitative representation of the air flow (see section 5.2.3.1). Thus, 

simulations were used on this basis using 95,000 control volumes- the maximum 

allowable if particle tracking calculations were also performed.
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Figure 5.3 V ariation o f  air velocities in the UCL containm ent cabinet w ith the num ber o f  
control volum es used. G rid-independence was achieved with 15,000 control volum es. 
(The X axis is defined in A ppendix C)
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Figure 5.4 V ariation o f  air velocities in the UCLACBE ferm entation hall w ith the num ber o f 
control volum es used. G rid-independence was not quite attained w ith 110,000 control 
volum es, w hich was the m axim um  attainable. (The z axis is defined in A ppendix C)

A characteristic residual plot for the Bassaire cabinet sim ulations was shown in Figure 

4.2. Typical residual plots for the UCL containment cabinet and UCLACBE
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fermentation hall are illustrated in Figures 5.5 and 5.6 respectively. Quite a high level 

of under-relaxation (see section 3.1.4) was required for simulations within the Bassaire 

cabinet, whilst calculations in the UCL containment cabinet and UCLACBE 

fermentation hall only required a normal level of under-relaxation. All simulations 

converged satisfactorily. An explanation of the types of residual plot was given in 

sections 3.1.2 and 3.2.2.

Residual Plot
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W Velocity
V Velocity --------
U V e lo c i tv --------
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Figure 5.5 Typical residual plot for UCL containment cabinet simulations
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Figure 5.6 Typical residual plot for UCLacbe fermentation hall simulations 
(incorporating particle tracking iterations).
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5.2.2 Comparison between the Measured and Predicted Collection 

Efficiency of Micro-organisms in Containment Cabinets

5.2.2.1 Bassaire Cabinet

It was shown in section 4.3.1 that the particle size distribution had a notable impact 

upon the subsequent trajectory predicted by CFD calculations. Also, the coefficient of 

restitution influenced the prediction of the collection efficiency in a cyclone (see section 

4.3.3). Neither of these parameters were considered when the experiments outlined in 

section 5.1.1 took place and they must therefore be considered unknowns. The velocity 

at which the aerosol was sprayed into the cabinet was also not noted, although it was 

possible to calculate that the maximum velocity possible was 58 m/s. Simulations using 

combinations of these variables were performed (see Table 5.1) to determine a range of 

collection efficiencies for comparison with the experimental data.

Table 5.1 Variable Values Used in Bassaire Cabinet Simulations

Variable Values

Coefficient of Restitution 0 . 0

0 . 1

0 . 2

Particle Size 1 pm

2  pm

5 pm

1 0  pm

Initial Velocity of Release 2 0  m/s

40 m/s

58 m/s
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When the initial velocity of the released particles was altered there was not a significant 

difference in the predicted number of organisms collected. Altering the coefficient of 

restitution did not alter the predicted trajectories, however when particles were able to 

bounce off walls, there was a significant increase in the number that were captured by 

the cyclone. This is consistent with the results discussed in sections 4.3.3 and 4.4.2. 

The different trajectories obtained as the coefficient of restitution was increased from 

0.0 to 0.2 are shown in Figures 5.7 - 5.12.

Figures 5.7 - 5.12 also show the different trajectories which were predicted as the 

particle size changed. The diameter of a particle proved to be a significant parameter 

within the Bassaire cabinet because of the effects of turbulent dispersion. A release of 

small 1 pm organisms is illustrated in Figures 5.7 and 5.8. In this case, the released 

particles were strongly influenced by the turbulent eddies in the air flow as soon as they 

entered the cabinet. This resulted in them quickly being transported deep into the 

cabinet, some subsequently impacted upon the roof or walls in the cabinet and some 

were caught up in the strong currents generated by the cyclone and were collected, but 

the overall collection efficiency was relatively low. Figures 5.9 and 5.10 show the 

predicted trajectories of slightly larger 5 pm organisms. These particles were less 

strongly affected by turbulent eddies and had less tendency to move around. 

Consequently more particles entered the region in which the cyclone was exerting a 

strong influence and a greater percentage of them were captured. This phenomenon was 

repeated when 10 pm organisms were modelled (see Figures 5.11 and 5.12). These 

particles were not affected by turbulent eddies and the majority of them travelled 

directly fi-om the atomiser port to the cyclone.
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Aerol

Figure 5.7 Predicted organism trajectories in the Bassaire cabinet when the organisms have 
a coefficient o f restitution o f 0.0 and a diameter o f 1 pm.

Aero?)

Figure 5.8 Predicted organism trajectories in the Bassaire cabinet when the organisms have 
a coefficient o f restitution o f 0.2 and a diameter o f 1 pm.
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(iyclone
SUipling

Aeros(

Figure 5.9 Predicted organism  trajectories in the Bassaire cabinet w hen the organism s have 
a coefficient o f  restitution o f  0.0 and a d iam eter o f  5 pm .

Skmplmg

A eros

Figure 5.10 Predicted organism  trajectories in the Bassaire cabinet w hen the organism s 
have a coefficient o f  restitution o f  0.2 and a diam eter o f  5 pm .
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Aerosol

Figure 5.11 Predicted organism  trajectories in the Bassaire cabinet w hen the organism s 
have a coefficient o f restitution o f  0.0 and a diam eter o f  10 pm.

Aerosol

Figure 5.12 Predicted organism  trajectories in the Bassaire cabinet w hen the organism s 
have a coefficient o f  restitution o f  0.2 and a d iam eter o f  10 pm.
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Thus, the air flow pattern within the Bassaire cabinet favours the collection of larger 

organisms. The effect of the cyclone is localised- this is predominantly because of the 

relative positions of the atomiser and cyclone ports. The two ports are distant enough 

that smaller particles have the opportunity to travel away from the region dominated by 

the cyclone. Also, the cyclone port is lower than the atomiser port, so gravity effects 

cause heavier particles to fall into the cyclone-dominant region.

The simulation results from the Bassaire cabinet are shown in Figure 5.13, plotted as a 

function of particle size against percentage collection. All the results are the average of 

three simulations using a different particle initial velocity. It can clearly be seen that 

larger particles had a greater percentage collection efficiency. This is consistent with 

the preceding discussion and the predicted trajectories illustrated in Figures 5.7 - 5.12. 

The collection efficiencies predicted when the particles had a coefficient of restitution of 

0.0 ranged between 1 - 20%. For a coefficient of restitution of 0.2 this value was 

higher, between 45 - 93%. There was little difference in the results obtained with a 

coefficient of restitution of 0 . 1  or 0 .2 , indicating that if particles bounced of walls at all 

it was sufficient to increase the predicted collection efficiency.

Thus, CFD simulations have explained the disparity in the collection efficiencies 

obtained experimentally. The collection efficiency was strongly influenced by the 

particle size, therefore variations in the experimental collection can be assumed to have 

been due to variations in the initial conditions from run to run.
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Figure 5.13 CFD  predictions o f  percentage collection w ithin the Bassaire cabinet as a 
function o f  particle diam eter. Larger organism s are more likely to be caught up in the air 
stream  entering the cyclone.

Many o f the experimental collection efficiencies fell between 20 - 45 %. Sinee these 

values fall between the curves for coeffieients o f restitution o f  0.0 and 0.2, it would 

appear that some o f the organisms released had a tendency to stick to the walls, whilst 

others did not. Figure 5.13 also shows a curve that was extrapolated from the data for 

coefficients o f restitution o f 0.0 and 0.2. It corresponds to the case when half the 

organisms will stick to walls and half will bounce off. This curve has been fitted with 

an exponential deeay function, given below, relating the percentage eollected (x) to the 

diameter o f the released organisms (y).

y = 1 -  2.5 In
(56.7- x )  

293

5.1
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If 40% of the released organisms were collected (the experimental average 

equation 5.1 predicts that the average size of the released organisms was 3 pm. This 

value seems realistic, although it is not a definitive answer since the calculation contains 

the following assumptions.

• It was assumed that half the organisms had a coefficient of restitution of 0 . 0  and half 

had a coefficient of restitution of 0.2. Although this is an obvious conclusion to draw 

from Figures 5.1 and 5.13 it may not necessarily be correct in every situation. The 

“stickiness” of an organism will be affected by external factors, such as the 

suspension from which it was released. Such factors are not yet understood.

• Equation 5.1 was derived by averaging the collection efficiencies obtained from 

simulations using coefficients of restitution of 0.0 and 0.2. This is a simplification 

since the relationship between the trajectories of different particles is dynamic, a 

single particle which does or does not bounce off a wall will probably have an effect 

upon the surrounding air flow and subsequently the movement of other particles. 

The fact that different trajectories are obtained for different particle sizes indicates 

that the particles do not merely follow the air flow and that interactions between the 

particles and the air influence the particles’ trajectories. However, the assumption 

was necessary since CFDS FL0W3D can only perform simulations when the 

coefficient of restitution is fixed.

• It has been assumed that the collection efficiency within the cyclone is 1 0 0 %, i.e., all 

the particles predicted to enter the cyclone were subsequently enumerated. The 

efficiency of the cyclone is known to be dependent upon particle size and it will, 

therefore, be less than 1 0 0 % efficient

In this instance, CFD results were within the same range as experimental data and CFD 

explained the discrepancies in the experimental results. By comparing the results 

obtained by the two techniques, it was possible to guess at the initial conditions of a 

microbial release.
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S.2.2.2 UCL Containment Cabinet

The aim of the simulations in the UCL containment cabinet was similar to those in the 

Bassaire cabinet (section 5.2.2.1). The point of release was at different positions within 

the cabinet, as illustrated in Figure 5.2. Again, the particle size distribution and 

coefficient of restitution were unknowns, so the simulations examined different values 

of these parameters. However, the conditions under which the atomiser was operated 

were kept constant so it was possible to calculate that the particles’ initial velocity was 

2 0  m/s.

Figures 5.14 and 5.15 show the trajectories obtained when organisms were released 

from the “centre” position, with a coefficient of restitution of 0.2 and sizes of 5 pm and 

10 pm respectively (the outlet filter was blocked off). In both cases, the microbial 

release caused air within the cabinet to recirculate, which resulted in the organisms 

moving around the cabinet. When smaller particles were released (Figure 5.14) the 

recirculating air carried the particles around the cabinet towards the inlet filter. It was 

predicted that when 5 pm particles were released, 8 8 % impinged upon the inlet filter 

and only 1% were collected in the cyclone. In contrast, larger particles became caught 

up in a different recirculation pattern which carried them towards the cyclone port 

(Figure 5.15). When 10 pm particles were released, CFD predictions indicated that 

52% would be collected in the cyclone, whilst 18% impinged upon the outlet filter. 

These trajectories are analogous to those obtained in the Bassaire cabinet (see section 

5.2.2.1), when smaller particles were more easily carried around the cabinet and were 

subsequently less likely to enter the region local to the cyclone, from where they would 

be sampled.

These simulations were repeated with releases of different sized organisms, between 2 - 

15 pm. Similar results were obtained, with particles less than 8  pm being transported 

away from the cyclone and particles of 8  pm and larger being drawn towards the 

cyclone. Since a large number of organisms were collected, it was concluded that in 

these experiments the aerosol generated by the atomiser had a size distribution greater 

than 8  pm. All subsequent simulations assumed a particle size of 10 pm.
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Filter clone 

Sampling 
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Figure 5.14 Predicted trajectories o f  5 pm  organism s around the UCL containm ent cabinet. 
M ost o f  the organism s are carried around the cabinet and 88% im pinge upon the inlet filter.

Inlet
HEPA
Filter :|Cyclone

Sampling
Port

Figure 5.15 Predicted trajectories o f  10 pm  organism s around the UCL containm ent 
cabinet. M ost organism s are collected by the cyclone (52% ) or im pinge upon the outlet 
filter (18% ).

The other parameter which was investigated was the coefficient of restitution. It was 

expected that organisms were likely to stick to walls, although unlikely to adhere to 

them completely. Release from position “wall 1” (see Figure 5.2) was considered, 

because of its proximity to two walls. The collection efficiency obtained experimentally 

and those predicted by CFD are shown in Figure 5.16. CFD simulations assumed 

values of the coefficient of restitution of 0.0, 0.2 and 0.4. It can be seen that result 

which was closest to the experimental result of 25% occurred at a coefficient of 

restitution of 0.2. All subsequent simulations used this value.
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Figure 5.16 Predicted percentage collection in cyclone as a function of the coefficient of 
restitution, when microbial release occurred from position “wall 1”. A coefficient of 
restitution of 0.2 matches the experimental result most closely.

Since realistic values of the two unknown parameters have been established, it was 

possible to predict collection efficiencies from all three points of release in the cabinet. 

Figures 5.15, 5.17 and 5.18 show the predicted particle trajectories from each position 

when a particle size of 1 0  pm and a coefficient of restitution of 0 . 2  were assumed.

