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Abstract

Possibly the world’s first research on breathing problems among snow crab processing
workers took place in Newfoundland in the 1970’s. Preventing/mitigating these prob-
lems is of paramount importance as the snow crab industry is a major contributor
to the regional economy in rural Newfoundland and Labrador communities. Crab
asthma is caused by overexposure to the dusts, mists, fumes or aerosols that are
generated during various processes. During these processes, proteins in the crab may
become airborne and can enter the lungs and breathing tubes. A recent study sug-
gests that very low levels of allergen will need to be achieved in crab processing plants
to prevent respiratory symptoms from occurring among sensitized workers. Prior to
the study described in this report, there had been no air sampling of allergen levels in
snow crab processing plants in Newfoundland and Labrador. Air sampling has been
carried out in four crab processing plants in Newfoundland and Labrador to identify
the problematic areas. Allergen contamination concentrations have been identified
and related to specific areas of the processing plants and to the individual processes

themselves.

A variety of ventilation methods have been examined with local exhausting of the
workplace comprising the majority of the investigated techniques. Centerline velocity
profiles for overhead, slotted, and canopy local exhaust hoods proposed in previous
research have been examined. Numerical modeling of the cleaning, sawing, and batch
cooling processes was carried out in both an idealistic and realistic plant domain
to determine the airflow patterns in and around these individual processes, as well
as determining possible capture velocities from imposed velocity profiles. Velocity
profiles have been obtained for the space in the vicinity of the hood face rather than
just along the centerline. Velocity and pressure contours were also determined to
ascertain the degree of contaminant capture. All numerical results for idealistic and

realistic plant environments have been investigated, discussed, and presented.
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Nomenclature

PBZ = Personal Breathing Zone
HVAC = Heating, Ventilation, and Air Conditioning
PDE = Partial Differential Equation
FVM = Finite Volume Method
p = dynamic viscosity
p = density, kg/m’
m= mass flow, kg/s
T« = partial u/partial x
g = gravity, m/s’
u = velocity in the x-direction, m/s
v = velocity in the y-direction, m/s
w = velocity in the z-direction, m/s
¢ = velocity potential
p = pressure, kPa
o = particle rotation
v = kinematic viscosity
vy = stream function
Q = volumetric Flow Rate, m*/s
A¢=hood face area, m*
L. = effective length, m
R = hood radius, m
Vmax = maximum velocity along hood centerline, m/s
P =hood face perimeter, m
D = height of a canopy hood above the process, m
V. = capture Velocity, m/s
V¢ =hood Face Velocity, m/s
V, = velocity at a distance x from the hood face, m/s
x = vertical distance from source to hood face, m
w = hood face width, m
L =hood face length, m
FTP = fan total pressure, kPa
FSP = fan static pressure, kPa
TP = total pressure, kPa
SP = static pressure, kPa
VP = velocity pressure, kPa
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C, = concentration at a distance x from the source, ng/m3
D = coefficient of turbulent diffusion
OH = Overhead
Slot = Slotted
Can = Canopy
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W = Worker Interaction
Dyn = Dynamic
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Chapter 1
Introduction

The need for a clean, comfortable and safe environment for people to work and live
in is a common necessity worldwide. Providing a comfortable and healthy indoor
environment for building occupants is the primary concern of Heating, Ventilation
and Air Conditioning (HVAC) engineers. Virtually every residential, commercial,
industrial, and institutional building in every industrial country of the world has
some sort of HVAC system in place to control the working environment year round.
As a result the heating, ventilation, and air conditioning industry continues to grow

each year as new factories, laboratories, and offices are constructed.

The quality of indoor air is increasingly being recognized as an essential factor for
overall health and comfort because up to 90% of a typical person’s time is spent
indoors and a large fraction of that time is spent in a residential or commercial en-
vironment (Chen 1992). Health concerns, coupled with ever increasing energy costs
demand that companies closely control their working environment without wasting
unnecessary money and manpower. To accomplish this a better understanding of
the design parameters that govern comfort and indoor air quality (IAQ) are essen-
tial to good HVAC system design. For example, supply of acceptable air, removal

of unacceptab.le air, proper operation and maintenance of building systems, probable
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airflow patterns inside and butside the enclosure, and control of internal and external
pollutants are just a few important design considerations that need to be examined.
While building structures become increasingly complex, the basics of good HVAC
system design have not changed, only the methods and tools available to accomplish
the design (McQuiston et al. 1988). Traditionally, HVAC system designs have been
examined and evaluated via expensive and time-consuming physical methods such
as wind tunnel testing. The study of full scale systems using controlled experiments
is often difficult or impossible due to economic constraints and drastically increased
analysis times associated with physical testing. These problems have been partially
addressed by implementing a Computational Fluid Dynamic, or CFD approach. Sim-
ply put, CFD is mainly the analysis of systems involving heat transfer and fluid flow
by means of a computer-based simulation. Fluid dynamic modeling can be used to
identify ventilation problems in existing installed systems and aid in the design and

implementation of new systems.

Over the past decade there has been a global increase in the use of computational fluid
dynamics in a wide range of industrial settings evoking numerous applications. Recent
advances in CFD technology combined with the surging growth of computer resources
have resulted in CFD becoming an attractive analysis method and design tool for
many industries worldwide. CFD techniques are now being used to either augment
or totally replace complicated physical experimentation due to the high obtainable
degree of accuracy at a fraction of the cost. According to (Horstman 1988) a method
has been developed that predicts the velocity distribution, airflow circulation pattern,
and airborne contamination distribution within a ventilated volume. Although the
ventilated volume described in this case applies to an aircraft passenger cabin, the
work presented in this thesis will use similar techniques and apply them to typical
industrial plant processes encountered in the snow crab industry in Newfoundland

and Labrador.
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The main focus of the research presented here makes use of experimental and theoret-
ical data, as well as numerical simulations produced using current CFD techniques to
determine air flow patterns, velocity distributions, pressure distributions, and species
transport characteristics. The ultimate goal is to use this information to try and iden-
tify velocity distributions in and around local exhaust hoods and processing equip-
ment to help develop control methodologies that can be implemented in the snow
crab industry. After a review of the applicable numerical and empirical literature it
was decided that a finite volume method for CFD analysis to determine the airflow
characteristics would be applied. Commercial CFD packages such as Fluent make use
of the finite volume method which can approximate the complex governing equations
of fluid and heat flow with relative ease using numerical methods techniques. While
the mathematical techniques involved are not new, the governing equations are still

too complex to be solved without utilizing a CFD package such as Fluent.

A well known commercial CFD code was ultimately chosen to carry out this portion
of the study due to its availability to the public, up to date revisions, and wide range
of users in a vast array of disciplines thus providing an excellent database of help and
guidance. The chosen code was Fluent (v6.0) due to its ability to perform approx-
imations with the discretized Reynolds Averaged Navier-Stokes (RANS) equations
and its treatment of viscous effects and turbulence. In addition, this program has the
ability to trace particles embedded in air streams and can determine the nature of
their movement in response to varying air flow patterns, pressure variations, temper-
ature gradients, and variations in relative humidity. This is particularly important in
the snow crab industry in which aerosolized proteins from the meat and shell of the
crab and other biological and chemical toxins are thought to have a strong correlation

to cases of snow crab occupational asthma.
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1.1 Problem Discussion

Snow crab occupational asthma (OA) is mediated through an allergic mechanism in-
volving the production of specific antibodies to an allergen. The allergen thought to
cause snow crab OA is found in the meat, shell, cooking water, steam and most likely
the water vapor produced during the processing of snow crab (Ortega and Berardinelli
1998). The mechanism of sensitization is either via inhalation of the aerosolized al-
lergens or tactile contact with the skin and eyes when butchering, cooking, steaming,
crushing and cleaning the crab in processing plants. Published studies to date have
not included a full analysis of plant enclosures with respect to airflow patterns, con-
taminant concentrations and associated ventilation systems or lack thereof. The work
presented in this thesis looks mainly at the airflow patterns within a typical crab pro-
cessing plant, how they are affected by turbulent structures and how they facilitate
contaminant transport. This research was carried out as a part of a 3-year interdis-
ciplinary study on snow crab OA in Newfoundland and Labrador, Canada. The crab

asthma project has several major components;

o sclf-administered questionnaires on beliefs and concerns about the health effects

of working with crab among management, workers and health professionals

e training sessions with health professionals related to the diagnosis and treatment

of asthma and occupational asthma

e air sampling to confirm allergen levels in different areas of participating plants
and between plants with different layouts, and processing and ventilation sys-

tems

e research comparing allergen levels associated with processing crab raw versus

processing crab cooked
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e numerical modeling of air flows in typical plant environments and incorporating
different process technologies designs to help identify ways to reduce allergen

exposures

e chemical research on the composition of aerosolized proteins associated with

crab processing

e immunological research comparing reactivity to proteins in raw and cooked crab

in the sera of sensitized participants

e research comparing the prevalence of allergy to and occupational asthma to
snow crab in the four participating plants and risk factors for the development

of these conditions

e research on reported factors affecting compliance with the peak expiratory flow

protocol used in the study

e and research on the quality of life and social and economic impacts of allergy

and occupational asthma to snow crab in the study communities

An interdisciplinary approach helps to ensure a robust research approach.

This thesis reports on an investigation into the velocity distribution, airflow circu-
lation pattens, and airborne contamination generation and distribution within an
enclosed volume (snow crab plant). In the past it has been difficult to accurately
predict the effectiveness of designed ventilation systems, mainly due to the complex
interaction of the system components with objects in the ventilated space (Horstman
1988). In instances when a formal mechanical ventilation system is not present as is
the case in some of the crab plants the difficulties are similar to the ones proposed by
Horstman. It is the goal of this research to identify velocity distributions and airflow

circulation patterns present in a ’typical plant’, determine their effect on airborne
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contaminants and explore local and general contaminant control methodologies. To
achieve this goal a computer numerical simulation approach has been undertaken in
conjunction with an analysis of the building envelope as it pertains to HVAC design

considerations.

A commercial CFD package was used to meet the requirements for this component
rather than attempting to develop a specific CFD code. Since development of a spe-
cialized code was not the intent of this research a commercial package was indeed ca-
pable of examining the problem at hand. The CFD software chosen was Fluent (v6.0)
and associated geometry generation program Gambit(v1.3). This software is used in
a variety of industries such as biomedical, oil and gas, automotive, aerospace and
HVAC. Fluent utilizes the finite volume method to integrate the governing equations
and discretize whereby approximations are substituted for terms in the integrated
equation representing flow processes, converts the integral equations into a system
of algebraic equations, and then solves the algebraic equations using an iterative ap-
proach. Application of these methods is necessary to attain the required airflow data

needed to describe flow characteristics in a typical plant.

In summary, the primary objectives of the air sampling and ventilation components

of the crab asthma study that will be examined are;

1. identify concentrations of allergens in different areas of participating crab plants
consisting of different layouts, ventilation systems, process technologies and end
products in order to improve the existing knowledge regarding processes that

contribute to aerosolization and influence allergen concentrations;

2. assess levels of exposure to known chemical respiratory irritants (sulfites) asso-

ciated with snow crab processing;

3. map exposures to allergens onto the processing layout of these plants and link
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10.

11.

them to the prevalence of OA to snow crab within the plant labour forces;

compare allergen concentrations with overall production concentrations and dif-

ferent end products during the time of air sampling;

document temperature and humidity concentrations in the plants during the

air sampling period and correlate with allergen sampling results;

. identify any ventilation systems present and assess air flows in different areas

of the plants;

identify potential sources of allergens and potential movement of allergens within

the plants;

. numerically model airflows around local hood configurations to determine their

contaminant capturing ability;

develop recommendations on plant design, production process design and on a
ventilation system that should reduce concentrations of air borne allergens in

the plant;

where employers carry out recommended changes in their plants, reassess aller-

gen concentrations in the wake of these changes;

to conduct an experiment comparing yields and allergen levels associated with

the cleaning and sawing of raw versus cooked crab sections.
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1.2 Previous Research

Possibly the world’s first research on breathing problems among snow crab processing
workers took place in Newfoundland in the 1970’s but there was little follow-up in
Newfoundland to that original work. In 1984, Dr. Andre Cartier, a respirologist from
Hopital Sacre Coeur in Montreal headed up a study of snow crab processing workers
on the Magdalene Islands. In plants that had been operating for about three years
with little ventilation and where cookers were not enclosed and separately ventilated
this study found approximately 15% of processing workers had occupational asthma

to snow crab.

The Quebec researchers identified the health problem experienced by workers as a
form of occupational asthma caused by sensitization to an allergen aerosolized during
the cooking and possibly other manipulation of the snow crab during processing.
They recommended cooling of the cooked crab prior to processing and enclosing and
separately venting the cooking processes. In response to that research, Quebec put in
place plant inspections and requirements for enclosing cooking areas, cooling cooked
crab prior to processing, and a system for the detection, diagnosis and compensation

of occupational asthma to snow crab among processing workers (Neis 1995).

A recent study suggests that very low levels of allergen will need to be achieved in crab
processing plants to prevent respiratory symptoms from occurring among sensitized
workers. This study, done in an open-air fish market, found detectable concentrations
of fish allergen linked to respiratory symptoms among people with fish allergies. These
allergens were aerosolized through passive evaporation from fish that were on display

(i.e. they were not being cooked or processed) (Taylor et al. 2000).

Ortega and Berardinelli describe a study undertaken in a crab processing facility in

Dutch Harbor, Alaska in 1999. Management was concerned about respiratory illness
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among workers in the form of bronchitis and asthma. The study objectives were to
understand the nature of the illness, identify contamination sources, identify relation-
ships between processing exposures and health outcomes, and to develop strategies
to prevent further illness. Although the study was somewhat limited due to the rel-
atively small size of the sample population, collected data provided some interesting
results. Development of new respiratory problems and asthma among various crab
processing workers over 6 weeks of crab processing was evident and seemed to be
occupationally linked. Investigation into the concentration of antigens measured in a
crab processing factory by Griffin et al (1994) showed that 23% of workers had work-
related respiratory symptoms and 37% of the workers had IgE antibodies specific for
crab meat extract. Using high volume air samplers cutting, grinding and mincing
operations produced antigens as high as 115 ng/m® in comparison to a maximum of

4 ng/m? in areas where no operations were present.

A system for air sampling allergens in snow crab processing plants was developed
by Mark Swanson at the Mayo clinic in Rochester, Minnesota, USA. Since the de-
velopment of this technique Mr. Swanson has analyzed air samples taken in a wide
variety of different snow crab processing environments and contexts including Alaska,
Quebec and elsewhere. These studies have included snow crab processing plants and
snow crab processing on board factory freezer trawlers. Published results from one
study conducted in Quebec in the late 1990s show peak allergen concentrations at
approximately 5,000 ng/m? from personal air filters in the butchering (crab cracking)
area of the plant. The next highest concentrations were near the outlet of the cooling
basin (604 ng/m3), followed by the sorting and cleaning areas (approximately 200
ng/m3 (Weytjens et al. 1999)). In that study, the sample for the butchering area was
taken in the area adjacent to the cooker. The cooker was separated from the butcher-
ing area by a plastic curtain (Malo et al 1997). This and other published studies

of allergen levels associated with snow crab processing have not included sufficient
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information on enclosures, airflows and the ventilation systems in the plants involved
making it difficult to isolate the origins of allergens identified in air samples. Aller-
gen levels associated with different production processes have also not been studied

systematically.

HVAC system literature that is based on the premise that the systems themselves act
as contaminant emission sources that affect Indoor Air Quality (IAQ) has been eval-
uated by Batterman et al (1995). Several HVAC components are cited frequently as
emission sources that include biological growth and bioaerosol generation in the pres-
ence of moisture generated as a result of a number of factors such as poorly designed
humidifying systems or just poor control of the humidity. Other problems have been
identified such as migration of contaminants, entrainment, and infiltration of both
outdoor and indoor pollutants. With this in mind, the importance of understanding
the mechanics of room airflows is of paramount importance. Chen (1992) developed
appropriate models for the prediction of room air motion using both computational
results and experimental data. It proved difficult to determine whether or not a room
airflow was a local artificially induced turbulent airflow, transitional airflow, or fully
developed airflow. However, very few room airflows are actually laminar thus more
work needed to be done with particular attention paid to turbulent structures and

their interaction with room airflows.

The use of Computational Fluid Dynamic modeling in specific shellfish allergen types
of ventilation situations can be compared to its previous use in a variety of other
similar published air contamination scenarios. A method developed by Horstman
(1988) predicts the velocity distribution, airflow circulation pattern, and airborne
contamination distribution in a ventilated aircraft passenger cabin and can also be
applied to other volumes such as buildings or enclosures. Although Horstman used a

finite differencing technique to solve the Navier-Stokes equations instead of the finite
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volume technique used in the upcoming analysis completed in this thesis, the end
results are comparable. The velocity distribution prediction examined by Horstman

was validated using a numerical simulation package.

Early conceived empirically-derived velocity contours are still the standard for the
design of ventilation systems. Work by Dalla Valle (1952), Fletcher (1977, 1978,
1982), Conroy and Ellenbecker (1989), and Flynn and Ellenbecker (1985) on centerline
air velocity profiles normal to a local hood face provided quantitative techniques in
the design of local exhaust hoods. In particular, work by Dalla Valle (1932) reported
that the results of an empirical study under negative pressure could be characterized
by constant velocity contours radiating outward from the hood opening depicting
velocity decaying radially outward from the hood opening. The problem is that the
centerline velocity equations describe the velocity along the centerline at a point
outside of the hood but do not define the velocity distribution across the hood face

thus making them very limited.

Difficulties in predicting the effectiveness of ventilation systems has been evident in
the past, primarily because of the complex interaction of the system components with
the ventilated space (Horstman 1988). This concern was addressed by Varley et al.
(1997) where the effects of turbulent structures on hood design was studied. The
- practice of sizing exhaust hoods based solely on velocity distribution neglects any
occurrence that may in fact influence the effectiveness of the exhaust hood. Varley
states that turbulent structures created by the presence of cross drafts, room air
turbulence, and flow separation around objects within the vicinity of the hood are all
but ignored when one solely relies on the velocity-contour technique. He ultimately
concludes that CFD is the most valuable tool for modeling flow for ventilation systems

and the surrounding environment.

Chapter two reviews literature on occupational asthma and industrial hygiene. It then
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provides a general introduction into environmental health issues, HVAC systems and
the basic fundamentals of Computational Fluid Dynamics and how they have been
applied to the proposed airflow problems. Chapter three will present all the collected
data and results from the study as well as a discussion on the findings. Chapter four
will focus on a ventilation methods and design, centerline velocity profiles, potential
flow theory, supply air, and fan design. Chapter five will deal with contaminant
motion, velocity profiles, and numerical simulations of cleaning/sorting, sawing, and
batch cooking processes. Chapter six will present conclusions and recommendations

based on the work presented in this thesis.



Chapter 2

Environmental Health and
Occupational Asthma (OA)

The one area in the field of environmental health that seems to be the most defined
and studied is occupational health and its relationship to workplace contaminants.
Specifically, occupational health issues in the snow crab industry in Newfoundland
and Labrador have prompted the need to conduct research into this area. Occupa-
tional asthma to snow crab is a specific type of work related asthma associated with
processing snow crab. Crab asthma, as with asthma in general, is a chronic inflamma-
tory disorder of the airways whereby the inflammation makes the airways chronically
sensitive, or hypersensitive. When this occurs, airflow is limited and exacerbations
cause intermittent respiratory symptoms, including shortness of breath, wheezing,
chest tightness, and cough. Diagnosis of asthma is difficult and requires an under-
standing of the the underlying disorder that leads to asthma as well as being able to
recognize the available pertinent information. In occupational asthma cases, worker
exposure to dusts, fumes, gases, and organic particulate compounds the asthmatic

responses (Ortega and Berardinelli, 1998).

Snow crab in particular has been implicated in cases of occupational asthma among

processing workers (Cartier et al, 1986) where the allergic mechanism is most likely

13



CHAPTER 2. - Environmental Health and Occupational Asthma (OA) 14

mediated by an IgE allergic response. Initial reports from a study done in a crab
processing facility in Alaska seem to suggest that asthma in crab processing work-
ers is an immunologically mediated process with a latency period resulting in both
immediate and late occurring symptoms (Ortega and Berardinelli, 1998). Research
on other occupational allergens (Cullinan et al, 1994; Houba at al, 1996) suggests
that the level of exposure to crab allergens may be a factor in the development of the
disease stating the higher the exposure the greater the risk of sensitization. This has
not, however, been confirmed. Although snow crab has been processed in Newfound-
land and Labrador since the 1960s there has been little research on the health risks

of potentially dangerous snow crab OA.

The IgE response to high molecular weight antigens from snow crab occurs during
cooking, steaming, washing, sawing, crushing, scrubbing or scraping crab in the pro-
cessing plants. Once these antigens become airborne they can enter the lungs and
breathing tubes causing a variety of abnormal responses. These responses, or sensiti-
zation can develop after weeks or even years of exposure. When sensitization occurs,
the body’s immune system produces special proteins, called antibodies, to neutralize
foreign materials like these proteins. These antibodies stay in the blood stream for
long periods of time to defend the body against future exposures to the proteins. In
the case of crab asthma, when the sensitized worker is re-exposed the antibodies de-
veloped by their body’s defense system react to the crab proteins by releasing natural
substances. These natural substances are responsible for the symptoms of asthma
and allergy associated with crab asthma. Once sensitization occurs, the worker can
immediately be removed from the workplace for an extended period of time and still
suffer from the symptoms should they be placed back in the workplace. In addition,
workers who continue to be exposed to the allergen after the development of occupa-
tional asthma run the risk of developing chronic asthma triggered by exercise, cold

air, smoke, as well as the allergen.
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Primary prevention involves minimizing the extent to which snow crab allergens be-
come airborne. When processing techniques that inevitably aerosolize the allergen
cannot be avoided then the allergen needs to be contained and efficiently removed
from the working environment. The structure and effectiveness of a ventilation system

design are key in the minimization of worker exposure and health related problems.

The role of HVAC engineers in delivering clean, appropriately conditioned air and
removing airborne contaminants is vital, both in industrial and nonindustrial envi-
ronments (ASHRAE Handbook (Fundamentals), 2001). Activities such as cleaning,
production processes, maintenance, materials use, and other specific work related
events may indeed be unavoidable and somewhat unpredictable factors in system de-
sign. Some of the factors that influence worker comfort are humidity, temperature, air
movement and air quality (with regard to detectable odors), dusts, as well as chemical
and biological particulate. A well designed air-handling system can simultaneously
control these factors and maintain a reasonably comfortable work environment and
thus promote better overall health. In order to effectively design a ventilation system
that will remove as many hazardous contaminants as possible, the nature of the con-
taminants, their effect on exposed personnel, and the methods by which they will be

measured and analyzed need to be determined.
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2.1 Industrial Hygiene and Air Contaminants

Industrial hygiene is a branch of science that deals with predicting, recognizing, eval-
uating, and controlling all conditions that may be present in the workplace such that
workers do not become ill or suffer any health related injuries. It is based on the
fact that most airborne contaminants become toxic only if their concentration levels
exceed a maximum allowable limit for a specified period. Although the Immediately
Dangerous to Life and Health (IDLH) toxicity limit is rarely a factor in HVAC de-
sign it should be considered when analyzing any work environment. It is important
to note that ventilation airflow within a workplace enclosure should never reach a
level where the concentration of any airborne contaminant could rise to or above the
specified IDLH level. Rask (1988) suggests that when 20% of workers suffer from
irritations the structure is suffering from sick building syndrome (SBS). Obtaining
a zero concentration of all toxic airborne contaminants present in any workplace is
generally not feasible. Workers can normally assimilate a small amount of various

toxic materials without injury.

Important Aspects
Important aspects inherent in the above stated general areas of industrial hygiene are

(ASHRAE Handbook (Fundamentals), 2001);

e identification of toxic contaminants

e evaluate particulate size as it pertains to lung absorption
e evaluate importance of skin absorption and ingestion

e determination of air collection methods

e identify analytic methods
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e development of control measures

Identification of all types of toxic airborne contaminants/irritants is essential in order
to develop and implement an effective capture and removal method. It should be
noted here that an irritant is an agent which causes various physical discomforts but
does not evoke an immunologic response such as crab allergenic proteins which are
classified as sensitizers. Particulate normally found in the workplace is generated as
a result of various work related activities whereby each individual workplace evokes a
different and unique set of circumstances. However, all particulates normally fall into
one of two general classes, chemical and biological. Snow crab processing involves
a number of individual processes, all of which could be potential antigen generation
sources. One of the major protein groups speculated to be involved in allergic re-
sponses to crab and other crustacea are the tropomyosins. This particular group
consists of heat-stable highly homologous proteins, some of which have allergenic

properties (Ortega and Berardinelli, 1998).

Raw crab is also processed from time to time which involves the crab being lowered
into a vat containing a sulfite solution, mainly for preservation purposes. The sulfates
used in raw crab production fall into the chemical type of hazard, specifically a bio-
aerosol category. Sulfite fumes that result from a chemical reaction disperse into the
atmosphere and can be potentially dangerous if inhaled in appreciable amounts. Var-
ious types of cleaners can also act as contaminant sources and are used in crab plants
to clean and sanitize the floor, equipment, and the workers themselves. Knoeppel and
Schauenburg (1989), Black and Bayer (1986), and Tichenor (1989) report data on the
release of volatile organic compounds contained in various cleaning detergents. Field
studies have shown that in other contexts such products contribute significantly to
indoor pollution. Each cleaner has associated with it a Material Safety Data Sheet

(MSDS) which outlines the toxicological properties, preventative measures, first aid,
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preparation information, and other miscellaneous information.

Ammonia (NHj) is used as a refrigerant in the brine and chill tanks in crab plants to
maintain the required water temperature. Although there was no ammonia sampling
done in any of the four plants and no history of ammonia leaks was sought or available
to our knowledge, it should be considered for future reference to ensure that there
is not a contamination issue present that has been overlooked. Carbon monoxide
(CO) can also be present in instances where machinery is used, in particular when
the crab is offloaded from the boat and placed in the holding rooms using gas powered
forklifts. Again, no specific carbon monoxide sampling was completed in this study
but if carbon monoxide contamination is suspected the necessary precautions should

be taken to validate any suspicions or concerns.

Although it is overlooked, more often than not the production of metabolic carbon
dioxide can result in high concentrations of the gas. In general, a sedentary person
takes about 15-40 breaths a minute and at each breath 1 litre of air is replaced
(Etheridge et al, 1996). Exhaled air from the lungs contains about 4% carbon dioxide
(Meyer, 1983). The production rate of carbon dioxide depends on the activity and as
a result Norback et al (1992) have compiled data for the production rates of carbon

dioxide:
e Active pre-school children (12 litres per hour)
e Sedentary office work (18 litres per hour)
e Light industrial or domestic work (36 litres per hour)
Based on these values it may be reasonable to assume that crab processing would

fall into a moderate-heavy industrial work category if such a category existed. It

would then be reasonable to assume that carbon dioxide would be produced at a rate
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greater than 36 litres per hour and could reach levels of 72 litres per hour or higher
depending on the person and specific process. Carbon dioxide concentration is used
as an indicator of whether or not the air is fresh or stale (Etheridge et al, 1996),

however it was not assessed in this study.

In addition, endotoxins could also be a contributing factor to airborne contamination.
Research into endotoxins in crab plants is planned but has not yet been carried out.
Endotoxins are a gram-negative bacteria found in the outer membrane of the cell wall
and may be important in crab plants. Previous studies have shown large quantities of
gram-negative bacteria in bulk samples of plant processing tanks while personal levels
of endotoxin were generally very low (Ortega and Berardinelli, 1998). More research

into endotoxins and their potential effects on workers needs to be carried out.

Airborne particles usually enter the atmosphere as a result of either a primary or
a secondary process. Primary processes involve actions which physically force the
particles into the air such as brushing and butchering. Secondary or passive types
of processes differ from primary processes in that the particles are released into the
air via a chemical reaction or as a result of a condensible vapor, as in the passive
evaporation of allergens in an open air fish market (Taylor et al, 2000). The size
of particulate matter is directly proportional to the effect it has on the respiratory
system of exposed workers. Particulate matter can be made up of either solids, liquids,
or a combination of the two. Solid particles consist of dusts, fumes, smokes, and bio-
aerosols as opposed to liquid particles which consist of mists, fogs, and smokes. In crab
processing the main aerosolized particulates are the protein antigens. A particulate

must be ingested in order to be considered a health risk.

Respirable particles vary in size from less than 1 um to about 10 um (Alpaugh and
Hogan, 1988) depending on the source of the particulate. If particle size is an im-

portant practical consideration then the particle size spectra should be measured.
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Particle sizes range from sub-micron to 20 microns or greater. The particulates asso-
ciated with allergens include the entire range of sizes where some will be liquid aerosol
and some will be in a solid dispersion. Allergen piggybacking will occur to a certain
extent with otherwise inert particles. According to (Morrow, 1964) particles smaller
than about 2 um will be retained in the lungs and particles ranging from 8 pm to 10
pm will be retained in the upper respiratory tract. As a side note, particles in the 1 to
10 um range will settle in still air at a constant velocity but will remain suspended for
extended periods of time just by interaction with normal room air currents. Figure
2.1 shows the relative deposition efficiencies of various sizes of airborne particles in

the human respiratory system (Task Group on Lung Dynamics, 1966).
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Fig. 2 Relative Deposition Efficiencies of Different Sized
Particles in the Three Main Regions of the Human
Respiratory System, Calculated for Moderate Activity Level
(Task Group on Lung Dynamics 1966)

Figure 2.1: Relative deposition efficiencies of different sized particles in the three
major regions of the human respiratory system

The x-axis is plotted as an aerodynamic diameter and is defined as the diameter of
a unit-density sphere having the same gravitational settling velocity as the particle
in question (Willeke and Baron, 1993). It can be seen that particles seem to become

lodged in the nasal region with a considerably higher degree of efficiency than the
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other two regions. However, since the allergen and sulfite particles fall somewhere
between 0 and 1 pm it is reasonable to assume that all three regions of the respiratory
system will be affected with particular problems occurring with particles of 0.1 um
in size. Figure 2.2 shows a plot of typical particle size fraction values versus their

diameter and differentiates between fine and coarse particles.
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Fig. 1 Typical Urban Aerosol Composition by
Particle Size Fraction
(EPA 1982, Willeke and Baron 1993)

Figure 2.2: Typical urban aerosol composition by particle size fraction

It is easy to see that the sulfites and biological particles present in crab plants could
fall in both the fine or coarse particle designation. Allergic reactions not only occur
in the respiratory tract but also in the eyes and on the skin causing itching, irritation,
dryness and rashes. Although particle size is related to the severity of the allergic
reactions in the skin and eyes it is not of the same order of magnitude as it is with

the respiratory system.
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2.2 HVAC Systems

All residential and industrial enclosures need some sort of air handling unit installed
that is capable of controlling the environment. In particular, industrial environment
ventilation systems need to be designed to handle various individual conditions and
simultaneous exposures to heat, cold, humidity fluctuations, pressure imbalances,
airflow variations, and stagnant or mobile toxic airborne substances. Ventilation can
be effectively provided by mechanical systems such as local supply/exhaust or general

supply/exhaust, by natural draft methods, or a combination of the two.

Mechanical systems are used in a majority of cases as they usually are able to provide
the best environmental control in the workplace. A mechanical system generally

consists of the following elements;

inlet section

filter

heating or cooling coils

return and supply air fans

ductwork

diffusers

Figure 2.3 depicts a general system with the above major system elements. This figure
is only a basic schematic of a typical HVAC type of system and says nothing about
the specific location of air intakes/exhausts, layout of ductwork, nature of supply air

and exhaust, fan power and location, or building schematics.
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Figure 2.3: Typical air-handling unit (Fundamentals 2001)

This type of general system can be used to locally supply and exhaust air from a
specific location of interest or applied generally to the whole enclosure. Both local air
supply/exhaust as well as general air supply/exhaust will be considered in attempting
to ascertain their effects on produced airflow patterns and possible movement of

airborne particles that could be contained within these airflows.

Localized supply and exhaust systems are normally the most cost effective method of
controlling air pollutants and are most effective in situations in which the degree of
toxicity of the air due to the presence of airborne contaminants is the primary concern.
Local air supply and exhausts are installed near the source of the contamination both
to prevent mixing with the rest of the building air and optimize ventilation airflow.
Local ventilation systems may or may not recirculate any of the air depending on the
degree of pollutant. If the levels are too high and exceed the predetermined threshold
limit value (TLV) for the particular contaminant and zone then the air will be totally
exhausted to the outside. It should be noted here that there is currently no TLV
value for crab. The capturing efficiency of local ventilation systems depends on the
hood design, positioning near the source of contamination, and exhaust airflow. In

addition the selection and layout of the hood has a significant influence on the initial
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and operating costs of both local and general ventilation systems (Applications 1999).
Local systems do very little for the overall comfort of the workplace due to the fact

that they concentrate on individual locations and not the building as a whole.

When the installation of a local system is impossible or undesirable for whatever
reason, a general ventilation system can be used to provide comfortable working
conditions and dilute airborne contaminants to an acceptable level. In these, supply
air is mixed with a certain percentage of the recirculated air and sent through filters
and heating/cooling coils before it is released into the workspace. The percentage
of recirculated air, type of filters, heating/cooling of the air and fan power will be
determined by factors such as the level of aerosolized pollutant, physical size of the
building, basic layout of the system, and associated ductwork. Room air movement
affects the distribution of both ventilation air and suspended airborne particulate
within the workplace enclosure. It is worth noting here that if insufficient replacement
air is provided in situations where significant amounts of air is being exhausted, then
the pressure of the building will become negative with respect to the atmospheric
pressure outside the building envelope. This could cause infiltration of outdoor air
and possibly bring back in the contaminant that was previously exhausted. In crab
processing food quality issues can become important when bringing in outside air and
recirculating existing plant air. A clean supply of air needs to be maintained at all
times to avoid any contamination of plant air from outside contaminants and also to

avoid any cross contamination within the plant itself.

Natural ventilation is also used as a means of ventilating buildings by allowing the
flow of air through open windows, doors, grilles, or any other type of opening in the
building envelope. Natural ventilation systems make use of natural and/or artificially
produced pressure differentials between the outside of the building and the inside to

drive the air. Infiltration and exfiltration are natural ventilation methods whereby
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the flow of outdoor air into and out of a building is allowed through cracks and other
unintentional openings in the building envelope. These methods are also driven by
natural and/or artificially produced pressure differentials. Air within a building that
moves from one space to another is denoted as transfer air, which can either occur

naturally or intentionally. Figure 2.4 depicts the ventilation methods described above.
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Figure 2.4: Ventilation methods (ASHRAE Handbook (Fundamentals), 2001)
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2.3 CFD Theory and Implementation

The purpose of this section is to give a brief overview of the main areas of computa-
tional fluid dynamics that are inherent in the simulations presented in this thesis. It
should be noted that the information discussed here is general in nature as the intent
is not to analyze a commercial CFD package but merely to apply the principles in an

efficient and logical manner.

2.3.1 Governing Equations

Commercial CFD packages available today have codes structured around a number of
numerical algorithms which are capable of approximating various fluid flow problems.
Commercially available codes such as Fluent are based on finite volume formulation
techniques, however finite difference, finite element, and spectral methods are also
viable solution techniques. Each of these have been used in the past to solve the
governing Navier-Stokes equations due to the lack of exact analytical solutions. Only
a few simplified and somewhat impractical situations such as laminar flow over an in-
finitely long plate have exact analytical solutions. Since these equations are normally
unsolvable analytically, they are approximated using one of the numerical methods
described above and explained in the following section. The equations governing
fluid flow are continuity (conservation of mass), the Navier-Stokes (conservation of
momentum), and the energy equations. These equations are classified as a set of
coupled, nonlinear, mixed, elliptic-parabolic system of partial differential equations

(PDE’s)(Keller, 1978).

Examining the conservation of mass equation:

mstored = mm - mout (21)
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After application of the conservation law and numerous expansions and substitutions

we have:

op op p dp ou Ov Ow
— — — —=—p|l =+ =+ = 2.2
8t+u8x+v8y+w8z P 8x+8y+8z (22)
Finally, we may write the equation more compactly in the following form:
Dp -

Next, we examine the momentum equations. The momentum equations may be
easily derived if we consider the following conservation law for a control volume dV =

dz dy dz, in each of the three flow directions:

Mstared = Mm - Mout + 2-Fe:::te'rna.l (24)

Again, using the conservation law and various substitutions yields the momentum

equations in the x,y, and z directions:

Op B (87'” N OTya N 87;30) (2.5)

p(‘a‘{*“zaz“a—y”&):pgw‘é; or oy | -

v v Ov ov\ dp OTay  OTyy | OTy
p( tug- tugs tw z)—pgy_8_y_<8x+8y+8z (2.6)

ow  ow  Ow  Ow\ - O0p_ (07  Ons  Ors @7
P Yo Yy L) TP Oox Oy 0z )



CHAPTER 2. - Environmental Health and Occupational Asthma (OA) 28

In vector notation, the momentum equations may be written as:

DV

Py = pg —Vp =V (2.8)

where 7;; is the stress tensor denoted:

Tex Toy Tz
Tii =\ Tys Ty Tyz (2.9)

Tex Tzy Tzz
The above equations are valid for any type of fluid provided the appropriate con-
stitutive relationships are used for the stresses. This research deals with fluids of
the incompressible type which now transforms the above momentum equation in the

three principal directions into the following:

2 2 2
) <8u ou ou 8u> Op (@ u 0 u) (2.10)
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Finally, we may generalize the above equations and present them in vector form using

the following compact notation:

DV .
= - i — Vp +uViV 2.13
Ppr = L9 — Y, VY (2.13)

body force essure riction
inertia vf pr f
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Due to the presence of the non-linear terms in these PDE’s, analytical methods can
yield very few solutions. If these PDE’s can be made linear then closed form analytical
solutions are possible. These PDE’s become linear when the non-linear terms drop
out (i.e. fully developed flow in ducts, inviscid and irrotational flows) or when the
non-linear terms are very small compared to the other terms (i.e creeping flows).
Since most engineering flows cannot be made linear, numerical methods are needed

to obtain accurate solutions.
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2.3.2 Geometry Definition and Grid Generation

Computational fluid dynamic packages such as Fluent have the ability to solve com-
plex fluid flow problems with relative ease without performing any physical testing.
The process begins with the geometry, which has to be either created internally within
the CFD package (Gambit) or imported from an external CAD/CAE package such
as AutoCAD. Figure 2.5 shows the basic program structure followed.

Geometry _
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- 20v3D mesh genaratian Packages
: Boundary Boundary andiar
ZDIZD Mesh Mesh Volume Mesh
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Figure 2.5: Basic program structure (Fluent Website)

In order to be able to develop solutions to various flow problems by applying the
governing equations of fluid flow, the region of interest on the geometry, or computa-
tional domain must first be constructed and discretized, or meshed into geometrically
similar cells. The term ’discretized’ implies that the computational domain is di-

vided, or meshed into a non-overlapping series of cells (or control volumes) whereby
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their size, shape, and number is directly proportional to the accuracy of the solution.
The discretization process can also be described as the art of replacing the differential
equations with a set of algebraic equations to obtain an approximate solution. A mesh
is basically a set of small blocks which fill the volume through which the fluid flows,
the finer the mesh the more accurate the solution will become. A mesh normally
consists of element types ranging from triangles or quadrilaterals in two dimensions
and tetrahedra, hexahedra, prisms, or pyramids in three dimensions. They should be
generated such that the surfaces of the geometry are as smooth as possible and any
abrupt changes in the volume of the mesh cells are avoided (Blazek 2001). Figures

2.6 and 2.7 show the basic element types used to define meshes.

2D Cell Types

Triangle Quadrilateral

Figure 2.6: 2-D cell types (Fluent Website)

At each node in the mesh there are a variety of variables associated with it such
as velocities, temperatures, pressures, etc. The governing equations at each of these
mesh nodes must be satisfied in order to produce an accurate solution. Knowledge
of fluid flow properties and characteristics are key factors in determining where to
design and refine the mesh and nodes to obtain the best solution. In general, optimal

meshes are often non-uniform: finer in areas where large property variations occur
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Figure 2.7: 3-D cell types (Fluent Website)

from point to point and coarser in regions with relatively little property change.

Fluent 6.0 has been chosen for the analysis and uses a Finite Volume Method solver.
FVM, or finite volume methods are based on a numerical algorithm consisting of the

following steps (Versteeg et al, 1995);

e Formal integration of the governing equations of fluid flow over all the (finite)

control volumes of the solution domain

e Discretization involving the substitution of a variety of finite-difference-type
approximations for the terms in the integrated equation representing flow pro-
cesses such as convection, diffusion and sources. This converts the integral

equations into a system of algebraic equations.

e Solving the algebraic equations using an iterative method

The control volume integration is a key feature of the FVM which results in the
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conservation of all relevant properties in each finite size cell generated in the mesh.
In simpler terms, there is a clear relationship between the numerical algorithm and the
physical principles of fluid flow. The main mathematical concept that determines the
success of this algorithm is convergence. 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. The number of iterations

required to achieve convergence depends on the complexity and nature of the grid.

There are many different forms that meshes can assume but they generally fall into

two main categories, namely;

e structured

e unstructured

Structured grids are the more difficult of the two mesh forms to generate due to the
systematic manner in which the computational domain is segmented into similar cell
types. When the geometry that needs to be meshed is complex it becomes difficult
to discretize each computational domain into similar topological regions and then
map them with separate structured grids. It can become very tedious to keep the
grids orthogonal to the surfaces when 3-D geometries are meshed with structured
grids. However due to the increased efficiency in the generation of a solution, struc-
tured grids are sometimes chosen over unstructured ones. The element types chosen
are used throughout the entire domain whereby only their size and general shape
varies. Normally these solutions are slightly more accurate than those obtained using
unstructured meshes. An example of structured 2-D and 3-D meshes are shown in

Figures 2.8 and 2.9.

Figure 2.8 depicts a 2-D structured quadrilateral grid around an airfoil and Figure 2.9
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Figure 2.8: 2-D structured grid mesh (Fluent Website)

structured grid mesh (Fluent Website)

Figure 2.9: 3-D multi

depicts a 3-D multi-structured quadrilateral grid of a flat head screwdriver. The main

disadvantage of structured grids is the fact that they require a longer time to define
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the block topology, once this is determined the generation of the grid is usually very
straightforward. Another main disadvantage occurs in areas where the flow variables
are drastically changing and thus a finer and/or custom designed mesh would be
required to produce more accurate results. However, when the geometry is fairly
simplistic the difference between results obtained from structured or unstructured

grids is negligible.

On the other hand unstructured grids require much less effort by the user as they
can be generated about complex 2-D and 3-D geometries with relative ease. The cells
are no longer arranged or ordered in any particular way but do, however, define the
domain boundaries completely as any gaps in the computational domain will result in
errors. These types of meshes are used when the domain is divided into many regions
and are reduced to a minuscule size whereby there is no need for any local meshing
within the block. Unstructured grids are flexible in that they can have combinations
of elements from both structured and unstructured meshes and are termed ’hybrid’
meshes. An example of unstructured 2-D and 3-D meshes are shown in Figures 2.10

and 2.11.

Figure 2.10 depicts a 2-D unstructured quadrilateral grid around an airfoil and figure
2.11 depicts a 3-D unstructured tetrahedral quadrilateral grid of a petroleum pressure
vessel. A main advantage of unstructured meshing is the ease with which the meshing
techniques can be customized to meet the designer’s needs. Certain areas of the
meshed domain may require a finer or coarser grid depending on the degree of accuracy
required or variations in physical parameters. The structure of the mesh will not be
compromised as the mesh has no real order to begin with. This type of adaptation
will only result in local refinements to the connectivity of the mesh and not affect the

mesh globally.

In the following chapters, local exhaust hoods will be modeled to determine the
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Figure 2.11: 3-D unstructured tetrahedral grid mesh (Fluent Website)

velocity profiles in the vicinity of the hood face and to ascertain the effects of nearby

turbulent structures such as people and processing equipment. An example of the
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typical meshing that will be used is shown in Figure 2.12 which depicts a simulation
of empirical and theoretical relationships.
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Figure 2.12: 2-D Tri-gridded mesh around a local exhaust hood

The basic boundary conditions applied have set the hood face as a velocity inlet using
a negative velocity value to essentially create a velocity outlet and the walls of the
domain as pressure inlets to allow air to be drawn into the hood from all directions,
The only area that required a finer grid was the face and sides of the hood as velocity
and pressure varied in those aress and required & more robust grid to ensure solution

convergence.

Whenever any CFD simulation is undertaken, great care must be taken when formu-
lating an appropriate meshing strategy. If a structured grid is used, then the solution
process is efficient but the grids themselves are normally difficult to implement, e
pecially in 3-D. If the unstructured approach is taken, then the solution process is a

little less efficient but has the advantage of easier grid implementation. In many sit-
uations the efficiency of the solution process is sacrificed for o more accurate solution
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due to the relatively small difference in computational time. For the purpose of the
work presented'here an unstructured hybrid type of grid will be chosen simply due
to the ease in which the meshing could be completed and due to the fact that there

are areas where the mesh will need to be refined.



Chapter 3

Field Research & Raw Data
Collection

Originally it was proposed that five Newfoundland and Labrador plants with differ-
ing histories of involvement in snow crab processing would be studied. The intent
was to try to approximate a representative sample of the industry and of the general
crab processing labour force as a basis for the development of a provincial preva-
lence estimate of the incidence of allergy and OA to snow crab. At the start of the
study, with help from the Department of Labour and the Department of Fisheries and
Aquaculture, all of the existing Newfoundland plants were grouped into five different
categories based on age, size (amount of crab processed), production process, venti-
lation and enclosure of the cooking area, and products produced. The 32 plants that
actively processed crab in 2000 were broken into three categories based on amount

produced.
e less than 1 million pounds (13 plants)
e 1-4 million pounds (12 plants)

e grater than 4 million pounds (7 plants)

39
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Within these categories a distinction was made between plants that processed meat
products and those that did not and between those with ventilation systems and
those without. Plants were approached in each of 5 categories and eventually signed
a memoranda of understanding with representative plants from four of the five cate-
gories. Unfortunately it was not possible to obtain a representative large, old plant
(10-30 years of crab processing) that produced more than 10 million pounds per year,

and with poor ventilation willing to participate in the study.

Over the course of the 3-year crab asthma project a variety of different types of
data have been collected during numerous visits to crab processing facilities. These
data include plant layouts, processing procedures, plant histories, PBZ and Area air
- samples, temperature and humidity measurements, processing quotas, prevalence,
beliefs and concerns, and socioeconomic and quality of life issues (Neis at al, 2003).
Air collection methods consisted of sampling with personal breathing zone (PBZ)
samplers and area samplers. Sampling was carried out in each of the four participating
crab plants. Details of the sampling methods, analytical treatment and raw data
results are described in this chapter. The collected data has been used to aid the
research team to pursue a variety of research avenues in an attempt to collectively

reach individual research goals.
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3.1 Plant Overviews and Collected Data

Processing methods varybfrom plant to plant due to changes in the physical layout of
the plant and the particular species being produced at any given time. The physical
layout of each individual plant influences the location of the processing equipment.
Sometimes plants are used for a variety of other fish related processes such as shrimp,
caplin, redfish, mussels, as well as lumpfish, and therefore contain all the specific
equipment needed for production of each of these different species. As a result there
is sometimes limited room with which to work leaving little choice in the placement
of equipment. More often than not processes are located in close proximity to one
another and confined in spaces that are ideally too small. Processing crab in the
raw state and then cooking it or cooking first and then processing can also affect
processing methods and flow of production. Since layout and processing procedures
can vary from plant to plant it is both necessary and beneficial to provide an overview
of these in each of the four participating plants. Plant histories will also be included

to give a sense of the changes that each plant may or may not have experienced.

Temperature and humidity will also be included as the data can provide an indication
of the effectiveness of existing ventilation systems and, because allergens can be found
in steam from cooking areas and possibly in moisture evaporation, they may provide
an indirect indication of allergen levels. In all four plants, temperature and humidity
was measured using portable data loggers placed in different areas of the plants and
data recorded. Ventilation data taken at the time of air sampling in each of the
participating plants will also be presented here. Over the 3-year span of the project
some plants made ventilation changes of some sort from one year to the next, some

did not. Where appropriate, the ventilation at both instances is described below.

Finally, PBZ and area sample results will be presented here as well as the results

obtained from the raw crab experiment.
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3.1.1 Plant 1

Plant History

Plant 1 began processing crab in 1997 and is the largest plant in the study with the
highest production levels. A former groundfish plant, the plant was renovated to its
current layout and ventilation standards in the year 2000. The main crab processing
area has a volume of 4983 m3 which includes the butchering and cooking areas. The
holding room is an additional 492 m3. Plant D has processed an average of 6 million
pounds of raw crab per year since it began processing. In most years, virtually 100%
of production has gone to sections. However, during two processing years, about 2%

of production involved whole cooked crab for the Japanese market.
Processing Overview

Consider the schematic of plant 1 shown in Figure 3.1
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Figure 3.1: Plant 1 process flow

Production begins at plant 1 with the offloading of the live crab with a forklift from
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boats docked at the nearby wharf and placing it in the holding room. The live crab
is piled in the holding room in bins and iced until it is ready to be transported to the
blanching area. This is the only plant of the four participating plants that treated
the crab before it was butchered. When the crab leaves the holding room, it is first
placed in a bath of water at 30 degrees C. There is an enclosing hood situated above
the water bath that is exhausted to the outside. The bath stuns the crab before it
gets fed via, a plastic conveyor belt, through a hooded and ducted area containing
high pressure water jets. These jets clean the crab before it gets transported to the
butchering table. The butchering station is fed with the same conveyor belt that
moves the crab through the blancher and high pressure water jet area. After the crab
is butchered , it is transferred to the packing and grading lines where it is graded
according to size and packed into plastic cooking containers. Uncooked crab clusters
with barnacles attached to them are taken from the packing and grading lines and
sent to a table where barnacles are chipped off with a rectangular piece of metal.
Once all the crab is clean it is sent to the continuous cooker and loaded into metal
cooking cages and lowered into the cooking water, which is kept at 100 degrees C.
It then automatically proceeds through the cooker and into the cooling tank before
getting removed and weighed. After it is weighed, the crab is brine frozen and then
glazed. After glazing, the crab is packed in cardboard boxes and taken to the cold

storage.
Ventilation

Plant 1 was the only plant in this study with a professionally installed mechanical
ventilation system. In this plant, the crab processing production line is connected
to other processing areas by means of windows and doorways. During air sampling,
some crab processing (batch cooking) was taking place on a separate production line

set up away from the hooded and ventilated regular line in one of the other adjacent
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rooms. An attempt had been made to ventilate this production line and cooker but
the system was less satisfactory than the one associated with the main production
line. The entire plant is connected via two air handling units, a 8000 cfm unit and
a 9000 cfm unit. The 9000 cfm unit was connected to the processing plant while
the 8000 cfm unit was connected to an old upstairs plant. The unit is thought to
be configured to mix 25% of the used plant air with 75% new outside intake air and
distribute this mix to the plant during processing. However due to a problem with the
automated controls the actual percentages of new and used air were unknown at the
time of air sampling. Supply and return dampers are located in the ceiling throughout
the entire plant. Some noticeable problems were that the supply dampers were not
oriented so as to ensure that air was supplied correctly and some supply dampers
were supplying a considerable amount of air while others were not supplying air at
all. In plant 1, the cooking area is 132 m3 and is basically enclosed except for the
opening where the worker loads the cooker with crab crates. The cooker is separately

ventilated and the room also has a wall mounted exhaust fan.
Temperature and Humidity

In plant 1, the butcher area had an average temperature reading of 15 degrees C
and an average of 65% humidity. Humidity was slightly higher (5%) in the sorting
table area. In the cooking area, the temperature was 25 degrees C and there was a

humidity reading of 45%.
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3.1.2 Plant 2

Plant History

Plant 2 is a medium-sized plant that began processing crab in 1991. In this plant, the
holding room/butcher areas are adjacent to each other with the volume of space in
the butchering area equaling 201 m?, the small cooking room has a volume of 71.6 m?
and the main processing area is approximately 1600 m?. It processes approximately

2 million pounds of raw crab per year.
Processing Overview

Consider the schematic of plant 2 shown below in Figure 3.2
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Figure 3.2: Plant 2 process flow

The process in plant 2 begins with the offloading of live crab from the commercial
crab boats at the adjacent wharf using forklifts and moving it to the chilled holding
room. The crab is iced and held in crates inside the holding room until it is moved to
the butchering line. The butchers hold the crab by its legs, one set in one hand and
one set in the other. The abdomen of the crab is then pushed against a vertical steel
plate causing the body to split, thus separating the body from the legs. The body
and other debris are discarded via a water filled trough under the butchering table
and washed outside to a open barge next to the wharf. The separated leg clusters are

thrown onto a moving conveyor belt in front of the butchers and transported through
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a small window into as small room where they fall into an opening in the top of the

hooded cooker.

Depending on the number of butchers working at any given time, the clusters some-
times pile up in the cooker before the mechanized conveyor in the cooker has a chance
to move the clusters through and complete the cooking process. Due to this common
occurrence there is sometimes a worker stationed inside the enclosed cooking room
who has the sole responsibility of making sure that the crab stays submerged in the
cooking water. The clusters are carried though the cooker and up through a window
into the main processing area. A conveyor belt drops the crab into a cooling tank

from the cooking room through this hooded window.

Large amounts of steam escape into the cooking room as the crab emerges from the
100 degree temperature water. The steam escaping at both the entrance and exit of
the cooker causes the cooking room to fill with steam. Ice is added to the cooling
tank to keep the temperature of the water at 3-4 degrees C. The crab is removed from
the cooling tank, put into crates, and stacked near the sorting/cleaning table where
it will be cleaned of any excess dirt, barnacles, or bits of shell and packed into crates
according to size. Any undersized crab are graded at a separate table and packed
into similar crates. Approximately 20% of the crab is trimmed and packed in smaller,
grade A packages. The remainder is sent to the cleaning table which is located along
the north wall of the plant and has workers along each side. These workers hold the
crab leg clusters against brushes to clean them and then pack them in crates. The
crates of crab clusters are then weighed and sent to the brine freeze tank where they
receive a glaze and are pre-frozen. The clusters are then boxed in cardboard boxes
and moved to the blast freezer where they are frozen and await shipping to various

markets worldwide.

In addition to the processes described above there are additional processing technolo-
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gies present in the plant that were not in use at the time of the air sampling. There
are sawing stations that make use of table saws with an open spinning blade to score
crab clusters before packaging. This is done to facilitate removal of the crab meat
from its shell by the consumer. During some periods, meat products are produced
where legs are sawed into sections, leg meat is removed using rollers, knuckles go
through a crusher and eventually paés through a revolving drum. The drum is perfo-
rated and contains water jets. As it revolves, the meat is washed out of the knuckles,
falls through the drum and is separated from the water in a ripple board. This drum
was not in use in either phase of air sampling at this plant so any comments on the
degree to which this drum would contribute to allergen levels cannot be made at this

time.
Ventilation

In plant 2 there is a fresh air intake in the butchering area and doors are often open
as crab is brought into the adjacent holding room from the nearby wharf. There are
no exhaust fans in this area. There is a fan on the roof that is linked via square
ducting to the butcher room and to an area located over the brushing/packing table.
This system was operational during air sampling in 2001 but the duct intake located
in the butcher room was closed off during air sampling in 2002. Management made
this change to prevent steam from the brushing/packing table area being circulated
back into the butcher room through this opening. When the intake in the butchering
room was open, instead of the roof fan actually drawing steam up through the ducting
from both the butchering room and brushing/packing table and exhausting it to the
outside, the steam was being drawn in through the ducting from the brushing/packing
table. Knowledge of basic physics indicates that there was a greater negative pressure
at the butchering room intake opening than was created by the roof fan thus causing

the steam to bypass the fan and be drawn back down into the butchering room. There
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is also a 12 inch diameter, 1/4 hp, 1725 rpm wall fan located between the production

office and the blast freezer

The cooking room area in plant 2 is largely enclosed with only two small open windows
linking it to the butchering area and to the main processing room. A hood located
over the opening between the cooking room and main processing room was reported
to have reduced the leakage of steam from the cooking area into the main processing
room. The cooker itself is also partially hooded, with openings for the entry and exit
of the crab. During the time of the research there was a lot of steam in the cooking
room. However, no steam was visibly leaking from the cooking room into other areas.
The cooking room area of plant 2 has four exhaust fans (one was not in operation
during either sampling period) to remove steam during the cooking process. One fan
is attached to the cooker hood and vented directly from the cooker and the other two
are ceiling exhaust fans. The fan attached to the cooker is a 12 in diameter, 1500 rpm
fan. One of the ceiling fans is a 16 inch diameter, 1/4 hp, 1625 rpm fan, the other a
24 inch diameter, 1/2 hp, 1075 rpm fan. There are no active fresh air intakes into the
cooking room to replace the exhausted air. This probably causes the exhaust hoods
to draw air from other areas of the crab facility such as the butchering room or main

processing area to maintain a balance.

In plant 2 the main processing area is walled off from the cooking room and butcher
area and consists of a single large room where cooling, cleaning, sawing, meat re-
moval, brine freezing and packing are carried out. The volume of this processing area
is approximately 1600 m®. In general, ventilation in the processing area is poor, par-
ticularly in the brushing/packing area. There are two fresh air intakes in this section
of the plant, one behind the sorting table and one behind the saws table. There are
exhaust fans located over the brushing/packing area, sawing area, and in the box

assembly area. Except for the fan above the brushing/packing area, these fans were
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not in operation during air sampling. There were also large quantities of cooked crab
stacked around the brushing/packing area that could be sources of allergen contami-
nation. Since the allergen concentrations are high in this area it would be reasonable
to assume that either the stacked crab, the cleaning process, airflow problems, or a
combination of all three are causing the elevated allergen concentrations. The drum
and crusher used for separating the crab meat from the shell could be another source
of allergens when in operation, however this cannot be confirmed as they were not in

use.

The existing ventilation system in plant 2 would tend to move the air throughout
the processing area exposing plant workers to any air borne contaminants along the
way rather than venting allergens directly out of the plant from their sources. The
temperature and relative humidity data indicate that the cooking process causes the
relative humidity in the cooking room to be at saturation concentrations, indicated
by the presence of steam. This also supports the premise that the ventilation system
is not working properly. When humidity is high in the cooking room, it is high in the
butchering area as well as in the main processing area. This may be caused by the
damp outside air, the butchering process or may indicate that steam from the cooker
is migrating to the butchering area. The same could be true for the cooker/cooler
situation. It is reasonable to assume that relative humidity levels would probably be

higher when the drum is in operation.
Temperature and Humidity

Plant 2 generally had higher humidity levels than the other plants. Temperatures of
approximately 14 degrees C and humidity values of 85% were obtained in the butcher-
ing area. Temperatures in the cooking room were variable during the sampling period,
averaging about 34 degrees C, with relative humidity values of 90-100% most of the

time. Relative humidity values indicate humidity concentrations in this room are
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close to saturation concentrations while the cooker is in operation. Temperatures in
the main processing area during air sampling were relatively low, approximately 16
degrees C with 90% relative humidity in the area around the end of the cooling tank.
Towards the other end of the processing room, adjacent to the brine freezer, tem-
peratures averaged 18 degress C and relative humidity was somewhat lower, between
60-70%. In the processing area of the plant, adjacent to the section cleaning and
packing area, are the crusher and the revolving drum used to remove meat from crab
knuckles. The drum was not in operation during the air-sampling period. Adjacent
to the drum are the size graders where temperatures hovered in the 14 degress C
range with humidity values of 85%. Temperatures and humidity readings in this area

were 17 degrees C and 70% respectively.
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3.1.3 Plant 3

Plant History

Plant 3 is a small plant with the volume of space in the butchering area being 228
m? and the volume of the main processing area being approximately 1100 m3. This
plant has been processing crab since 1997 but relatively little crab was processed in
the first season. Between 1998 and 2002 the plant processed an average of 1.2 million
pounds of raw crab per year, almost exclusively sectioned products. Snow crab in
this area generally requires little cleaning thus removing the need for brushing and

scraping.
Processing Overview

Consider the schematic of plant 3 shown below in Figure 3.3
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Figure 3.3: Plant 3 process flow

The process at plant 3 begins in a similar manner as in plant 2 with the offloading
of the live crab from the commercial crab boats at the adjacent wharf using forklifts
and moving it to a holding room. The holding room Ahere is in a different building
than the main processing plant. The crab is then carried to the butchering room

to be butchered. Once butchered, it is sent through some high pressure water jets
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and placed into bins to be sent to the automatic cooker. The bins proceed through
the continuous hooded cooker and into a cooler filled with ice at a temperature of
approximately 4 degrees C. From there it is put through an automatic grader where
each cluster is sorted according to weight. Once the grader has successfully sized the
clusters, they are stacked next to the brine tank to await weighing. The automatic
grader was not installed in year 1 of the study but was in operation during year 2.
The crab crates are then loaded into the brine tanks where they are glazed and frozen.

They are then removed, boxed, and taken to cold storage in an adjacent building.
Ventilation

In plant 3, butchering takes place adjacent to the grading, cleaning and sorting area
and is partially walled off from the main production area with the continuous cooker
being located in the main processing area. The only fresh air intake in the butchering
area comes from the open double doors which were open approximately 80% of the
time during sampling. Other than these open doors there is no other feasible means
present by which air can be forced toward the raw grading/sorting area and then
toward the cooker. This airflow direction may change in response to changes in the
wind direction and magnitude which would cause a higher negative pressure boundary
at the double doors to occur and effectively introduce a suction effect that could
possibly draw allergens from the main processing area of the plant to the butchering

roonmi.