F 1er

/\ir Vdocily
Vectors (m/s)

Cyclone
Port

Release from 
Position "Wall 1"

Figure 5.17 Predicted organism trajectories from position “wall 1” in the UCL 
containment cabinet (view from above). The simulation assumed a particle size of 10 pm 
and a coefficient of restitution of 0.2. Air velocity vectors in the central horizontal plane 
show the recirculation pattern in the cabinet. CFD predicted that 22% of organisms 
would be collected in the cyclone.
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Figure 5.18 Predicted organism trajectories from position “wall 2” in the UCL 
containment cabinet (view from above). The simulation assumed a particle size of 10 pm 
and a coefficient of restitution of 0.2. Air velocity vectors in the central horizontal plane 
show the recirculation pattern in the cabinet. CFD predicted that 30% of organisms 
would be collected in the cyclone.

Comparison between the CFD predictions and experimental results are outlined in 

Figure 5.19. There is a very good correlation between both sets of data in the two 

positions near the wall- taking into account experimental error the results overlap. In 

the “centre” position the results are not quantitatively accurate. The discrepancy may 

be because the PCR technique used an inappropriate internal standard when quantifying 

the result, thus overestimating the number of organisms collected ^  - quantitative PCR 

has a known error of at least ±30% (see section 2 .3.2 .4). Alternatively, the 

recirculation patterns predicted by the CFD may be overestimating the movement of 

organisms around the cabinet. One of the problems when predicting the movement of 

organisms in stagnant air is that the organisms themselves dictate the air pattern, 

subsequently making the area more difficult to model. When the air flow through an 

area is higher, i.e., when air fans are turned on, it is the air movement which dictates the 

organisms’ trajectories. Nevertheless, both techniques indicate that more organisms 

would be collected from the “centre” position, so the CFD result is still giving a good 

qualitative idea of the relationship between what was sampled and total release.
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Figure 5.19 Comparison between experimental data and CFD predictions for the 
percentage of organisms collected in the UCL containment cabinet, when released from 
different locations. There is good agreement when microbial release occurred from near 
walls. When release was from the centre of the cabinet reasonable qualitative agreement 
was obtained.

5.2.3 Comparison between CFD Results and Experimental Work in 

Processing Areas

5.2.3.1 Comparison of CFD Predicted Air Velocities and Hot Wire Anemometer 

Data

Before CFD results could aim to reproduce the transport of zinc sulphate around the 

UCLacbe fermentation hall, it was necessary to prove that it was predicting the air 

movement around the area correctly. Figure 5.20 shows the comparison between the air 

velocities predicted by CFD and those measured by hot wire anemometry. A very good 

representation of the air flow was obtained. In many places the comparison was 

quantitatively accurate, in all other places it gave a qualitatively representative picture.
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Thus, the air flow prediction was considered good enough to be able to try to predict the 

movement of zinc sulphate.
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Figure 5.20 C om parison betw een air velocities predicted by CFD  and those m easured by 
hot w ire anem om etry in the UCLACBE ferm entation hall. CFD accurately  represents the air 
m ovem ent in the area.

5.2.3.2 Comparison between the Measured and Predieted Colleetion Efficiency of 

Zinc Ions

R e l e a s e  a n d  C o l l e c t i o n  o f  Z in c  S u l p h a t e

Zinc sulphate was released from the same position in the room each time (point “X” in 

Figure 5.21). For different runs, the cyclone was placed in different positions (marked 

1-6 in Figure 5.21). Zinc sulphate was released for twenty minutes, the cyclone 

sampled air during the whole period in which the aerosol was released and for a 

subsequent ten minutes. Several hours were left between each run to enable the air 

handling system to remove all the previously released zinc sulphate. To ensure that the 

room was “clean” the cyclone was operated for twenty minutes before each run to detect 

any background levels of zinc sulphate. In all cases the background level was

142



Chapter 5 Validation o f the CFD Models

negligible. The percentage of zinc sulphate collected at each location (enumerated by 

atomic absorption spectroscopy) is shown in Figure 5.21. Each value was calculated 

from a minimum of two repeats.

3 0.9%

8 .2%

7.9% 0.3% 0.0%1.0%

Figure 5.21 Percentage collection of zinc sulphate from different locations (numbered 1-6) 
in the UCLacbe fermentation hall. The aerosol was released from point “X” (view from 
above). The boxes indicate the positions of equipment.

CFD P r e d ic t io n  o f  t h e  M o v e m e n t  of  Z in c  Su l p h a t e .

Zinc sulphate was aerosolised using the Collison nebuliser (section 2.4.2.1), the particle 

size was known to be approximately 3 pm, since this is the average particle size 

aerosolised by the nebuliser The coefficient of restitution was taken as either 0.0 or 

0.2. Since the effect of the cyclone on the surrounding air flow is only significant 

locally (see sections 5.2.2.1 and 5.2.2.2) it was not considered necessary to include the 

cyclone in the model. Any particles that travelled in its vicinity were considered to be 

captured. The predicted trajectories of the release of zinc sulphate when a coefficient of 

restitution of 0.0 was used are shown in Figure 5.22a and b. The predicted trajectories 

when the coefficient of restitution was 0.2 are depicted in Figure 5.23a and b.
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Figure 5.22a Predicted trajectory o f  released zinc sulphate in the UCLACBE ferm entation 
hall, w hen the coefficient o f  restitution was 0.0

Figure 5.22b Predicted trajectory o f  released zinc sulphate in the U CL a c b e  ferm entation 
hall, w hen the coefficient o f  restitution was 0.0 (view  from above).
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Figure 5 .23a Predicted trajectory o f  released zinc sulphate in the U C L a c b e  ferm entation  
hall, w hen the coefficient o f  restitution w as 0.2.

Figure 5.23b Predicted trajectory o f  released zinc sulphate in the U C L a c b e  ferm entation  
hall, w hen the coefficient o f  restitution w as 0.2 (view  from above).

The CFD results are compared to the experimental data in Figure 5.24. In all positions, 

the two results are very similar. Little or no zinc was collected at the opposite end of 

the room, relative to where the release occurred (positions 4, 5 and 6). CFD also 

predicts that few, if  any, particles would travel to this side o f  the room, irrespective o f 

the value chosen for the coefficient o f restitution. Near to the point o f release (positions
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1 and 2) approximately 8 % of the released zinc was collected. CFD predicts that if the 

coefficient of restitution was 0.0, then 6 % would be collected. For a coefficient of 

restitution of 0.2, between 8-12% would be collected. Both the predicted values are 

very realistic. The only location at which the coefficient of restitution makes any 

difference to the predicted result is at position 3. Experimentally, very little zinc was 

collected here (<1%). For a coefficient of restitution of 0.0 the prediction is an accurate 

match. However, if the coefficient of restitution is increased to 0.2, CFD predicts that 

many particles would travel around the back of the fermenter concerned, and 1 0 % of the 

total release would be sampled in the cyclone. Thus, in this example it would appear 

that the aerosolised zinc sulphate particles had a strong tendency to adhere to walls.
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o CFD: Coefficient of Restitution = 0.0 

A CFD: Coefficient of Restitution = 0.2

3 4

Position Number

Figure 5.24 Comparison of the collection efficiency predicted by CFD and experimental 
collection of zinc sulphate at different locations in the UCLacbe fermentation hall. The 
CFD prediction matches the experimental data very well.

5.3 Summary of CFD Validation

Since microbial aerosols were generated by an atomiser (section 2.4.2.1), the size 

distribution of the aerosol was unknown. The size distribution would be affected by the
38 75 98suspension from which it was released ’ ’ and the conditions under which the
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atomiser was operated Since the conditions under which the atomiser was operated 

were not considered when the experiments were performed in the Bassaire cabinet, the 

initial velocity and size distribution were probably variable. By considering these two 

parameters, CFD results explain the diversity in the experimental data. When 

experiments were performed in the UCL containment cabinet, the atomiser was operated 

under constant conditions so these problems were alleviated. CFD results suggested 

that the aerosol released into the UCL containment cabinet were larger than 8  pm in 

diameter. This is bigger than the suggested size of the aerosol released into the Bassaire 

cabinet, probably due to the different manner in which the atomiser was operated.

The coefficient of restitution is a function of both the aerosol released and possibly the 

material out of which the cabinet or processing area was constructed. For a release of 

zinc sulphate, results indicate that that the aerosol is likely to adhere to walls. For a 

microbial release, the coefficient of restitution was different in the two cabinets. Within 

the Bassaire cabinet it appears that half the organisms released stuck to walls 

(coefficient of restitution of 0 .0 ) and half bounced off, with a coefficient of restitution of 

0.1 or 0.2. Within the UCL containment cabinet the organisms released had a 

coefficient of restitution of 0.2. The difference may be due to the material out of which 

the cabinets were fabricated.

Another point to consider is the manner in which sampling took place in the 

containment cabinets. Since the experimental aim was to collect and count as many 

organisms as possible to prove the effectiveness of the technique, it was decided to 

sample the majority of the air in cabinet. It is normal practice to sample a small 

proportion of the air, to obtain a more representative idea of the microbial burden. CFD 

models have pointed out that when the air flow in an area is stagnant, the air movement 

becomes dictated by the organism trajectories. When air flow through an area is high 

the organism's movement is dictated by the air flow, the initial conditions of the release 

become less critical and modelling is subsequently easier.

In all three areas studied, CFD predictions have been representative of experimental 

data. Thus, CFD can predict the trajectory of a release in both containment cabinets and
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processing areas, as long as the initial conditions of the release are known. However, 

the initial conditions of a microbial release can vary a great deal. Within the Bassaire 

and UCL containment cabinets the size distribution and coefficient of restitution were 

notably different. It is necessary to evaluate these parameters on a case-by-case basis.

It has been shown in this chapter that CFD can be considered an effective way of 

tracking a microbial release, as long as the problem is properly defined. The next 

chapter will consider the application of CFD to a biosafety case study, to determine the 

release from bioprocess equipment during normal operation.
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6.0 Application of CFD to Monitor Bioprocess 

Containment: A Case Study

The preceding chapters have discussed the appropriate way to use CFD when modelling 

a microbial release. When the correct boundary and initial conditions have been 

defined, it has been shown that CFD can correctly predict the trajectory of a release. 

This chapter discusses the use of the technique to monitor the release of micro

organisms from two bioprocess unit operations.

6.1 Description of Case Study

The aim of this case study was to assess use of quantitative PCR and CFD to measure 

the level of containment of a series of unit operations. The case study was carried out at 

Glaxo Wellcome’s newly commissioned bioprocess pilot plant at Stevenage, which has 

a high containment specification.

The following series of unit operations were carried out using E. coli JM107pQR701 as 

the process organism. The target strain was grown in a 50 L seed vessel and a 500 L 

main vessel. The fermentation broth was then harvested using a Sharpies (Alpha Laval) 

tubular bowl centrifuge. Secondary containment was provided by housing the 

centrifuge in its own room and removing the cell paste from the centrifuge bowl in a 

safety cabinet within this room (see section 2.2.4). A portion of the cell paste was 

subsequently disrupted using a Dyno-Mill (Glen Creston Ltd.) bead mill. The bead mill 

was operated within a flexible isolator which provided secondary containment (see 

section 2.2.3). During the operation of each piece of equipment, any release was 

monitored by sampling air in the immediate vicinity and enumerating the sample using 

quantitative PCR. The number of organisms counted in each case is shown in Table 6.1 

The CFD studies described in this chapter were performed so that release from the 

unit operation could be related to capture in the cyclone.
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Table 6.1 Number of Organisms Enumerated by PCR for Each Sample 77

Unit Operation Sample Description Number of Organisms 

Enumerated

Sharpies Centrifuge Prior to Operation n/d

During Centrifuge Operation n/d

During Bowl Removal and 

“Dig Out”

7.0 X 10°

Dyno-Mill Bead Mill Prior to Operation n/d

During Bead Mill Operation 1.5x10" "

* n/d = none detected, i.e. < 2 x 1 0  cells in the cyclone. 

1.5 X 10̂  cells counted, is below the limit of detection of the PCR technique.

6.2 CFD Predictions

6.2.1 Problem Definition and Simulation Details

6.2.1.1 Problem Definition

Release from the Sharpies centrifuge and the Dyno-Mill bead mill were considered. In 

the Sharpies room air samples were taken on two occasions, the first during the 

operation of the centrifuge. The second whilst the centrifuge bowl was being carried 

across the room to the safety cabinet and during the subsequent “dig-out”, when the cell 

paste is removed from the bowl. For the bead mill, sampling occurred during its 

operation. The positions of the cyclone during sampling are illustrated in Figures 2.3 

and 6 .1 .