There are now three exhaust fans attached to the continuous cooker. A second fan
was added in the summer of 2000 and a third fan was added in the summer of 2001
prior to air sampling. All three fans are connected directly to the enclosing cooker
hood and ducted out of the plant. These are in fact the only exhaust fans in use in
the main processing area, with the exception of a small wall fan located above the

weights, which was not in use during the actual time of air sampling. Other than the
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butchering and packing area doors there does not appear to be any fresh air supply for
the plant other than possible infiltration and cracks under doors. Apparently there
was a wall fan near the entrance to the cooker but this was removed in the spring of
2001 when an extension was added to the plant. An additional hood was added to
the cooker and there appears to be little steam escaping from the cooker. Preventing
the escape of steam from the cooker would be particularly important in this plant
since the cooker is in the main production area and not separated from the rest of
the plant. In the main production area the air is most likely stagnant, particularly

when doors are closed, with air quality undoubtedly diminishing as the day goes on.
Temperature and Humidity

In plant 3, temperatures in the butchering area were about 14 degrees C during
the period of sampling with relative humidity averaging 90%. Temperatures in the
cooking area ranged between 16 degrees C and 23 degrees C during the sampling
period. Relative humidity varied between 65% and 90%. Temperature and relative
humidity concentrations were similar in the area of the cooler and in the brine tank

areas due to the fact that the processes are extremely close to one another.
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3.1.4 Plant 4

Plant History

Plant 4 is the smallest operation studied, both in terms of volume of raw crab pro-
cessed each year and the size of the main processing area. The total area of the

3. The area of the cooking

holding room is 826 m3 and the butchering area 106 m
room is 79 m? and the main processing room where the crab is sorted, cleaned, scored
and frozen is only 532 m3. This plant is licensed to produce snap and eat products.
These products are cooked sections that are cleaned and scored once across the legs
using table saws. The plant has a maximum quota of one million pounds a year

and has been processing snow crab since 1999. Between 2000 and 2003 this plant

processed an average of approximately 400,000 pounds of raw crab per year.
Processing Overview

Consider the schematic of plant 4 shown below in Figure 3.4.
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Figure 3.4: Plant 4 process flow
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Production begins at plant 4 with the offloading of the live crab with a forklift from
boats docked at the nearby wharf and placing it in the holding room. The live crab
is piled in the holding room in bins and iced until it is ready to be transported to
the butchering room. Once the crab is butchered it is loaded onto a metal pallet that
carries a number of crates of raw, butchered crab and pushed through an opening
in the wall connecting the butchering room to the cooking room. Inside the cooking
room the pallet is lifted and lowered into a hooded batch cooker and then into an
adjacent batch cooler by a hydraulic lifting assembly. The crab is then removed from
the cooler and stacked next to the wall in the far end of the cooking room where it
awaits a short trip through another access hole in the cooking room wall linking it to
the main processing area. The crab is then processed at the sorting and cleaning table
where it is cleaned of any dirt and barnacles using mechanical brushes and manual
scraping techniques, and then sorted according to size. Troughs built into the table
distribute the sized crab clusters into separate crates located on the floor underneath
the troughs. After the crab is removed from this area it is taken to the sawing tables
where the clusters are scored using table saws. Scoring enables the consumer to easily
break the legs and remove the crab meat contained inside. The crab is then repacked
into crates, weighed, and sent to wait to be loaded into the brine freezer to be frozen.
Once removed from the brine freezer it is packaged, boxed, and transported to a blast

freezer for cold storage until shipment.
Ventilation

In plant 4 the butchering area is adjacent and open to the holding room, which is
open to the wharf. The cooking area is a small enclosed room except for a small
hatch in the wall to allow transfer pallets of butchered crab. This plant was the only
one of the four to use only a batch cooker to cook all crab. The cooking room was

temporarily full of visible steam when the crab was transferred from the batch cooker
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and placed in the cooking tank. The exhaust fan in the cooking room seemed to
remove some of the steam but without a fresh air intake the fan could not possibly
maintain a negative pressure with respect to the adjoining areas. A hole had been
cut at some point in the venting pipe from the batch cooker to relieve some of the
pressure inside the cooker so that the lid would not be sucked shut and difficult to
remove. This hole inadvertently served two purposes as it relieved the pressure on the
cooker cover and exhausted some of the steam that escaped into the cooking room.
The main processing area where the sorters, saws, brine freezer, packers, and box

washers are located had no ventilation during air sampling in year 1.

During year one of air sampling there were no fresh air intakes and no exhaust fans
in this area. At the time of the year 1 air sampling it was noted that the only way
that air could possibly circulate was through the movement of the workers, sporadic
opening and closing of doors, possible infiltration, or temperature changes within the
room, causing a convection effect, which is highly unlikely. It was noted that the air
had a heavy feel as the working day progressed and a slight haze could be seen in the
air in the corner where the saws and weights were located. Year two air sampling was
carried out after changes had been made to the main processing area in the form of
ten overhead exhaust hoods, one over each of the ten table saws. However, no fresh
air intakes was introduced to replace any exhausted air. The hoods measured 2.5 ft
long by 1.5 ft wide and were connected to a header in the attic via 3 inch diameter
plastic hoses. A 3 hp exhaust fan located in the attic was connected to the header

and served to exhaust the air through a rooftop vent.
Temperature and Humidity

In plant 4, humidity readings in the range of 50-75% were obtained at an average
temperature of 18 degrees C in the sawing area. Readings obtained in the same area

when the plant was not in operation yielded humidity readings in the range of 60-
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65% at an average temperature of 14 degrees C. Humidity readings of 80-90% were
obtained in the cooking room with a temperature of about 15 degrees C in this area.
Again, readings taken when the plant was not in operation yielded humidity readings
of 60-70% with a temperature of about 12 degrees C, thus showing a clear drop in

values when the cooker was not operating.
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3.2 Air Sampling Results and Analysis

The following detailed air sampling results were compiled from sections contained in
the final draft report (Neis et al, 2003) generated specifically for the crab asthma

project.

In all four plants, confidential draft reports summarizing the results of air sampling
in the plants were distributed to management and worker representatives, reviewed
with them during teleconferences and then amended and finalized. These confidential
reports contained general recommendations related to possible ventilation specifics.
In three of the four study plants, management indicated that they had made some
changes to their ventilation in response to the recommendations so the plant was re-
sampled the following season. In two of the three cases, the actual changes were very
minor or nonexistent and, not surprisingly, air sampling results were similar in the
second season to those in the first season. In the third case, a ventilation system was
developed by an outside contractor and implemented for the main processing area
that had no formal mechanical ventilation during the first season of air sampling.

Despite considerable investment, allergen levels did not change significantly.

Allergen levels in different plants and in particular areas in the plants can be affected
by overall production levels, production processes, job tasks of the worker wearing
the samplers, as well as by air flows, dilution and natural and mechanical ventilation.
Approximate average production levels per shift at the time of the air sampling in

each of the study plants were as follows:

e Plant 1: 61,500 pounds
e Plant 2: 32,500 pounds

e Plant 3: 18,000 pounds
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e Plant 4: 17,350 pounds

Production levels in plant 1 were approximately 3.5 times larger than those in plants
3 and 4. Production levels in plant 2 were approximately half the level of those in
plant 1 but almost twice as high as those in plants 2 and 3 during the air sampling
perigds. Production levels did not vary substantially from year to year in plants that
were re-sampled a second time. Due to the fact that some production processes are
more automated and less labour intensive than others, the ratio of pounds of crab
processed to the number of workers on a shift varied between plants with workers
in plant 1 processing more crab per worker than in the other plants. However, as
indicated by the PBZ sample results, this did not mean higher exposures for these
workers. Differences in the raw material, the actual process, and end product would
also have affected the nature and extent of their interaction with each pound of crab
they handled and ultimately their allergen exposures. In addition, because of com-
plex airflows and production processes like cooking, cleaning, etc., individual allergen
exposures would be affected not only by the amount of crab being manipulated by in-
dividual workers and the nature of their manipulation but also by indirect exposures
related to their proximity to other workers, to processes responsible for aerosolizing

the allergen, and to local and general airflow patterns.

In plant 2, products consisted of approximately 80% industrial cluster and 20%
trimmed grade A products. In plant 3, production consisted of sections where limited
cleaning using water jets took place prior to cooking. The cooker was in the main
production area but hooded and vented. Sections were automatically graded in the
second year and the product was brine frozen with no post-cooked crab cleaning.
Meat products are not processed in this plant. In plant 4, production was 100% snap
and eat crab sections that were cooked, cleaned with rotating brushes, graded, scored

using table saws and brine frozen. In all participating plants the crab is butchered
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raw. However, in plant 1, butchering takes place in the main production area and
occurs after blanching and cleaning whereas in three of the plants, butchering takes
place in a room partially or almost completely separated from the main process-
ing area. Products consisted primarily of sections with some whole crab production.
Butchering, cleaning, sorting and grading occurred after blanching and cleaning using
water jets but prior to cooking. All cleaning was done manually on the raw product
only and did not involve the use of mechanical rotating brushes. Mechanical venti-
lation was in place along with some enclosed and nonenclosed hooding for particular

processes like blanching, water jet cleaning and cooking.

In order to determine the amount of aerosolized crab protein that may be present it
was necessary to sample the air using both area samplers and personal breathing zone
(PBZ) samplers. PBZ samplers were voluntarily worn by workers at each process of
the processing line in each of the four plants. In addition to the normal processes
that were common to all plants, PBZ’s were also worn by workers at plant specific
locations comprising a variety of specialized tasks. The area samplers were placed in
strategic locations throughout the plant so as to not disturb the natural production
flow and at the same time obtain the most representative samples possible. In all
cases, area samples were based on samples of two hours duration. There was some
variability, however, in the duration of PBZ air samples with most, except those in
plants 4 and 1 lasting the length of a full normal shift (approximately 8 hours). In
plants 4 and 1, pumps were worn for an entire shift if possible, however the average
sampling duration for the PBZ’s was about 250-300 minutes (4-5 hours). Sampling
took place whenever the workers were processing crab. In all four plants, the pumps

ran at a constant flow rate of 3.0 1/min.

Filters in both type of air samplers were polytetrafluoroethylene (PTFE) and were

99.9 % efficient for 0.3 micron size particulates. For the analysis of the allergen
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samples themselves, a pool of reactive sera from snow-crab sensitized individuals was
assembled. Snow crab cooking water proteins were immobilized on the surface of
Immulon IV (Dynex Corp., Chantilly VA, USA) plastic ul wells. The cooking water
protein was diluted to a concentration of 10 ul/ml in 200 mM carbonate buffer, pH 9.2,
and 100 pl was added to each well and the mixture incubated at room temperature
overnight. After washing the wells, 50 ul of the filter extract or dilutions of the snow
crab cooking water protein reference standard containing defined mass units, along
with 50 ul of the serum pool. This reaction mixture was incubated overnight at room
temperature. Rabbit I-labeled anti IgE was added to each well (100 ul) and again
incubated and washed the mixture as before, prior to gamma-scintillation counting.
A total of 237 air samples were obtained for allergen sampling, 108 were PBZ samples
and 129 were area samples. Fourteen PBZ and 37 area samples were collected in plant
1 (the only plant for which we have air samples for only one season), 43 PBZ and 38
area samples were collected in plant 2, 35 PBZ and 37 area samples were collected in
plant 3, and 16 PBZ and 17 area samples were collected in plant 4. These figures do

not include the 10 air samples done for the raw crab experiment.

In general plants 2 and 4 had substantially higher levels than the other two plants
indicating that there was no close relationship between allergen levels and the overall
volume of crab processed. This suggests that production processes and ventilation

play a key role in dictating allergen levels.

As indicated in Figures 3.5 and 3.6, a comparison of allergen levels in samples from
the four study plants by job task indicate that high allergen levels are associated
with particular job tasks including in particular sawing and sorting and brushing.

The pattern is generally similar for PBZ and area samples.

Figures 3.7 and 3.8 compare allergen levels associated with areas where workers are

handling raw versus cooked crab. Cooking areas refer to the areas adjacent to the
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Figure 3.5 PBZ sample allergen levels
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Figure 3.6: Area sample allergen levels

cooker. These show that high allergens levels are generally associated with manipu-
lation of cooked crab.
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Figure 3.8: Area allergen levels by crab processing status

Interpreting Air Sampling Results

During recent interviews with workers in plant 1, it was discovered that conditions in
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the plant may not have been entirely typical during the air sampling visits. Several
workers noted that there were virtually no boil-overs during air sampling. It was
also reported that the plant was producing mainly raw crab during that time. It is
likely that allergen levels in this plant are higher than those reported when crab is
being cooked and the cooker is boiling over. The research team was hoping to re-
sample the air in this plant during the 2003 processing season but the plant owners
could not be contacted to arrange a time. Interviews with plant workers indicated
that plant 2 processes some meat products from any damaged crab that is obtained,
however no meat production was taking place when air sampling was done during the
2002 season. Given that the air sampling results indicate that cleaning, washing and
sawing cooked crab is associated with high allergen levels in the absence of effective
ventilation, it is likely that allergen levels in this plant are higher than those reported

when meat is being produced.

All PBZ and area air sampling results have been tabulated for each plant in each of
the years that air sampling was carried out. They have been included in appendices

A, B, C, and D.
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3.3 Allergen Levels

The crab asthma study is, in general, essentially comparing allergen levels and venti-
lation systems in four plants that have different production processes in addition to
processing differing volumes of crab. Production volumes in these four study plants
range from less than 500,000 pounds per year of raw crab up to 6 million pounds
per year. Concentrations of airborne snow crab allergen in the 4 participating New-
foundland and Labrador plants ranged from less than 10 ng/m? to greater than 1000
ng/m3. Two of the four plants demonstrated maximum measured airborne concen-
trations in the 100’s of nanograms while the other two had maximum concentrations
in the 1,000’s. In instances where bio-aerosol concentrations of asthmagenic agents
were observed to vary by orders of magnitude of this kind, a significant risk exists for
sensitization to occur. High concentrations have been observed more often in certain
areas of the processing plants and have also been associated with discrete tasks. Re-
cent Quebec research has identified plants with allergen levels in all areas below 100
ng/m3, similar to two of the four plants in this study which have been identified to

also have levels close to this limit.

It has been recommended that permissible maximum exposure limits not exceed 100
ng/m3 from PBZ samplers with this threshold being lower for area samples. Plants
have been identified in Quebec and in Newfoundland as having concentrations con-
siderably below 100 ng/m? suggesting that this is an achievable goal. While it is
true that some workers who are already sensitized may react to lower concentrations
(i.e. less than 100 ng/m?) it seems most prudent to recommend target concentra-
tions which are achievable and most likely to prevent or minimize sensitization. If
the maximum is set at 100, there will be many areas in the plants with substantially
lower levels where sensitized workers could be relocated, although this will have to

be done with close monitoring and understanding that levels may still be too high for
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highly sensitized individuals.

This maximum upper limit of 100 seems appropriate for the short term, however it
can be reviewed and adjusted on the basis of future research. Based on the fluidity
of crab processing and related changes in final products that occur within individual
plants, a design that will completely rid the plant of allergens will be difficult to
achieve but by no means impossible. Fluidity of the workers and the equipment are
just two of the many design parameters that have to be taken into account in the
- design process. If it becomes possible to accurately determine the locations of the

allergen concentrations within the plant then safely removing them is indeed feasible.
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3.4 Allergen Identification

The most abundant, airborne protein sampled in the crab plants has been identified
as tropomyosin. This protein was found on an air sample collected during the study.
It was also found in steam produced while cooking snow crab. Although only one
of the airborne proteins in crab plant atmospheres to which workers are reacting,
tropomyosin is an excellent quantitative marker for allergen levels. If tropomyosin
levels go up, so do the levels of the other proteins. Prior to the crab asthma study,
no information was available about the proteins that are allergenic in snow crab,

particularly in occupational settings.

The pool of IgE-positive snow crab worker sera reacted to several proteins present in
a filter from an air sample taken during this study. The molecular weight of these
proteins were found to be 50.1 kD, 43.2 kD, 34 kD, 18.5 kD, and 14.4 kD where
the 34 kD protein elicited the greatest intensity of IgE-reactivity in the sera sample.
These findings are consistent with a previous report by (Leung et al, 1998) that
describes the molecular characteristics of the major IgE-reactive molecule in crab
as having a molecular weight of 34 kD. This investigation was based on the sera
reactivity (IgE) of individuals who have an allergic reaction to crab after it has been
ingested into the system. The molecular mass of the protein tropomyosin has been
determined to be around 50 kD. However, in general, high molecular weight sensitizers
(proteins or glycoproteins) are in the 5-70 kilo daltons range and can provoke a specific
IgE response in workers exposed to these agents (Houba et al, 1996). For example,
sensitization to a high molecular weight antigen liberated during the crushing of shells,

the boiling of whole crab, and the separation of legs and claws has been demonstrated

(Cartier et al, 1986).

The presence of IgE-reactivity in the snow crab worker sera to the proteins in the

filter extract provides evidence of a direct link between occupational exposure and the
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risk of sensitization, as opposed to other routes of exposure such as ingestion of the
proteins. The presence of sndW crab proteins in the air filters indicates that numerous
snow crab proteins are aerosolized during processing indicating a potential source of
worker sensitization that may be especially important in occupational asthma and
rhinitis. Evidence from mass spectrometry suggests that one of the important proteins
to which workers are becoming sensitized is in fact tropomyosin. Known to be an
important crustacean allergen, tropomyosin was found in both the analysis of the
contents of an air sample filters and in condensate made from the steam produced
during cooking of snow crab. This work also indicated reactivity to some other

proteins and indicated that cooking may in fact alter these proteins.
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3.5 Cleaning Chemicals

Interviews with workers and management in all four plants has led to monitoring
more closely the potential role played by cleaning chemicals and cleaning processes
in contributing to breathing problems among plant workers. It was discovered that
in plants 2, 3, and 4 some of the regular crab processing workers also do clean-up.
It is therefore possible that some workers may be experiencing breathing problems
as a result of a reaction to some or all of the cleaners rather than a reaction to the
crab. This is important because some of the breathing problems identified in worker
histories could be caused by exposure to cleaning chemicals. Unfortunately all of
the MSDS’s (Material Safety Data Sheets) for the cleaning chemicals used in some
of the plants were not obtained. According to the MSDS’s received, however, the
chemicals being used can indeed cause serious respiratory problems. The obtained
MSDS’s for cleaning chemicals used in crab plants generally do not indicate that
workers need to wear masks. However, they assume the presence of an adequate and
appropriate ventilation system. Minimizing exposures to cleaning chemicals as well

as crab allergens might also reduce the risk of breathing problems.
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3.6 Raw Crab Experiment

Research to date has led to an hypothesis that processing the crab prior to cooking
results in lower levels of aerosolized allergens. An experimental study has been de-
signed and carried out to test this hypothesis. The main question that needed to be
answered was would processing the crab before cooking it reduce allergen levels by
a minimal or significant amount. Research to date has also suggested that process-
ing (cleaning, brushing, etc.) crab prior to cooking results in less aerosolization of
allergens than when the same processes are executed after the crab is cooked. The
relatively low allergen level results obtained in this study associated with work areas
where raw crab is being handled would tend to support this hypothesis. Looking
more closely at this question in the last year of the study we designed an experiment

to test this hypothesis in one of our cooperating plants.

The experiment was carried out in plant 4 on August 18th, 2003. The experiment
was conducted by sampling the air using personal breathing zone samplers (PBZ’s)
at the beginning of the shift until a quota of 500 pounds of raw crab was processed.
The cassettes containing the samples were then removed from the PBZ’s and replaced
with new ones and then same process was repeated with cooked crab instead of raw
crab. The raw crab part of the experiment required a reorganization of the normal
production process at this plant for the period of time needed to process the crab
prior to cooking. This meant that the crab was butchered as per normal and then
proceeded to the main processing area instead of heading to the cooking room to be
cooked. Once in the main processing area the normal processes were carried out in
the same manner as if the crab were cooked. Finally the crab was sent to the cooking
room and then to the brine freezer, packed, and stored in the blast freezer. The work
area was then cleaned in preparation for the cooked crab part of the experiment.

This part of the experiment was carried out with the plant processing crab as per
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usual, with samples being taken until the 500 pound quota had again been reached.
It should be noted here that since there were only 5 PBZ’s in operation during this
experiment and due to the fact that there are only about 7-8 workers involved in the
experiment, workers had to move from process to process throughout the duration of

the experiment to maintain the flow of crab. Results from this experiment are shown

in Table 3.1.

Table 3.1: Raw/Cooked crab experiment results

Plant 4, Raw Crab Experiment Allergen Personal Samplers July 21", 2003. Sampler: Brad Pelley
Calibrated by: Brad Pelley On: July 21", 2003
Sample Elapsed | Flow Rate ngm’ y
Sample # { Pump # Type Time On|Time Off| Time (minl om) Area Results Operations Monitored Remarks/Conditions
Allergen | .. y Packing and (Grading and cleaning crab and "
1 1 PBZ 7:30am | 8:20am 50 300 Cleaning <50 lpacking nto cates Processing raw crab.
Allergen | ., . . ¢ (Grading and cleaning sections as ;
2 2 PBZ 7:30am | 8:20am 50 3.00 Saws/Packing <50 Iwellas scoring clusters Processing raw crab.
Allergen| . ' . .
3 3 PBZ 7:30am | 8:15am 45 300 Saws <50 [Scores (Saws) the sections Processing raw crab
Allergen | . . Saws/Packing - (Grading and cleaning crab sections ;
4 4 PBZ 7:30am | 8:10am 40 3.00 and Weights <50 las well s scoring clusters Processing raw crab.
Allergen| ., ’ 4 - "
5 5 PBZ 7:30am | 8:05am 35 300 Saws. 514 [Scores (Saws) the sections Processing raw crab.
6 1 NN ggam | gisam | 45 300 Packing 1052 [Grading and cleaning sections Processing cooked crab.
7 2 AILe‘;gzen 8:30am | 9:10am 40 3.00 Saws 550 [Scores (Saws) the sections Processing cooked crab.
8 3 (AN gaoem | 722 | NA 300 Saws NA  [Scores (Saws) the sections Processing cooked crab. Pump was off when
PBZ refumed.
9 4 A"F‘fégze" 8:30am | 9:10am | 40 300 Saws 5§ [Scores (Saws) the sections Processing cooked crab.
10 5 Nl;ég;" 8:30am | 9:05am 35 300 Saws 619 [Scores (Saws) the sections Processing cooked crab.

From this experiment it can be seen that the allergen concentration levels when crab
was being processed in the raw state were consistently lower than the levels observed
during cooked crab production. There was however one curious reading occurring
from the raw crab portion of this experiment, namely the 514 ng/m3 sample. An

explanation for the probable cause for this reading is not known at this time.

This simple experiment seems to validate the hypothesis that processing the crab raw
seems to be somehow linked to a consistently lower release of crab proteins that have

been linked to instances of crab asthma. The hypothesis also holds true in plant 1
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where they do all their processing raw prior to cooking which seems to account (along
with the ventilation system) for the relatively low levels of measured aerosolized al-
lergens. These preliminary results may be perceived as an indication to all plants
that currently process in the cooked state that they may want to re-evaluate their
production methods to reflect the findings of this experiment and this research in
general. However, because it is now known that allergens differ somewhat between
raw and cooked crab there is a need to re-analyze the raw crab air samples using sera
from workers reactive to raw crab to ensure that the results have not underestimated
allergen levels associated with raw processing. In addition, the differences in allergen
concentrations between raw and cooked crab processing are not large, something that
is not surprising given the relatively small amount of crab (500 pounds cooked and
500 pounds raw) and the level of sensitivity of the PBZ air sample results (less than
50 minimum levels). It is important to verify these results further before making a
recommendation to industry that they consider switching from cooked to raw crab
processing. In addition, it is promising that the experiment found that raw pré-
cessing resulted in higher yields, thus verifying anecdotal information received from

researchers working in other provinces.
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3.7 Result Summary and Discussion

The primary goal of the research presented in this thesis is to examine interactions
of possible aerosolized contaminants with simulated airflow patterns and velocity
distributions within the crab plants involved in the study. Various ventilation methods
will be examined to determine which ones prove to be the most effective in containing
and eliminating aerosolized contaminants. In summary, the basic exposure control

strategies that will be addressed are:

reduction/elimination of contaminant sources

e local hooding with exhaust

general ventilation

other exposure control techniques

Reduction or elimination of the contaminants at the source is probably the most ef-
fective control method. Variations in processing techniques are currently being inves-
tigated and may prove to significantly lower the amount of antigen being aerosolized.
Isolating various processes such that the aerosolized particulate can be denied access

to the rest of the workplace will undoubtedly lower overall contamination levels.

Local source control is more effective than control by general ventilation methods due
to the fact that the particulate, namely proteins, are generated in large volumes and
in some instances with high velocities (brushing, sawing processes). Air movement
through local hoods is vented at high velocities and exhausted directly to the exterior
of the enclosure. The downfall in using this type of control strategy is that for all
the air that is exhausted there needs to be at least equal amounts of makeup air

brought back inside. This may be undesirable as new air may need to be filtered
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and conditioned again before it enters the workplace which wastes valuable heating
and cooling energy. Using general ventilation whereby the contaminant concentration
levels are diluted to acceptable levels is normally not the primary exposure control
strategy implemented. The ideal situation would be to avoid having contaminants
mix throughout the workplace if at all possible. Due to the fact that the quantities of
contaminants released are unknown, exhaust air may need to be cleaned before being
released into the community environment (McDermott, 1977). Another possibility
is the recirculation of indoor air through various filters without having to exhaust
any indoor air or bring in any new outdoor air. The lack of even a small percentage
of fresh air may cause problems if the filters become plugged or fail to capture the

airborne particles.

Other exposure control methods can be implemented other than introducing venti-
lation systems. Contamination that originates from crab protein antigens, cleaning
agent fumes, or other miscellaneous sources can be controlled by a variety of other
methods. In the case of the cleaning agents, substitution of less hazardous substances
may drastically reduce harmful substances in the workplace. Changing the produc-
tion processes to reduce the amount of contaminant released into the workplace is also
a viable exposure control method. . Air cleaning strategies have not been considered
as a practical exposure control technique, mainly due to the fact that in general the
air is cleaned after the contaminants are fully dispersed and are therefore at their
lowest concentration. Regardless of the particular control strategy chosen the means
by which the toxic contaminants are generated and eventually distributed throughout

the workplace needs to be determined.

At this point in the study, the assessment of any existing ventilation systems that were
present has provided a better sense of how the air may or may not be moving inside the

plant. Lack of ventilation in many areas of the plants will most likely contribute to the
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buildup of allergens over the course of the day as there are no means by which allergens
can be exhausted. Areas of high allergen concentrations that may coincide with areas
with little or no means of ventilation is an important correlation. Identification of
high exposure areas will aid in the improvement of ventilation methods in those
areas. However, due to the fluidity of the crab industry and the constant movement
of workers and equipment to meet the needs of the industry, ventilation design is a
formidable task. Therefore a need exists to develop numerical simulations in order
to obtain a better understanding of the airflow characteristics in a typical processing
environment with the intent on providing feasible and viable solutions that can be

examined and possibly implemented.

From the plant histories we have learned that most plants differ from one another
and no two are exactly the same. Work histories are important in the attempt to
correlate instances of OA to specific workers. The location in which they worked,
how long they worked there, what the ventilation systems were like during that time,
what type of crab they were processing, and how much of it they were processing are
all examples of important issues provided by individual plant histories. In addition,
background information on previous processing techniques and ventilation methods
are helpful in identifying areas that have been altered over time as well as areas that

could be improved.

Along with the plant histories, processing overviews are essential in attempting to link
high allergen concentrations to specific crab processes. The proximity of processes to
each other is common in crab plants, which makes it difficult to determine which pro-
cess is responsible for the allergen concentrations measured in the air. Each process
is unique in that they each can provide distinctive methods of allergen production.
It was important to understand the ways in which the workers complete their tasks

as it provides insight into the probable locations of allergen generation, magnitude
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and direction of allergen projection, and a basis for preliminary exhaust hood design.
Since crab processing environments differ from other industrial environments, ven-
tilation methods have to be designed with this in mind to ensure both an effective
contaminant capturing and ergonomically feasible design. Knowledge of each process
and how they function together is also important in identifying areas that may be
changed or improved. Changing and reorganizing processing methods may have an
appreciable effect on resulting allergen levels. Preliminary experiments have shown
that by processing crab in the raw state instead of cooked without actually changing

the actual processing methods has produced lower allergen levels.

Temperature and relative humidity values were collected during the air sampling
periods to attempt to develop a correlation between high allergen readings and high
temperature and/or humidity readings. Identifying areas where temperature and
humidity values are high is important for a couple of reasons. Areas where the
temperature and humidity are high in addition to having high allergen levels can
cause a very unhealthy working environment. The air tends to have a "heavy’ feeling
and breathing may become difficult, as is normally the case in any area experiencing
high temperature and humidity values. Also, areas of high humidity, especially in the
cooking areas can indicate the presence of steam that suggests that the cooker may
be leaking steam into the working environment and thus the venting of the cooker
may need to be examined. Steam leakage can also cause the walls and ceilings of
the workplace to become damp and moldy, thus introducing another contamination
source. Raw data shown in appendices E, F, G, and H was collected using data loggers
which were activated and deactivated via computer software. The data loggers were
placed in selected areas and run for a variety of times from a couple of hours up to

twenty four hours.
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Air sampling results obtained from the PBZ and area samplers have identified areas in
the crab plants producing a variety of allergen concentration levels. The concentration
levels range from less that 10 nanograms per cubic meter to levels in the thousands of
nanograms per cubic meter. From this, we have learned that different processes seem
to be responsible for the different allergen levels. When allergen levels at certain
processes are compared across plants, the results are similar suggesting that some

processes are indeed more likely to produce allergens than others.



Chapter 4

Local Ventilation Conceptual
Design

Ventilation is undoubtedly one of the key methods for reducing worker exposure to
airborne contaminants resulting from crab production processes such as butchering,
cooking, cleaning, sawing, sorting, grading, weighing, brine freezing, and packing.
Due to the fact that air is virtually invisible it is often difficult to visualize its move-
ment through an enclosure such as a room, into a ventilation system, through the
connecting ductwork, and exhausted to the outside. Since the laws of fluid dynamics
must always be adhered to, a system must be designed in accordance with these laws
to ensure that the system works properly. In most cases, ventilation systems that do
not work properly are deficient because one or more airflow principles are violated
in their design or operation (McDermott, 1977). The ideal situation is to be able
to design a system that will capture or contain all airborne contaminants emanating
from a particular process or operation. A local hood design needs to be designed
such that it minimizes airflow requirements, protects worker breathing zones, follows
design recommendations, and makes it usable by workers to avoid all common hood

selection fallacies.

78
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Designing local or general ventilation systems for existing plant structures that were
not designed to incorporate any required ventilation is difficult and sometimes proves
to be virtually impossible. In each of the four participating crab processing plants
in this study, all but one had little or no formal ventilation system installed able to
effectively remove harmful airborne contaminants from the occupied spaces. As a-
result, the design options are limited and the best case design may not be feasible
mainly due to lack of space for installation. Processes are sometimes laid out in such

a way that inhibits installation of a system.
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4.1 Local Exhaust Ventilation Systems

A simple exhaust system can be said to exist of a fan, ducting, and an array of
air inlets and exhaust outlets based on individual design specifications. The fan is
the energy source that causes the air to move by transferring air molecules from the
downstream duct to the upstream duct. The act of physically removing air particles
from the downstream duct causes a partial vacuum to be created inside the duct.
Air molecules move from outside the duct to fill this partial vacuum, and it is this
motion that constitutes the airflow into the hood (Burgess et al, 1989). In general,
air is therefore being moved from an area of high pressure to an area of lower pressure
by a fan. The fan has to produce enough negative pressure to draw in the required
amount of air into the exhaust hoods such that airborne contaminants are exhausted

from the workplace.

Local exhaust ventilation (LEV) systems are designed to collect and remove airborne
contaminants consisting of particulates (dust, fumes, smokes, fibers), vapors, and
gases that can create an unsafe, unhealthy, or undesirable atmosphere (ASHRAE
Handbook (Applications), 1999). LEV systems are normally used in situations where
the control of air pollutants, is desired and the capture and exhausting of these
pollutants is of the utmost importance. Local exhaust systems can be classified by
contaminant source type, by hood type, and by system mobility (ASHRAE Handbook
(Applications), 1999). These three classifications have been used to differentiate

between the exhaust system types investigated here.

A process or operation needs to be fully understood before an effective exhaust hood
design can be conceived and implemented. The size and type of hood must match
the type and geometry of the contaminant source or sources such that the contami-
nant can be effectively removed. Posokhin (1984) classified sources as either buoyant

(heat), non-buoyant (diffusive), or dynamic. The main source of appreciable heat
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generation present in crab plants capable of forcing allergen into the air would prob-
ably come from cooked crab, cookers and cooling tanks. Buoyant sources have not
been examined in this thesis as they could not be modeled at this time. The focus is
therefore directed toward non-buoyant and dynamic sources. As a result, it will be
assumed that any surrounding air patterns will ultimately determine dispersion rates
and facilitate particle transportation to adjacent areas instead of any temperature in-
duced movement. Non-buoyant sources are present in crab plants at locations where
crates of cooked (and possibly raw) crab are stockpiled to be brushed, sawed, cleaned,
packed, etc. Dynamic sources are present in areas where the allergen is forced into the
air by a high velocity particle flow, as is the case with the rotary cleaning brushes at
the cleaning/sorting table or the table saws at the scoring tables. Both of these tables
include a mixture of these two source types as crab is also piled near and on top of
these tables. An alternative source of allergen production could originate from crab
waste collected in plastic crates underneath the sorting/cleaning table. The waste
generally consists of bits of shell, dirt, and broken legs. This crab waste is normally
removed from the table via a conveyor belt with the majority of it being collected by

the crates but some is wasted over the side and onto the plant floor.

Exhaust systems can be further classified by hood types, which basically consist of
either the enclosing type or the non-enclosing type. Enclosing hoods are capable of
better contaminant control and removal due to the fact that any air movements within
the workplace do not affect the removal process making the subsequent exhaust rate
of the hood minimal. The main problem with using totally enclosing hoods is the
ensuing lack of access to the process, thus resulting in their use being restricted to
the most hazardous of exposures. In the snow crab industry the workers must have
access to most processes in the processing line, especially the cleaning/sorting and
sawing tables in addition to any batch cooking or cooling. The main exception to

this are the continuous cookers and coolers that only need a worker to load the crab
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at one end and a worker to remove the crab from the other end.

Non-enclosing hoods are normally used if the process being exhausted needs to be
accessible to the workers, as is the case with many of the processes in the snow crab
industry. With these hoods, contaminants released outside the hood must be cap-
tured by the hood rather than allowed to escape to the general workspace. Since
totally enclosing a sorting or scoring table was not a feasible option, non-enclosing
types of exhaust hoods were examined for methods to effectively control and exhaust
pollutants. Unfortunately, from the time the contaminant is released to the time
it is captured by the exhaust system it can undergo numerous adverse effects from
external sources such as extraneous air movements due to nearby structures and mov-
ing machinery. It is therefore important to note that airflow patterns that surround
processes must be paid close attention to in order to allow a non-enclosing hood to

function at its maximum capacity. Figure 4.1 depicts the two general hood types.
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Figure 4.1: Enclosing and nonenclosing hoods (ASHRAE Handbook (Fundamentals),
2001)

Non-enclosing hoods are further classified as updraft coaxial, side draft (or slotted),
and downdraft types, depending on the mechanism by which they remove the plume
generated by the contamination source, as can be seen in Figure 4.2. All three

hood types are examined in this thesis, but due to various limitations that become
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evident later, only updraft coaxial and slotted draft hoods have been presented and

numerically modeled.
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Figure 4.2: Fundamental exhausting methodologies (ASHRAE Handbook (Funda-
mentals), 2001)

As a final note, in addition to classifying systems by contaminant source type and
by hood type we can also classify by system mobility. Local exhaust systems with
non-enclosing hoods, such as the ones analyzed here, can be either stationary, mov-
able, portable, or built-in. Since cleaning/sorting tables, sawing/scoring tables and
cooking/cooling tanks remain at a fixed location during production, only stationary

types of hoods have been applied.
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4.2 Non-buoyant and Dynamic Contaminant Sources

There are a number of non-buoyant allergen sources in a typical crab processing plant
capable of releasing harmful allergens into the workplace. Some of the obvious sources
occur from stockpiled crab awaiting further production (weighing, sorting, etc.), crab
waste located throughout the plant, dirty equipment, as well as worker clothing and
apparel. Crab at plant 3 was witnessed to be piled neat the brine tank waiting to
be weighed before heading to the brine tank, thus constituting a non-buoyant source.
This crab sitting in the main processing area could come in contact with an airflow
and result in allergens being transported to different areas of the plant, depending on

the strength and direction of the air flow patterns.

In this particular case, the crab is iced, which will probably reduce the possibility of
allergen being released into the workplace. However, in many cases the cooked crab is
not iced thus increasing the risk of air contamination. Another possible contamination
source is located at the sorting/cleaning tables in the form of crab waste collection
crates. When the workers clean the crab the waste usually gets removed from the
table via a water filled trough or conveyor belt located underneath the brushes. In
plant 2, crab waste was partially collected in a crate placed in an area underneath

the cleaning table ensuring that the majority of the waste was contained.

A fair portion of the crab waste actually ends up on the plant floor which is most
likely transported around the plant via worker movement. Better control of the crab
waste troughs could possibly be achieved simply by using bigger crates or better
placement of the existing crates. At any rate, this collection of cooked crab waste
would seem to be an ideal location for allergen generation. This forced impact caused
both by machinery coming in contact with the crab and the crab falling from the
table to the floor can be a catalyst for the aerosolization of allergens. Since the

cleaning/sorting tables, scoring tables, and batch cooling tanks are being considered
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in this thesis as the main contaminant sources, correctly designed overhead hood or
slotted hoods may be the ideal solution. Normally workers are partially leaning in
over the cleaning/sorting tables when they use the rotary brushes to clean the crab.
A similar situation occurs at the sawing/scoring table with the workers partially
leaning over the table saws. Caution should be exercised when designing hoods for
these areas, in particular overhead hoods, as they may draw in air from outside the
hood area and further contaminate the breathing zone of the workers, as can be seen

in Figure 4.3.

PEOLESS 'R

Figure 4.3: Influence of hood location on contamination of air in the operator’s breath-
ing zone (ASHRAE Handbook (Fundamentals), 2001)

Since the contamination sources are generally located at the different processing lo-
cations the probability of drawing in contaminants from other processing areas could
be reduced if the exhaust rates and hoods configurations are specified correctly. The
close proximity of the processes in most of the plants could cause an incorrectly

designed hood to draw in contaminants from nearby locations.

Rotary brushes and table saws pose a different problem due to the dynamic nature
with which the particulate is being released into the air. The brushes are 8 inches in
diameter and 4 inches wide and are made of a hard, abrasive plastic material. They

rotate away from the worker and are used to remove any dirt, barnacles, leech eggs,
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or any other material that needs to be removed before weighing, grading, freezing,
etc.. The brushes are partially housed within the table in a small metal trough located
underneath which attempts to collect the released particulate from the brushes. Only
the bottom three quarters of the brushes are actually housed by the metal trough with
the top portion exposed. The particulate being released into the air as a result of the
crab being held against the brushes departs within a certain angular velocity range
with respect to the table surface. Figure 4.4 below shows a possible approximate
angular range of particulate release into the breathing zone of the worker. These
detailed particle trajectories around typical grinding operations were observed by

Bastress et al (1974).
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Figure 4.4: Possible direction of rotation and particulate release angle from rotary
brushes (Bastress et al, 1974)

Larger particles do not remain airborne, but intermediate size particles remain air-
borne after they are released into the air from the brushes. From Figure 4.4, it can
be seen that fine particles will usually follow the brush and are dispersed when they

meet the next portion of crab being cleaned, thus making their path hard to predict.
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The particulates associated with allergen will be represented by the entire range of
sizes ranging from sub-micron to 20 microns or greater. Some will be liquid aerosol
and some will be in a solid dispersion. If it is imagined that Figure 4.4 is the top
quarter of the brush closest to the worker then it can be seen that particles in the
range of 10-30 microns will be projected back into the worker breathing zone while
particles in the 0-6 micron range will tend to travel around the periphery of the brush

and be released away from the worker.

Similarly, the table saws at the scoring table also release particulate into the worker
breathing zone. However, the fine particulate from these most likely in the range of
0-1 um. In both cases, a hood correctly designed and installed should reduce the

accumulation of particulates in the worker breathing zone.

4.3 Airflow Patterns

Understanding the nature of airflow patterns in general is essential in order to realize
that a non-enclosing hood must reach out and capture the contaminated air beyond
the boundaries of the hood. A poorly designed hood will invariably ensure that con-
taminants will escape in significant quantities into the workplace and cause increased
worker exposure. Elements of critical importance in designing non-enclosing hoods

for contaminant capture are;

e capture velocity required at the point of contaminant release and the surround-

ing environment

e airflow through the hood required to obtain the desired capture velocity outside

the hood

e hood geometry
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The proper determination of the capture velocity is critical in the design of a non-
enclosing hood. Capture velocity (V,) is defined as the minimum hood-induced air
velocity necessary at the point of contaminant generation to capture and direct the
contaminant into the hood (Industrial Ventilation, 1988). Capture velocity depends
on distance from the hood, with increased distances evoking turbulence effects from
various structures. The capture velocity must therefore be able to overcome any
additional velocity disturbances present at the point of contaminant release. Once
the necessary capture velocity is specified it is then used to determine a volumetric
flow rate (Qy) for the exhaust hood, keeping in mind that the selection of a capture
velocity is by no means a straightforward task. To illustrate the importance of air
patterns in the vicinity of a hood, consider the following situation depicted by a

simple overhead hood in Figure 4.5.
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Figure 4.5: Overhead hood with contaminant source at location x

If it is assumed that all contaminant release processes occur in still air, then the value
for the capture velocity V. at point x could take on an easily determined numerical
value. This still air situation would cause the determination of the magnitude of
V. to be trivial since all of the air passing point x will eventually enter the hood.
However this assumption of a still air situation is unrealistic in a typical workplace

environment and in particular the fast paced crab industry.
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Air velocities created by a non-enclosing hood are imposed on a complex airflow pat-
tern which is always present due to other sources of air movement, such as perimeter
infiltration and process-induced airflows (Burgess et al, 1989). When a hood is intro-
duced to real world conditions, competing airflows will distort the generated velocity
contours. Distortions can arise from upward/downward convective flows, moving peo-
ple, drafts from doors and windows, variations in hood design such as adding flanges
and vanes, flow separation around a person or object in front or near the hood, and
drafts created by equipment operation. Due to the difficulty in quantifying these var-
ious airflow patterns, for demonstration purposes, a constant and uniform cross-draft

parallel to the hood face has been assumed as is shown in Figure 4.6.
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Figure 4.6: Uniform cross draft

If the general cross draft has a velocity of V; at point x then the total velocity at

point x is the vector sum of the two

VTotal = Vc + Vd (41)

Whether or not the contaminant is drawn into the hood will depend on the relative
magnitudes of V, and Vj, as well as the distance between the release point of the

contaminant and the hood face opening. This illustrates the importance of cross-
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drafts and how they can affect the performance of non-enclosing hoods, especially
when the nature of the surrounding environment can produce complex flow patterns.
In theory, were there no cross-drafts present then all of the contaminants in the
hood capturing vicinity would be captured by the hood and exhausted from the
workplace, however this is not likely to be the case. Each process/operation must be
treated individually in that a specific capture velocity may be required whilst taking
into account specific airflow patterns in the hood vicinity due to the nature of the

workplace and its daily operation.

The inability to quantify both the existing airflow patterns and the effect of exhaust
systems on those patterns limits the estimation of hood performance to an approx-
imation. Given this, current design procedures result in capture velocities specified
in a manner that acknowledges, either implicitly or explicitly the uncertainties in the
design process (Burgess et al, 1989). Table 4.1 shows the typical ranges of capture

velocities for different contaminant dispersion characteristics (Alden and Kane, 1982).

Table 4.1: Range of capture velocities

Condition of Examples Capture Velocity
Contaminant Dispersion (m/s)
Released with essentially no velocity Evaporation from tanks, 0.25t0 0.5
into still air degreasing, plating
Released at slow velocity into Container filling, low-speed 0.5t0 1.0
moderately still air conveyor transfers, welding
Active generation into zone of rapid Barrel filling, chutc loading 1.0t0 2.5
air motion of conveyors, crushing, cool

shakeout
Released at high velocity into zone of Grinding, abrasive blasting, 2.5t0 10
very rapid air motion tumbling, hot shakcout

The main problem with this table is the range of capture velocities presented is
large and the selection criteria are very qualitative at best. Some of the reasons for

selecting velocities that fall within the high or low end of the velocity ranges are based
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on whether or not the hood is large or small and whether or not the contaminants
are released into quiet air, moderately still air, or rapid air. All of these terms are
undefined and unquantified, which makes it very difficult to choose a representative
velocity. The lower end of the given ranges should be used in instances where room
air currents are minimal or favorable to capture, contaminants are of low toxicity,
production volume is low or intermittent, and if there are large hoods moving large
masses of air. Likewise, the upper end should be used if there are disturbing room
air currents, high toxicity contaminants, high production volumes, or if there are
small hoods controlling local areas (Industrial Ventilation, 1988). In light of this, to
overcome any error in choosing suitable capture velocities, a series of velocity values
encompassing the whole range of velocities presented in the table has been used in
the analysis. A range of velocity values is needed to account for the dynamic release
mechanism caused by the rotary brushes and saws due to the fact that particulate,
and therefore allergen, is released into the air at much greater speeds (ACGIH, 1988).
As a result, a relationship for the velocity field needs to be either obtained from

experimental data or from existing theoretical relationships.

Hood geometry is crucial in determining the amount of airflow needed for a specific
application. The volume of airflow required to generate the necessary capture veloc-
ities will depend on the distance from the hood face and will vary greatly with hood
geometry and adjacent turbulent structures such as equipment and people. Center-
line velocities decrease rapidly with distance from the hood face in that the velocity
reaches 10% of the hood face velocity within the distance equal to the square root of
the hood face area, or one duct diameter. This assumes that there is no interference
from the previously mentioned turbulent structures which would result in a different
percentage. The addition of a properly sized flange has been shown to reduce the
required velocity. Empirically, based on centerline air velocities only, the capture

velocity at any distance x is increased by a factor of 1.33 (Dalla Valle, 1952) after
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flange addition. Typically, velocity distribution in the vicinity of the hood face area
is not uniform but may assume a parabolic or even inverse parabolic profile. Wakes
formed close to the hood sides, or vena contracta, reduce the effective suction area
of the hood. The size of the wakes and how uniform the velocity will be, will depend
on hood design. The formation of wakes and their magnitude will become evident in

upcoming numerical simulations.

Determination of the velocity contours and pressure distribution near the hood face
and surrounding environment has been accomplished by numerical modeling where a
variety of centerline velocity relationships and velocity profiles for overhead exhaust
and slotted hoods have been examined. Specific models have been chosen to bridge
the gap between the theoretical relationships presented and the real-world situations
encountered in the crab processing plants. Unfortunately, the problem with using
these velocity centerline models is that they ignore the effects of turbulent structures
on contaminant capture and transport (Varely et al, 1997) and do not describe any
sort of velocity profile at the hood face or in the immediate vicinity, both of which
will be discussed more in a later section and numerically modeled in chapter 5. In
addition, due to their inadequacy in describing velocity profiles, a variety of experi-
mental profiles should be imposed on the hood face boundary to determine which one
will produce the desired capture velocities. Uniform, parabolic, and inverse parabolic

velocity profiles are therefore applied.

4.4 Point and Line Sources

The installation of either an overhead or slotted hood will undoubtedly reduce the
amount of aerosolized allergens entering the breathing zone of the workers. An in-
duced vertical or horizontal airflow will most likely exhaust the contaminants and

not force them into the worker breathing zones. Aerosolized allergens will naturally
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become weaker in concentration as they move away from their source. Theoretically,
if the goal was to capture contaminants produced from a point source along the cen-
terline of the hood then as long as the specified capture velocities along the centerline
at that point were attained then it could be surmised that most if not all contami-
nants would be exhausted. Unfortunately this is not the case due to the fact that the
contaminants are not released from point sources but rather from sources having an

appreciable and definite area.

A point source can approximate airflow near a round or square/rectangular hood,
and the linear source approximates the airflow near a slot hood (ASHRAE Handbook
(Applications), 1999). A point source will draw air equally from all directions. If the

exhaust flow rate is known, the velocity at any location x can be calculated by;

e[ 2] 42

This shows that the point source is taken as a small sphere with a surface area of
4mz?. Thus, in theory the velocity is shown to be inversely proportional to the square
root of the distance from the hood. A slot hood can be modeled by a line source
of suction whereby the velocity diminishes with distance as a function of the surface

area of a cylinder instead of a sphere. Ignoring the cylinder ends gives;

Vo= [23@] (4:3)

Here the velocity is shown to be inversely proportional to distance (L) instead of the
square root of the distance, which is an improvement. These relationships are valid
only for hypothetical point and linear sources of suction. In reality, the suction is

applied over a finite hood face area, and the hood and ducting take up a portion of
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the physical space surrounding the point of suction. Thus the assumption of these
sources of suction for overhead hoods and slotted hoods is not exactly applicable in
real life and thus must be modified to satisfy realistic situations. To determine how
the contaminants behave as they move away from their specific source is of interest
because if their path can be determined, then the airflow patterns present will dictate
their motion and how they will be affected by the exhaust air stream. It may also

lend an insight into alternative methods by which the pollutants can be removed.
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4.5 Overhead and Slotted Exhaust Hoods

It is desirable to create an appropriate capture velocity at predetermined locations in
front of the hood opening depending on the nature of the contamination. Unfortu-
nately in overhead exhaust operations, air drawn into the hood opening is taken from
all directions and even from behind the hood face itself, thus rapidly reducing the
capture velocity with increased distance from the hood face. The addition of a simple
flange will reduce the amount of air being drawn into the hood from locations behind
the hood face and thus increase the capturing efficiency. Overhead and slotted hoods
have been considered as mechanisms by which the airborne allergens will be removed.
These hoods have been analyzed and compared with each other in order to determine
the best hood design for the individual processes being modeled. Relationships pro-
posed by Dalla Valle, Fletcher, and Conroy provide values for capture velocities at
specified distances from the hood face along its centerline. An attempt will be made
to mimic the values and trends produced by these relationships by imposing linear,
parabolic, and inverse parabolic profiles on the hood face boundary. It is necessary
to determine the velocity profile that will best represent the actual exhaust hood
scenarios encountered in a typical crab processing facility. The relationships will be
applied to both unflanged and flanged hoods in the following sections to provide cen-
terline velocity information to further guide the velocity profiles mentioned here and

included in chapter 5.

4.5.1 Unflanged Overhead Hoods

Since the hoods being considered are for typical cleaning/sorting, saw tables, and open
cooking/cooling tanks which are typically rectangular in nature, one such expression

for the centerline velocity for an unflanged rectangular hood has been proposed as

follows by (Dalla Valle, 1952).
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= [szm] 44

where V, and V are the velocities at a location x along the centerline of the hood and
at the hood face respectively. The hood area is denoted as Ay and the x term is the
distance from the hood area to the location of the contaminant source. It should be
stressed here that this is an empirical formula rather than one developed from theory.
The applicable ranges on the variables used in the above equations are as follows,

where w and L represent the width and length of the hood face.

Z

0<—< 4.
— <00 (4.5)

Since this is a centerline velocity function, the co-ordinate convention has been as-
sumed to be x in the vertical downward direction and y in the horizontal left-right
direction. Based on this relationship between the velocity, airflow, and distance from
the source we can prescribe capture velocities at the point of contamination that will
result in the required velocity at the hood face. It should be noted here that the
capture velocity is analogous to the V, term in all of the centerline velocity models
presented. This makes sense because this is the velocity needed at a point x in order
to ensure that the contaminant is captured by the hood air flow. Qs at the hood face
is calculated simply by multiplying the hood face velocity by the hood face area in

the following manner;

Another centerline velocity model has been proposed by Fletcher (1977, 1978, 1982;
Fletcher and Johnson, 1982) and is given by;
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4
Vo= [8.58&2 - 0.93} (47)

where V,,, Vy, Ay and x are as before. Again, this is an empirical formula that accounts
for hood shape rather than a formula developed from theory. The applicable ranges
on the variables used in the above equations are as follows, where w and L represent

the width and length of the hood face respectively.

1/3
=02 [‘(‘#} (4.9)

These models will predict the required flow rate ()5 at the hood face using predeter-
mined capture velocity values or vice versa. The hood area Ay for the cleaning/sorting
table has been chosen to be 23ft x 8ft and 3ft x 1.5ft for the individual saw hoods.
Rationale for choosing the areas was based on the typical sizes of the individual pro-
cesses observed in plant 4. However, since the numerical modeling was completed
in 2-D the length of the hood was taken to be 1 (i.e. unity) and all calculations for
all hood cases (slotted and overhead) were completed using a length of unity. Flow
rates required to produce the specified capture velocities at varying vertical distances
x from the hood face while keeping the hood face area Ay constant have been plotted
below in Figures 4.7, 4.8, 4.9, and 4.10. An overhead hood, unflanged or flanged, is
classified as such if the aspect ratio (width/length) is greater than 0.2.

These plots just basically provide a visual representation of the relationships so that
the flow rates and distances can be more readily determined and understood. It can

be seen that the flow rates required are much greater as the required capture velocity
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Figure 4.7: Dalla Valle predicted flow rates along the centerline of the unflanged
cleaning hood

value increases.

A cooling tank hood has taken on an arbitrary ares of fifteen feet long by eight feet
wide to be used with the canopy hood relationship for an overhead hood for a batch

cooking or cooling tank given below by (ACGIH, 1988),

q.-;-[ﬁ% (4.10)
Where P is the perimeter of the tank/process and D is the height of the canopy hood
above the tank/process. As a rule this type of canopy hood is not recommended if
workers must bend over the source (ACGIH, 1988). As a result this type of hooding
will only be applied to an open batch cooker or open cooling tank. The hood is
required to extend out over the limits of the process by 04D in order to ensure
capture. Since this type of hooding may not be possible in crab processing due to
required worker interaction with most processes it has only been briefly examined here
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Flow Rate vs Distance
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Figure 4.8: Fletcher predicted flow rates along the centerline of the unflanged cleaning
hood
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Figure 4.9: Dalla Valle predicted flow rates along the centerline of the unflanged saw
hood



CHAPTER {. - Local Ventilation Conceptual Design 100

Fitras flats v Destanca
Fhetchay {LS)

- | i o |
4 |em-ww
Weg
ek bt
et LT
e Ll ]
et L |
g T
==
- H’- l

|- W il

Figure 4.10: Fletcher predicted flow rates along the centerline of the unflanged saw
hood

for completeness and comparison purposes. Capture velocity data has been plotted
and shown below in Figure 4.11.

Flow Rate va Distance
Canopy Hood
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Figure 4.11: Flow rates for selected capture velocities
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These flow rates can be used to both provide the basis for a exhaust system design
and to provide a visual representation of the flow rates, velocities, and distances to

be used in the upcoming numerical analysis.

As was previously mentioned, the obvious problem with the relationships proposed
above by Dalla Valle, Fletcher, and Conroy is that they refer only to the air velocity
along a line extending out from the center of the hood and do not define the velocity
distribution across the hood face (McDermott, 1977). The airflow rates given above
apply only to capture velocities specified along the centerline of the hood face assum-
ing that there are no significant cross drafts present or any other type of interferences.
In reality this is not normally the case and as a result these models provide a sound
base from which to work. Based on this, it is necessary to be able to predict how the
airflow patterns are distributed in the entire exhaust area such that a feasible and
realistic hood flow rate can be chosen to exhaust the contaminants at a specific point
of capture. This will be accomplished in the numerical simulations of the previously

mentioned velocity profiles presented in the next chapter.

4.5.2 Flanged Overhead Hoods

In general an unflanged hood is sometimes inefficient due to the fact that air is also
drawn in from behind the hood outside the contamination zone and from other sources
in the plant, which unnecessarily increases the exhaust flow rates and energy costs.
The addition of a simple flange has been shown to reduce the air that is being drawn
from behind the hood and decrease the airflow needed to develop the same capture
velocity, as can be observed by the slightly altered equation shown below (Dalla Valle,
1952).
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Y= [ﬁ%m} 410

where V,, and V; are the velocities as before. The applicable range is as follows
0<Z <o (4.12)
w

Conroy et al. (1988) also predicted the flow rate using the following relationship;

Vi
V, =
27 [0.25 + (z/w)?]2[0.25 + (z/L)?]"?

(4.13)

where V,, and V; are again the velocities as before. Similarly the applicable range is

as follows

0< -Z; <0 (4.14)
These two models will again predict the required flow rate Q)5 at the hood face using
predetermined capture velocity values or vice versa. The hood areas Ay are the same
as was specified for the unflanged cases. A flange of width equal to the square root
of the hood face area has been used. Flow rates required to produce the specified

capture velocities at varying vertical distances x from the hood face while keeping the

hood face area Ay constant have been plotted in Figures 4.12, 4.13, 4.14, and 4.15.

Again, these plots provide a visual representation of the empirical data presented by

Dalla Valle and Conroy as it pertains to flanged overhead exhaust hoods.

Capture velocities increase as flow rates increase, as can be seen above. The overhead

hood should be positioned such that the contaminant is not allowed to deviate from
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Figure 4.12: Dalla Valle predicted flow rates along the centerline of the flanged clean-
ing hood

its natural path and as many of the contaminants s pessible are removed from the
worker's breathing sone. It is important to avoid one of the most common fallacies
with regard to hood design, namely the belief that hoods draw air from a significant
distance away from the hood opening and can therefore capture and control con-
taminants released at varying distances from the hood. Inlet air velocity decreases
sharply within a single duct diameter from the hood opening. Even a well-designed
capturing hood usually can generate an adequate capture velocity no more than two
feet from the hood opening, as will become apparent in upcoming numerical simula-
tions, Beyond this distance, random drafts and other air currents can disperse the
contaminants in the room (McDermott, 1977). With this in mind it should be also
pointed out that excessive exhaust airflow rate can be just as ineffoctive as a deficit
in airflow rate. If the airflow rate is too high it causes the hood to draw in air from
outside the contaminant zone, whereas incomplete contaminant capture will result if
the airflow is too low due to the fact that the hood will not be able to exhaust the
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Figure 4.15: Conroy predicted flow rates along the centerline of the flanged saw hood

contaminant effectively.



CHAPTER 4. - Local Ventilation Conceptual Design 106

4.6 Side Draft and Slot Hoods

Side draft hoods are essentially overhead hoods that have been placed in a horizon-
tal orientation rather than a vertical one. They are typically placed as close to the
source of contamination as possible such that the contaminant is drawn away from
the breathing zone of the worker. When this distance has been determined and the
face area (Ay) of the hood is selected based on source size, the airflow is calculated
to provide the required capture velocity at the farthest point of contaminant gen-
eration. Side draft hoods change classification to slot hoods when the aspect ratio
(width/length) drops to 0.2 or less and were studied extensively by Silverman (1941,
1942a, 1942b, 1943) as a follow up to Dalla Valle’s work. Silverman (1943) measured
centerline velocities in front of a number of different configurations of slot hoods and

developed empirical formulas relating capture velocity to airflow and distance.

Slot hoods are normally used to ventilate narrow opening surface tanks but may have
applications for the snow crab processing industry. The slot provides resistance to
distribute air along the length of the tank and may allow the hood to reach out farther
with a lower airflow than a hood without a slot. However, as a rule of thumb, two
feet is the maximum reach of a slot hood (McDermott, 1977). In lieu of this, the
maximum distance that has been examined is up to one meter from the hood face.
Since the numerical modeling is completed in 2-D the length of the slotted hoods

presented here were taken to be 1 (i.e. unity) for all calculations.

When designing a slot hood it is desirable to use a slot that is narrow enough to allow
the entering airflow to distribute itself evenly over the slot length. If the slot is too
wide the air will only enter the hood through the center of the slot. If the slot is too
narrow then there will be an excessive pressure drop which will also cause the air to

enter the hood poorly. In the following sections slotted hoods will be examined to
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produce centerline velocities to guide numerical simulations in the next chapter. The
relationships proposed by Fletcher and Conroy for unflanged and flanged overhead
hoods as well as unflanged and flanged slotted hoods are identical. The only difference

is the aspect ratios associated with each case.

4.6.1 Unflanged Slotted Hoods

For unflanged hoods Silverman (1942b) found that the data was best represented by;

Vo= [3%90] (4.15)

where Q is the flow rate into the hood, L is the hood length, and x is the distance
to the contaminant source from the hood face. This equation is similar to the one

predicted by potential flow theory differing only by the value of the constant(3.7 vs.
2m).

Fletcher’s relationship mentioned in the overhead hood section is also used here for
slotted hoods as long as the aspect ratio is 0.2 or less. These two models will also
predict a required flow rate ()¢ at the slotted hood face using predetermined capture
velocity values or vice versa. The hood area Ay for the cleaning/sorting table and
saw table is now drastically different due to the reduction in aspect ratio and the
horizontal rather than vertical orientation of the hoods. According to Industrial
Ventilation (1988), practical experience has shown that a slot velocity of 1000 to
2000 fpm (approximately 5 to 10 m/s) will provide good airflow distribution while
avoiding excessive pressure drop. Data for an aspect ratio of 0.13 has been plotted
and shown below in Figures 4.16, 4.17, 4.18, and 4.19. Only one aspect ratio has been
used for demonstration purposes as the trends are the same for any aspect ratio with

only their magnitudes subject to change.
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Figure 4.16: Silverman predicted flow rates along the centerline of the unflanged
slotted cleaning hood

The trends produced by Silverman’s relationship are linear rather than the quadratic
trends produced by Dalla Valle, Fletcher, and Conroy. Capture velocities ranging
from 0.5 to 10 m/s have been used to provide the necessary flow rates roquired at the
hood face to produce these velocities at the point of enpture. Also, the noticeable
increase in Q at the start of every trend is due to the fact that the ealeulations are
done per unit length. This will also be evident for the fanged hoods as well,
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Figure 4.17: Fletcher predicted low rates along the centerline of the unflanged slotted
cleaning hood
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Figure 4.18: Silverman predicted flow rates along the centerline of the unflanged
slotted cleaning hood
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Figure 4.19: Fletcher predicted flow rates along the centerline of the unflanged slotted
cleaning hood

4.6.2 Flanged Slotted Hoods

For flanged hoods, Silverman (1942b) also found that the data was best represented
oy

= [1-,%] (416)

where () is the flow rate into the hood, L is the hood length, and x is the distance to
the contaminant source from the hood face. This equation is sgain similar to the one
predicted by potential flow theory differing only by the value of the constant(2.8 vs.
2r).