All simulations utilised a hybrid differencing scheme to treat the convective terms

(section 3.1.5), the SIMPLEC algorithm to couple pressure and velocity (section

3.1.3) and the standard k-s turbulence model (section 3.1.6).
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S h a r p l e s  C e n t r i f u g e  R o o m

This room was described in section 2.2.4. The boundary conditions were determined by 

hot wire anemometry (section 2.3.1). Air entered the room at 6.5 m/s and exited at 1.5 

m/s. The air inlet was defined as a fixed mass flow boundary and the outlet as a 

variable mass flow boundary. As in the UCLacbe fermentation hall (section 5.2.3.2), it 

was not considered necessary to incorporate the cyclone into the model, since its effect 

upon the surrounding air flow was localised. Instead, any organism which travelled 

near to the cyclone was considered to be captured by it.

During centrifuge operation, it was assumed that the most likely point of microbial 

release was the top of the centrifuge bowl, at a velocity equal to the tangential velocity 

of the spinning bowl, which was calculated to be approximately 5 m/s. When the 

second sample was taken, it was assumed that any organisms which were captured were 

released during the transport of the bowl across the room. In this case the point of 

release was from an arbitrary position on the bowl. Release from two such positions 

was considered. It was assumed that the organisms started at rest and thus had a very 

low initial velocity of 0.03 m/s. In both cases it was assumed that the organisms were 

spherical, with a density of 1400 kg/m^ and a size distribution of 1-10 pm, equally 

distributed (i.e., E. coli, see section 4.3.1). The coefficient of restitution was varied 

between 0 . 0  and 0 .2 , based upon the predicted values in containment cabinets (see 

section 5.2.2).

B e a d  M il l  C a b i n e t

This cabinet was described in section 2.2.3 and details of CFD simulations within this 

cabinet were given in section 4.1.1.2. Boundary conditions were measured using a hot 

wire anemometer (section 2.3.1). The cyclone extracted air from the cabinet at 8.5 m/s, 

from a port on the side of the cabinet (see Figure 6.1). Since the air fans were turned 

off, to enable the cyclone to extract air from the cabinet, the air flow was effectively
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stagnant. The outlet and cyclone port were defined as fixed mass flow boundaries and 

the inlet as a variable mass flow boundary.

The basic bead mill design is illustrated in Figure 6.2. It consisted of a jacketed 

grinding chamber with a rotating shaft through its centre. The shaft was fitted with 

agitators which impart kinetic energy to small beads in the chamber, forcing them to 

collide with each other, the beads are retained in the grinding chamber by a sieve. Cell 

disruption is believed to occur by compaction or shearing action when the beads and 

cells contact, and by energy transfer from bead to cell. However an exact understanding 

of the mechanism is unknown. The most likely point of microbial release was 

considered to be the centre of the sieve, which had a gap width of 5 pm. Thus, any 

organisms larger than this would be retained in the grinding chamber so it was assumed 

that the release had a size distribution of 1-5 pm equally distributed (i.e., E. coli). Since 

the equipment does not operate under pressure it was assumed that the organisms leaked 

out of the bead mill at a low rate, and effectively started from rest with a velocity of 

0 . 0 2  m/s.

Figure 6.1 Cyclone attached to the side o f the bead m ill cabinet.
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Outle
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Agitator Sieve

Drive

Cooling Jacket

Figure 6.2 Simple diagram o f bead m ill components.

The geometry was altered from the “accurate” one used in Chapter 4, so that the domain 

could be discretised more precisely. It was felt that the geometry in Chapter 4, although 

sufficiently well defined for observing the effect of initial conditions upon the 

organism’s trajectories, would not be suitable when an accurate collection efficiency 

was required.

6.2.1.2 Grid Independence and Convergence Behaviour.

Grid independence was not achieved in the Sharpies room (Figure 3.6), although a 

representative picture of the air movement was still obtained (Figure 3.7). Models used 

95,000 control volumes. This was possible even though particle tracking calculations 

were incorporated because of an improvement in computing resources since the earlier 

simulations. A typical residual plot for Sharpies room simulations is shown in Figure 

3. IT

Grid independence was obtained in the bead mill cabinet when 15,000 control volumes 

were used (Figure 3.1), subsequent simulations used 30,000 control volumes. A typical 

residual plot for bead mill cabinet simulations is shown in Figure 3.19.
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6.2.2 CFD Predictions in the Sharpies Centrifuge Room

6.2.2.1 During Centrifuge Operation

Assuming microbial release occurred at the top of the centrifuge bowl, the predicted 

trajectories of the micro-organisms, when the coefficient of restitution is 0 . 0  and 0 .2 , are 

illustrated in Figures 6.3 and 6.4 respectively. In both cases, most of the organisms 

were drawn towards the outlet filter, which was situated just behind the centrifuge. 

When the coefficient of restitution was 0.0 many organisms were predicted to adhere to 

the top of the centrifuge, whilst the rest exited the room through the outlet filter. When 

the coefficient of restitution was increased to 0 .2 , the majority of the organisms were 

predicted to bounce off the top of the centrifuge and were subsequently drawn towards 

the outlet filter.

PCR analysis of the air sample, collected at the point indicated in Figures 6.3 and 6.4, 

did not detect any organisms (Table 6.1). However, the CFD prediction suggests that 

any release was confined to a very small volume of the room, and would only be 

detected if the cyclone was correctly sited. In this instance, the cyclone was effectively 

positioned “upwind” of a potential release, so the inability to detect any cells in the air 

can not be considered to be a definitive result. The bulkiness of the cyclone air 

sampling apparatus (see Figure 6.1) made it impossible to position it between the 

centrifuge and the air extract, where it may have detected a release. Although, with 

hindsight, the particle trajectories predicted by CFD could be said to be obvious, before 

sampling took place the positioning of the cyclone was not thought to be so critical, 

CFD highlighted that it was. Another aspect which this result illustrates, is that an 

operator standing anywhere in the room, other than between the centrifuge and the air 

extract, would not be exposed to airborne micro-organisms.
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...... 7.75

3.25
1.00

Figure 6.3 Predicted trajectory of a release of E. coli originating from the top of the 
Sharpies tubular bowl centrifuge, when the coefficient of restitution is 0.0. Most of the 
organisms adhere to the top of the centrifuge or are drawn towards the air outlet.

abtntt Outlet

Position of^___CycloneParticle Size 
(Microns)

■ 1.00

Figure 6.4 Predicted trajectory of a release of E. coli originating from the top of the 
Sharpies tubular bowl centrifuge, when the coefficient of restitution is 0.2. Most of the 
organisms are drawn towards the air outlet.
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It has previously been shown that in stagnant air flow the initial eonditions of a 

microbial release were crucial to the subsequent predicted trajectories (Section 4.3). In 

this example, the air flow near the release is very high so the initial eonditions may be 

less critical. The simulations were repeated, assuming that the microbial release 

consisted entirely of 1 pm organisms, with a coefficient of restitution of 0.2. As shown 

in Figure 6.5, the predicted trajectories were very similar to those in Figure 6.4 with all 

the organisms being drawn towards the air outlet filter. Thus, this result reiterates that 

when the air throughput in an area is high the air flow dictates the organism trajectories, 

since the difference in size between different organisms does not become a significant 

factor.

( :enWifuge
Safety

Cabinet

Figure 6.5 Predicted trajectory o f  a release o f  1 fim organism s orig inating  from  the top o f  
the Sharpies tubular bowl centrifuge, w hen the coefficient o f  restitution is 0.2. The 
trajectories are very sim ilar to those obtained with a size distribution betw een 1-10 pm  was 
used.
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6.2.2.2 During Bowl Transfer

The other air sample was taken whilst the centrifuge bowl was carried across the room 

and during the “dig out”, which occurred in the safety cabinet. Although some 

organisms may have escaped from the safety cabinet whilst the cell paste was removed, 

perhaps by way of the operator's hand movement in and out of the cabinet, it was 

considered to be the less likely option. Instead, CFD studies concentrated upon the 

transport of the bowl across the room. The scenario considered was if release occurred 

when an operator carrying the bowl was half-way between the centrifuge and the safety 

cabinet. Since it was only possible to calculate particle tracks for a steady-state case, 

considering a moment in time was unavoidable, even though the operator and bowl were 

both moving. Release was considered to occur from the bowl itself. The point of 

release was considered to be either the top or bottom of the bowl so both cases were 

taken into account.

If release occurred from the end of the bowl nearest to the centrifuge, the predicted 

trajectories for coefficients of restitution of 0.0 and 0.2 are shown in Figures 6 . 6  and 6.7. 

For a coefficient of restitution of 0.0, 96% of the organisms are predicted to adhere to 

the side of the centrifuge bowl (Figure 6 .6 ). This scenario seems unlikely, since only 

1% of the released organisms would be captured in the cyclone. In reality, the bowl was 

moving across the room so any organisms that stuck to the bowl would probably be 

dislodged and continue to travel around the room. The CFD prediction for a coefficient 

of restitution of 0.2 appears more credible (Figure 6.7). In this case, the released 

organisms are predicted to travel all around the room. Although it was predicted that 

many of them would still adhere to the side of the centrifuge or the centrifuge bowl 

(30% and 9% respectively), a further 36% were predicted to exit the room through the 

outlet HEP A filter and approximately 10% were expected to be captured in the cyclone.
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Figure 6.6 Predicted trajectories of a release of E. coli, originating from the centrifuge 
bowl (end nearest centrifuge), during transport of the bowl across the room (view from 
above). The organisms had a coefficient of restitution of 0.0. 96% of the organisms 
adhere to the side of the bowl.
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to /\ir Outlet)
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Figure 6.7 Predicted trajectories of a release of E. coli, originating from the centrifuge 
bowl (end nearest centrifuge), during transport of the bowl across the room (view from 
above). The organisms had a coefficient of restitution of 0.2. Approximately 10% were 
expected to be sampled in the cyclone

These simulations were repeated with release occurring from the end of the bowl 

nearest to the safety cabinet, the predicted trajectories are illustrated in Figures 6 . 8  and 

6.9. For a coefficient of restitution of 0.0, 76% of the released organisms were 

predicted to adhere to the side of the centrifuge bowl (Figure 6 .8 ). As in the previous 

case, this seems unlikely and any organisms which did adhere to the bowl would be
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expected to be dislodged as the bowl moved. The rest of the organisms tended to be 

drawn towards the outlet HEP A filter, with only 1% expected to be captured in the 

cyclone. When the coefficient of restitution was increased to 0.2, the majority of the 

organisms (62%) were predicted to exit the room through the outlet HEP A filter (Figure 

6.9). It was predicted that only 3% would be captured by the cyclone.
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to air outlet). \
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Figure 6.8 Predicted trajectories of a release of E. coli, originating from the centrifuge 
bowl (end nearest safety cabinet), during transport of the bowl across the room (view 
from above). The organisms had a coefficient of restitution of 0.0. 76% of the organisms 
adhere to the side of the bowl.
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Since it was unlikely that most of the organisms would adhere to the side of the 

centrifuge bowl it was decided that the most likely value of the coefficient of restitution 

was 0.2. Hence, depending upon the point of origin between 3 and 10% of organisms 

released from the bowl as it was carried across the room would be captured in the 

cyclone. If all the release did occur while the centrifuge bowl was carried across the 

room, these values can be compared to the number of organisms enumerated by PCR to 

determine the total release from the bowl. These results are summarised in Table 6.2.

Table 6.2 Number of Organisms Released from Centrifuge Bowl During it’s 

Transport Across the Room, Using a Combination of Quantitative PCR and CFD.

Sampling efficiency 

predicted by CFD

No. of organisms 

enumerated by PCR

No. of organisms released 

from centrifuge bowl

3%

(Release from near safety 

cabinet)

7x10° 2.3x10"

1 0 % 

(Release from near 

centrifuge)

7x10° 7 x l 0 '

&5%

(Average)

7x10° 1.1 X 10*

6.2.3 CFD Predictions in the Bead Mill Cabinet

Air was sampled from the bead mill cabinet whilst the machine was operating. The 

predicted trajectories of organisms released from the bead mill are shown in Figures 

6 . 1 0  and 6 .1 1 , using values of 0 . 0  and 0 . 2  respectively for the coefficient of restitution. 

When a coefficient of restitution of 0.0 was used, it was predicted that none of the
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organisms would reach the cyclone (Figure 6 .10). For a coefficient of restitution of 0.2 

the predicted collection efficiency was 10% (Figure 6.11).

Particle Size 
(Microns)

I

Figure 6.10a Predicted trajectories of a release of E. coli originating from the centre of 
the bead mill sieve. The organisms had a coefficient of restitution of 0.0. It was 
predicted that no organisms would be sampled by the cyclone

Particle Size 
(Microns)

- 5

Position of Cyclone Port

Figure 6.10b Predicted trajectories of a release of E. coli originating from the centre of 
the bead mill sieve (view from above). The organisms had a coefficient of restitution of 
0.0. It was predicted that no organisms would be sampled by the cyclone.
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Particle Size 
(M icrons)

Figure 6.11a Predicted trajectories of a release of E. coli originating from the centre of 
the bead mill sieve. The organisms had a coefficient of restitution of 0.2. It was 
predicted that the cyclone would sample approximately 10% of the organisms.
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Figure 6.11b Predicted trajectories of a release of E. coli originating from the centre of 
the bead mill sieve (view from above). The organisms had a coefficient of restitution of 
0.2. It was predicted that the cyclone would sample approximately 10% of the organisms.
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PCR analysis of the air sample collected during operation of the bead mill detected 1.5 x 

10  ̂ organisms (Table 6.1), although this figure was not considered accurate since it fell 

below the limit of detection of the quantitative PCR methodology If the coefficient

of restitution of the organisms was 0 .2 , using the sampling efficiency predicted by the 

CFD analysis it can be calculated th 

from this machine during operation.

CFD analysis it can be calculated that approximately 1.5 x 10  ̂organisms were released

6.2.3.1 Alternative Operation of the Bead Mill and Cyclone

R e l e a s e  o f  S. c e r e v isia e  f r o m  t h e  B e a d  M i l l  S ie v e

Since the cabinet’s air fans were turned off to enable the cyclone to extract air from the 

cabinet, the air flow was stagnant, except in the localised region around the cyclone 

port. It has been shown (see section 4.3) that under such conditions the initial 

conditions of the release must be defined properly if the correct trajectories are to be 

calculated.

Figure 6.12 shows the predicted trajectories of a release of S. cerevisiae from the bead 

mill sieve. Comparing these trajectories to those in Figure 6.1 lb, it can be seen that the 

two results are very different. It was predicted that only 2% of a release of S. cerevisiae 

would be collected in the cyclone, thus the collection efficiency is strongly dependant 

upon the organism being processed and it’s size distribution.
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Figure 6.12 Predicted trajectories of a release of S. cerevisiae originating from the centre 
of the bead mill sieve (view from above). The organisms had a coefficient of restitution of 
0.2. It was predicted that the cyclone would sample approximately 2% of the organisms.

C y c l o n e  Pl a c e d  In  Al t e r n a t e  L o c a tio n

The number of organisms enumerated by quantitative PCR was very low and fell below 

the limit of detection of the technique. CFD predicted that only 10% of the released 

organisms would be collected when the cyclone was located where it was. Figure 6.11 

indicates that most of the organisms had to travel around the bead mill before they 

could be collected by the cyclone. Figure 6.13 illustrates the predicted trajectories that 

would have been obtained if the cyclone had been located at the opposite side of the 

cabinet. In this case, it was predicted that 65% of the released organisms were captured 

in the cyclone, indicating that the cyclone had not been placed in the optimal position. 

If a greater proportion of the released organisms has been collected, the quantitative 

PCR technique would have been able to identify positively a release from the bead mill, 

albeit at a very low level.
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Figure 6.13 Predicted trajectories of a release of E. coli, with a coefficient of restitution 
of 0.2, originating from the centre of the bead mill sieve (view from above). The cyclone 
was extracting air from a port on the opposite wall, in this position it was predicted that 
approximately 65% of the released organisms would be collected.

6.3 Summary of Case Study Findings

Within the Sharpies room, especially in the situation when the bowl was being carried 

across the room, the assumption of steady-state is precarious since the movement of 

people around the area causes the problem to become transient. However, the 

limitations of the CFD code make this assumption unavoidable when particle tracking 

calculations are required. Comparisons of steady-state and transient air flow 

simulations are discussed further in Chapter 7.

It has been assumed that all the organisms counted in the air sample taken when the 

centrifuge bowl was carried to the safety cabinet and the cell paste was removed in the 

safety cabinet were collected during the transport of the bowl to the cabinet. However, 

it is possible that the proximity of the cyclone to the safety cabinet caused the air 

curtain across the front of the cabinet to be disrupted, resulting in organisms being 

drawn directly from the safety cabinet into the cyclone. However, it is worth 

remembering that the influence the cyclone exerts on the surrounding air flow has been
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shown to be localised, even in containment cabinets when the surrounding air is 

stagnant. Nevertheless, the idea is worth further investigation.

When the air sample was takjen during operation of the bead mill, the air fans were 

turned off causing the air flow in the cabinet to be stagnant. In such cases it is essential 

that the initial conditions of a microbial release are properly defined (see section 4.3). 

However, following any cell disruption step the organisms will be more fragmented and 

it was more difficult to ascertain the size distribution of such a release. The simulations 

in the bead mill cabinet did not account for fragmentation of the cells. Nevertheless, it 

was still possible to obtain an indication of the likely collection efficiency in the 

cabinet.

It is worth considering the measured release from each unit operation in terms of an 

equivalent volume of process fluid. Assuming a cell concentration of approximately 

1 X 1 0 °̂ cells/ml in a primary downstream processing operation the release of 

bioaerosols from the centrifuge bowl during transit averaged 1 1  pi of process fluid and 

release from the bead mill during operation was equivalent to 0.15 pi of process fluid. 

Thus, there is a low level of incidental release from a bead mill during operation and a 

1 0 0 -fold higher level of release from a tubular bowl centrifuge during transit of the 

bowl and the “dig out”. Recently the Carr Powerfuge™ has been introduced which is a 

new tubular bowl centrifuge capable of automatic desludging. This obviates the need to 

scrape manually the cell paste from the centrifuge bowl, which may prove advantageous 

for containment.

The results in both the Sharpies room and the bead mill cabinet illustrate that the 

positioning of the sampling device is crucial and that CFD is an invaluable tool for 

predicting the optimal location to place a sampling device. It would appear that the 

cyclone was not positioned in the best place with regard to detecting a microbial release 

from either the tubular bowl centrifuge or the bead mill. This illustrates that, whenever 

possible, it is advisable to run a series of CFD studies before process monitoring occurs.
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CFD has been shown to be capable of estimating the relationship between total release 

and the number of organisms collected in a sample. When CFD is used in conjunction 

with a counting technique such as PCR, it is possible to estimate the level of release 

from key bioprocess unit operations. Such data will help to provide a legislative 

framework which is quantitative rather than qualitative.
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7.0 Summary and Conclusions

This chapter will begin by drawing together the findings of this thesis and discuss some 

of the issues raised. The question of incidental versus accidental release will be 

considered, together with the possibility of performing quantitative hazard analysis 

studies. The advantages and disadvantages of CFD are reviewed and the application of 

the technique for future biosafety studies is considered.

7.1 Summary of Key Results

In this thesis, a protocol for analysing air flow patterns in bioprocessing areas has been 

outlined and an appropriate finite differencing scheme and turbulence model have been 

recommended (Chapter 3). When setting up any CFD problem it is essential that the 

correct boundary and initial conditions are defined, otherwise it is impossible to have 

any confidence in the simulation results. This thesis has highlighted the particular 

difficulties encountered in areas"where there is stagnant air flow. In such cases, mass 

flow boundaries must be defined carefully to ensure that the correct air flow patterns are 

obtained. In stagnant regions the initial conditions of a release must be properly defined 

since the collective mass of the organisms affects the air flow and can alter the trajectory 

of a release. These problems do not occur in areas where the air flow rate is high, when 

the high air throughput dictates the air flow pattern and carries organisms along it’s 

path, regardless of the organisms’ size or shape. For example, any release from the 

Sharpies tubular bowl centrifuge whilst it was running was always predicted to move in 

the same direction irrespective of the size of the organisms. This was because the 

nearby air outlet filter exerted a strong influence upon the release. In contrast, the 

movement of organisms in containment cabinets when the air fans are turned off is 

strongly affected by the initial conditions. Whenever possible it is better to avoid 

releasing organisms into stagnant regions because it becomes more difficult to assess 

the organisms’ movement.
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However, regions of stagnant air are likely to be found in many processing areas (see 

section 7.5) so the initial conditions of a release are important. This work has 

highlighted how little is known about bioaerosols. Of particular significance is the size 

distribution of a bioaerosol, the shape of the organisms released and their tendency to 

stick to surfaces. The size and shape of the organisms affect the paths they follow. The 

extent to which organisms adhere to walls affects their likely collection efficiency in a 

sampling device and also the probability of them being inhaled by an operator. Clearly, 

if an effective sampling regime is to be established, these parameters must be known. 

Work carried out in containment cabinets suggests that organisms have a slight 

tendency to stick to walls (with a coefficient of restitution of 0 .2 ) and that the size 

distribution of a microbial release is dependant upon the way in which the aerosol was 

generated. Thus, different unit operations are likely to produce bioaerosols of differing 

size. It is recommended that further studies be carried out using an aerodynamical 

particle sizer to determine the size distribution of a release under different conditions.

As long as the problem is correctly defined, CFD has been proven as an effective way of 

relating total release to the number of organisms collected in a sample, in both 

containment cabinets and processing areas. The technique has been used to estimate the 

release from two bioprocess unit operations. These results clearly illustrate that CFD 

studies should be carried out before air sampling takes place, since the positioning of 

sampling devices is crucial to the success of process monitoring. The sampling 

equipment should be small enough so that it can be placed anywhere in a processing 

area. When monitoring release at Glaxo Wellcome’s pilot plant the bulkiness of the 

equipment prevented it from being positioned in the best place to monitor release.

In conclusion, CFD is a vital adjunct in bioprocess monitoring and safety which can 

predict the air flow within processing areas and containment cabinets to a reasonable 

level of accuracy. The ability to track the destination of a microbial release is a useful 

technique which will aid the design of sampling protocols by enabling the better 

positioning of sampling devices. When CFD is used in conjunction with a counting 

technique such as PCR, it is possible to estimate, for the first time, the level of release
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from key bioprocess unit operations. Such data will help to provide a legislative 

framework that is quantitative rather than qualitative.

7.2 Incidental versus Accidental Release

The measured levels of incidental release from the two unit operations considered are 

very low. For a tubular bowl centrifuge the equivalent of 11 pi of process fluid was 

released during transport of the bowl across the room. The incidental release whilst the 

bead mill was running was even lower, equivalent to approximately 0.15 pi of process 

fluid. These values suggest that the release of aerosolised micro-organisms during the 

normal running of a bioprocess is very low.

Although accidental release has a lower probability of occurrence, it has been noted that 

“...no engineering plant and no structure is entirely risk-free and there is no logical 

way o f differentiating between 'credible ’ and 'incredible ’ accidents^ When assessing 

risk, the frequency of occurrence and the consequences of the postulated failure must be 

considered. The very low levels of incidental release suggest that fugitive emissions are 

less of a threat, in terms of the release of micro-organisms, than accidental release when 

the entire contents of the unit operation could be released. In the nuclear industry it has 

been suggested that '\..most people would apply a relatively higher penalty against 

the possibility o f a large scale release than a small release'"

Since levels of incidental release appear to be so low, the threat posed by accidental 

release needs to be addressed next. A wide range of quantitative hazard analysis 

techniques are used in the chemical process industry and these methods (described in 

Appendix A) could be adopted by the bioprocessing sector. However, most of these 

techniques require quantitative data concerning accidents and levels of release which is 

not yet available for bioprocesses.

It has been suggested that a ranking system could be drawn up to indicate the degree of 

containment hazard posed by a range of operations Appendix A outlines an initial
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attempt to rank bioprocess unit operations in terms of their hazardous characteristics. 

The, so called, Biosafety Index attempts to compare the relative threat posed by 

individual unit operations, different process routes and different processes, to assist in 

specifying a plant that would be appropriate for a particular process.

7.3 Pros and Cons of CFD

7.3.1 Resources Required to Start CFD

One of the factors which discourages companies from using CFD is the cost involved- 

the resources required for CFD include hardware, software and personnel Indeed, to 

start using CFD requires quite a high initial outlay. The current costs of the required 

hardware and software are detailed in Table 7.1 At the moment, it is still advisable to 

run CFD simulations on a workstation. Undoubtedly this will not be true for much 

longer, as the capabilities of personal computers become more extensive and their cost 

comes down. The use of CFD came about with the advent of the computer age and a 

primary instrument in its continued use will be the improvements in computing power.