Conroy’s relationship, also mentioned in the overhead hood section is also used here
for slotted hoods as long as the aspect ratio is still 0.2 or less. Similarly, data for an
aspect ratio of 0.13 has been plotted and shown below in Figures 4.20, 4.21, 4.22, and
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4.23. Only one has been used for demonstration purposes as the trends are the same
for any aspect ratio with only their magnitudes subject to change.
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Figure 4.20: Dalle Valle predicted flow rates along the centerline of the Hanged slotted
cleaning hood
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Figure 4.21: Fletcher predicted flow rates along the centerline of the Aanged slotted
cleaning hood
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Figure 4.22: Dalle Valle predicted flow rates along the centerline of the flanged slotted

saw hood
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Note again the linear behavior of the trends produced by Silverman. Capture veloc-
ities ranging from 0.5 to 10 m/s have again been used to provide the necessary fow
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rates required at the hood face to produce these velocities at the point of capture.

Also it can be seen that the flow rate required to obtain the same capture velocity is

reduced up on the addition of a flange.
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4.7 Potential Flow

The hood capturing vicinity, or zone of influence of a hood can be defined by a distinct
pattern of streamlines. Any contaminants that are produced and fall into the zone
of influence will be removed by the exhaust airflow described by the streamlines.
With all things being equal, any contaminants that fall outside this zone will most
likely not be exhausted by the hood. A streamline by definition is a line in the
flow field that is everywhere tangent to the velocity vector at any point and is in
the same direction as the flow at that point at any given instant in time. Since
streamlines are convenient to calculate mathematically and likewise convenient to
produce using computational fluid dynamic software, both have been done to ensure
that the streamlines are represented correctly and to provide additional insight into

the underlying fluid flow principles.

The primary obstacle to overcome in hood design is to identify the influences on the
velocity fields created by the hood. These influences normally consist of competing
airflows and turbulent structures. Studies in recent years have focused on the ap-
plication of potential flow theory to the empirical information gathered by previous
research. As a result these efforts have provided a sound mathematical model to be
used by system designers to quantify the contaminant capabilities of hoods before

having them constructed and installed.

It is known that airflow near a hood can be described using the incompressible,
irrotational (i.e. potential flow) model (Applications 1999). Potential flows are special
types of flows that are assumed to be incompressible (p = constant), inviscid (u =
0), and irrotational (w = ¥V x V = 0). Inviscid flows produce the following continuity

and x, y, and z momentum equations in vector notation
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V.- V=0 (4.17)
%—;— =pg—Vp (4.18)
or
p(%+u%+v%+w%) =pgz—% (4.19)
P (% + u% + vg—z + w%) = PGy — g_]y) (4.20)
p (%% + u% + vg—z + wg—f) = pg: — gg (4.21)

These are commonly referred to as Euler’s equations. The vector momentum equation

may also be written as:

‘7~17+\If)=(\7><c3)—u(V><u7) (4.22)

where § = —V'U, is the gradient of the gravitational potential and & = V x V is the

vorticity. The vorticity vector may be written as:

W= Wyl + wyj + wk (4.23)

or in terms of [u, v, w]
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. ow Ov). ou Ow), ov Ou
w—(a—y—&)l-F(—a;—%)J—f-(%—a—y)k (4.24)
If the flow is assumed to be both inviscid and irrotational then neglecting the right

hand side of equation (1.6) yields

17-17+\If) =0 (4.25)

which is Bernoulli’s equation for unsteady flow. If steady flow is assumed then the

term in brackets is equal to a constant, i.e.

+

I

V .V 4+ U = Constant (4.26)

DN =

If a particular flow is irrotational then a velocity potential ¢ can be defined as

V=V¢ (4.27)

which upon substitution into the equation of continuity yields Laplace’s equation

Vi =0 (4.28)
or
82¢ 82(1) 82¢ _

Since 3-D problems are much more difficult to solve than 2-D ones the attention here
has been focused on plane 2-D flows whereby the velocity components u and v will

depend only on x and y. Laplace’s equation now becomes
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V=75 +-5=0 (4.30)

Assuming steady incompressible flow the 2-D continuity equation is

ou Ov

Since the continuity equation has now been reduced into two terms the stream func-

tion ¥ can be introduced as

oY
and
o
or in cylindrical coordinates we have
10y
Uy = ;-8—9— (4'34)
and
o

Therefore both the stream function ¢ and the potential function ¢ satisfy Laplace’s
equation for 2-D plane flow. In addition, some additional relationships between ¢

and 1) are required in order to effectively determine the streamlines, namely

_ 00 _ o
=5 = B (4.36)
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and

_0_ oY

These relationships between the derivatives of the harmonic functions ¢ and v are
the famous Cauchy-Riemann equations from the theory of complex variables (Potter

et al, 1997). These relationships are fundamental in obtaining the stream function 1.

4.7.1 Potential Flow Predictions and Approximations

Potential flow theory has been used by many authors who have applied it to airflow
in front of hoods for a variety of specific configurations. Using this approach is
warranted due to the elliptical nature of the velocity contours being coincident with

equipotential surfaces as can be seen in Figure 4.24.

Figure 4.24: Equipotential lines ¢ and streamlines 1)

Flynn and Ellenbecker (1985) examined the air flow into a flanged circular hood using
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potential flow theory using two velocity models. In addition, Flynn and Ellenbecker
(1987) applied a uniform cross draft perpendicular to the hood centerline by simple
vector addition to generate a third model, with the results comparing favorably to
Dalla Valle’s emperical data (Varely et al, 1997). Validation of all three models

produced good correlation, in particular the model with cross draft.

Conroy et al (1989) also evaluated capture efficiency of hoods except his research
leaned toward flanged slot hoods. A potential model initially developed for an ellip-
tical opening had been used to represent a rectangular slotted opening which could
also be used with cross drafts. Streamlines were generated again by using the as-
sumption that they were perpendicular to lines of potential. Conroy also showed that
contaminant transport in the presence of a cross draft could be modeled if it was
assumed that the contaminant was released with no velocity into this cross draft. It
was then assumed, as was stated earlier, that one hundred percent efficiency would
be achieved for streamlines entering the hood and zero efficiency otherwise. Vali-
dations showed that experimental data suggested that an inscribed ellipse potential
flow model provided good correlation, and that contaminant transport can also use
potential flow theory (Varley et al, 1997). This revelation has provided the basis for

the contaminant transport theory and properties used in this study.

To better visualize the streamlines generated in the overall vicinity of the hood they
have been approximated and plotted using relationships that describe basic potential
flows governed by Laplace’s equation. Due to the fact that Laplace’s equation is a
linear partial differential equation it permits various basic velocity stream functions
to be combined to form new stream functions (Munson et al, 1998). The potential
flow model used for the unflanged hood simply a superposition of two basic flows

given in Currie (1995) and White (1999).

e Flow in a Corner of Arbitrary Angle
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e Uniform Rectilinear Flow

described by the following stream functions

wUnflanged = wCornerFlow + 1pUm'fm*mFlow

= UR"sin|[(n)8] + Uy (4.38)

in cartesian coordinates we have

'@[}Unflanged = ¢CornerFlow + wUm‘formFlow

= U/(2*+ y?)" sin [(n)arctan(y/x)] + Uy (4.39)

Corner flow is an example of a pattern that cannot be conveniently produced by
superimposing sources, sinks, and vortices (White 1999). The streamlines produced
by corner flow can be plotted however for different values of the constant n which
defines the angle. At a value of n = 2 the corner produced is at an angle of 7/2 and

the associated streamlines are plotted in Figure 4.25.

Here the streamlines v = 0 — 15 have been plotted for two 90 degree corners, sym-
metrically placed back to back such that the symmetric flow could be visualized and
used to represent the flow that would occur in the vicinity of the hood intake. The
centerline of the plot shown by the x-axis represents the centerline of the hood face

with the scale on both axes in feet.

A uniform flow normal to the centerline of the hood face has also been included as
well to simulate any cross flows that may be present. A conservative value of 1.0 m/s
has been used for the velocity and has been assumed to be constant. The streamlines
produced by a uniform flow are plotted in Figure 4.26. The uniform flow produced
streamlines are obviously horizontal in nature at constant values of x with a constant

velocity U of 1.0 m/s.
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Figure 4.25: Streamlines for flow into two 90 degree corners (Unflanged)

[,

Figure 4.26: Streamlines for a uniform flow (Unflanged)

All of the streamlines shown above are plotted in 2-D and are assumed to be constant

over the length of the hood. They do not account for the end effects of the hood and



CHAPTER 4. - Local Ventilation Conceptual Design 122

as a result are not quite correct, although a very good approximation.

The fact that the relationship for the flanged case is again valid only along the cen-
terline poses an identical problem in determining the flow field in the vicinity of the
hood face at varying distances from the centerline. Since a flange has now been incor-
porated the streamlines produced will change and will be modeled by superimposing

the following potential flow models (Currie, 1995).
e Flow in a Corner of Arbitrary Angle

e Flow around a sharp edge

e Uniform Rectilinear Flow

described by the following stream functions

¢Flanged = wCUrnerFlow + z;DS'h(M'pEdge + wUniformFlow

= UR"sin[(n)0] + UR"sin[(n)6] + Uy (4.40)

in cartesian coordinates we have

Yr langed YCorner Flow + w.S'ha'rpEdge + Yuni formFlow
= U+/(2% + %) " sin [(n)arctan(y/z)] +

U+/(@® +y2) " sin[(n)arctan(y/z)] + Uy (4.41)

Again the streamlines ¢ = 0 — 15 have been plotted in Figure 4.27 for two 90 degree

corners using a value of n = 2 which again defines the angle as having the value of

/2.

An identical uniform flow normal to the centerline of the hood face has also been

included and plotted in Figure 4.28.
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Figure 4.27: Streamlines for flow into two 90 degree corners (Flanged)

Figure 4.28: Streamlines for a uniform flow (Flanged)

In addition to these two flows there is an additional potential flow considered that is

identical to the potential flow model described by flow in a corner of arbitrary angle.
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The only difference is that now the angle is equal to 27 instead of 7/2. This results
from having n = 1/2 and thus produces the streamlines produced around a sharp

edge which have been plotted and shown in Figure 4.29.

Figure 4.29: Streamlines around a sharp corner (Flanged)

This plot shows how the flow would wrap around a flange represented by the horizontal
y-axis if it were attached to the hood face. Again, this flow is assumed to be free
from any other possible airflow patterns. To superimpose these three flows in the
hope of accurately representing the flow field at the face of the hood would be an
approximation at best due to many assumed idealizations. Since all of the streamlines
have been plotted in 2-D, the assumed idealizations alluded to above prevent accurate
results when combining potential flows in this manner due to the fact that in reality

the exhaust hood represents a 3-D situation.

Research in the area of potential theory has assumed ideal conditions but nonetheless
it provided an important relationship between classic fluids theory and the empirical

research and work completed by Dalla Valle. The application of a cross draft to
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the model adds a real world consideration as it represents the problem of impinging
airflows created by the surrounding environment. While the potential flow approach
allows designers to model hoods in situations where the surrounding environment
has an appreciable impact, it ignores any turbulence of viscous effects and most
times contaminant dispersive forces are considered unimportant. In reality these
situations are often present and cannot be ignored, which indicates that a potential

flow approach must be applied with due caution.
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4.7.2 Turbulent Structures

The practice of sizing exhaust hoods based on velocity contours neglects the existence
of events that would inevitably influence the exhaust hood performance. Turbulent
structures created by the presence of cross drafts, room air turbulence, and flow
.-.1"|:-:|.1||I:i||:| ||I:-.:-I:|||.|| ||]rj|--:".:- '.'.'jlll:,jl_ =_|:]E" ';-':l_'i_jlll,\.' ||1 I_||_| ||||-:.l|| e ||” bt :,!J;l',l.rl'l_ﬂ 1.1.']'_|L']|_
relying solely on the velocity contour technique. Drafts generated by thermal gradi-
ents suggesting heat generation have been neglected due to the assumption of a well
mixed room in addition to the assumption that thermal buoyancy is negligible when
compared with fluid movement generated by pressure gradients (Varley et al, 1997)
separation of airflow streamlines will occur when the air How approaches an object,
causing a boundary layer (indicative of a pressure increase and velocity decrease) to
APpEar on Lhe Li s T sicle of the l..l!.l:'.u t. Thi= phienOmenn Cilsss the streamlines

to become detached from the .-'.'.J'L!.-l.t' al Lhi "i'jill ng can be ssen n FJl:".'.JII:" 4.3

" | &
depicting a cylinder in a laminar low heid

. ] - i ; ] O
Figure 4.30; Stream unction contours in the wake of a cvlinder Plcesl 1N & laminar

How field

The effect that this phenomenon has on the flow streamlines around a cylinder are
obvious. While this is a simple example, similar effects will result when airflow

attempts to move around various turbulent structures in the vicinity of the hood face
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in crab processing plants. In particular, a vertical cylinder will be inserted in the
domain to simulate a worker such that the effect on the surrounding airflow patterns

can be observed.
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4.8 Makeup Air

A ventilation system will not work properly if there is not enough or too much air in
the room to exhaust. If the static pressure of the room becomes negative then the
fan may not work properly due to this additional resistance. For example, a negative
pressure of 0.05 to 0.1 inches of water (12.5 to 25 Pa) will make doors difficult to
open. A negative pressure situation was witnessed in plant 4 during air sampling
when the cooking room door was difficult to open indicating a lack of supply air. In
severe negative pressure cases, condensation is apparent on ceilings and walls in cold
areas and is sometimes indicative of rain being drawn in through cracks that will
run down inside walls. As a result make-up air needs to be supplied in a controlled
and methodical manner rather than relying on random infiltration from various open

windows, doors, cracks, etc..

Air supply to any industrial space can be facilitated by mechanical or natural means.
The supply rate should exceed the exhaust rate by about 10% and will also serve
to induce a slightly positive pressure and help keep out drafts and other harmful
contaminants (McDermott, 1977). Natural ventilation is generally inefficient in large
buildings as it may cause drafts and cannot solve air pollution problems (ASHRAE
Handbook (Applications), 1999). The air supply methods considered here have been

modified for the simulations but are basically derived from the following;

e Displacement Flows

e Entrainment Flows

Displacement flow is the movement of air within a space in such a way that the flow

emulates a piston or plug-type flow, as can been seen in Figure 4.31



CHAPTER j. - Local Ventilation Conceptual Design 129

1
mmm——). LT JRN AIR

SUPPLY AR =, >
| -

Figure 4.31: Displacement flow within a space (ASHRAE Handbook (Fundamentals),
2001)

Entrainment flow is attained by introducing and removing air at the ceiling level, as

can be seen in Figure 4.32

-
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Figure 4.32: Entrainment flow within a space (ASHRAE Handbook (Fundamentals),
2001)

Ideally, there will be no mixing of the room air which is desirable for removing gener-
ated pollutants within a enclosed space. However, due to the fast paced atmosphere
of the snow crab industry it is reasonable to assume that an ideal case does not exist
therefore resulting in various degrees of mixing. Generally, air is typically supplied at

low velocities via air outlets in an occupied workplace at the floor or ceiling level and
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exhausted at similar locations. As a rule, air supplied into rooms through the various
types of outlets (e.g. grilles, ceiling diffusers, perforated panels) is distributed by
turbulent air jets which are the primary factor affecting room air motion (ASHRAE
Handbook (Fundamentals), 2001). If a jet is not obstructed by obstructions such as
walls or the ceiling, then it is considered a free jet. Determining the velocity and other
flow characteristics of linear free jets is not a priority here as they have only been
mentioned as a means to supply air to a general room configuration such that the
flow characteristics surrounding the exhaust hoods can be examined. Supply outlets
have been classified in the following manner by Straub et al (1956) and Straub and
Chen (1957);

Group A - Outlets mounted in or near the ceiling that discharge air horizontally.

Group B - Outlets mounted in or near the floor that discharge air vertically in

a non-spreading jet.

Group C - Outlets mounted in or near the floor that discharge air vertically in

a spreading jet.

Group D - Outlets mounted in or near the floor that discharge air horizontally.

Group E - Outlets mounted in or near the ceiling that project primary air

vertically.

Variations of the outlets described by groups A, B, C, and D have been used in
the realistic numerical simulations to produce local hood airflow patterns. Specific
sizes of air inlets will not be important for the upcoming 2-D simulations as only the
trends of the airflow patterns are of interest here. The location and strength of air
supply outlets would become important were a full analysis of a ventilation system

undertaken, which has not been done here. Therefore, the entire side, bottom, or top
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of a domain will be specified as a pressure inlet, which means simply that Fluent will
assume that it can use these locations to obtain the makeup air needed to produce
the airflow patterns around the exhaust hood. In essence, Fluent will think the walls

are not there at all.

4.9 Fan Selection and Duct Design

All exhaust systems make use of hoods, ducting segments, and an exhaust fan of some

sort. In general, the main design steps that should be followed for system design are;

e Select and design each exhaust hood to suit the particular operation

e Determine minimum duct velocity based on required transport velocity (hood

face and capture velocities)

e Determine duct size by dividing design flow rate by the minimum duct velocity

Design Methods

According to the American Conference of Governmental Industrial Hygienists, the

design methods are listed as follows in Industrial Ventilation (1988);

e Calculate the pressure losses for the exhaust system using either the velocity

pressure or equivalent pressure method

e Check for correct balance at entries and adjust volumetric flow rate, duct size,

or hood design to obtain the correct flow

e Select fan based upon final volumetric flow rate and calculated system resistance
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The velocity pressure method is normally used as the basis for system design. The
method is based on the fact that all frictional and dynamic losses in ducts and hoods
are functions of the velocity pressure and can be calculated by a factor multiplied by
the velocity pressure. The following steps will establish the overall pressure loss of a

duct segment that starts at a hood (Industrial Ventilation, 1988);

1. Determine the actual velocity by dividing the flow rate by the area of the com-

mercial duct size chosen. Then determine the corresponding velocity pressure

VP.

2. Determine the hood suction
3. Multiply the design duct length by the loss factor

4. Determine the number and type of fittings in the duct segment. For each fitting
type determine the loss factor and multiply by the number of fittings.

5. Add the results of steps 3 and 4 above and multiply by the duct VP. This is

the actual loss in inches of water or Pa for the duct segment.

6. Add the result of step 5 to the hood suction, along with any additional losses.
This establishes the cumulative energy required, expressed as static pressure,

to move the design flow rate through the duct segment.

As the fan draws air in and discharges it at a higher velocity and static pressure it
provides the energy needed to overcome the pressure losses as air flows through the

system.

The total pressure and available energy at any cross-section in a duct is defined
as the sum of the static and velocity pressures. In any ducting system the total

pressure will always decrease in the direction of the airflow. Static pressure (SP) is
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the suction pulling inward on the ducts of a ventilation system before the fan and
pushing outwards on the ducts after the fan and is used as the basis for system
design. SP can be positive or negative with respect to the local atmospheric pressure.
It produces an initial velocity in the system that is needed in order to be able to
overcome friction and turbulence and can be thought of as potential energy. Velocity
pressure (VP) is created by air accelerating from zero velocity to some velocity (V)
greater than zero and can be thought of as kinetic energy. VP is always exerted in the
same direction as the flow and is also always positive. The size of the fan needed to
make any system work correctly is obtained from the pressures losses throughout the

system and the amount of airflow required. Typical pressure losses are summarized

in Table 4.2 produced by McDermott (1977).

Table 4.2: Summary of typical ventilation system pressure losses

Type of Loss Magnitude, Inches of Reason
Water
Acccleration Loss 0.25-1.5 Energy nced to accelerate
air to duct velocity
Hood Entry Loss 0.1-2.0 Turbulence as air enters
hood and ducts
Duct Friction Loss 1.0-5.0 per 100 ft of duct Friction as air moves
through duct
Turbulence Losses Turbulence as air changes
Elbow 0.1-0.3 per 90deg elbow direction of velocity
Branch Entry 0.1-0.3 per 45deg entry
Enlargements and 0.1-0.3 per enlargement or
Contractions contraction
Air Cleaners 0.5-1.0 Friction and Turbulence

Fan and duct design involve the calculation of the pressure losses through the different
components of the system. Fan total pressure (FTP) is defined as the increase in total
pressure through or across the fan (ACGIH, 1988). However, the fan size has to be
specified by a flow rate and fan static pressure (FSP). FSP is the amount of static
pressure that the fan must achieve in order to move the required amount of air through

the system. It basically equals the static pressure on the inlet and outlet sides of the
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fan plus the velocity pressure entering the fan. This relationship has been expanded

and shown below.

FSP = FTP — V Pouet (4.42)
FSP = [T Poutiet + T Prniet) = V Poutiet (4.43)
FSP = [SPoutiet + V Pouttet] = [S Prniet + V Prniet] = V Pouttet (4.44)

FSP = SPoutiet — SPrniet — V Prniet (4.45)

It should be noted here that V Prye: is always positive, S Py is usually negative,
and SPpoutet is usually positive. The velocity pressure method mentioned above can

be easily applied with the help of a typical calculation sheet shown in Table 4.3.

This calculation sheet provides the cumulative static pressures generated by the inlet
ducting, outlet ducting, fan section, and the hood. The values for the V Prpet, S Prnjet,
and S Poyyet are obtained from this sheet to obtain the fan static pressure (FSP). This
pressure is then used to select the appropriate fan from manufacturer fan data and

curves.

However, the design of ducting and all other components of a ventilation system have
not been actually executed here due to the fact that the interest lies in the flow fields
surrounding the hood exhaust and supply inlets and not the flow inside the ducting.
Various pressures and velocities have been imposed at the face of the hoods having a
magnitude capable of producing the required hood face velocity and capture velocity
at a distance from the hood face. The pressures and supply inlet velocities have been
varied until the required hood face and capture velocities were obtained. The only
variables that change in the simulations are the distances from the contamination

sources, the capture velocity values, and the corresponding hood face velocities and
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Table 4.3: Typical calculation sheet outlining the velocity pressure method

Required Information Hood Inlet Ducting Fan  Outlet Ducting

Duct Segnentation ID
Volumetric Flowrate
Minimum Transport Velocity
Duct Diameter

Duct Area

Actual Duct Velocity

Duct Velocity Pressure

Slot Area

Slot Velocity

10 |Slot Velocity Pressure

11 |Slot Loss Factor

12 |Acceleration Factor

13 |Plenum loss per VP

14 |Plenum SP

15 |Duct Entry Loss Factor

16 |Acceleration Factor

17 |Duct Entry Loss per VP

18 |Duct Entry Loss

19 |[Other Loss

20 |Hood Static Pressure

21 |Straight Duct Length

22 |Friction Factor (Hf)

23 |Friction Loss per VP

24 |No. of 90 Degree Elbows
25 |Elbow Losses per VP

26 [No. Entries

27 |Entry Loss per VP

28 |Special Fittings Loss Factors
29 |Duct Loss per VP

30 {Duct Loss

31 |Duct SP Loss

32 |Cumulative Static Pressure
33 [Governing Static Pressure
34 |Corrected Volumetric Flowrate
35 |Resultant Velocity Pressure

CONOOOPWN=

flow rates. The design procedure has been outlined above to show how the system

would be designed if needed.

4.10 Exhaust Re-entry

Reentry is basically defined as the inadvertent return of previously exhausted air from

an enclosure back into a supply air intake thus re-contaminating the inside air, as is
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shown in Figure 4.33.

P
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Figure 4.33: Basic schematic of exhaust reentry via roof and wall air supply intakes
(ASHRAE Handbook (Applications) 1999)

Some common design flaws include insufficient exhaust stack height, proximity of the
stack to HVAC intakes, and the lack of a rain cap on the exhaust stack (Burgess et
al, 1989). Design of intakes and exhausts to avoid these problems is further compli-
cated due to under/over compensating for changing wind directions and magnitudes.
Airflow around relatively simple, cube-shaped buildings can be quite complex when
placed in the path of varying wind directions and speeds. Neglecting these charac-
teristics can not only cause reentry problems but may cause downwind air pollution
in the nearby community. In addition, buildings that are located in uneven terrain,
as is often the case in Newfoundland and Labrador, can experience airflow patterns
that are very complex and difficult to determine. As a result, empirical experiments
using scale models or numerical modeling may be required to produce accurate flow
patterns. This has been left for future work and not included in the upcoming simu-

lations.
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4.11 Other Exposure Control Techniques

Up to this point in the thesis all efforts to control exposures have been focused on
the implementation of some type of ventilation system. In actuality, ventilating the
contaminated space is only one method used to reduce worker exposure to harmful
substances. As was shown, the exposure to an airborne substance of any kind is
directly proportional to the amount of contaminant present in the workplace at any
given time. Any factors that could alter exposure by either limiting the exposure
time of the worker in the contaminated area or reducing the amount of contaminant
in the worker breathing zone will aid in reducing overall exposure. Ongoing research
is being carried out to determine if variations in the actual processing methods would
in fact reduce contaminant release or exposures. To date, an experiment described in
chapter 5 has attempted to determine if crab processing using raw crab rather than

cooked crab would reduce the amount of airborne allergens.



Chapter 5

Results and Numerical Simulations

Numerical simulations of typical cleaning/sorting, sawing, and cooling processes in
crab plants with associated local ventilation systems has been completed to deter-
mine the airflow patterns produced in the vicinity of the hoods. The patterns will
provide valuable information on airflow characteristics to aid in the ultimate goal of

contaminant capture and removal.

138
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5.1 Contaminant Motion and Diffusion

Theories of hood performance with non-buoyant pollution sources are commonly
based on the turbulent diffusion equation which allows the determination of con-
taminant concentration decay in the uniform airflow upstream from the contaminant

source (Zhivov et al, 1997);

C, = Coe [E} (5.1)

where C, is the concentration at some distance z from the contaminant source of
concentration C,. Air velocity inté the hood V' depends on the exhaust flow rate,
whereas the coefficient of turbulent diffusion D is based on the air change rate in the
area of the hood as well as the method by which the air is being supplied /exhausted.
This equa'tion predicts the contaminant concentration decay along the centerline nor-
mal to the hood face. Knowledge of how far the concentrations extend away from
their source is of interest when determining if an applied exhaust flow rate at the

hood face will be effective in capturing the contaminants.

The air velocity across a hood face has been assumed to have a value of 0.5 m/s
but is increased by a factor of 2 resulting in a value of 1.0 m/s due to normal air
disturbances caused by the presence of workers (Zhivov et al, 1997). With V = 1.0
m/s the value for D becomes 0.3 m?/s as opposed to 0.15 m?/s at V.= 0.5 m/s. The
air velocity across the hood face mentioned here is analogous to the cross draft velocity
V4. It is important to understand that if the cross draft velocities become extreme it
may become necessary to install side curtains around the process or possibly examine
a booth configuration. In an upcoming section, the workers themselves have been
examined as a sort of human air curtain. To illustrate the effects on concentration

levels when increasing the distance from the source, consider the following in Figure
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Figure 5.1: Concentration decay as distance from source concentration is increased

It is important to keep in mind that this plot only shows concentration decay di-
rectly along centerline but says nothing about how it behaves laterally. Their lateral
movement will be significantly controlled by the airflow patterns in the immediate
aren, which are extremely dificult to determine without either obtaining empirical
data through scale model testing or the use of numerical simulations. At a distance
of only twenty five centimeters from the source, the concentration of the pollutant is
reduced to only 20% of its original value. This significant decrease in concentration
indicates that the pollutants have dispersed into the environment and may now be
difficult to capture and exhaust, thus placing greater emphasis on designing hoods to
ensure capture and exhaust at the source.



CHAPTER 5. - Results and Numerical Simulations 141

5.2 Numerical Modeling

It was desired to be able to show if capture velocities using existing centerline velocity
correlations can be obtained by using uniform, parabolic, and inverse parabolic ve-
locity profiles imposed on a hood face boundary both in an ideal case and in a more
realistic case when turbulent structures are present. This was done by numerical
modeling in Fluent(v6.0) where exhaust flow rates and air supply inlets were speci-
fied in an attempt to achieve an acceptable contamination capturing situation. From
this modeling the attainable flow rates and associated capture velocities were realized
as well as determining if they are capable of ventilating the contaminated area. The
environment that surrounds a local exhaust hood constitutes turbulent structures
that impact the velocity profile of the hood and the diffusion characteristics of the
contaminants. It is important to realize that the initial proposed centerline velocity
models do not take into account the different structure configurations present in an
industrial crab processing plant and therefore ignore the effects of turbulence, thus
spurning the need to investigate a variety of different velocity profiles. It is highly un-
likely that these initial centerline velocities predicted by Dalla Valle, Fletcher, Conroy,
and Silverman will be attainable in a realistic situation due to their above mentioned

limitations. Turbulent structures and their effects can be summarized as follows;

turbulent structures created in the wake of objects near the hood

structures caused by hood geometry

e impinging airflows on velocity fields generated by the hood

free-stream turbulent structures

The turbulent structures created by the above listed effects must be considered when

designing a ventilation system even in light of the fact that empirically derived cen-
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terline velocity relationships continue to be the basis of standard design approaches.
With this in mind the centerline model predictions have been used as a guide in an
attempt to obtain the required capture velocities as well as provide sound guidance

toward a feasible solution.

5.2.1 Velocity Profile Determination in an Ideal Domain

Examination of the proposed centerline models is essential in order to begin to un-
derstand the airflow patterns predicted by the various models using a CFD package
such as Fluent. Due to the increased complexity of simulating 3-D geometries and
obtaining converged solutions the simulations have been executed in 2-D. This is a
reasonable approach as it is essentially modeling a 2-D plane through the center of
each of the hoods. The end effects caused on the flow patterns by a 3-D hood have

not been taken into account, nor have the interaction of the hoods with each other.

Firstly, the relationships will be examined by imposing the three velocity profiles
on a hood face in an idealized domain such that there are no effects from turbulent
structures or any other flow disturbance sources. Three hood face velocities will be
implemented and the corresponding capture velocities at certain distances x returned
by the numerical simulations will be compared to the values predicted by the empirical
relationships. This has been done by using the overhead cleaning/sorting hood case
with the corresponding unflanged rectangular centerline velocity models proposed
by Dalla Valle and Fletcher. Secondly, in the following sections, a more realistic
environment in which the hoods will have to operate will be used to again determine

the capture velocities and velocity profiles.

These relationships, like many other similar ones refer only to the centerline air ve-
locity along a line extending out from the center of the hood but do not define the

velocity distribution across the hood face in any way. In addition, the sharply bending
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air streams flowing into the hood from behind the hood face interfere with smooth
velocity contours in front of the hood where contaminants are generated (McDer-
mott, 1977). The proposed relationships indeed provide a starting point to aid the
simulations but due to the fact that they are strictly centerline velocity correlations
and the exact circumstances by which they were formulated are unknown, velocity
profiles need to be introduced as they provide a more realistic scenario. For all ideal
simulations a constant hood face width of 2.44 meters has been used. It should also
be noted here that only overhead hoods have been used to determine appropriate
velocity profiles. In addition, one or all of the profiles determined will be used in the
real simulations for overhead, canopy, and slotted hood configurations. The profile
may not be the ideal for all three cases but to demonstrate the flow patterns and

possible capture zones it is easily sufficient.

Uniform Profile

To begin, a hood of width 2.44 m has been shown in 2-D with its width fully displayed
in the view. The 2-D plane has been constructed to simulate a slice along the width
of the cleaning/sorting hood directly through the centerline of the hood face. Figure
5.2 depicts this tri-grid meshed, 2-D view of the hood. It can be seen that the mesh

has been refined at the hood face inlet boundary to promote a more accurate solution.