Having acquired the appropriate hardware, commercial CFD codes are also expensive, 

especially for non-academic users. A non-academic licence for CFX4 (formerly CFDS 

FL0W3D) costs approximately £10,000 per year for a single user. An academic licence 

is much cheaper, depending upon the pre- and post-processors required CFX4 costs as 

little as £3000 for a perpetual single user licence. These prices are in line with other 

commercial CFD codes, such as FLUENT.
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Table 7.1 Hardware and Software Costs for CFD

Computing Resource: Approx. Cost:

Hardware:

IBM Workstation £7,500

Software:

Single User Academic Licence for CFX4 

Single User Non-Academic Licence for CFX4

£3,000 (perpetual) 

£ 1 1 , 0 0 0  per annum

Single User Academic Licence for FLUENT 

Single User Non-Academic Licence for FLUENT

£ 1 , 0 0 0  per annum 

£ 1 0 , 0 0 0  per annum

In terms of personnel, it has been said that "...the most important asset in a CFD 

analysis process is the analyst who actually translates the engineering problem into a 

computational simulation, runs the CFD solder and analyses the results. It is the skill 

o f this person, or set o f persons, that will determine whether all the hardware and 

software will he utilised in the best possible way and produce good quality results. ” It 

is widely acknowledged that there is a learning curve associated with CFD and it is 

generally accepted that the time required to learn CFD is long. Various figures have 

been quoted, such as 6  months of continuous use of a particular commercial code for a 

new comer or 12-18 months for a first time user to leam a new code and 6  months 

for somebody familiar with CFD to leam a new code These relatively long learning 

periods arise because of the various skills required by a CFD analyst which have been

discussed elsewhere 102,104

7.3.2 Benefits Obtained from CFD

After the initial outlay, CFD simulations become cheaper and quicker than experimental 

work and can be used to aid experimental design, e.g., in the positioning of sampling 

devices. Within this thesis, CFD has been shown to be a useful tool, which may be the
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only way to calculate consistently the efficiency of bioaerosol sampling. Apart from 

biosafety studies, CFD can give a good indication of the flow regime in many different 

situations. At UCLACBE there are plans to use CFD to redesign the mechanical foam 

breaker which treats the exhaust gas from a fermenter to investigate the mixing 

patterns obtained in fed-batch, stirred bioreactors and to study the effects of shear in 

bioprocess unit operations These are examples of applications of CFD within the 

bioprocessing sector which illustrate how the technique is becoming more widely used 

as a research and design tool.

In the Bassaire cabinet (section 5.2.2.1) CFD studies conducted in this thesis have 

provided a new theory for the disparity in sampling efficiencies obtained during 

experiments. In the Sharpies room (section 6.2.2.1) CFD has suggested a reason why 

the sampling regime failed to detect any release during operation of the centrifuge. 

These are examples of CFD proposing a scenario which had not previously considered 

but which, with hindsight, was plausible. This ability to indicate alternative fluid flow 

behaviour was made prominent following the fire at Kings Cross underground station in 

November 1987. During the Kings Cross fire it was reported that the fire changed from 

a small blaze within the escalator tunnel to a serious conflagration within minutes. CFD 

predictions indicated a possible mechanism for this flashover, the so called trench effect 

where the hot gases stayed near the floor of the tunnel, that was entirely unexpected, but 

which was subsequently proved to be possible in practice In this case, as in many 

others, CFD offered an alternative explanation for the phenomena which proved to be 

correct. The trench effect is now an accepted mechanism in fire studies.

7.4 Steady State versus Transient Simulations

The nature of air movement in rooms is transient, i.e., time dependent. People walking 

around rooms and the opening and closing of door affects the air flow, and in some 

cases the characteristics of the air handling system causes periodic fluctuations in the air 

flow. This question was raised in section 6.3, when CFD models attempted to predict 

the release from a centrifuge bowl which was being carried across the room. Within the
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UCLacbe fermentation hall and downstream processing suite (sections 2.2.5 and 2.2.6) 

anemometry measurements revealed large fluctuations in the measured air velocities at 

several points in the room. These oscillations account for the large error bars on the 

data represented in Figures 3.24, 3.25 and 5.20. However, if the flow was modelled as 

transient it would not be possible to incorporate particle tracking calculations into the 

simulation, because this is currently beyond the scope of commercial CFD software. 

Since the aim of this thesis was to determine the trajectories followed by micro

organisms, the assumption of steady state flow had to be made.

Some transient simulations were run in the UCLACBE fermentation hall. Figures 7.1 and 

7.2 show the comparison between transient and steady state calculations. Figure 7.1 

represents the air flow some distance away from the air inlet. Figure 7.2 shows the air 

flow near to the inlet. Away from the inlet the air velocities fluctuated by no more than 

0.06 m/s over a 2  minute period, whilst near the inlet the fluctuation was much greater, 

up to 0.35 m/s over 2 minutes. Both these variations were consistent with the measured 

variation over the same time period. Generally, the transient and steady state 

simulations followed the same general pattern, although there was a stronger correlation 

when the air fluctuations were smaller.

In conclusion, the transient air flow simulations were more representative of the 

measured air flow and were able to model the variations in the air over time. However, 

steady state simulations did not give unrealistic results and in situations when the air 

flow is “steadier” this assumption is valid. When the air movement is transient, the 

steady state assumption is not entirely unrealistic and if particle tracking calculations are 

required and this assumption is unavoidable, it will still give a meaningful prediction of 

the air flow.

It should be possible to write a FORTRAN subroutine to enable transient particle 

tracking simulations to be carried out. If the ability to perform these calculations is not 

included in CFX4 shortly, it may be worth developing a subroutine in house.

174



Chapter 7 Summary and Conclusions

0.6  ^

■  M easu red

 S teady  S ta te  S im u la tion

 T ran sien t S im u la tion  @  20  seconds

T ran sien t S im u la tion  @  40  seconds

 T ran sien t S im u la tion  @  60  seconds

-  - T ran sien t S im u la tion  @  80 seconds

T ran sien t S im u la tion  @  100 seconds 

T ransien t S im u la tion  @  120 seconds

1

Distance along z axis (cm)

Figure 7.1 C om parison o f  CFD predictions o f  steady state and transient air flow with 
experim ental data away from the inlet in the U CLacbe  ferm entation hall. Steady state 
sim ulations follow  the sam e pattern as transient ones and both m atch experim ental data 
well.
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Figure 7.2 C om parison o f  CFD predictions o f  steady state and transien t air flow with 
experim ental data near to the inlet in the U CLA CB E ferm entation hall. T ransient 
sim ulations indicate that the air flow at any one point can fluctuate by up 0.35 m/s over 2 
m inutes. The steady state sim ulation represents the air flow reasonably  w ell, although it 
cannot account fo r these fluctuations.
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7.5 Effect of Organisms’ Size, Shape and Coefficient of 

Restitution on their Movement

Throughout these studies, smaller organisms have always been predicted to move 

around cabinets and rooms more than their larger counterparts (section 5.2.2). It has 

been concluded that this was because smaller organisms are more likely to be caught up 

in turbulent eddies and dispersed around the area, as illustrated in Figure 7.3a. The 

influence of turbulence in these simulations was unexpected. Smaller organisms, with 

less momentum, might be expected to follow the bulk air flow more readily than larger 

ones. In this case larger organisms would be less easily diverted from their original 

paths and would travel further around the area (Figure 7.3b).

M ovem ent o f  Particle 

Bulk A ir M ovem ent 

T urbulent Eddies

I 1-  ̂ I' I ' Larger particles 
^  / 11 '  ̂ /  are not susceptible I l,T to turbulent eddies

I I I I Sm aller particles 
/ are susceptib le  to

/  ̂ tu rbulent eddies.

I I I I ' 'Il I I  I / Particles w ith  less 
I I jJj I I m om entum  can be

I I

I I original paths.

I I m om entum  are harder 
i l l  to  d ivert from  the irI I original parhs

I

Figure 7.3 M echanism s for the m ovem ent o f  organism s around areas. (The relative 
particle sizes depicted in a and b are not com parable.)
a. M ovem ent due to turbulent dispersion. Sm aller organism s are m ore w idely dispersed.
b. M om entum  effects. The m ovem ent o f  larger organism s is influenced less by the air 
flow.
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However, the fact that the size of the organisms influences the predicted trajectories yet 

their density has little affect, indicates that all organisms have very little mass and 

momentum effects are inconsequential. Also, if turbulence affects were ignored the 

predicted collection in the cyclone would either be 0 % or 1 0 0 %, that it was usually 

somewhere between the two implies that organisms were turbulently dispersed. 

Without turbulent dispersion all organisms followed the same path, irrespective of size, 

which clearly indicates that the different trajectories are a consequence of turbulent 

dispersion, not momentum.

Although a device such as the Collison nebuliser consistently produces monodisperse 

aerosols of approximately 3 pm other aerosol generators produce aerosols of 

indeterminate size A spinning-disc aerosol generator produces aerosols from spore 

suspensions of different sizes depending upon the amount of dextran in the solution. 

The average diameter of the aerosol varied between 0.9 pm with a suspension of 

0.001% dextran to 3.62 pm when the suspension contained 1% dextran Thus, it 

might be expected that the size distribution of a release from a centrifuge will vary 

according to the process material.

It has previously been reported that droplets of less than 35 pm evaporate in less than 

1 second. Throughout these studies, it has been assumed that as droplets are released 

from an atomiser or nebuliser most of the liquid evaporates very quickly, leaving only 

the microbial spores. It is the movement of these spores which have been modelled by 

CFD.

A similar problem exists with regard to the organisms’ shape. Flatter “cornflake” 

shaped organisms have been seen to move in an entirely different manner to spherical 

ones in the human windpipe Initial studies within this thesis (section 4.3.4) have 

indicated that the predicted trajectories of a spherical and non-spherical organism are 

very different. It would be useful to extend this work to investigate further the effect of 

particle shape upon their subsequent movement around processing areas.
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The question of an organisms’ coefficient of restitution being greater than zero has also 

been raised. In other work it has been suggested that micro-organisms would be 

expected to adhere to walls The results of this thesis have enabled a comparison of 

the experimental and CFD results which indicate that organisms have a coefficient of 

restitution of approximately 0 .2 , so it is worth considering the question of how particles 

adhere to walls further.

The likelihood of an organism being resuspended into the bulk air flow after impacting 

upon a wall is dependent upon several factors

• The mechanism by which the wall fails to retain the organism, i.e., whether the 

organisms actually “bounce” or are re-entrained.

Organisms will bounce if the velocity of the organism normal to the surface exceeds 

some critical threshold value This phenomena is a function of organism size

and the surface properties. Thus, bounce would be expected to be greater in regions 

of aerodynamic stagnation.

Alternatively, organisms will be re-entrained into the bulk air flow if the drag force 

on an organism in a sheared boundary layer is greater than a critical value, which is 

determined by the local friction forces which are trying to retain the organism In 

situations where the velocity of the organisms are low enough to preclude “bounce”, 

re-entrainment may be the predominant mechanism for removing them from 

surfaces.

• The “stickiness” of the organisms.

For example, a liquid droplet would be considered “stickier” than a particle such as 

coal dust which is “grittier”.

• The magnitude and direction of the local aerodynamic forces acting upon the 

organism.

Also the effects of electrostatic charge must be considered since it is known that during 

aerosol generation particles become electrically charged, the mechanism of charging 

depending upon the method of aerosol generation It has been reported that relative 

humidity and electrostatic charge play a significant part in the adhesion forces holding
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particles and surfaces in contact The charge of both the particle and the wall has

an effect and the magnitude of this effect increases as particle size increases The 

repulsive effects of similarly charged entities is greater than the attractive effects of 

oppositely charged entities Hence, for an aerosol with an equal number of 

positively and negatively charged organisms, the net effect of an electrostatic charge 

will always be for less organisms to adhere to a wall.

In many aerosol science studies electrostatic effects are counteracted by passing the 

aerosol through a charge neutraliser before performing any subsequent experiments 

However in the experiments described in this thesis charge neutralisation did not 

occur and it is likely that electrostatic effects had an impact upon the behaviour of the 

organisms at walls.

This phenomena is extremely complex and factors such as electrostatic charge 

complicate the matter further. In these studies the coefficient of restitution has been 

used simply as means of designating various levels of adhesion to walls and a value of 

the coefficient of restitution which best fits the experimental data has been provided. 

No attempt has been made to describe the complex mechanisms described above or to 

model the effects of electrostatically charged organisms.

7.6 Design of Air Handling in Processing Areas

The difficulties encountered when modelling a release into an area of stagnant air flow 

have already been discussed (section 7.1). Anemometry measurements have revealed 

such stagnant regions in bioprocessing areas, particularly in the UCLACBE downstream 

processing suite (section 2.2.6). These findings were consistent with CFD simulation 

results. Figure 7.4 shows air velocity contours, 1 m above ground, in this room. Across 

the room there was a large variation in air velocities, at one end of the room the air 

velocities were almost zero, in other areas they were 0 . 6  m/s or above.
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Figure 7.4 Air velocity contours in the UCLacbe downstream processing suite. There is 
a large variation in the air velocities across the room.

The principle of downward displacement of air has been suggested as a design principle 

for the fast removal of organisms from clean rooms The idea is that layers of air 

are pushed down, not quickly enough to cause a draught, pushing “dirty” air before 

them. In the UCLACBE downstream processing suite all the air inlets and outlets are 

located in the roof, with the exception of a pressure-control vent above the door (see 

Figure 7.4). Obviously, this does not encourage the downward displacement of air. 