The cleaning table and simulated workers have not been constructed in the ideal do-
main so as to avoid any turbulent interference with the velocity distribution. The
domain consists of the hood, with its face specified as a velocity inlet and the bound-
aries of the domain specified as pressure inlets, which has been done to allow the
hood to draw air in from all directions. The gage pressure has been set to zero at the
pressure inlet boundaries and the velocity profiles at the hood face boundary have
taken on uniform V} values of 2, 4, and 6 m/s. Figure 5.3 shows a theoretical uniform

velocity imposed on the hood boundary.
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Figure 5.3: Uniform velocity profile

Four different domain sizes have been used mainly to check for grid dependence when

It should be noted there that in order to obtain a Aow rate

using them in Floent,
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in 2-D the hood fnce velocity was multiplied only by the width of the hood face, or
an effective width L, rather than the hood face area A;. This procedure implicitly
assumes & unit length of 1 meter for the hood face. This unit length will also be
implemented in any correlations lnvolving aspect ratios. Each of the three specified
velocities has been applied uniformly to the hood face in each of the four domains to
simultanecusly determine how accurate the relationships are st predicting centerline
velocity values in the hood face vicinity as well as the effect of the domain, if any, on
the velocity profiles. The results have been summarized in Figures 5.4, 5.5, and 5.6

Valocity Profiles for Vf = 2.0 mis (Uniform)

# Ongnsl Demain™

I 20

L.

0.0 :
oo 1.0 2.0 .0 4.0 &0

Figure 5.4: Centerline velocity profiles at Vi = 2.0 m/s

The lines depicted in these plots denote centerline profiles extending down normal
from the hood face to the bottom of the domain. The profile denoted 'Original Do-
main’ was included to illustrate the importance of allowing supply air to be introduced
from all directions instead of just the bottom partion of the domain, as was the case
with the "Original Domain’. In addition, the velocity profile lines denoted by 'Original
Domain' and "Domain 1" have the exact same physical dimensions, however 'Domain
1" allows air to be introduced from all directions whereas "Original Domain' only al-
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Velocity Profiles for VF = 4.0 mis (Uniform)
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Figure 5.5: Centerline velocity profiles at Vi = 4.0 m/s

Velocity Profiles for VI = 8.0 mis (Uniform)
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Figure 5.6: Centerline welocity profiles at Vi = 6.0 m/s

.hﬂudrmhainh‘nduﬂaifmmthahntmmhnundnm The effect that this variation
has on the profiles is drastic and can be easily seen in the plots. It can be seen that

the domain has been made sufficiently large to rule out any grid dependence issues
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as the solution converges in domains 1, 2, and 3, evident by the fact that the lines
fall on top of one another (domain 1 is sufficiently large, domain 2 is twice as large as
domain 1 and domain 3 is twice as large as domain 2). However, the relationships by
Dalla Valle and Fletcher, also plotted on the graphs, show a considerable difference
in capture velocity values at varying distances from the hood when the profile trends
obtained using the three face velocities are compared to these predicted values. The
results here seem to indicate that a uniform velocity distribution at the hood face
produces a trend very similar to the Dalla Valle’s and Fletcher’s relationships but

may not be realistic and other profiles need to be examined.

Upcoming profiles have used only domain 2 as the test domain. In addition, only a

velocity of 2 m/s has been used to produce corresponding velocity profiles.

Parabolic Profile

A parabolic velocity profile has been described by the following equation and shown

in Figure 5.7.

— 9012
V;/ = ViMaz — VMaw I:x—o]

= (5.2)

The variable R is equal to half the width of the hood face, x is taken from the centerline
of the hood face (at x = 20) to the maximum value of R, and Vmax is equal to 1.5V,
where V7 is the value of the previously specified uniform velocity. As mentioned
previously, instead of applying each of the three specified hood face velocities in each
of the four domains as was done in the uniform profile case, a maximum velocity
obtained from the uniform velocity profile of 2 m/s has been used in the profile for
simulations in domain 2. A maximum velocity of 3 m/s is found to be equivalent

to the uniform velocity of 2 m/s from the application of flow continuity. Selecting
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Figure 5.7: Parabolic velocity profile

one domain has been done as the trends are essentially identical for all three hood
face velocities used in the uniform case. The parabolic case will also produce three
essentially identical trends thus only one has been shown here added to the uniform

profile in Figure 5.8.

Here it can be seen that the parabolic profile provides very similar trends but moves
no closer to the trends predicted by Dalla Valle and Fletcher and is actually less
predictive than the uniform profile. The main difference in the parabolic profile is
that the maximum velocity is higher and drops off to almost the identical values that
were produced using the uniform profile. When imposing a parabolic (and subsequent
inverse parabolic) profiles on the hood face boundary an inherent variation has to be
recognized. The hood has to produce a parabolic profile inside the hood rather than
on the outside. This means that the flow at the hood face is assumed to have a fully
developed parabolic velocity profile, which is impossible due to the entrance effects

(become obvious later) caused by hood geometry. In theory, a parabolic profile should
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Figure 5.8: Centerline velocity trends at Vi = 2.0 m/s

be at its maximum at the conterline and zero at both ends of the hood face boundary.
In actuality, this is not exactly the case as the profile is being imposed onto a situation
that causes the flow to speed up at the edges of the hood when zero flow is expected
and required to obtain a fully developed parabolic flow.

Inverse Parabolic Profile

For the purposes of this study the exhaust fan that would be connected to the simu-
lated hood is assumed to be located at a distance far from the hood face. As a result

an inverse parabolic velocity profile has been defined and shown below in Figure 5.9at
the hood face boundary to determine its affect on velocity distributions,

V, = 0.6366V; - ] (5.3)
" ’[?l-tﬁrr

The variables are identical to the ones used for the parabolic profile case. The
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Figure 5.9: Inverse parabolic velocity profile

value 0.6366 is obtained from flow continuity in a similar manner as was done in
the parabolic case. The inverse parabolic case will also produce three essentially
identical trends, thus only one has been shown here in Figure 5.10, in addition to the

uniform and parabolic profiles.

Here we can see that the inverse parabolic profile line is still not in total agreement
with the empirical data however it again produces a very similar trend. Manipulation
of the inverse parabolic profile as well as imposing an exponential (shown in Figure
5.10) profile for interest has been attempted to produce and alternative fit, keeping

flow continuity in mind.

Custom Velocity Profiles

Recall that in the three profiles presented above an initial uniform velocity of 2 m/s
was assumed whereby the total flow was determined and conserved to produce the

other two profiles. Consider the following formula used for the inverse parabolic case.
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Velocity Profiles for Vi = 2.0 mis
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Figure 5.10: Centerline velocity trends at Vi = 2.0 m/s

v,=cV, [ — ,,] (5.9
R- |8

Variation of the constants C, K, R, N, and M causes the apex of the parabola to vary
in height as well as nltering its shape. After numerous combinations the only realistic

profile found is plotted in Figure 5.12 and given by the equation

V,=-[127 m” (5.5)

however no profiles were found here that fit the data considerably better than the
classic ones already examined. This particular modified inverse profile has produced
essentially the same as the uniform profile with a little lower face velocity.
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Velocity Profiles for VI = 2.0 mis
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Figure 5.11: Centerline velocity trends at V= 2.0 m/s for a modified inverse parabolic
profile

Profile Selection

The choice of which profile to use will ultimately reside with the design engineer
based on individual design specifications. If a higher face velocity at the centerline is
required with a relatively focused capture zone then a parabolic profile may be used.
In contrast, if a low face velocity is desired with a greater capture zone then perhaps
an inverse parabolic profile may be most suitable. Each of the profiles presented vary
considerably in the 0.5 m - 1 m range from the hood face opening and get drastically
closer to one another as the distance increases, as is shown in Figure 5.12.

In actuality, efforts to attain the exact profiles produced by Dalla Valle, Fletcher,
and similar researchers like them may be impossible due to the fact that they are
centerline velocity profiles only. Generally, in any engineering design, a factor of
safety should always be incorporated into the analysis. The profiles produced by
the uniform, parabolie, inverse parabolie, and exponential are obviously higher than
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Velocity Profiles for Vf = 2.0 m/s
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Figure 5.12: Centerline velocity trends at Vf = 2.0 m/s for large x-values

predicted, which could be thought of as a reasonable factor of safety inherent in
the application of the particular profiles, thus avoiding the actual specification of a
separate factor of safety. Either profile can possibly be used in realistic simulations
depending on factors such as duct size, fan location, and degree of flow development.
A parabolic or inverse parabolic profile may be the most realistic situation but since
similar trends have been reproduced it can be justified that using any of the profiles

in the upcoming realistic simulations is a valid course of action.

5.2.2 Flow Patterns in a Realistic Processing Environment

The cleaning/sorting and sawing processes have been examined using an unflanged
overhead hood while only a slotted hood has been examined at the sawing table. The
cooling tank has been modeled only with a canopy hood. The canopy simulation has
included a flange of width equal to the square root of the hood face area( which is the

width as all simulations are in two dimensions). Simulations have been completed
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such that the airflow pattern trends around the hoods could be visualized. From the
previous section it seemed that any of the uniform, parabolic, or inverse parabolic
profiles could be used depending on the situation. Each profile produced similar

trends that could be scaled to fit the empirical data if necessary.

The effects of turbulent structures in the form of processing equipment will now come
into play in the form of a cylinder that will be placed in the flow field representing a
worker. This will allow fluent to determine its effects on the surrounding flow fields.
In addition, two dynamic types of sources (brushes and saws) will be modeled such
that the effect that the hood induced flows has dynamic sources can be determined (all
previous simulations have assumed a non-buoyant type of contaminant source). This
is a very important consideration as the brushes and table saws constitute dynamic

sources capable of distributing particulate into the workers breathing zone.
Simulation Domains
The three processes that will be simulated with hoods are;

e Cleaning/Sorting

e Sawing

e Cooling
The constructed domains for the overhead, canopy and slotted simulations have been
shown for illustrative purposes here in Figures 5.13, 5.14, 5.15, and 5.16.

Subsequent simulations will be restricted to the following parameters;

1. one uniform hood face profile that induces solution convergence

2. one x-value of 0.75 m above the process (overhead unflanged and flanged)
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3. one x-value of (.30 m away from the process (slotted)
4. one x-value of 0.75 m above the process (canopy)

6. & general sir supply method
velocities may not be achievable due to the interaction of the parameters. If it is

unlikely that s face velocity of 2 m/s can be achieved, the simulations will be run
until & value for the face velocity is achieved such that the solution converges and
behavior.

Since the simulations are now taking place in a realistic environment the chosen face
produces the corresponding fow
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Figure 5.16: Sawing domain (slotted )

5.2.3 Overhead Simulation 1

The following simulation specifies a uniform face velocity of about (L5 m/s, x-value
of 0.75 m from the hood face to the contamination source, and the air being supplied
from all boundaries in the domain. The velocity and pressure vectors and velocity
contours are shown in Figures 5.17, 5,18, and 5.19.

It can be seen here that the velocity vectors follow o very distinet pattern and are
clearly affected by the table structure. A velocity of only (.5 m/s could be obtained
at the hood face to produce solution convergence. The vectors have also been colored
by the magnitude of the pressure at each vector location. A small negative pressure
is evident underneath the hood face confirming an area of suction. The effects of
the table structure also cause visible recirculation patterns and areas of stagnant
flow. Also, the airflow tends to speed up at the edges of the hood face entrance,
a5 is expected and shown by the vector magnitudes. Centerline profiles have been
obtained and compared to Dalla Valle and Fletcher in Figure 5.20 for a face velocity
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Figure 5.18: Contours of velocity magnitude

The profile produced here follows the same trend and indicates a better fit to Dalla
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Figure 5.1% Velocity vectors colored by static pressure
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Figure 5.20: Comparison of centerline velocity profiles

Valle and Fletcher's profiles. The fact that the realistic simulation produced a better
trend also indicates that the structures in the vicinity play an important role in
the resulting airflow patterns, However, due to the interaction of the airfliow with
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turbulent structures in the room, the flow patterns are virtually impossible to predict.
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5.2.4 Overhead Simulation 2

The same process in now carried out with the sawing domains using & uniform face
velocity of 0.45 m/s, x-value of 0.75 m from the hood face to the contamination
source, and the air being supplied from all boundaries in the domain. The velocity
and pressure vectors and velocity contours are shown in Figures 5.21, 5.22, and 5.23.

B mha-01

Figure 5.21: Velocity vectors colored by velocity magnitude

Here the velocity vectors again follow a very distinet pattern and are clearly affected
by the table structure, however they are very different than those generated in the
cleaning simulstions. The vectors displayed have also been colored by the magni-
tude of the pressure at each vector location. A small negative pressure is evident
underneath the hood face confirming an area of suction.
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Figure 5.23: Velocity vectors colored by static pressure

5.2.5 Slotted Simulation

INiTE ProCEss (n Now arricd out with a slotted hood of width 0.15 m | nspect rat i ol

0.18), a uniform face velocity of 2 m/s, x-value of 0.30 m from the hood face to the
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center of the contamination source, and air being supplied from all boundaries in the
domain. Only the sawing process has been fitted with a simulated slotted hood as
the cleaning/sorting and cooking/cooling processes would require a large slot in order
to compensate for the extensive length (in excess of 20 ft). The velocity and pressure
vectors and velocity contours corresponding to this simulation are shown in Figures
5.24, 5.25, and 5.26.

1 5300

Figure 5.24: Velocity vectors colored by velocity magnitude

The solution converged much more quickly with this configuration than with any
other presented. The fact that the hood s now in a horizontal configuration allows
it to draw in air much easier than in the vertical overhead configuration. The over-
head simulations as they have been constructed allowed only small face velocities of
appraximately 0.5 m/s in order to obtain solution convergence, wherens it seems that
any number of velocities can be used for the hood face velocity in the slotted configu-
ration, In addition, pulling in air horizontally is ensier than vertically as the air does
not have to make any turns, thus contributing to improved airflow characteristics.
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5.2.6 Canopy Simulation

The process is now carried out with a eanopy hood of approximate total width of 4

m (2.44 m width hood with (L.781 m width overhang on either side), a uniform [ace
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velocity of 2 m/s, x-value of 0.75 m from the hood face to the contamination source,
and air being supplied from all boundaries in the domain. Only the cooling process
has been fitted with a simulated canopy hood as the cleaning/sorting and sawing
processes require the workers to lean in over the process to perform the necessary
tasks. This is sometimes avoided in cases where the cooker and cooling tanks are
automated and only require workers to load and unload the crab st the respective
ends, The velocity and pressure vectors and velocity contours corresponding to this

simulation are shown in Figures 5.27, 5.28, and 5.29,
§ e 20

| Sa-02

Figure 5.27: Velocity vectors colored by velocity magnitude

Again the solution converged guickly with this configuration in a similar manner to
the slotted sawing simulation. The fact that the hood has a slight overhang has
changed the flow patterns that were observed in the overhead simulations.
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Figure 5.29: Velocity vectors colored by static pressure

5.2.7 Flanged Simulation

The canopy simulation has been run again here only now o Hange equal to + Area

has been used. Addition of a Hange is normally done to decrease the airflow required
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to produce the same velocity as an unflanged hood. However, the uniform velocity
of 2 m/s will still be used initially with the ramifications being portrayed in the
simulations. In addition to decreasing the airflow required the velocity distribution
is significantly improved in the hood vicinity. The velocity and pressure vectors and
velocity contours corresponding to this simulation are shown in Figures 5.30, 5.31,
and 5.32.

Figure 5.30: Velocity vectors colored by velocity magnitude

The fange allows air to be drawn in from in front of the hood, rather than behind, at
a greater efficiency thus promoting increased contaminant capture. The fange also
allows the air to enter with an increased distribution near the edges of the hood even
though the same uniform velocity has been specified in both cases. In both cases,
the air has to turn to enter the hood. However, without the flange the air is very
turbulent and chaotic near the edges of the hood thus decreasing the effective hood
face area for exhausting contaminants.

To examine the effects of including s Aange, various profiles parallel to the hood face
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Figure 5.32: Velocity vectors colored by static pressure

at predetermined distances from the hood face have been extracted from the above

simulations, Figure 5.33 shows profiles st selected distances for the unflanged case.
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Mbh&uﬂnngdm.ﬁ;m&ﬂﬂmupmﬁhﬁuthmdﬂmm
in the unflanged cuse.

Velocity Profiles (Unflanged Hood)

P

The difference in the profiles produced with the addition of a Hange are noticeable.
The flange increases the maximum attainable flow rate along the centerline as well
as in the aren outside the edge of the hood face, thus improving capture capability
in the horizontal direction, A direct comparison of three of the profiles is shown in
Flgmﬁﬂ&whﬁaitmhtmmthﬂpmﬂlmpmduﬂndiﬂlhﬂﬂmpddmﬂﬂiunm
consistently higher than that produced in the unflanged simulation.

The insertion of a flange did not ignore the fact that the air still had to physically tum,
but it has done so with an improvement in airflow distribution. The velocity spiked
as it rounded the hood edge in the unflanged case and caused the air to undoubtedly
become choppy in that area. The flange caused this spike to occur as the air rounded
the flange and by the time it got to the hood fice it only had to turn 90 degrees
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Figure 5.34: Horizontal velocity profiles from the flanged canopy hood simulation

instead of 180 degrees, as was the case in the unflanged case. This causes the air to
distribute more evenly and reduces turbulence. Although the gains may seem to be
relatively small they are nonetheless gains that were obtained by the simple addition
of a flange, rather than increasing fan power or hood size.
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Velocity Profile Comparison

— %0018 F)

Figure 535 Horizontal welocity profile comparison between flanged and unflanged
simulations

5.2.8 Worker Interaction Simulation

The cleaning/sorting domain has been modified to include a cylinder on either side
of the table measuring 1 ft wide by 5 ft high to simulate the presence of a worker.
The associated velocity and pressure vectors and velocity contours corresponding to
this modified simulation are shown in Figures 5.36, 5.37, and 5.38.

As a result of the inclusion of the two cylinders simulating adjacent workers the air-
flow patterns have drastically changed shape, The workers have effectively provided a
double sided "human air curtain’ to protect the exhanst hood and allow it to perform
more efficiently. If it were assumed that workers were shoulder to shoulder along the
full length of the table then this assumption could be realistic. However, the workers
are spaced at varying intervals in normal processing with little or no consistency. The
gaps that therefore exist betwoen workers hinder the effectiveness of the "human air
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Figure 5.37: Velocity vectors colored by velocity magnitude

curtain’, which would be evident if the simulations were in three dimensions rather

than two. This ‘curtain’ also serves to eliminate some of the cross drafts that may
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Figure 5.39: Comparison of centerline velocity profiles with simulated workers



CHAPTER 5. - Results and Numerical Simulations 174

It should be noted here that the solution did not converge to the degree of accuracy
of all previous simulations. The profile has still been shown here as is illustrates the
drastic effect that turbulent structures have on airflow patterns. Flow separation is

undoubtedly a key factor in the somewhat inaccurate solution produced.
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5.2.9 Dynamic Source Simulation 1

The overhead hood cleaning/sorting domain has been modified to now include a
simulsted brush on either side of the table measuring 8 inches in diameter. The
brush boundaries have been modeled on the basis of a tip velocity of 2.66 and the
hood face modeled with s small velocity of 0.1 m/s (It should be noted here that the
minimal value of 0.1 has been chosen for the hood face velocity such that the system
is only slightly influenced by the hood). The brushes are known to spin at 250 rpm,
making the conversion into 2.66 m/s trivial, However, tip velocities are tangential to
the spinning surface and could not be modeled in that manner st this time. Instead,
velocities normal to the brush boundaries have assumed the tip velocity values. This
is ressonable for simulation purposes due to the fact that the hood face velocities have
also taken on assumed wvalues to facilitaie the simulations. The associated velocity
and pressure vectors and velocity contours correspanding 1o this modified simulation
are shown in Figures 5.40, 5.41, and 5.42.

Figure 5.40: Velocity vectors colored by velocity magnitude
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Figure 5.42: Velocity vectors colored by stalic pressure

Here it can be seen that the rotary brushes can indeed loroe CONLAMINANDLS 1o the

direction of the worker. It is important to realize that the plots show the range of all
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puﬂcluhmin;thhuhmthepniﬂuhﬁuﬂumuﬂuﬂiﬁﬂmfs
normal to the surface. From previous discussions on particle size and their associated
trajectories, the larger particles will tend to be released from the brush at the point of
contact with smaller particulates being released at a location further along the brush
surface.

Obviously, & hood face velocity of only 0.1 m/s proved ineffective in producing a
contaminant capturing situation. The hood was unable to alter the path of the
allergens ns they were released from the brushes at the specified speed of 266 m/s.
Increasing the hood face velocity to 0.35 m/s has altered the flow dynamics, as can
be seen in Figures 5.43, 5.44, and 5.45.

Figure 5.43: Velocity vectors colored by velocity magnitude

The solution shows a marketable difflerence in the flow patterns. By increasing the
hood face velocity some of the contaminants may now be exhausted by the exhaust
airflow. Even though the solution does not converge exactly (2.62 m/s at the brush
boundary vs 2.66 m/s), this simulation shows that the hood has an effect on the
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Figure 5.45: Velocity vectors colored by static pressure

brush induced How patierns Further increase of the hood (ace velocity will cause the

hood to draw in more of the air stream produced at the brush locations. Sinme an
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optimal hood face velocity will depend on a variety of factors, values for the hood

face velocity are chosen to illustrate the behavior of the flow patterns. Exact values

for velocities are unknown at this time.
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5.2,10 Dynamic Source Simulation 2

Removing the hooding altogether and including simulated workers, as would be the
case in a realistic situation, produced the simulations shown in Figures 5.46, 5.47,
and 5.48.

Figure 5.46: Velocity vectors colored by velocity magnitude

This situation would be the best representation of the range that particulate could
be released from the brushes and enter the working environment without hooding in
place. The lack of n hood proves to be critical as the contaminants could be either
forced into the personal breathing zone of the worker or dispersed into the general
processing areas, neither of which is a desirable scenario,
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Figure 5.48: Velocity vectors colored by static pressure

5.2.11 Dynamic Source Simulation 3

Using o minimal hood face velocity of 0.1 m/s and including the hood, together with

the simulated workers, has produced the simulations shown in Figures 5.49, 5.50, and
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Figure 5.50: Velocity vectors colored by velocity magnitude

Keeping all variables the same except for the hood face velocity, which has been

changed to 0.35 m/s produces Figures 5.52, 5.53. and 5.54.
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Figure 5.52: Velocity vectors colored by velocity magnitude

Here it can be seen that once the hood face produces some apprecinble exhaust ve-
Jocity, the airflow patterns produced by the brushes are altered. The airflow patterns
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that would most likely be carryving contaminants are redirected upwards toward the

hood face instead of hitting the worker directly. Increasing the hood face velocity
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while varying hood face size and height above the contaminant will produce a variety

of different results.



CHAPTER 5 Results and Numercal Sonalations 186

5.2.12 Dynamic Source Simulation 4

For interest, removing the hooding and workers alloge ther producsd Lhe sumulaiion

shown in Flgure 5.55. Only the contour plot has been shown here
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Figure 5.55 Velocity vectors colored by velocily magnitude

The results are similar to the ones produced when only the exhaust hood was present.
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5.2.13 Dynamic Source Simulation 5

The slotted hood sawing domain has been modified to now include a simulated saw
measuring 10 inches (0.254 m) in diameter. The saw boundaries have been modeled
based on a tip velocity of 45.9 m/s and hood face modeled with a minimal velocity
of 0.1 m/s. Since table saws normally spin at 3450 rpm, this value has been assumed
and converted into the value of approximately 45.9 m/s. The tip velocity magnitudes
have agnin been applied normal to the saw boundary to produce a probable range of
particulnte release, The associated velocity vectors, velocity contours, and pressure
contours corresponding to this modified simulation sre shown in Figures 5.56, 5.57,
and 5.58.

A B 00
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Figure 5.56: Velocity vectors colored by velocity magnitude

Here it can be seen that the table saws also force contaminants in the direction of the
worker at much higher speeds. It is important to realize that the plots again show the
range of all particles leaving the saw blade were the particles leaving at & constant
vadue of 45.9 m/s along its whole surface. Obviously, a hood face velocity of only



CHAPTER 5. - Resulls and Numerical Stmulations 188

PR
RS "N
BT
3 fw00
T e
7 Momadn
| Bemsl]
i 3l
FRLUE]

i olba wifl]

G O 20

Figure 5.57; Yelocity vectors colored by velocity magnitude

[ F T
b St
=1 =R
3 M0
2 BwsF
£ Phasla

=1 eligis

¥ 80a. 07

o Uit 4 I

LT P |

1 1he=id

I'-I;!.:urr' b ‘l.-r'i.}l_'l.l:_'. vertors colored |r_'. SEAL b piressLre

0.1 m/s proved extremely ineffective in producing a contaminant captuning situation.

The hood was unable to alter the path of the allergens as they were reloased from the



CHAPTER 5. - Results and Numerical Stmulations 184

saw blade as speeds much greater than were examined for the brushes. Incressing
the hood face velocity to 5 m/s has again altered the flow dynamics, as can be seen
in Figures 5.59, 5.60, and 5.61,

4 201

Figure 5.59: Velocity vectors colored by velocity magnitude

Increasing the hood face velocity to 5 m/s had little effect on the flow patterns due to
the speed st which the saw is releasing particles. For simulation purposes, the hood
face velocity has now been increased to 180 m/s with the results given in Figures
5.62, 5.63, and 5.64.
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Figure 5.61: Velocity vectors colored by static pressure

With this increased hood face velocity it may be indeed possible to exhaust particles

embedded in the airflow that is produced by the spinning blaces or brushes. Although
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Figure 5.62: Velocity vectors colored by velocity magnitude

1 i =

i il 9
1 a0
LB Fl=)
o 00w 00
T 204400
L e |

¥ b&& 30

1 00w 20

LT

E"ﬁﬂ"'“' 63 Velo ity vectors ¢ wared by velociby |:.|'|,,;.'\_'|.I..'tll.l.:!'

these simulations have incorporated some assumptions into the results, they can still

b igsae] 68 i basis for A more detailed and robust study on contaminant ]lr'u]jl.igl.-l.L:i':'Hl
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and distribution.
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5.2.14 Dynamic Source Simulation &

In & manner similar to the cleaning /sorting simulations, the hood has been removed al-
together and simulated workers have been included to produce the simulations shown
in Figures 5.65, 566, and 5.67.
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Figure 5.65: Velocity vectors colored by velocity magnitude

This situstion would be the best representation of the range that particulate could be
relensed from the saws and enter the working environment without hooding in place.
The Inck of » hood proves to be critical as the contaminants could be either forced
into the personal breathing zone of the worker or dispersed into the general processing
aread in a similar manner to that of the cleaning table brushes. The solution did not
converge exactly but the airflow patterns show how the air is moving.
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Figure 5.67: Velocity vectors colored by static pressure

5.2.15 Dynamic Source Simulation 7

Again using a minimal hood face velocity of 0.1 m/s and including the hood, together

with the simulated workers, has produced the simulations shown in Figures 5.68, 5.69,
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and 5.70

i Yie=BI
i Dl D11
LTI P T
ERY L ER
i Masl)
¥ Ma.l

| A0 11

| Yo U1

TN -

§9 fa

b .

Figure 5.68: Velocity vectors colored by velocity magnitude

LR
a0
% i Fm il
=TT
i Fha il
7 a0
LR T
| sl

@ g

d S e

O 0

Figure 5.60: Velocity vectors colored by velocity magnitude



CHAPTER 5. - Results and Numerical Simulations 196

0 Pl 2

-1 B CY

-1 a0
= a7
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5.2.16 Dynamic Source Simulation 8

Similarly, removing the hooding and workers altogether produced the simulation
shown in Figure 5.71. Only the contour plot has been shown here. The results
are similar to the ones produced when only the exhasust hood was present.
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Figure 5.71: Velocity vectors colored by velocity magnitude

5.2.17 Dynamic Source Simulation 8

Keeping all variables the same except for the hood face velocity, which has been
changed to 180 m/s, Dynamic Source Simulation 7 produces figures 5.72, 5.73, and
B T4 Here it can be seen that once the hood face i |uicis some J'||.|!.Irl.'|'.'i.|.|hl|+' exhaust
velocity, the airflow patterns produced by the saws are altored. Part of the airflow
pattern that would most likely be carrying contaminants is redirected into toward the
hood face instend of being dispersed throughout the plant. A portion of the airflow
is still directod townrd the worker, which may be remedied by better enclosure of the
gaw ar the incorporaton of some sort of protective guard. However, this modification

has not been examined in this thesis
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Important Notes for Dynamic Source Simulations

Since the brushes and saws are spinning away from the workers it may not be totally
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correct to assume that the airflow ranges identified in these simulations are cxact
representations. However, the ranges do provide an area of probable particle release.
Particles may leave the brushes or saws at s variety of different trajectories depending
on the way in which the crab is contacted with the spinning brush /blade, which makes
the nctual path taken by these particles difficult to determine. Also, the magnitudes
of the hood face velocities may seem unreasonable, but it has to be understood that
they were chosen in order to facilitate the airflow simulations. Therefore, they should
not be thought of as the actual velocities that would be needed to produce these
airflow patterns in real life. Only after a complete ventilation analysis, which has not
been undertaken here, will the exact velocities and airflows be determined.



Chapter 6

Conclusions and Recommendations

The main goals of this project were to both identify areas in the snow crab processing
environment that displayed various degrees of aerosolized allergen contamination and
to explore alternative hood and related ventilation designs that could be used to

minimize aerosolization and improve contamination control for aerosolized allergen.

6.1 Conclusions
Allergen Levels

The first phase of the work consisted of collecting air samples in each of the four
participating crab processing plants. PBZ and area samples produced a variety of
allergen concentrations ranging from values less than 10 ng/m? to values in the 1000’s
of ng/m3. As can be seen in Neis et al (2003), two plants demonstrated maximum
measured airborne concentrations in the 100’s of nanograms while the other two had
maximum concentrations in the 1,000s. In instances when bio-aerosol concentrations
of asthmagenic agents are observed to vary in orders of magnitude, such as is observed
here, a significant risk exists for sensitization to occur. This is supported by the

prevalence component of the study which has identified a relatively high percentage

200



CHAPTER 6. - Conclusions and Recommendations 201

(18.1%) of almost certain or highly probable cases of OA to snow crab in the study
population. In the case of occupational allergy to snow crab, defined as rhinitis
(runny nose), conjunctivitis (red or runny eyes) or rash, an average of 18% overall

were diagnosed as highly probable for occupational allergy (Neis et al 2003).

High concentrations of allergens have been observed more often in certain areas of
the processing plants and also associated with discrete tasks. Recent Quebec research
has identified plants with allergen levels in all areas below 100 ng/ rh3 and two of the
four plants in this study have levels that are close to this limit suggesting that this
maximum level could be achieved in these plants with a combination of changes in

ventilation and changes in processing layouts and procedures.
Raw/Cooked and Processing

Comparisons between plants revealed that in general, manipulation (sawing, crush-
ing, brushing, scraping, etc.) of the crab after it was cooked resulted in much higher
allergen concentrations than when processing in the raw state. The raw crab experi-
ment that was designed to incorporate variations in ventilation, while not conclusive,
seemed to support this hypothesis. Findings reported in Neis et al (2003) show that
the proteins to which workers are reacting are somewhat different in raw and cooked
crab, meaning that in the short term at least, air samples need to be analyzed using
sera from workers sensitized to both raw and cooked crab. This should guarantee
that apparent low allergen levels associated with processing raw crab are real. The
Taw crab experiment also needs to be redone using a slightly different protocol (more
crab, different sampling methods) because raw crab allergen levels were generally be-
low detectable limits and cooked crab allergen levels were not much above detectable

limits.

Cleaning, sawing, cooling, and cooking processes were identified as areas that need
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to be addressed by possibly redesigning processing procedures and/or examination
of existing or required exhaust ventilation systems. Plant histories and processing
overviews provided a sense of any modifications made to the plant, if any, as well as
the typical processing methods used on a daily basis. This information is essential
in attempting to correlate worker symptoms and medical histories to occurrences of
asthma or snow crab occupational asthma. Knowledge of the ventilation history and
crab processing methods is also needed in order to both design a suitable ventilation
system and to identify processing techniques that may be modified to reduce allergen

release, thus reducing worker exposure.
Airflow

In the airflow modeling part of this thesis the focus was placed on local exhaust
hoods rather than a general type of exhaust system. Due to the fact that most of
the problematic areas are centered around a processing table or tank of some kind,
local non-enclosing hoods were the most appropriate choice for effective contaminant
capture and removal at the source. Overhead, slotted, and canopy types of hoods
were examined as probable means of exhausting these processes in the workplace.
An enclosing type of hood may be more suited for cooking processes but these were
not modified in this thesis. Potential flow theory was also implemented to produce
theoretical streamlines that would most likely resemble those that would occur around
geometric structures similar to those found in the designs of typical exhaust hoods.
These streamlines provided a mathematical check to the velocity profiles produced

by the numerical simulations.

Approximating airflows from point and line sources of suction led to the examination
of various centerline velocity profiles presented by authors such as Dalla Valle and
Fletcher. These profiles provided a value for a capture velocity at a specified distance

from the hood face given that the hood face velocity and area were known. Profiles
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were plotted for a variety of possible capture velocities at a variety of distances from
the hood face. This allows the required hood face airflow to be readily obtained and
applied to a specific situation. Since the centerline profiles could not predict any
| behavior away from the centerline, the trends they provided were used as guides for
the development of subsequent profiles. In addition, these centerline relationships did
not take into account turbulent structures that are present in a realistic environment

such as a crab plant.
CFD

The usage of Fluent for the simulations has proved to be very effective in illustrating
the possible airflow patterns present in typical crab plants. The finite volume method
inherent within Fluent allowed for efficient convergence of the governing equations of
mass and momentum. The cleaning, sawing, and cooling processes were numerically
modeled using a variety of overhead, slotted, and canopy types of hoods. Initially,
ideal simulations were carried out whereby uniform, parabolic, exponential, and in-
verse parabolic velocity profiles were imposed on a hood face boundary for a general
type of overhead hood. The profile results were compared to the centerline profiles
proposed by Dalla Valle and Fletcher and were found to produce similar trends. For
the realistic simulations a uniform profile was used for all three processes and all three
hood types. However, profiles imposed on the hood face boundary will yield different
results. For the purpose of this study a uniform profile proved sufficient. Velocity
and pressure vectors were obtained in the entire domain as well as the velocity con-
tours. The results obtained from the various simulations proved that structures in
the vicinity of the exhaust hood have a drastic effect on the resulting airflow patterns
and velocity distribution. The height of the hood above or away from the process
proved to be important as the velocity drops off considerably as the distance from

the hood face to the contaminant source increases.
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Slotted hoods provided a much smaller affected flow field than the overhead hoods,
mainly due to the horizontal nature of the airflow and the reduced hood face area.
With the configurations used, they seemed to produce a more concentrated capture
zone located directly at the contamination source, as opposed to the overhead con-
figurations that produced a much larger affected area thus limiting direct capture at
the source. Slotted hoods need to be designed with great care for the sawing process
as the table saws tend to force the particulate into the air which may make it difficult
to capture without a correctly designed hood. The airflow patterns for this case show
that a slotted hood generates a desirable flow field for source capture and exhaust
at a fraction of the airflow needed by an overhead type hood. However, the flow
profile produced from the overhead simulation closely mimicked the centerline trends

produced by Dalla Valle and Fletcher.

The canopy hood simulations produced a different flow field than the overhead case
even though the height above the process and hood face velocities remained un-
changed. The different configuration of the simulated table and the inclusion of an
overhang in the canopy simulation undoubtedly caused the variation in the airflows.
The addition of a flange improved the capturing capability of the hood by a con-
siderable amount while maintaining the same hood face velocity as in the unflanged
simulation. Profiles obtained by taking slices in the y-direction from the flanged sim-
ulation at varying distances from the hood face depicted increases in velocity when
compared to identical slices taken from the unflanged simulation, suggesting improved

air distribution characteristics.

Modeling of a brush and a saw introduced the dynamic element to the simulations.
A velocity was imposed normal to the surface producing a possible range that any
particulate leaving the brushes or saws might follow. It should be noted that large

particles will have different dynamics than small particles but was not controlled
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for. However, the airflow ranges shown are useful in identifying the motion of these
crab particles. Modeling with workers placed near the table has also shown interesting
results. The insertion of two simulated workers caused the airflow to remain relatively
contained in the area enclosed by the two workers, the processing table, and the hood
itself. The capturing efficiency seems to be enhanced due to the virtual air curtain

produced by the workers.

In a similar fashion to Horstman (1988), the velocity distributions and flow patterns
produced here can be used as a basis for establishing contamination propagation
and distribution. The contaminants considered for propagation will most likely come
from crab proteins but may come from sources that have not been confirmed as
contaminant sources such as cleaning chemicals, sulfites, and endotoxins. Due to the
rate of contaminant decay predicted by the turbulent diffusion equation, knowledge of
the capturing range of a local exhaust hood when any number of turbulent structures

are present is critical.

This work has provided invaluable insight into the airflow patterns that are quite
possibly present in typical crab plants and in the vicinity of local exhaust hoods.
The effectiveness of contaminant capture with local hooding has been shown to be
a distinct possibility in this type of environment. Differences in the airflow patterns
produced by overhead, slotted, and canopy hoods based on specified velocity profiles
are important and are evident in these simulations. The way in which particulate
may be released from brushes and table saws as well as the effects of introducing

simulated workers have also been shown to be important considerations.
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6.2 Recommendations

Neis et al (2003) are recommending that until permissible exposure limits shown not
to sensitize workers are objectively established, permissible maximum exposure limits
not exceed 100 ng/m? from PBZ samplers, lower for area samples. Plants have been
identified in Quebec and in Newfoundland that show maximum concentrations that
are already largely below 100 ng/m? suggesting that this is an achievable goal in
at least some types of plants. While it is true that some workers who are already
sensitized may react to lower concentrations (i.e. less than 100 ng/m?) it seems
prudent to recommend target concentrations which appear to be achievable and are
likely to reduce the risk of sensitization. If the maximum is set at 100, there will
be many areas in the plants with substantially lower levels where sensitized workers
could be relocated, although this will have to be done with close monitoring and
understanding that levels may still be too high for highly sensitized individuals. This
maximum permissible exposure limit should be reviewed and adjusted in response to

any future research.

The need for future work is evident due to the complex nature of the airflows in crab
processing plants. A complete design should be undertaken that takes into account
fan sizing and power, ducting, and supply/exhaust air methodologies. A number
of additional simulations should also be completed whereby a variety of geometric
configurations, hood face velocities, distances from the source, and turbulent struc-
tures present are varied and tested. Research into different air supply methods from
various locations (entrainment, displacement, etc.) in the plant domain should be
investigated to determine if an optimal air supply method is linked to each specific
hood design. The current usage of the cleaning brushes and scoring saws should be
specifically re-examined with containment of crab allergens in mind. Either a better

processing system or hood design that prevents the brushes and saws from actually
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delivering allergenic particles into the environment should be investigated. Particles
should be modeled using the particle tracing feature in Fluent to determine their ex-
act propagation and distribution properties with the hopes of identifying an effective
exhaust hood design that can be robustly implemented. Since no two crab plants are
the same it is very difficult to develop a simulation domain that represents all plants.
With this in mind, when designing a ventilation system, each design should be plant

specific such that all the nuances have been taken into account.
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Appendix A
Plant 1 Sample Results

Air sampling results for plant 1 have been tabulated and presented in the following
tables. Unfortunately there was no air sampling done of any kind in year 2, thus

making any comparisons between the two years impossible.

Plant 1, Allergen Personal Samplers June 9th, 2002. Sampler: Brad Pelley
Calibrated by: Brad Pelley On: June 71h, 2002
Sampie Sample Elapsed | Flow Rate N/m®
3| Pump # | STREI® [Time On|Time Off| (i SPESE ) | P b Area R e Operations Monitored Remarks/Conditions
Allergen Manitors crab as it leaves the 30
1 oege" | 7:00am [12:00pm| 300 3.00 Jets 150 ldeg. Bath and proceeds to the Cooking in progress
[water jets.
Allergen | . - 5 Butchers the crab after it comes
2 Sey" | 7:50am [12:00pm| 250 3.00 Butcher 45 o e e e W o, Cooking in progress
Al . [Grad b as it E o
3 e | 7:15am (12:00pm 285 3.00 Grader <15{ngsse e o™t comes from the Cooking in progress
Al . . p Packs secll for th e
4 SEL™ | 7:00am | 12:00pm 300 3.00 , of 22 [packs sections in crates for the Cooking in progress
Allergen | . - s lLoads continuous cooker with
5 o™ | 7:00am |12:00pm| 300 3.00 Cooker 6 o ous Cooking in progress
| The worker who removes the crab crates from the
6 Az | 7:30am |12:00pm 300 3.00  |Cooler/Weights| 31 Removes Crab ffom cookerand it cooker and puts them in the cooler doesn't
i o - actually weigh the crab.
7 Altergen | o ) B [Boxing crab, off-loading, putting
oo™ | 8:00am [12:50pm| 290 3.00 Packing w3 o Gl Storage. Caoking in progress
Date: June 13" (Samples 15,16,17, & 21), 14" (Samples 18,19, & 20) 2002 - Sampler: Brad Pelley
Calibrated by: Brad Pelley On: June 8ih, 2002
Sampie] Sampie Elapsed | Flow Rate Nu/m’
%P'°| Pump # | SRR Time On|Time off| LERPERE ) | FITE TS Area Ratts Operations Monitored Remarks/Conditions
Allergen | y s [Butchers the crab after it comes
15 1 Se3°" | 11:15am | 4:08pm 265 3.00 Butcher 57 [rom e hign aresaure watar jats. Cooking in progress
Allergen | o _ P [Grades crab as it comes from the
16 2 o™ | e:30am | 1:33pm 243 3.00 Grader s e o Cooking in progress
The worker who removes the crab crates from the
Altergen | o y 5 Removes Crab from cooker and it "
17 4 e | 9:32am | 2:000m 268 3.00  |Cooler/Weights 50 ot warghed ot the same location, | cooker and puts them in the cooler doasn't
actually weigh the crab.
Allergen | o » N Loads conlinucus cooker with
21 8 S | 9:31am | 1:30pm 248 3.00 Gooker 6 e o v Cooking in progress
8 Allergen | . . ; [Gads continuous cooker with N
5 e | 9:47am | 2:28pm 251 3.00 Cooker 129 e oy ous © Cooking in progress
The worker who removes the crab crates from he
Allergen . Crab from cooker and it
19 6 9:48am | 2:00pm 242 300  [Cooler/Weights 150 cooker and puts them in the cooler doasn't
PBZ lgets weighed at the same location. e i e coole
The worker at this location did not wear the PBZ
Allergen . Pan e jorker clans crab crates in a fish 3
20 7 See™ [10:00am | 2:00pm 240 300 | \vasnonetatic) 7% iviivialndih g 50 it was aftached to a pipe directly over the
Table 1: Plant 1, g "

Table 1: Tabulated plant 1 air sampling results from year 1

Bulchers the crab afler
17 NlergenArea | 10:15am | 12:15pm 120 150 Bulcher 18 comes from the high Cooking in progress
pressure waler jels.

1 Negenhvea | f0:15am | 1215m | 120 % SodingPacking 9 C"’“"“‘.;:‘;g:"" Cooking n progress

1 Negenhea | f0:16am | f2f5pm | 120 ) Baracle abe 1 |ToewhereBebamades o

! o | Cobisweghedaterit N
2 NegenAres | 10%5am | 205m | 120 ) Weights |Gl ls)  Cotinginpogrss

Figure 1: Tabulated plant 1 air sampling results from year 1
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Plant 1, Area Allargen Samples June 8", 2002 Sampler: Mark Swanson Calibrated by :Mark Swanson
N/
Sample Efapsed
welel pump# | sample Type | Timeon | Time o [ MEPSsd Iriow Rate apm) Area Resuits o .|
1 Allergen Area 7:a5pm 9:45pm 120 135 Blancher v Crablabathed in 30ded | Cooking in progre:
Butchers the crab after I
2 Allergen Area 7:45pm 9:45pm 120 160 Butcher 26 comes from the high Cooking In progress
pressure water jots.
. . P Table where the bamacle:
3 Allergen Area 7:45pm 9:45pm 120 175 Barnacle table 50 | Table whera the bamacles|  Gooking In progress
a Allergen Area 7:45pm 9:45pm 120 160 Sorting/Packing 1 g o emaa™® | Gooking in progress
s Alorgen ares | 7aspm | susem | 120 150 weignts E Crab s welghed after 118 | Gcying in progress
. - Crab Is bathed In 30deg | * = based on estimated
6 Allergen Area 7:45pm 9:a5pm 120 100 Blancher 3 b o e
Butchers the crab after It | = =
7 Aiergen Aren | 7asem | oaspm | 120 150 Butchor Lomas tors e pign | * = pased on estmated
pressure water jets.
. . o Table where the bamacles| * = based on estimated
8 Allergen Area 7:45pm 9:45pm 120 120 Bamacle table e e e e Damaclen | Toneed on oaumat
. R Clusters are graded and | * = based on estimated
° Allergen Area 7:48pm 9:450m 120 120 Sorting/Packing i 2 are graded o - Dased on estmats
. . o Crab Is welghed after itis | * = based on estimated
10 Allergen Area 7:45pm 9:45pm 120 150 Welghts 40 Crab le Welghed afterti2 | * 7 besed on estimat
Plant 1, Area Allergen Samples June 9™, 2002 Sampler: Mark Swanson _Calibrated by :Mark Swanson
Nwm*
Sampie Eiapsed
wP'=] Pump# | sampie Type | Timeon | Timeon | Elepaed Iriow Rate apm) Area
1 Allergen Area 7:30am 9:45am 135 150 Blancher & Crabls batned in 30deg Cooking in progress
Butchers the crab after It
12 Aflergen Area :30am 9:a5am 135 150 Butcher 21 comes from the high Gooking in progr
pressure water jets.
13 Allergen Area 7:30am 9:45am 135 150 Sorting/Packing " c";,.":.:; e graded and Cooking In progre:
. . Table where the bamacles
14 Allergen Area 7:308m 9:a5am 135 150 Barnacle table 21 T e e pamacie2|  Cooking In progress
. . R Grab Is welghed after It is
15 Allergen Area 7:30am 9:45am 165 150 Weights a5 e e hes |  Cooking In progress
16 Allergen Area 10:15am | 12:15pm 120 135 Blancher 9 Crab is bathed In 30deg Cooking in progress
Plant1, Area Allergen Samples June 12", 2002 Sampler: Mark Swanson Calibrated by :Mark Swanson
Sample Eiapsed Resuits
H Pump# | sample Type | Time on | Timeon | Fiepeed Triow Rate (tpm) Area o
31 Allargen Area a:45pm 135 150 Blanchor . Pump was off Cooking not in prograss
Buichors The crab afler
32 Allergen Area 4:45pm 135 150 Butcher 159 ‘comos from the high | Cooking not in progress
pressure water jols.
3 Alorgan Area wasom | 13 150 SoningiPacking s Clustare aro 12490 8109 |G oaxing not in progross
34 Allergen Area 4:45pm 135 150 Cooker 26 e o aous cooke™ | Gooking not in progres
35 Allergan Area 2:30pm 4:a5pm 135 150 Waights 20 Crabia weighod afteritis | Gooking not in prograss
36 Allergen Area 4:45pm 7:15pm 150 180 Blanchar 4 Grab fe bainod in 30deg Cooking in progress
Buichors The crab afior il
a7 Allorgon Area 4:a5pm 6:a50m 120 120 Butcher @1 comes from the Cooking in prograsa
prosaure water jots |
2 Allorgan Aron 7150m 150 s0 Soring/Packing 10 Clustors aro oraded and | Couing in prograss
3 Allorgen Aroa 71som 150 150 Gooker 7 Loads continuous cookor | Goaking in progrons
w Mergan Aven | sasom | 7asem | 1% - welghs = Grab is woigned aMoriis | Gocying i progross
- mrsonaes | vosm | vam | oo R | s | SR
P Alorgen Aren | 10pm 120m 120 10 Gooker 2 Loads continuous cooker | = Basad on ssimates
s Aorgen Aren | 10em | 1zam 120 150 woights w6 Crab s weighed aROr 1% | Cocuing in progrons
Plant 1, Area Allergen Samples June 13" (Samples 44-46), June 14" (Samples 47 & 48), 2002 Sampler: Mark Swanson Calibrated by :Mark Swanson
Ngim®
- -
SaPle| pump# | sample Type | TimeOn | TimeoO# | HP8ed Iriow Rate (Ipm) Area Resuits
aa Allergon Area 5:00pm 6:00pm 60 150 &' from batch cooker 26 Baten :‘jg:‘,‘:’? wnole cra® | Cooking in progress
a5 Allergen Aroa 5:00pm 6:00pm 60 150 25' from batch cooker 12 Batch :‘;z:':,? e cral | Cooking in prograss
Py Alorgen Area |  5:00pm | 6:000m 0 150 20" rom batch cooker o1 Bateh cooking whole crab | ¢ ooy jag in progrose
a7 Atorgon Area | 1000am | 1200em | 120 150 Top of coaker Loads continuous c0okor | Gooking in prograss
e Aiorgon Avea | i000am | 1acopm | 120 s Tob of cookor = oats SORINUGUS CO0RST |~ G oaing n prograse

Figure 2: Tabulated plant 1 air sampling

results from year 1
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Appendix B

Plant 2 Sample Results
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Air sampling results for plant 2 have been tabulated and presented in the following

tables.

Calibrated by: Jason Callahan On: July 11. 2001 (Includes pumps # 1 to # 8)
Sample Elapsed | Flow Rate Nanogramms
sample # | Pump # [ STTPI® [rima On|Time off| ,ElaPEel | Flow R Area e Operations Monitored Remarks/Conditions.
Allergen | ;. ~3:50 s+ [Moves around the plant checking on |The battery went dead. She did not know the time it died
1 3 PBZ | 134PM| oy o 300 |Quality Control| &2 lquality. ((roticed around 3:50 PM). The minutes slapsed read 0.
Allorgon [Although treated as a personal sampler, the pump was fixed to
2 8 o " | 1:50 PM| 5:48 PM 241 3.00 Cooker Room <5 [The cooking process of the crab. la wall (no continuous worker). Condensation may have gotten
into fiter.
[There was some crab waste on (he filer casing. Unsure f any
3 1 | MsEerlusepm|si2erm| 215 300 | Butcher Table 280 [reaking the crab and throwing It lof i got Inside. This work Is extremely messy and workers
yor. wear full oitskin:
Altergen | 5. ¥ s [stacking crab crates, Icing the crab.
4 2 lergen | 2:00 M| s:25 M| 208 3.00 | Holding Room E I e N Rttt ey
5 7 | Mg [2:08PM 6103 PM 236 3.00 Freezer Area 284 [Boxing "s’;‘:.":' loading, putting crab
[Etapsed fime = 14 min Assuming thal pump was accidentally
. s |Mermenlorapmfeosem| 1a7er | aoo  [Setenpacker . [raking sections of crab and packing |Gl O o O B i S
om tog: resetling time. Unsure of time in between being reset.
Allergen | 5. § Section Packer| o sections of crab and packing
7 4 PBz | 2:36PM|6:06 PM 21 3.00 (End of Line) o1 o ‘together to be welghe
Allergen | . ) . [Weighs the crab that come from the
8 6 'orgen | 2:51pm|eaapm| 234 3.00 Weigher aas  [[isiahs the crab thet
te: July 12, 2001 - Sampler: Jason Callahan
Calibrated by: Jason Callahan On: July 11, 2001 ( Includes pumps # 1 to # 8)
Sampis Flow Rat Nanogramym3
sampte # | Pump # [ S9mPI® [rima on|Time onf| (FlePsed | Flow Rate |, Operations Monitored Remarks/CondHions
Alergen | . ] 5 [Broaking tne crab and throwing some crab waste on the fiter casing, again. Unsure.
° 1 loroen | 7:06 AM[3:30 PM| 508 300 | Butcher Table 50 e e o ety
Allergen | . » -, Stacking crab crates, icing the crab,
10 2 logen | 7:13am| a30Pm | s00 3.00  |Holding Room 0 e e i
1 8 |Asmen 7:20 am| 34a PM 510 300 [ Cooker Room <60 [The cooking pracess of the crab.
Allergen | . " N In the Process Room office for a
12 3 lgen (727 Am|35aPm| 511 300 |Quality Control a2 e e o
She had 10 leave early because she wasn't fesling well. Found
Allergen | . . Section Packer [Taking sections of crab and packing
13 4 lorgen 732 AM[ 320 P | 480 300 (Speton Racks 748 o e oo (e pum i the office st running. Not sure what time she lef
Update: she sald that she felt when the pump shut off
, (vibrations) and tured it back on, herself. Therefor
14 5 |Memer|7asam|azopm| 772 200 [SeuenPeek]  ssor  [raking et ol et anas 2 s ony acourate from suly 11, Had problorna with the|
9 ighe lpump -g:ln today. She kept turning it back on, though. Again,
unsure of the elapsed fime.
Allergen | . § /elghs the crab that come from the
15 6 loroen |7:38 Am[aissPm| 562 3.00 Weigher elhe the ran e <
T 7 [Person oo am|ams | 527 300 | Freczer Area | 222 e ———

Table 3: Tabulated plant 2

air sampling results from year 1
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Nanograms/m3
Sample#| Pump# | Sample Type | Timeon | Time oOff n‘f""'."(‘m':’m Flow Rate (Ipm) Area Results
1 1 Allergen Area 240PM | 4:40 PM 120 [office in the Processing) 175
) ) Weigher in the g
2 2 Alergen Area | 2:46PM | 4:46 PM 120 Proor o Area 243
3 1 Allergen Area | 4:45PM | 6:45PM 120 ffice in the Processing 160
. . Weigher in the .
4 2 Allergen Area | 4:48PM | 6:48PM 120 Prosimng Avea 212
Date: July 12, 2001
Nanograms/m3
Elapsed
sampio# | Pump# | sampleType | Timeon | Timeotr | 1eRSed |Fiow Rate (1pm) Area Results
5 1 Allergen Area | 8:38AM | 10:38 AM 120 [office in the Processing 30
y . Weigher in the .
6 2 Allergen Area | 8:40AM | 10:40 AM 120 P e 247
7 3 Allergen Area | 8:49AM | 10:49 AM 120 Stalrs in the Butcher 1
8 1 Allergen Area | 10:44AM | 12:44 PM 120 R e 157
9 2 Allergen Area | 10:45AM | 12:45 PM 120 pf’o'é'fl‘fd.'g" e 145
10 3 Allergen Area | 10:51 AM | 12:51 PM 120 Stalrs In the Butcher
11 1 Allergen Area | 12:48PM | 2:48 PM 120 [Office in the Processing) 167
12 2 Allergen Area | 12:49PM | 2:49 PM 120 P‘:‘g’g:‘;[‘;" e
13 3 Allergen Area | 12:54PM | 2:54 PM 120 Stairs I ihe Butcher
14 1 Allergen Area 2552PM | 4:52PM 120 [Office In the Processing| 163
15 2 Allergen Area 253PM | 4:53PM 120 P‘f,";‘g;‘;;g‘ ol 218
Plant 2, Allergen Personal Samplers July 18, 2002. Sampler: Brad Pelley
Callbrated by: Brad Pelley On: July 18, 2002
T
sample # | Pump # s,‘,;"p‘;" Time On|Time off| Tﬁ:.""('r:ﬁ‘) F'm)'" Aro, gl Operations Monitored Remarks/Conditions
Allergen | . . Sorting and 4ac  [Taking sections of crab and packing
26 1 ol [7:15am [ 1:450m | 360 3.00 Sruatin ST ol ek Al Cooking In progress
Allergen | . . . Boxing crab, off-loading, putting crab
27 2 lergen | 7:30 am | 2:00pm | 275 3.00 Packing soe  [Boxing orab. off- Cooking In progress
28 4 |Alergen | 730 am [11:35 am| 245 3.00 Box Room 135 Make boxes for packing Cooking In progress
29 5 |Alergen | 7:00 am [ 1:30 pm 370 3.00 Cooker 68 [Cooking Process Cooking In progress
Allergen | ¢ . 56
30 6 ler9en | 6:51 am | 1:30 pm | 370 3.00 Butcher 58 Butchering Process Cooking In progress
Allergen ” . 202 |Weighs the crab that come from the
31 7 lorgen | 7:30 am | 145 pm | 375 3.00 Weights 20 e e Cooking In progress
Allergen | o . 02
32 8 o |86 am | 1:35pm | 379 3.00 Gooling 302 |Monitors crab in brine cooler Cooking In progress
D: July 19", 2002 - Sampler: Brad Pelley
Gallbrated by: Brad Pelley On: July 19, 2002
Sample Elapsed | Flow Rate
Sample # | Pump # ;;“l: Time On [Time Off| "m."(m'n) Upm) Area R":.‘“ Operations Monttored Remarks/Condttions
Allergen | o . 4a7  [Welghs the crab that come from the
33 lorgen | .00 am | 1:37 pm | 337 300 |Weights (statio)|  azy  [{lelghs lne crab e« Cooking In progress
34 Allergen | g:05 am | 1:37pm | 332 3.00 | Grader (Static) 536 [Grading crab for weighing Cooking In progress
35 A";.'agz"" 7:21 am | 1:06 pm 312 3.00 Cooker 154 ICooking Process Cooking in progress
Allergen | .. . |Arealocated at the end of the Pre
36 lergen | 7:40 am | 1:42pm | 329 3.00 End of Cooler A e rare ot et Cooking In progress
37 Allergen | 7.21 am | 1:05 pm 312 3.00 Butcher 64 Butchering Process Cooking In progr
o |7 105 pr . 9 oking In progress
Allergen | . .
38 lerden | 7.43am [ 1:35pm | 352 3.00 Cold Storage 50 Entrance to cold storage room Cooking In progress
Allergen | 5. y Sorting and [Taking sections of crab and packing
30 ergen [7.40 am [2:00pm | 349 3.00 Sroaing e e or v e oimad Cooking In progress

Table 1: Plant 2, Allergen Personal Samplers

Table 5: Tabulated plant 2 air sampling results from year 2
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Plant 2, Allergen Personal Samplers July 21" , 2002. Sampler: Brad Pelley
Elapsed | Flow Rate Ng/m®
sample # | Pump # | Sample Type | Time On Timeott | v o | pmy Area Rebuits
Taking sections of crab and
40 1 PBZ 2:00 pm 5:25 pm 205 3.0 Sorting/Brushing (Static) 732 packing them together to be Cooking In progress
42 a PBZ 1:00 pm 5:00 pm 240 3.0 Cooker 60 Cooking process Cooking In progress
TTwas off when It was
43 5 PBZ 1:00 pm 5:00 pm 277 3.0 Butcher NiA Butchering process retrieved, no idea how
tong.