Indeed, CFD simulations modelling a release of 5 pm organisms (with a coefficient of 

restitution of 0.2) suggest that only 3% would be removed from the room through the 

outlet filters. This is true whichever end of the room the release originated (Figures 7.5 

and 7.6). The final locations of the organisms are given in Table 7.2.
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Table 7.2 Destination of Organisms Following Release in the UCLACBE 

Downstream Processing Suite

Origin o f Release Location Percentage o f Organisms 

at each Location

In Region of Stagnant Air 

Flow (Figure 7.5)

Outlet 3

Roof 34

Floor 25

Walls 38

Near Door (Figure 7.6) Outlet 3

Roof 25

Floor 13

Walls 59

Figure 7.5. Predicted trajectories o f a release o f 5 pm organisms w ith a coefficient o f 
restitution o f 0.2 in the U C Lacbe  downstream processing suite. Release occurs from the 
region o f stagnant air. Only 3% o f the organisms w ill be removed from the room through 
the outlet HEPA filter, the remainder adhere to walls, the roo f and floor.

Figure 7.6. Predicted trajectories o f a release o f 5 pm organisms w ith a coefficient o f 
restitution o f 0.2 in the UCLACBE downstream processing suite. Release occurs from near 
the door. Only 3% o f the organisms w ill be removed from the room through the outlet 
HEPA filter, the remainder adhere to walls, the roo f and floor.
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CFD could be used to assess the efficiency of a room in removing of micro-organisms 

and to model alternative inlet and outlet configurations. CFD simulations indicate that a 

microbial release in the UCLACBE downstream processing suite would not be removed 

from the area efficiently. In the Sharpies centrifuge room at Glaxo-Wellcome, the air 

flow was very effective at removing a release which occurred whilst the centrifuge was 

running (section 6.2.2.1). However, any release that occurred when the centrifuge bowl 

was being carried across the room might not be dealt with so effectively (section 

6.2.2.2). It should be possible for CFD studies to suggest a better way to deal with a 

release which occurred under these conditions.
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Appendix A Hazard Analysis and Risk Assessment in 

Bioprocessing

This appendix begins by examining the hazard analysis techniques which are used in the 

chemical process industries and considers ways in which these can be adapted to suit 

bioprocessing requirements. A relative ranking scheme has been devised which allows 

different bioprocess routes to be compared to determine which possesses the more 

hazardous characteristics. The development and application of this technique are also 

described. The appendix concludes with a discussion of the application of hazard 

analysis techniques to bioprocessing.

Risk can be described in two ways. The simplest definition states that risk is the 

probability of an event occurring 1 2 2 ,1 2 3 Alternatively risk is defined as the probability 

of an event occurring multiplied by its effect i24.

Managing risk in processing systems involves 1^̂ :

• Learning from past incidents.

• Developing methodologies to predict the likelihood and consequences of future 

accidents.

• Inventing ways to reduce this risk.

The perception of risk can be extremely subjective and thus it is necessary to adopt a 

quantitative approach to risk assessment. Since recombinant DNA technology is a 

rapidly advancing field it is not possible to regulate biosafety by comparison with 

hazardous events which have occurred previously. It is therefore important to develop a 

method to detect or predict hazards as early as possible in plant design.

The type of risk assessment which is dealt with in this section is that which is associated 

with the processing equipment and its operation. In biochemical engineering there is 

also the biological risk associated with the organism used in the process. This element
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encompasses the organism itself, the bioactive molecules it may contain and any 

recombinant DNA that has been inserted into it. The 1992 Health and Safety Executive 

Regulations on Genetically Modified Organisms (Contained Use) require that a risk 

assessment be carried out on the organism (see section 1 .2 .1 .2 ).

Hazard identification and assessment techniques have been used for many years in the 

chemical process industries and it should be possible to apply some of these techniques 

to the biological sector. Generally biological processes would be considered inherently 

safer than chemical processes since they tend to operate under less hazardous operating 

conditions and with lower inventories. However it is the biological properties of the 

process organism which necessitate containment and a quantitative approach to risk 

assessment.

A1 Hazard Analysis Techniques Used in the Chemical 

Process Industries

A l l  Inherently Safe Plant Design

The concept of inherently safer design was first expounded in 1976, in a paper on the 

wider lessons of Flixborough jt is now generally accepted that it is desirable to 

design processes with inherent safety and that the earlier that this is considered the 

better. The basic idea behind the approach to inherently safe plant design is to avoid 

hazards rather than attempting to control them by added-on protective equipment or 

control measures ^̂ 7, it is preferable to design a plant which is "user-friendly" and is 

able to withstand equipment failure or human error without seriously affecting safety, 

output or efficiency. There is a distinction between inherent safety and overall safety. 

It is preferable to achieve safety inherently because under such a system unforeseen 

events will not escalate catastrophically but will either be self-correcting or will escalate 

harmlessly. Characteristics of inherently safer plants include:
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• Intensification. Lower inventories of hazardous material.

• Substitution. Replacement of hazardous materials with safer ones.

• Attenuation. Operation under the least hazardous conditions.

• Limitation. Minimise the effects of an incident.

• Simplification. Reduce the opportunities for error.

Al.1.1 Assessing Inherent Safety

Process engineering is concerned with three main classes of hazards: fires, explosions 

and toxic release. An assessment of inherent safety would be expected to estimate the 

potential for loss from each of these. An index to rank the inherent safety of chemical 

process routes has been proposed which utilises the following parameters:

• Inventory

• Flammability

• Explosiveness

• Toxicity

• Temperature

• Pressure

• Reaction yield.

A correlation between inherent safety and plant costs was detected, with economic 

benefits being obtained by the implementation of inherent safety principles Other 

safety scoring schemes, which require detailed plant specifications are described later in 

this appendix.

An important aspect of inherently safe plant design is the study of the potential causes 

of hazards and of the potential effects of particular failures. Various techniques have 

been developed so that such a study can be performed.
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A l.2 Fault Tree Analysis (FTA)

Fault Tree Analysis 2̂9 ig a deductive technique which focuses on one particular 

accident or main system failure and provides a method to determine the causes of that 

event. It can identify the combinations of equipment failure and human errors that can 

lead to an accident and produces system failure logic models which utilise Boolean 

logic gates to describe how these can lead to a main system failure.

The specific failure of interest is known as the top event. These are specific hazardous 

situations which are usually identified by a more general hazard evaluation technique 

(described later). Each of the more immediate causes, or fault events, are examined in a 

systematic manner until either the basic causes of each fault event have been identified 

or the analysis boundary is reached. These boundary conditions include:

• System physical boundaries. This encompasses the equipment and its interface with 

other processes and the utility/support systems.

• Level of resolution. The amount of detail to be included in the analysis.

• Initial conditions. Describe the system in its normal, unfailed state.

• Not allowed events. Events which are not considered to be credible.

• Existing conditions. Events which are considered certain to occur.

• Other assumptions. Which are necessary to define the system.

The resulting fault tree model displays the logical relationships between basic events 

and the top event and it is thus possible to generate a list of the failure modes that can 

cause the top event. These failure modes are known as cut sets. A minimal cut set 

(MCS) is the smallest combination of component failures which, should they all exist 

simultaneously, will cause the top event to occur. A list of minimal cut sets represents 

the known ways in which an undesired accident can occur in terms of equipment 

failures and human errors.
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Al.2.1 Event Tree Analysis (ETA) and Cause-Consequence Analysis

Event Tree Analysis is the graphical representation of the possible outcomes of an 

accident that results from an initiating event. It is an inductive reasoning process, the 

results of which are accident sequences, i.e. sets of failures or errors which lead to an 

accident. Event trees are used to identity the various accidents that can occur in a 

complex process. Once these individual accident sequences have been identified the 

specific combination of failures that can lead to accidents can then be determined using 

ETA.

Cause-Consequence Analysis is a blend of Fault Tree Analysis and Event Tree 

Analysis. The purpose is to identify the basic causes and consequences of potential 

accidents.

A1.3 Relative Ranking

Relative ranking allows different processes to be compared to determine which 

possesses the highest potential hazard. It can be used as an aid in assessing process 

siting, generic design or equipment layout processes.

Several formal relative ranking techniques exist. The Dow Fire and Explosion Index 

(Dow F&EI) 130 evaluates the hazard due to fire and explosion in a process facility. 

Separate process units are assigned indices which are calculated on the basis of the 

nature of the process and the properties of the materials within it. The combined score 

can then be ranked against that of other process units.

Another specialised index created by the Dow Chemical Company is the Chemical 

Exposure Index (CEI) i3i which ranks the relative acute health hazards associated with 

potential chemical releases. The CEI uses a simple formula to rank the use of any toxic 

chemical based on five factors:
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• A measure of toxicity.

• The quantity of volatile material available for release.

• The molecular weight of the chemical being evaluated.

• The distance to each area of concern.

• Process variables, such as temperature, pressure, reactivity etc..

The main purpose of relative ranking techniques is to determine the process areas or 

operations that are most significant with respect to the hazard of concern. Approximate 

relationships of process attributes are compared to determine which areas present the 

greatest relative hazard or risk. The technique is not based on specific accident 

sequences and therefore does not lend itself to the development of specific safety 

improvement recommendations.

A1.4 Checklist Analysis

The verification of a hazard evaluation system by the use of a written list of items or 

procedural steps is termed checklist analysis. The approach is easy to use and can be 

applied at any stage of plant design or during routine safety monitoring of an 

operational plant, however it is limited by the practitioner’s experience. Generic hazard 

checklists are often combined with other hazard evaluation techniques to evaluate 

hazardous situations. It is a versatile technique which can be adopted for either simple 

or in-depth evaluations. It is a highly cost-effective way to identify customarily 

recognised hazards.

A1.5 Hazard and Operability Studies (HAZOP’s)

A hazard and operability study identifies and evaluates safety hazards in a process 

and identifies operability problems which may compromise the plant’s design 

productivity. The study requires detailed sources of information concerning the process 

design and operation. An interdisciplinary team uses a creative, systematic approach to
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identify problems arising from deviations from the process’s design intention, which 

could lead to undesirable consequences. If the cause and consequences are significant 

and the safeguards inadequate, then follow up action is recommended.

The purpose is to review carefully a process or operation in a systematic and highly 

organised fashion and requires the use of certain terms in a precise and disciplined way. 

The findings include identification of hazards and operating problems, 

recommendations for changes in design, procedures etc. and recommendations for 

further work.

Application of a HAZOP-based study to a biological containment facility proved it to 

be a sufficiently flexible technique to allow for its successful utility in bioprocessing, 

provided that an additional set of guide words are incorporated.

A1.6 Failure Modes and Effects Analysis (FMEA)

Failure modes and effects analysis tabulates failure modes of equipment and the 

subsequent effect on a system or plant. The failure mode describes how equipment fails 

while the effect of the failure mode is determined by the equipment’s response to the 

failure. Single failure modes are identified which either result directly in, or contribute 

significantly to an accident.

The purpose is to identify single equipment and system failure modes and the potential 

effects of such on the system. It generates a qualitative, systematic reference list of 

equipment, failure modes and effects, including worst case estimates of consequences 

resulting from single failures. The method is not efficient in identifying an exhaustive 

list of combinations of equipment failures which lead to accidents.
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A2 Development of a Biosafety Index

In attempting to devise a relative ranking scheme for biosafety the techniques used in 

the chemical industries have been adopted where possible. Many of the existing 

techniques are site-specific which is not very useful for our purposes, it would

be more helpful to have a scheme which can be applied to a process directly from a 

spreadsheet. The Edwards and Lawrence (1993) inherent safety index does not 

require such detailed plant specifications and was adopted as the basis for the approach 

described in this thesis.

A2.1 Requirements of a Biosafety Index

A technique is required which is not site-specific and can be applied equally to a pilot 

plant facility or a fixed process.

The index should have the ability to compare the biohazard posed by:

• different processes.

• different process configurations.

• individual unit operations.

The two main factors to consider in bioprocessing unit operations are:

• the likelihood of mechanical failure.

• the likelihood of leakage of micro-organisms or hazardous substances.

The index needs to pinpoint the operations which pose the greatest threat.

A2.2 The Format of the Biosafety Index

The index has two elements:
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• A Material Factor which is dependent upon the nature of the process material.

• A Process Factor which assesses the contribution made to the magnitude and 

probability of a loss incident.

This format is similar to that used in the Dow Fire and Hazard Explosion Index 

(F&EI) which utilises a material factor based upon the most explosive material in the 

unit and a general process hazard factor, which includes the parameters that play a 

primary role in determining the magnitude of a loss incident and a special process 

hazard factor which includes the parameters which contribute primarily to the 

probability of a loss incident.

128
The inherent safety index assigns each reaction step in a process route a value which 

is the sum of two parts, a chemical and a process score. The chemical score is for the 

properties of the chemicals involved in each step, these are taken to be inventory, 

flammability, explosiveness and toxicity. The scores for these four parameters are 

summed for each chemical species present and the highest of these sums becomes the 

chemical score for that step. The process score is for the reaction conditions, i.e., 

temperature, pressure and reaction yield. These scores are summed to give the process 

score for that step. The index is calculated by summing the scores obtained for each 

reaction step in the route. This method of ranking is taken as a basis for the biosafety 

index, since it utilises readily available data and can be easily applied to any process 

route. Not all the above parameters are relevant to bioprocessing, although the elements 

which are have been incorporated into the biosafety index.