P - 77 Worker moved between
44 6 PBZ 1:30 pm 5:30 pm 240 3.0 Freezer/Cold Storage 75 Entrance to cold storage room | " Fook et P velghts.
45 7 PBZ 2:05 pm 5:20 pm 195 3.0 Cooling (Static) Cooling process Cooking in progress
46 8 PBZ 1:15 pm 5:26 pm 251 3.0 Grader 558 Grading crab for weighing Cooking In progress

Plant 2, Allergen Personal Samplers July 22, 2002. Sampler: Brad Pelley
Ng/m®
Elapsed | Fiow Rate
Sample # | Pump # | Sample Type | Time On Time ot | o i | ipmy Area Resuits [

47 1 PBZ 7:35 am 2:20 pm 405 3.0 Saws (Statlc) 236 Sawing operations Cooking in progress
a8 2 PBZ 7:40 am 2:20 pm 400 3.0 Grader (Static) 552 Grading crab for weighing Cooking In progress

. . Old packing/Brine Freezer g Between Brine Freezer and Old
49 4 PBZ 7:55 am 2:35 pm 400 3.0 (Static) 218 Packing Line. Cooking In progress
50 5 PBZ 7:02 am 2:15 pm 433 30 Cooker 73 Cooking process Cooking In progress
51 6 PBZ 7:10 am 2:02 pm 387 3.0 Cooling 234 Cooling process Cooking In progress
52 7 PBZ 7:06 am 2:35 pm 450 30 Butcher 77 Butchering process Gooking In progress

Taking sections of crab and
53 8 PBZ 7:15 am 2:02 pm 382 3.0 Sorting and Brushing 1215 packing them together to be Caoking In progress
welgl

Table 6: Tabulated plant 2 air sampling

Table 2: Plant 2, Allergen Personal Samplers

results from year 2

Plant 2, Area Allergen Samples July 18", 2002 Sampler: Brad Pelley Pumps Calibrated by Brad Pelley
Sample # | Pump # Sample Type Time On | Timeoff |y "R |Flow Rate (Ipm) Area Ng/m®
1 Allergen Area 8:30am | 10:36am 126 150 Butcher Room on Fioor| 1a Butchering process Cooking in progress
2 Allergen Area 8:35am | 10:45am 130 150 Top of Cooker 90 Cooking progress Cooking In progress.
) . Cooler, beginning of Beginning of drum, next to
3 Allergen Area 8:45am | 11:50am 126 150 Segn B i ek Cooking In progress
a Allergen Area 9:00am | 11:00am 120 150 Top Old Packing Line e End of Brine Freezerand | qoking in progress
g - E P ng - beginning of packing line 9 In prog
5 Allergen Area 10:35am | 12:50 pm 135 150 Butcher Room on Floor| 6 Butchering process Cooking in progress.
6 Allergen Area 10:45am | 12:50 pm 125 150 Top of Cooker A Cooking process o e s B8 Vo™
- B Cooling, beginning of « Beginning of drum. next to |Flow rates at the end ware|
7 Allergen Area 10:50 am | 1:00 pm 130 150 ey s g tamic ampra 100 Ve,
’ . s €nd of Brine Freezer and
8 Allergen Area 10:56am | 1:00 pm 125 150 Top Old Packing Line 50 eginning of packing fine | Coaking in progress
Plant 2, Area Allergen Samples July 19", 2002 Sampler: Brad Pelley Pumps Calibrated by Brad Peliey
Ny/m'
Sample# | Pump# | Sample Type | Timeon | Timeow | mapesd lriow Rete (pm) Are Resutts
9 1 Allergen Area 8:30 am | 10:50 am 140 150 Butcher 22 Butchering process Cooking in progress
10 2 Allergen Area 8:30am | 10:50 am 140 150 Cooker 7 Cooking process Cooking in progress
. R Top of Old Packing 2 End of Brine Freezer and
1 AC Allergen Area 8:45am | 11:10am 140 150 Cine az Boginning of packing line |  Cooking In progress
12 3 Allergen Area 9:40am | 11:40am 145 150 Behind Grader table, 584 End of Drum behind grader)  cooking In progress
13 1 Allergen Area 11:30em | 1:15pm 108 150 Butcher se Butchering process Cooking In progress
14 2 Allergen Area 10:50am | 1:00 pm 130 150 Cooker a3 Cooking process Cooking In progress
15 e Allergen Area | 11:15am | 1:20 pm 128 150 Top of Old Packing End of Brine Freezerand | coouing in progress
. . Behind Grader table, End of Drum behind grader|
16 3 Allergen Area 11:40am | 1:48 pm 128 150 P 193 table Cooking in progress
Table 3: Plant 2, Area Samplers

Table 7: Tabulated plant 2 air sampling results from year 2
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Plant 2, Allergen Area Samplers July 21*, 2002. Sampler: Brad Pelley

. Elapsed Ng/m?
Sample#| Pump# | Sample Type TimeOn | Time Off Time (min) Flow Rate (Ipm) Area Results [o/
17 2 Allergen Area 1:50 pm 3:52 pm 122 150 Cooker 2 Cooking Process Cooking in progress
18 3 Allergen Area 1:49 pm 4:08 pm 139 150 Cold Storage 25 Cold Storage Entrance Cooking in progress
Plant 2, Allergen Personal Samplers July 22, 2002. Sampler: Brad Pelley
Ng/m*
Somple# | Pump# | SampleType | TimeOn | TimeOff | 2P%2d lpioy Rato (om) Area Results i onditions
19 3 Allergen Area 8:35am | 10:40am 125 150 Holding Room 7 Holding room for crab. Cooking in progress
20 2 Allergen Area 8:30am 10:40 am 130 150 Cooker 24 Cooking Process Cooking in progress
. " Brine Freezer/Old . Between Brine Freezer and)| -
21 AC Allergen Area 8:48 am 10:54 am 126 150 Packing Line 26 Packing Area. Cooking in progress
2 3 AlergenArea | 10:50am | 1250pm | 120 150 End of Dum 263 End of D"‘z&z"i”d grader|  Gonking in progress
23 2 Allergen Area 10:45am | 12:45pm 120 150 Cooker (on floor) 218 Cooking Process Cooking in progress
y g Brine Freezer/Old End of Brine Freezer and -
24 AC Allergen Area 10:55am | 12:52pm "7 150 Packing Line 28 beginning of packing line Cooking in progress

Table 4: Plant 2, Allergen Personal Samplers

Table 8: Tabulated plant 2 air sampling results from year 2

Plant 2 - PBZ Samples Year 1&2

, %
CollSone ™ — Processing Office | P I a0
Cold Storage . Cooker |g

< sy ® Sorter & Weights (]
) 3() wia /| Holdin
0 Old Packing Line o () 568 End Drum Begin Drum 294 E :
2 s g ) 55 % 5 |9 )
/ 5() 0 5
9 ) Drum §
g [ o a
Weights 132 n
Bring 1 Sorters/Brushing/Packing 64 | 2600)
15011 741y SB0RC) S98°(1) 792 55| <)

* means averaged flow volumes were used.,

Figure 3: Plant 2 air sampling results from year 2
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Plant 2 - Area Samples Year 1&2
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Figure 4: Plant 2 air sampling results from year 2
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Appendix C

Plant 3 Sample Results
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Air sampling results for plant 3 have been tabulated and presented in the following

tables.

by: Jason Callahan On: August 6, 2001 ( includes pumps # 1 to # 8)
Sample | Pump | Sample sed [Flow Rate
# 7 | Styie: |Time onfTime ot oy Area Results Monitored Remarks/Conditions
Allergen | o . Start of rakos ino crates of cab off of the Sorting Line and
1 3 PBZ 8:00 AM | 4:55 PM 471 3.00 Cooker 74 iputs them into the Cooks
[Pump was off whan ho turnad it in for lunch. | don't think it w
oing woi , or 100 long. Thare was a bit of mass on the flar casing. | lumod 1
2 | 7 |Mermenlagiamfsizem| —az0 | sco | Casine | ggo  [aterveing weighed ne tonds ine cratoe e canes [OIS000 I MORS 2L MSRS LY
'go: - lwas off ngaln 277 Turned & on again. Was arght for the Aormoon
(213 min. olapsed).
fitr camo oft and foil in ng wator chulo on the
IThe crab comes from the boat or holding room and rmoon, the
Allergen |, ’ Butcher - Dulcnom\g line. He picked han |
3 1 |Meeen 7ss am[assPm| 473 3.00 one 50 |ne cracks the crab, brushes them, and sends them  BSIShering ine: he picked e and pull on sgsin Whon | i wet
[on to be graded and sorted fand ruined. Looks useless.
. At 11:08 AM, I had 10 restart the pump. The elapsed time then was
4 5 |Aereen |03 am |aisePm [ 397 3.00 | welgher [fier the Cooler, ihe crabs are waighed (0 398G (137 minules. Al tho ond of tho day, the glapsod time was 260
8 Y o Iminutes. Therofore, total was 397 minu
Allergen | o . End of 2 |Removes the crates of crab from the Cooler and
s 6 |"pez |80SAM|a:sEPM| 474 300 Caoler 72 leends thom down on a conveyor bolt 1o ba waighed.
Allergen Caging [Helps 0 lower the crates of crab into the Pro-Chill _ [l was lold that ho was at the end of the Cooker, but ho is at the
6 4 el |8:08 AM |4:s6 PM | 458 3.00 e 58 [Tank and transports the crab from the Pre-Chil Tank[Caging Area. Trying to gat the guy at the end of Cooker to wear the
o the Brine Tank (crane). bump tomorrow (August 9).
Allergen | o . Sorting <5 [Sorts the crab and puts the crab into different sizes
7 2 ey |80 Am|4s7PM| 461 3.00 ron 50 [Sorts tho crab and
Sampler: Jason Callahan - Date: August 9, 2001
by: Jason Callahan On: August 6, 2001 ( includes pumps # 1 to # 8)
Sample | Pump | Sample Elapsed |Flow Rate
# # | Type |TIme On[Time Otflyimg (mimf (1pm) Area Results Operations Monitored Remarks/Conditions
Allergen | N End of [Removes the crates of orab from the Cooler and
8 6 pBz |755AM|4:58PM| 490 3.00 Cooler 98 lsends them down on a conveyor belt to be weighed.
Allergen | . . ; [t tre Coolar.the craba are woighos to spacitc
° 5 |Alergen |57 am|aaopm| 472 3.00 | welgher a7 [flter ihe Coolar the crat ghed to speci
Allergen | . End of -, |Takes the crates of crab out of IYl. Cooker and [This is the first day for X with the pump Changed from Y to X due
10 4 PBz |759AM[4:58PM| 478 3.00 Cooker B [places them into the start of the Cooler. 0 closeness to Cooker and Cool
[chocked pump at 9:24 At and t was ot | restartora it Pump w
. ogin it when no lurned it foruncn. | turned it back o
ergen | . . N aging s [Atter being weighed, he loads the crates into cages |Checked pump at M and it was off again. " et o
" 7 PBZ 8:00 AM | 5:00 PM w? 3.00 Area 5 jand hoists the cages into the Pre-Chill Tank. jagain at 5:00 PM. Ev.fy"me the pump was found off, it didn‘t show
felapsed time (it should). Not a good sample because totally unsure
bof time. M is noxt to T, s0 ot a big lo:
- IThe crab comes from the boat or holding room and
12 1 |Memeen fai02 aM [aisoPm| 478 3.00 Butcher <83 |no'cracks tne crab, rushes (hom, and sends ihem _ [Some mess on tne fitr casing. Not much
lon to be graded and
Allergen [ o . Start of Takos ino erates of crab ot of the Soring Line ana
13 3 PBZ 8:03 AM |4:57 PM 471 3.00 Cooker @8 [puts them into the Cooker
Allergen | .. Sorting ts:m the crab and puts the crab into different sizes
14 2 PBZ 8:04 AM | 4:56 PM 472 3.00 Area 49 fore the Cooker.

Table 9: Tabulated plant 3 air sampling results from year 1
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August 8, 2001. : Jason C. Calil by Mark
Elapsed Time | Flow Rate \Operations
Sample #| Pump # | Sample Type | Time On | Time oOff miny o Area g Iy

1 1 Allergen Area | 8:54 AM 10:54 AM 120 Behind Brine Tank 23
The pump got pretty wet.

2 2 | AlergenArea | 8:58AM | 10:58 AM 120 Next to Weigher 2 :l':::' f::u";"’ C“::?“m‘;s":o'se
a problem 277

3 3 Allergen Area [ 9:03AM | 11:03 AM 120 Behind Cooker 13

4 1 Allergen Area | 11:33 AM 1:33 PM 120 Behind Brine Tank 19
It moved the pump a little.

5 2 Allergen Area | 11:39 AM | 1:39 PM 120 Next to Weigher 0 Still got a bit wet, but not as
imuch as last time.

6 3 Allergen Area | 11:41 AM 1:41 PM 120 Behind Cooker 14

7 1 Allergen Area [ 1:35PM | 3:35 PM 120 Behind Brine Tank 42

8 2 Allergen Area | 1:40PM | 3:40 PM 120 Next to Weigher 41

9 3 Allergen Area | 1:44PM | 3:44 PM 120 Behind Cooker §0

Date: August 9, 2001
2 Jason Callahan
Sample #| Pump # sm‘:‘ TimeOn | Time Off E"‘"’m’ﬁ‘""" F '°;”":‘“’ Area 3 |0,

10 1 |Allergen Area| 8:17 AM 10:17 AM 120 Behind Brine Tank 81

1 2 lAllergen Area| 8:20 AM 120 Next to Weigher 122

12 3 |Allergen Area| 8:23 AM 120 Behind Cooker 25

13 1 |Allergen Areal 10:19 AM 120 Behind Brine Tank 47

14 2 |Allergen Areal 10:22 AM 120 Next to Weigher 61

15 3 |Allergen Area| 10:25 AM 120 Behind Cooker 97

16 1 |Allergen Area| 12:40 PM 120 Behind Brine Tank 36

17 2 |Allergen Area| 12:43PM 120 Next to Weigher 56

18 3 |Allergen Areal 12:46 PM 120 Behind Cooker 26

19 1 |Allergen Area| 2:41 PM 120 Behind Brine Tank an

20 2 |Allergen Area] 2:44 PM 120 Next to Weigher 54

21 3 |Alergen Area| 2:47 PM 120 Behind Cooker 36

Table 10: Tabulated plant 3 air sampling results from year 1

Plant 3 Allergen Samples, PBZ Samples August 15" - Sampler: Brad Pelley
by: Brad Pelloy On: August 15", 2002
[sampte # PUmP [ S2MPI® [rime On [Time Ot Elapsed [Fiow Rate[  area e Operations Monitored marks/Conditions.
Allergen | o ; p [Sorts the crab bofore it entera the cooker after it
54 1 lorge" | s:10am [ 3:00pm | 341 3.00  |Raw Sorter 53 Sorts ihe crab befare it enters. Cooking in progress
Allergen | 5. § IPacks crab in cardboard bo d ship 1o cold .
55 2 s | 8:12am | 3:00pm 339 3.00 Packing 63 Fonc: n;:_’“ in cardboar xes and ship to Cooking in pragress
56 4 |Alergen | 7.45am | 3:000m | 973 3.00 Cooler 107 jonitors crab as it leaves the cooker. Caoking in progress
“Alergen [HElIps 16 iower the crales of Grab inio the Pra-
57 s o | 7:42am | 3:000m [ 372 300 |  Brne 156 (Chill Tank and transports the crab from the Pre- Gooking in progress
IChill Tank to the Brine Tank (crane).
pr— Removes ihe crates of crab from the Gooler and
s8 6 oo™ | 7:51am | 3:00pm [ 351 3.00 Grader 255 iends them down on a conveyor bellt to ba Cooking in progress
Atergen Gomes from the boal or Rolding room
59 7 Se" | 7:40am | 3:00pm 3re 3.00 Butcher 26 nd he cracks the crab, brushes them, and Cooking in pragress
Erie tham an 1 ha Aranan ann enms _
60 8 |Alergen | 7.54am | 3:250m | 451 3.00
Allergen | 5.
61 3 loree" | :20am | 772 272 3.00 Varies
SO e ——— J— J— —
Callbrated by: Brad Pelley On: Augist 16, 2002
[sampte 4 PP | SEMPI® [1ime On|Time ofr| FlePRed [Flow Rate]  area e Operations Monftored Remarks/Conditions
Alergen [Fhe crab comes from the boal or Rokiing room and
62 " | 7:54am | 3:07em | 371 3.00 Butcher <13 |e cracks the crab, brushes them, and sends them Cooking in progress
lon to be graded and sorted
63 Alleraen | 10:20am| 3:26pm | 274 3.00 Cooter 147 lonitors crab as it leaves the cooler Cooking in progress
64 Allergen Nit 3.00
oo X ot used Not used
65 Allergen | g.45am | 3:30pm 405 3.00 Midway IStatic PBZ midway on automatic grader line Cooking in progress
PBZ Grader
Alergen Brine [Feips 1o lower ihe craies of crab inio ihe Pra-Chill
66 Oole" | :08am | 3:06pm | 336 3.00 Froomer 438 [Tank and transports tho crab from the Pro-Ghill Tank Gooking in progress
0 the Brino Tank (crane).
67 A";égz'“ 8:07am | 3:06pm 353 3.00 Packing 85 '_’;ﬁ:g  Srabin cardboard boxes and ship to cold Cooking in progress
o8 Atlergen | g 36am | 3:06pm | 323 300 |RewSorter| 4 [597S ihe crab botore it onters e cooker after it Gooking in progress
69 Allergen | g:12am | 3:43pm 364 3.00 Cooker Monitors the crab as it moves through the cookar. Cooking in progress
Table 1: Plant 3, Allergen PBZ Samples

Table 11: Tabulated plant 3 air sampling results from year 2
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Plant 3 Allergen Samples, PBZ Samples August 18" - Sampler: Brad Pelley
Calibrated by: Brad Pelley On: August 18", 2002
Pump | Sample ) Elapsed |Flow Rate N/’ o »
ﬁample # i | Ty Time On|Time me min)| _(pm) Area Results Operations Monitored Remarks/Conditions
0 1 Allergen t02m | 5:2om | 250 300 | Packer % IPacks crab in cardboard boxes and ship to cold Cooking process
PBZ storage.

Allergen| , . y ISorts the crab before it enters the cooker after it :
il 2 PRz 1:07pm | 5:00pm | 233 300 |RawSorter| 77 lcomes from the buicher oo, Cooking process

Alergen| . y " . ; Not sure what time this pump cut out but it was off when
7|3 PR 1:08pm | 5:00pm | 232 300 | Cooker 4% Monitors the crab as it moves through the cooker. | checked near he end of the shi.

Alergen IThe crab comes from the boat or holding room and
16} 5 Pé% 1:40pm | 5:02pm | 232 300 | Butcher 57 he cracks the crab, brushes them, and sends them Cooking process

on to be graded and sorted.

Allergen | ,. ' Grader Removes the crates of crab from the Cooler and :
T 6 PBZ -20pm | 502pm | - 222 30 (static) % isends them down on a conveyor belt to be weighed Cooking rocess
5|7 A':fégze" fA0pm |50%m| 28 | 300 | Cooler | 209 Moniorsciabasitleaves he cooer Cooking process

Alergen Brine Helps to lower the crates of crab into the Pre-Chill
6 8 Pé% 1:30pm | 5:30pm | 240 300 Freezer 72 [Tankand transports the crab from the Pre-Chill Tank| Cooking process

eeze o the Brine Tank (crane).

Table 2: Plant 3, Area Allergen Samples

Table 12: Tabulated plant 3 air sampling results from year 2

223

Plant 3, Area Allergen i
August 14", 15" 16" 2002 : Brad Pelley  Calibrated: Brad Pelley
1 > . .
Sample #| Pump # | Sample Type | Time On Time Off Elap[s':::'ﬂme Fl ﬁ”:m e Area RN.gs’:I.h 0 d

1(14™) 2 Allergen Area |  7:15pm 9:05pm 110 150 Top of Cooker 42 On top of cont. cooker | Cooking in progress
2(15™) AC Allergen Area |  9:20am 11:50am 140 150 Holding Room <3 Crab Holding Room | Cooking in progress
3(15"™) 2 Allergen Area | 9:00am 10:30am 90 150 Butcher 17 Room Cooking in progress
4(15™) 3 Allergen Area | 8:45am 10:15am 90 150 Top of Cooker &7 Cooking process Cooking in progress
5(15") AC Allergen Area | 12:10pm 2:10pm 120 150 Holding Room <3 Crab holding room | Cooking in progress

th . . a3 *Based on estimated
6(15") 2 Allergen Area | 10:30am 12:30pm 120 150 Butcher 15 Butchering process collection volumes

th, - N » i “Based on estimated
7(15") 3 Allergen Area | 10:15am 12:15pm 120 150 Top of Cooker 83 Cooking process collection volumes
8(16™) 2 Allergen Area |  1:30pm 3:30pm 120 150 Grader, 8’ off fioor 46 8ft off floor, top grader | Cooking in progress

th . y ; . Top of brine tank, *Based on estimated
9(16™) 3 Allergen Area |  1:30pm 3:30pm 120 150 Brine Freezer 72 acking end collection volumes

Date: August 177,18™ , 2002
Sampler: Brad Pelley
El d Th Flow Rats Ng/m’
Sample #| Pump # [Sample Type| Time On Time Off aps"e“n me °;”ma e Area Regs’:I'u

10(17"™) AIC__ [Allergen Area| 11:00am 1:00pm 120 150 End of Brine Tank 4 Nil No work today
11(17") 2 |Allergen Area| 11:10am 1:10pm 120 150 Top of Cooker & Nil No work today
12(17") 3 |Allergen Area| 11:05am 1:05pm 120 150 Weights <3 Nil No work today
13(18"™) 2 |Allergen Area]  1:30pm 3:30pm 120 150 Cooker 30 Nil No work today
14(18™) 3 |Allergen Area|  1:30pm 3:30pm 120 150 Pre Cooler 34 Nit No work today
15(18"™) 2 |Allergen Area| 3:30pm 5:30pm 120 150 Cooker 56 Nil No work today
16(18") 3 |Allergen Area|  3:30pm 5:30pm 120 150 Mid Brine Freezer 69 Nil No work today

Table 3: Plant 3, Area Allergen Samples

Table 13: Tabulated plant 3 air sampling results from year 2
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Plant 3 - PBZ Samples Year 1&2
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Figure 5: Plant 3 air sampling results from year 2
Plant 3 - Area Samples Year 1&2
25(1)13(1) 14(1) 60(1) 97(1) 26(1) 36(1)
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Raw Sorter 56 Cooker g3. Cooler
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* means averaged flow volumes were used.

Figure 6: Plant 3 air sampling results from year 2
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Appendix D
Plant 4 Sample Results

Air sampling results for plant 4 have been tabulated and presented in the following

tables.

Plant 4, Allergen Personal Samplers June 10" , 2002. Sampler: Brad Pelley
Calibrated by: Brad Pelley On: June 9th, 2002

Sample Elapsed | Flow Rate Ng/m'
Sample # | Pump # T Time On|Time Off| Time (min Ipm! Area Results Operations Monitored Remarks/Conditions
Allergen | - . [Butchers the crab when it is brought
8 7 ey | 8:12am | 1:15pm 276 3.00 Butcher 19 i rom the haKdimg room. Cooking in progress

Allergen | o, - ICooks the crab in a sectioned off .
9 2 PBZ 8:25am (12:55pm 300 3.00 Cooker 158 room in batch cookers. Cooking in progress
Allergen | o . Ice Loader P [Shovels Ice into crates for use in the i
10 6 PBZ 9:00am | 1:00pm 240 3.00 (outside) 125 king room to cool the crab down. Cooking in progress
11 4 |Allergen| o 1gam| 3:15 272 3.00 Pack 506 [Boxing crab for Cold St Cooking i
PBZ :18am | 3:15pm X acking 366 oxing crab for Cold Storage. ooking in progress
Allergen | . . s Removes crab from sorting line and
12 1 oy | 8:32am | 1:00pm 268 3.00 Saws 745 lring it 1o the saws line. Cooking in progress
Allergen |, " N M
14 5 oy | 10:15am| 3:10pm 280 3.00 Saws 9:8 IScores(saws) the crab legs Cooking in progress
13 Allergen | . . . i G [Puts crab in Brine cooler before it .
8 ooy | 10:28am| 3:22pm 280 300 | Brine Freezer 465 [ts packed and sent to storage. Cooking in progress

Date: June 18" Sampler: Brad Pelley
Calibrated by: Brad Peliey On: June 17" , 2002

g
Sample # | Pump # s;;"p"." Time On|Time off| Hiapeed Flow Rate Area R Operations Monitored Remarks/Conditions
22 1 Aﬂ:égzen 9:25am | 2:04pm | 279 3.00 Saws 2859 |Scores(saws) the crab legs Cooking in progress
Allergen | o ) . Brad Pelley wore the PBZ while moving
2 2 loroen | 10:00am| 1:450m | 225 300 | Everywhere 77 Moved throughout the plant e ot the o
Allergen | - " Butchers the crab when it is brought N
2 4 lor9n | 7:04am [12:00pm| 296 3.00 Butcher 3 e o oo, Cooking in progress
Allergen | . 5 ICooks the crab in a sectioned off L
2 8 lergen | 7:0sam [11:150m| 250 3.00 Cooker 195 [Cooks the crab in a sex Cooking in progress

Table 1: Plant 4, Allergen Personal Samplers

Table 14: Tabulated plant 4 air sampling results from year 1
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Plant 4, Area Allergen Samples Juna 10" , 2002 Sampler: Mark
Samplo# | Pump# | Sample Type | Timeon | Time onr | [EePEeS Iriow Rate (ipm)] Area Results
CE6KS the crab i 8
21 Allergon Area | 11:00am 1:00pm 120 150 Cooker o5 sectioned off room in batch| Gooking in prograss
22 Allergen Area | 11:00am 1:00pm 120 150 Saws 233 |Scores(saws) the crab legs| Gooking in progress.
p . - Moves crab from sorting
23 Allergen Area | 11:00am 1:00pm 120 150 Sorling/Grading/Saws a2 s Crab from sort Cooking in progross
Butchers the crab whon 1LTs]
24 Allergen Area | 11:00am 1:00pm 120 150 Butcher 57 brought in from the holding | Cooking in progross
room
25 Allergen Area | 11:00am L 2:20pm 200 150 Box Washer 13 Washes crab crates | Cooking in progress
Toks ihe crab in a
26 Allergen Aroa 1:00pm 2:50pm 110 135 Gooker a7 sectionod off reom in batch| Cooking in progress
rs
27 Allergen Area 1:00pm 2:50pm 110 150 saws o2 Scores(saws) the crab legs| Cooking in progross
. B o Moves crab from soring
28 Allergen Area 1:00pm 1:30pm 30 150 Sorting/Grading/Saws a8y ok o o Cooking in progress
20 Alorgen Area | 1:00pm | 2z:50pm o 150 Sorting/Grading v Grading crab and packing | Cooking in progross
Sampler piaced in
30 Allergen Area 1:00pm 2:20pm 80 150 Boat Hold a Unloading crab from boat | Boat Hold with
8000Ibs crab.
iant 4, Area Allorgen Samples June 18" . 2002 plor: Mark by :Mark
Ng/m®
Sample# | Pump# | Sample Type | TimeOn | Time Off Flow Rate (1pm) Area Resuita
Sampior was put
50 Allergen Area 10:00am 12:00pm 150 Outdoors e 124 [sampiing outside the plant| outside at the North
‘ond of the plamt.
Cooks ihe crab n &
51 Allergon Area | 10:00am | 12:30pm 150 150 Cooker @ soclionod off roomin | Gooking in progross
ich cookers.
52 Allergen Area | 10:00am | 12:00pm 120 150 Saws a16 S"""’“".‘a";’.’ the erab | Gooking in progress
- s Crab is stored for
53 Atlergon Area | 10:00am | 12:40pm 160 150 Holding Room 22 it Cooking in progross
Cooks the crab in &
54 Allergen Area | 10:00am | 12:00pm 120 150 Cooker 61 soctioned off room in | Cooking in progress
batch cookers.
5 Allergen Area | 10:00am | 1:00pm 180 150 Hotding Room "0 Crap iz stored 1or | Gooing in prograss
s7 Allergen Area | 10:00am | 11:15am 75 150 2 Saws rr Scores(saws) the crab | Gooking in progross

Table 15: Tabulated plant 4 air sampling results from year
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Figure 7: Tabulated plant 4 air sampling (Area) results from year 1
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Plant 4, Raw Crab Experiment Allergen Personal Samplers July 21%, 2003, Sampler: Brad Pelley
Calibrated by: Brad Pelley On: July 21", 2003
Sample Elapsed | Flow Rate N/’ ) . "
Sample # | Pump # Type Time On|Time Off| Time (min) | (lpm) Area Results Operations Monitored Remarks/Conditions
£ R rotan | 2pm| 44| 300 | Saws |15 fSoves(sms) e cableg Cookig i pragress
2 | NN ostan | 26gm | 06 | 900 |SewsPacking] 69 °'?;‘;’m°“ed between packing and Cookingin pragress
3 A"F?;gze“ Gitam [1500m| 420 | 300 | Cooker 8 [Cooks the crabin the batch cooker, Cooking n progress
4 MO g | 2 300 ! ingi
pa7 | S45am :30pm | 255 1 Saws 3188 |Scores (saws) the crab legs Cooking in progress
Alergen| ., y . (Grading and cleaning crab and -
5 PR 7:25am | 223m | 388 300 Packing 673 backing nto ales Cooking in progress
Nlergen| . ' ) Puts crab in Brine cooler before it -
6 PEZ 8:00am | 3:50pm | 443 300 |BrineFreezer| 35 ‘gets packed and sent 1 lorage Cooking in progress

Table 1: Plant 4, Allergen Personal Samplers

Table 16: Tabulated plant 4 air sampling (PBZ) results from year 2
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Figure 8: Plant 4 air sampling results from year 2

227

Plant 4 - PBZ Samples Year 1&2



APPENDIX E

Appendix E

Plant 1 Results

Temperature and humidity results for plant 1 are shown in the following figures.

il
% Vb
2% =,
l ~
I R A
.
2 I| 5
iy ||I L5
|

# 5
1 ' arls s NS 47

Plant D - Cooker/Barnacle - Jung 12th

15:40:00
051202 19:40:00

T T
16:00:00 16:20:00 16:40:00 17:00:00 17:20:00
06:12:02 17:20:00

~Tenperature (‘Cj il
—RH (S 2

228

Figure 9: Year 1 Temperature and Humidity Measurements (Cooking Room and

Barnacle Table Area)
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Figure 10: Year 1 Temperature and Humidity Measurements (Cooking Room)
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Plant D -cocking room- June 14th
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Figure 11: Year 1 Temperature and Humidity Measurements (Cooking Room)
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Appendix F

Plant 2 Results

Temperature and humidity results for plant 2 are shown in the following figures.
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Plant A - Cooker Room
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Plant A -Proc, (Freezer)
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Figure 7

Plant A . Proc. (Drum Ent)
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Figure 8

Year 1 Temperature and Humidity Measurements (All Areas)
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Plant A-After Drum-July19th
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Figure 14: Year 2 Temperature and Humidity Measurements (Drum Area)

Plant A-Butcher Area-July 22nd
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Figure 15: Year 2 Temperature and Humidity Measurements (Butcher Area)

" Plant A -Cooking room- July 18th 0
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Figure 16: Year 2 Temperature and Humidity Measurements (Cooking Room)
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Plant A -Cocking room- July 19th
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Figure 17: Year 2 Temperature and Humidity Measurements (Cooking Room)

Plant A -Cooking room- July 20th
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Figure 18: Year 2 Temperature and Humidity Measurements (Cooking Room)

Figure 19: Year 2 Temperature and Humidity Measurements (Cooling Area)

Plant A-Corner after cooler-July18th
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Figure 20: Year 2 Temperature and Humidity Measurements (Freezer Area)
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Plant A - Freezer Area - July20th
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Plant A - SawsiGraders - July22th
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Figure 21: Year 2 Temperature and Humidity Measurements (Sawing and Grading

Area)
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Appendix G

Plant 3 Results

Temperature and humidity results for plant 3 are shown in the following figures.

Plant B - Butcher Area
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- Plant B - Cooler Area
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2 Plant B - Brine Tank Area a1
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Figure 22:

Figure 7

Year 1 Temperature and Humidity Measurements (All Areas)
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Plant B-Brine/Weights-Aug 15th o
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Figure 23: Year 2 Temperature and Humidity Measurements (Brine Tank/Weights

Area)

% Plant B-Butcher Area-Aug 14th o0

2% o5

» F0

} l 85

. M | 23

: 18 | 75

16 ‘ i

II 5

" ! 50

1 T T 0 T 0 T 55

192000 104000 20:00:00 20:20:00 204000 210000 22000 21:40:00
08/14/02 10:20:00 08:14:02 21:40:00

~Temperatwe {'Cyei
~RA )2

Figure 24: Year 2 Temperature and Humidity Measurements (Butcher Area)

Plant B-Behind Cooker-Aug 14th
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Figure 25: Year 2 Temperdture and Humidity Measurements (Cooking Room)
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Plant B-CookerfBrine-Aug 15th
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Figure 26: Year 2 Temperature and Humidity Measurements (Cooker/Cooling Area)
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Plant B-CookeriRaw- Area-Aug 18th
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Figure 27: Year 2 Temperature and Humidity Measurements (Cooker/Raw Sorting

Area)
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Plant B-CookerRaw- Area-Aug 16th
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Figure 28: Year 2 Temperature and Humidity Measurements (Cooker/Raw Sorting

Area)

Plant B-Cooking Exit-Aug 16th-17th
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Figure 29: Year 2 Temperature and Humidity Measurements (Cooling Tank Area)

Plant B-Coaling Tank Exit-Aug 18th
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Figure 30: Year 2 Temperature and Humidity Measurements (Cooling Tank Area)
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. Plant B-Packing Area-Aug 16th 00
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Figure 31: Year 2 Temperature and Humidity Measurements (Packaging Area)
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Plant 4 Results

Temperature and humidity results for plant 4 are shown in the following figures.

Plant C - Cooker - June 10th
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Figure 32: Year 1 Temperature and Humidity Measurements (Cooking Room)
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Figure 33: Year 1 Temperature and Humidity Measurements (Cooking Room)
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% Plant C-Saw Area-June 10th 0
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Figure 34: Year 1 Temperature and Humidity Measurements (Sawing Area)

. Plant C-Saw Area-Jung 11th -
b p
19
" 40
o LI
15
F50
15
u ' | 15
13 . T T 40
10000 12000 1:00:00 16:00:00
061102 10:00:00 0611102 17:00:00

—Teiperatwa ('Choit
~RH (12

Figure 35: Year 1 Temperature and Humidity Measurements (Sawing Area)
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