The material factor considers:

• Toxicity.

• The type of organism.

The process factor encompasses:

• Operating temperature.

• Operating pressure.
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• Inventory

• The presence of rotating machinery.

The scores for these factors are tabulated and discussed in more detail later in the 

section.

The total hazard rating for a process is given by the following equation:

Hazard Index = (Material Factor) x (Process Factor) A1

130
Again, this is similar to the procedure used in the Dow F&EI

The material factor is determined by multiplication of the individual scores for toxicity 

(MFj) and type of organism (MF2 ). The process factor is determined by addition of the

unit score for each unit operation, which in turn is calculated by multiplying the scores 

for pressure (PFj), temperature (PF2 ) inventory (PF3 ) and rotating equipment (PF4 ).

Material Factor = MFi x MF2  A2

Process Factor = (Unit Score) 7  + (Unit Score) 2  + (Unit Score) 2  +............. A3

Where, (Unit Score) 7  = (PFj) 7  x (PF2) 7  x (PF^)} x (PF4)  7

The advantage of this tiered method is the flexibility it offers for comparison purposes. 

The material factor is more pertinent when different processes are being compared. For 

comparison of different process configurations the process factor is more relevant. To 

compare the constituent parts of the process, it is only necessary to look at the unit 

scores.
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A2.2.1 The Material Factor

Toxicity measures the propensity for a material to have an adverse effect on the human 

body, the toxicity scores are both taken directly from Edwards and Lawrence (1993)

At the moment the score for the type of organism is based upon the organism hazard

groups described in the Contained Use Regulation (1992) . This assigns organisms to 

one of two groups, low or zero risk organisms (equivalent to GILSP) will be in group I, 

organisms which are hazardous to man or the environment are in group II.

Table A1 Toxicity Scores

Toxicity (ppm) Score
TLV< 0.001 1
0.001 <T L V < 0.01 2
0.01 <T L V < 0.1 3
0.1 <T L V < 1.0 4
1.0 <T L V < 10.0 5
10.0 <T L V < 100.0 6
100.0 <T L V < 1000.0 7
1000.0 <T L V < 10000.0 8
1% < TLV 9

TLV = Threshold Limit Value

Table A2 Organism Scores

Organism Hazard Group Score
I 1
II 3

A2.2.2 The Process Factor

P r e s s u r e

Pressure is a measure of both the energy available at release and the energy available to 

cause a release. The majority of bioprocessing unit operations occur at ambient 

pressure, the one notable exception being homogenisation. An attempt has been made 

to account for the hazard posed by pressure cycling.
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T e m p e r a t u r e

Temperature is a direct measure of the heat energy available at release. Normally the

degree of hazard posed by an operation increases as temperature rises above ambient.

Temperatures below ambient may also be problematic. The temperature scores have
128

again been taken from Edwards and Lawrence (1993) . For many biochemical

engineering applications, it is necessary to keep the operating temperature at around

5°C, which is usually achieved by glycol cooling. The temperature scores are the same
128

as those used by Edwards and Lawrence (1993)

In v e n t o r y

Inventory is taken as the amount of a substance present in a unit operation and has a 

large effect upon the degree of a hazard. Under the same conditions a large mass of

hazardous material is more dangerous than a small mass. The Dow F&EI bases the 

score upon the amount of material that can be released from a process unit within 1 0  

minutes and claims that experience has shown that this can reasonably be estimated by 

taking the larger of :

• The quantity of material in the process unit.

• The quantity of material in the largest connected unit.

This protocol has been adopted for the biosafety index.

R o t a t in g  E q u ip m e n t

130
The Dow F&EI recognises the hazard exposure of units incorporating large pieces of 

rotating equipment, stating that pumps and compressors beyond a certain size are likely 

to contribute to a loss incident. This basis for assessing the hazard associated with 

rotating equipment has been adapted for our purposes.
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Table A3 Pressure Scores (PFi)

Pressure (bar) Score
P <  10 1
P >  10 2
For operations in which thermal or pressure 3
cycling occurs.

Table A4 Temperature Scores (PF2 )

Temperature (®C) Score

T < -25 10
-25 < T <  -10 3
-10 < T <  10 2
10 < T <  30 1
30 < T <  100 2
100 < T <200 3
200 < T < 300 4
300 < T < 400 5

+ 1 point per 100®C

Table A5 Inventory Scores (PF3 )

Quantity of Material (1) Score
<10 1
<100 2
<1000 3
<10 000 4

+ 1 point per tenfold increase

Table A6  Rotating Equipment (PF4 )

Condition Score
To process units that are:
• A compressor in excess of 600 hp
• A pump in excess of 75 hp
• Other large speed rotating equipment, i.e. 
centrifuges.

3 •
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A3 Application of the Biosafety Index

To assess the accuracy o f the biosafety index, it has been applied to two bioprocesses- 

the production o f alcohol dehydrogenase (ADH) and a-am ylase. The process flow 

sheets for the production o f these are shown below. The calculations can be found in 

the appendices Ai and Aii.

Innoculum

D— 0 
D---0
LH-a

SEED
VESSEL

G— [J 
D—D 
I M

Supernatant

Sludge

Supernatant Precipitant

D-H]
Sludge

Eo further 
processing

„O.OOP.N,SHR m B C PIT A nO N

Figure A! ADH process flowsheet
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Supernatant

D-H] 
D— 0 
D-H] D -H ]

Sludge

To further 
processing

SEED
VESSEL

FEMENTATION
VESSEL

DISC STACK 
CENTRIFUGE

ENZYMATIC
LYSIS

Figure A2 a-am ylase  process flow sheet
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A3.1 C om parison  o f  U nit O perations: T he U nit Score

The unit scores for the operations in the ADH process are shown below in Figure A3 

and reflect what we would intuitively have guessed The m ain safety features o f the unit 

operations can be summarised in Table A7.

F iltra tio n  

P rec ip ita tio n  

H o m o g en isa tio n  

C e n trifu g a tio n  

F e rm e n ta tio n  V essel 

S eed  V essel

 _ z _
18

# 0 #
«mm

- I — I— I— 1— I— I— I— I— I— ,— I— I— I— ,— I— I— I— 1— I

2 4  6 8 10 12 14 16 18 20

U n it Score

Figure A3 U nit scores for the operations involved in the ADH process. H om ogenisation 
and centrifugation are considered the m ost hazardous unit operations

Table A7 Safety Considerations for Unit Operations

Unit Operation Safety Considerations
Fermentation Sterilisation utilises high pressure steam at 121 ®C 

Large working volumes.
Centrifugation High speed, rotating maehinery.

Skill o f operator in assembly and disassembly o f parts.
Precipitation Nature o f the precipitant.

i.e. Ethanol and iso-propanol are flammable, ammonium 
sulphate is corrosive and polyethylene glycol (PEG) 
may be an irritant.

Homogenisation Operation at very high pressure.
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A 3.2 C om parison  o f  D ifferen t Process R outes: T he H azard  Index

Following the enzymatic lysis step in the a-am ylase process (as shown in Figure A4) 

several process routes are possible. The process fluid can be purified by running it 

immediately through a chromatography column, then a centrifuge. The centrifugation 

step can be replaced with a microfiltration step. Or chromatography alone can be used. 

The hazard indices for the whole process, when each o f  these options are followed, are 

illustrated in Figure A4. As expected, using the route which includes an additional 

centrifugation step results in the highest index since this operation has one o f the highest 

unit scores. The lowest index is obtained when only one unit operation is used.

7 0 -

6 0 -

50 -

XH 40 ^

30 -

2 0 -

10 -

0

51

45

Centrifugation & Microfiltration & Chromatography

Chromatography Chromatography Alone

Figure A4 H azard indices for different process routes in the a -am y lase  process. The route 
involving centrifugation is considered the m ost hazardous.

Further Work, Summary and Conclusions

This proposed index is still very much in its infancy and will benefit from the input o f 

other interested parties. As it stands the results appear promising, but need checking 

against a variety o f other unit operations and processes. It is an initial attempt to 

quantify biosafety at an early stage in the design process
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The results generated by the index need to be considered by a group of experts to 

determine whether or not they reflect what they are intended to. Do they actually rank 

operations in the correct order, from a biosafety viewpoint. Unlike a Hazard and 

Operability Study (HAZOP), which relies upon the expertise of such a group of people, 

relative ranking is a simpler technique which does not require such the same level of 

understanding. This is one of the advantages of the methodology and enables the 

technique to remain simple. However, in the future such a simplistic scheme may not 

be what is required.

The unit score only indicates the threat posed by the equipment, not necessarily of the 

frequency of failure. A valuable comparison could be made by developing a reliability 

rating, although at the moment reliability data is not readily available. The lack of safety 

data, for example equipment failure rates, presents a problem when attempting to carry 

out a quantitative hazard analysis for the bioprocess industry. An industry-wide 

database would be useful. When this data is accessible it will be possible to perform 

different types of hazard studies, such as quantitative fault tree analysis, which will 

provide information about the likelihood of an accident and subsequent microbial 

release.

It may be pertinent to include other factors in the scheme. For example, one of the most 

hazardous operations in biochemical engineering is centrifugation. One of the 

underlying reasons for this is because the equipment needs assembling and 

disassembling between each run, so the safety of its operation depends greatly upon the 

skill of the operator. It may be worth considering including a factor which reflects this, 

possibly based upon the number of parts which constitute the machinery. There may be 

other parameters which should be included which have not yet been considered.

Refinements may be required to the existing scoring system, for example the score for 

the type of organism could be extended to distinguish between a wider range of 

organisms. The interaction between and relative importance of the different factors 

needs to be considered.
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Appendix Ai Application of the Biosafety Index to the ADH 

Process

UNIT SCORES

Seed Vessel
Pressure, PFl 1 
Temperature, PF2 3 
Inventory, PF3 3 
Rotating Equipment, PF4 I

UNIT SCORE 9

Precipitation 1
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 I

UNIT SCORE 6

Fermentation Vessel
Pressure, PFI I 
Temperature, PF2 3 
Inventory, PF3 4 
Rotating Equipment, PF4 I

UNIT SCORE 12

Centrifugation 3
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 3

UNIT SCORE 18

Centrifugation 1
Pressure, PF I I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 3

UNIT SCORE 18

Precipitation 2
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 1

UNIT SCORE 6

Homogenisation
Pressure, PFI 3 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 1

UNIT SCORE 18

Centrifugation 4
Pressure, PFI 1 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 3

UNIT SCORE 18

Centrifugation 2
Pressure, PF I I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 3

UNIT SCORE 18

Filtration
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 I

UNIT SCORE 6
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Process Factor

Seed Vessel 9
Fermentation Vessel 12
Centrifugation 1 18
Homogenisation 18
Centrifugation 2 18
Precipitation ! 6
Centrifugation 3 18
Precipitation 2 6
Centrifugation 4 18
Filtration 6
PROCESS FACTOR 129

Material Factor

Toxicity, MF, 1
Organism, MF; 1
MATERIAL FACTOR 1

Hazard Index

Process Factor, PF 129
Material Factor. MF 1
HAZARD INDEX 129
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Appendix Ail Application of the Biosafety Index to the a -  

Amylase Process

Three possible process routes are being considered for the downstream processing of a- 
amyiase. Following an enzymatic lysis step the following rotes could be taken. Route 
A: Centrifugation then chromatography. Route B: Microfiltration then
chromatography. Route C: Chromatography.

UNIT SCORES

Seed Vessel
Pressure, PFI 1 
Temperature, PF2 3 
Inventory, PF3 2 
Rotating Equipment, PF4 1

UNIT SCORE 6

Microfiltration
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 1

UNIT SCORE 6

Fermentation Vessel
Pressure, PFI I 
Temperature, PF2 3 
Inventory, PF3 3 
Rotating Equipment, PF4 I

UNIT SCORE 9

Unit Operation
Pressure, PFI 
Temperature, PF2 
Inventory, PF3 
Rotating Equipment, PF4

UNIT SCORE 0

Centrifugation
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 3

UNIT SCORE 18

Unit Operation
Pressure, PFI 
Temperature, PF2 
Inventory, PF3 
Rotating Equipment, PF4

UNIT SCORE 0

Enzymatic Lysis
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 1

UNIT SCORE 6

Unit Operation
Pressure, PF I 
Temperature, PF2 
Inventory, PF3 
Rotating Equipment, PF4

UNIT SCORE 0

Chromatography
Pressure, PFI I 
Temperature, PF2 2 
Inventory, PF3 3 
Rotating Equipment, PF4 I

UNIT SCORE 6

Unit Operation
Pressure, PFI 
Temperature, PF2 
Inventory, PF3 
Rotating Equipment, PF4

UNIT SCORE 0
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Process Factor

Unit
Scores
Seed Vessel 6
Fermentation Vessel 9
Centrifugation 18
Enzymatic Lysis 6
Chromatography 6
Microfiltration 6
Unit Operation 0
Unit Operation 0
Unit Operation 0
Unit Operation 0

Process Factors
Option A 63
Option B 51
Option C 45

Material Factor

Toxicity, MF, 
Organism, MFj 
MATERIAL FACTOR

Hazard Index

Option A
Process Factor, PF 63
Material Factor. MF 1
HAZARD INDEX 63

Option B
Process Factor, PF 51
Material Factor. MF 1
HAZARD INDEX 51

Option C
Process Factor, PF 45
Material Factor. MF 1
HAZARD INDEX 45
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Appendix B The Navier-Stokes Equations and Other 

Aspects of CFD

B1 The Navier Stokes Equations

Continuity Equation:

5p 5(pu) 5(pv) 5(pw)
+ + + =  0

di dx dy dz 

Momentum Equations:

5(pu) 5(pu^) 5(puv) 5(puw) 5txx dxyx dxi
_ l _ —  --------------+  —  ------------+ ------------: ---------------=  —  — +  — —  +  — —  +

at ax ay d z d x  ÔX d y  ÔZ

d (p v )  a ( p u v )  a ( p v  )  a ( p v w )  ap  a%xy axyy axzy
+ ------ 1---------+ --------1---------+ ---------1--------- =  — 4- — —  +  — —  +at dx dy dz dy dx dy dz

d(pw) a ( p u w )  a ( p v w )  a ( p w ^ )  a p  axxz axyz axz
+ --- 1-----+ ----1-----+ ---- 1---- = —̂  + —— + ——4-

at ax ay

Energy Equation:

d z d z  d x  d y  d z

a(ph)^a(puh )^a(pvh)^a(pw h )  a p ^ ^ a p ^ ^ a p ^ ^ a p
at d x ay d z  d i  d x  d y  d z

B1

B2

B3

B4

B5

au au au av av av aw aw aw
+ T x x  1- T x y  h T x z  1- T y x  1- T y y  1- T y z  h T z x  1- T z y  h T z z -------

d x  d y  d z  d x  d y  d z  d x  d y  d z

a i l a ’ ax' a ax]K— +  — K— +  — K—

ax ay
.

d z d z _
+  —  

d x

Equation o f State: 

p =  pRT

+ q

B6
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B2 Grid Generation

Grid generation can be a very labour and computing intensive part of flo’w calculations. 

Generally, the grids generated in the pre-processor are multi-block, structured, uniform 

and body-fitted.

B2.1 Body-Fitted Grids

The basic idea of a body-fitted co-ordinate system is to replace the Cartesian co-ordinate 

system in physical space with a curvilinear co-ordinate system in computational space, 

the equations are then discretised with respect to the computational space co-ordinates. 

In a body-fitted grid, one family of co-ordinate lines is chosen to be tangential to the 

body surface and anther family chosen to be exactly or approximately normal to it. 

They are advantageous because it is possible to impose boundary conditions at the body 

surface without loss of accuracy, although the partial differential equations become 

more complicated because of the non-linear co-ordinate transformation. Generally this 

co-ordinate transformation is achieved numerically and there is extensive literature on 

the numerical generation of body fitted grids

Body-fitted grids can be structured or unstructured. Structured grids are 

computationally more efficient than unstructured ones and for simple geometries are the 

preferred method. Unstructured grids do not have identifiable node addresses ((i,j,k) co

ordinates) but are good at fitting multi-component grids.
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a. b. c.

Figure B1 Body-Fitted 2-Dimensional Grid Topologies
a. Cartesian (non-aligned)
b. Structured Body-Fitted 

c. Unstructured Body-Fitted

B2.2 Multi-Block Grids

Quite frequently a grid topology which is optimal for one component is incompatible 

with another, this has led to a multi-block approach, where the complete configuration 

is divided into several blocks. Each block is gridded separately with appropriate 

continuity constraints being satisfied, as far as possible, at grid interfaces. The 

advantages of a multi-block grid are:

• The computational region is divided into multiple rectangular blocks, each with its 

own body-fitted grid.

• Grid skewness is reduced, there is good behaviour around surface slope 

discontinuities.

• Eases computational storage restrictions since during grid generation and flow 

solution only part of the grid needs to reside in the main storage area.

• Different algorithms and equation sets can be used in different blocks.

206



Appendix B

B3 Discrete Particle Transport Modelling

A Lagrangian approach to particle transport was adopted, i.e. a discrete trajectory 

approach. The total flow of the particulate phase is modelled by tracking a small 

number of particles through the continuum fluid. The tracking is carried out in 

computational space, the equations for position have the form:

C - ^  B7
dt

Where C is the computational position, Ç is the computational velocity and t is time. 

The computational velocity and position can be related back to the velocity and position 

in physical space.

The equations for the rate of change of velocity, —  comes directly from Newton’s 

Second Law:

du B 8
F = m —  

dt

Where m is the mass of the particle and F is the force on it. The major coefficient of F 

is the drag exerted on the particle by the continuous phase.
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Appendix C Schematic Plans of the Areas Modelled

Not to scale. All dimensions are in metres.

C l Bassaire Cabinet
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Radius = 0.005

O Cyclone Port,
Centre @ (0.74,0.34,0.62) 
Radius = 0.0125o Outlet

HEPA
Filter

0.94

Figure Cl Geometry of the Bassaire cabinet, showing dimensions, axes and the positions 
of the ports on the z=62 plane.
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Cl  UCL Containment Cabinet

Showing z plane 
where, 0 <z<0 . 6

Outlet
HEPA
Filter

Air
Inlet

0.9 0.22

X

0.11

0.38

0.11

Figure C2 Geometry of the UCL containment cabinet, showing axes and dimensions along 
the z plane.

On X =  1.12 
where, 0 <x<1 . 1 2

0.115 0,37 0,115

Outlet
HEPA
Filter

o
Cyclone Port,
Centre r a n . 12. 0.12. 0.3'i
Radius = 0.01

0.11

0.36

0.02

0.11

Figure C3 Geometry of the UCL containment cabinet, showing axes and dimensions along 
the x= 1.12 plane.
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C3 Glaxo-Wellcome Beadmill Cabinet

On y = 0.9 
where, 0<y<0.9

1.6

ill

0.77

0.3
A ir In le t

0.08

y 0.91 0.6

X

Figure C4 Geometry of the beadmill cabinet, showing axes and dimensions along the 
y=0.9 plane

On X  = 0 
where, 0 <x<1 . 6

0.9

0.77

Outlet

0.14

Figure C5 Geometry of the beadmill cabinet, showing axes and dimensions along the x=0 
plane
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(3 0 ,  4 9 , 4 5 )
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(3 0 , 18, 6 7 )  

(3 0 , 18, 16

( 3 0 ,0 ,  16)

— ' ____"

1
(7 8 , 18,

(7 8 , 18, 6 7 )  

16)

( 7 8 ,0 ,  16)

Figure C6 G eom etry o f  the beadm ill. The beadm ill has been divided into three blocks, the 
diagram  show s the co-ordinates o f  each block.

C4 Glaxo-Wellcome Sharpies Room

Showing y plane 
where, 0<y<3.7

X

3.97

(0 .78,2.6) (1.13,2.6)
" ^ ( 1 . 4 3 .2.51 (2 .0 8 .2.5)

Centrifi ge
0<y<]

Holding
Vessel

0<y<].3 (2.38,1 .9 )  (3.03, 1.9)
(1.43, 1.9) (2.08, 1.9)

(0.78,1 .6) (1 .13,1.6)

Pump
0<y<0.4

(1.56,0.1

(2.38, 1.45) (3.03, 1.45)

(3.46, 0.88)

Safety Cabinet
0.86<y<].96

(1.56, 0.17) (3.46, 0.17)

Air Inlet 
Centre (3.77,3.7, 0 .2 ) 

Radius = 0.18

Figure C l  G eom etry o f  the Sharpies room , show ing axes and dim ensions along the y 
plane. The location o f  pieces o f  equipm ent are indicated by the (x,z) co-ordinates and their 
range over the y axis.
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Onz = 3.0 
where, 0<z<3.0

0.02

3.97

0.79

0.6

0.51

A ir
Outlet

3.7

Figure C8 Geometry of the sharpies room, showing axes and dimensions along the z=3 
plane.

C5 UCLACBE Fermentation Hall

Showing y plane 
where, 0<y<5.25

8.25

5.6

(1 .6 ,4 .8) ( 2 7 .4 .8)
(4.3, 5) (5 .7 ,5 )

Height 
=  2.1

See
Beloiv ’

Height 
= 3.54

(4.3, 3.9) (5.7, 3.9)

(1 .6 ,2 .6) (2 .7 ,2 .6)

(2 .7 ,1 .4 ) (3 .7 ,1 .4)

Height of Room = 5.25

(7 .2 ,1 .4 )(8 .2 ,1.4)
(4 .7 ,1 ) (6 .3 ,1 )

(2.7 ,0 .85) (3 .7 ,0 .85)

Height
Height

Height 
=  2.1

(4.7, 0.4) (6.3, 0.4X7-2, 0.4)(8.2, 0.4)

Height of Room 
= 3.25 2.8

11.37

Height =  2.1 
(x,z) Co-ordinates: 
(3.1, 4.2) (3.1, 4.8) 
(3.7, 4.2) (3.7, 4.8)

Figure C9 Geometry of the UCLACBE fermentation hall, showing axes and dimensions 
along the y plane. The location of pieces of equipment are indicated by the (x,z) co
ordinates and their height. The room has dual height, in one area it is 5.25 m high, in 
another it is 3.25 m high.
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On X = 8.25 
where, 0<x< 11.37

On X = 11.37 
where, 0<x<l 1.37

1-2 ^  2.2 ^

! ii
Air Inlet 0.1

L
L

3.4

r

0.8 1.4

5.25

lAir Inlet 1
iL

3.0

1r

3.25

5.6 2.8

Figure CIO Geometry of the UCLACBE fermentation hall, along two planes on the x axis

On z = 0 
where, 0<z<5.6

0.8 0.66 2.1 0.66 2.1 0.66 
"4 ► M »

5.25

X

A ir A ir A ir
Outlet Outlet Outlet

4.59
3.25

11.37

Figure Cl 1 Geometry of the UCLACBE fermentation hall, along the z=0 plane
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C6 UCLACBE Downstream Processing Suite

On y = 3.25 
where, 0<y<3.25

1.0
3.61

4.8

(2.43,

2.1
\

2 .71\  13.09 . l.m
A ir

Outlei
(2.43, 2.05) (3.09, 2.05)

(9.6, 5.48) (10.27, 5.48)
A ir 

Outlei
(9 .6 ,4 .82) (10.27,4.82)

(7.28, 2 .?n _  (7.94 ,2 .71) (1 1.9 3 ,2 .71)(12 .59,2.71)

Outlei
A ir

Outlei
(7.28, 2.05) (7.94, 2.05) (11.93,2.05) (12.59,2.05)

(3.87. 0.6) (4.53. 0.6)

X

A ir A ir
Inlet Inlet

(10.67.0.6) (11.33.0.6)

5.82

16.46

Figure C12 Geometry of the UCLACBE downstream processing suite, showing axes and 
dimensions along the y=3.25 plane. The location of air in- and outlrts are indicated by the 
(x,z) co-ordinates

On z = 0 
where, 0<z<5.82

14.5 0.8

ky

Air Inlet I

3.25
3.0

V

16.46

Figure Cl 3 Geometry of the UCLACBE downstream processing suite, along the z=0 plane
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Appendix D Addresses of Suppliers

AEA Technology Pic., Biotechnology Services, 353 Harwell, Didcot, Oxfordshire, 

0X11 ORA, UK

AEA Technology Pic., Computational Fluid Dynamics Service, 8.19 Harwell, 

Didcot, Oxfordshire, 0X11 ORA, UK.

Air Control Installations Ltd., Boden St., Chard, Somerset, TA20 2AE, UK.

Alpha Laval, Camberley, Surrey, UK

Bassaire, Duncan Road, Swanwick, Southampton, UK.

Biral, PO Box 2, Portishead, Bristol, BS20 9JB, UK.

Carr Separations, 10 Forge Park, Franklin, MA 02038-3157, USA

Elwyn E. Roberts Isolators Ltd., Ellerton House, Wistanwick, Market Drayton,

Shropshire, TF9 2BT, UK.

Fluka Chemicals, The Old Brickyard, New Road, Gillingham, Dorset, SP8  4JL, UK.

Glen Creston Ltd, Stanmore, Middlesex, UK

IBM, PO Box 41, Cosham Portsmouth, Hants., P06 3AU, UK

MDH Ltd., Andover, Hampshire, UK

Sigma, Poole, Dorset, UK

Perkin Elmer, Foster City, California, USA

Testo Ltd., 3 Oriel Court, Omega Park, Alton, Hampshire, GU34 2QE, UK. 

Watson-Marlow Ltd., Falmouth, TRl 1 4RU, UK.
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