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ABSTRACT

A CFD STUDY INVESTIGATING THE INFLUENCE OF BOTTOM
BOARD GEOMETRY ON PHYSICAL PROCESSES WITHIN A

STANDARD HONEYBEE HIVE

Cody Grant Thompson
Advisor: Professor H.J. Eberl
University of Guelph, 2011

The in
uence of bottom board design on the honeybee hive envi ron-

ment was explored using computational 
uid dynamics (CFD) an alysis.

Two design aspects were evaluated: in Experiment A the botto m board

was replaced with a rectangular cavity of variable depth ( � ) below the hive

inlet; in Experiment B a shaped bottom cavity was added that w as de�ned

by the variable parameter � , to create a series of front-skewed and back-

skewed bottom cavities. Adding a bottom cavity below the hiv e resulted in

increased air exchange between the hive body and ambient env ironment.

The nature of 
ow within the hive changed resulting in intere sting 
ow

patterns { most notably the formation of a vortex below the hi ve inlet.

Bottom cavity shape in
uences the nature of 
ow within the hi ve body in

suble ways. The results of this study indicate that bottom bo ard design

can be optimized. Data gaps that exist in literature must be �l led to re�ne

the current hive model and develop a design optimization too l.
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Chapter 1

Introduction

1.1 The Importance of Honeybees

Bees are important insects which function as pollinators inEarth's terrestrial sys-

tems of plants and animals. By visiting many 
owers bees, along with an assortment

of other pollinators, actively exchange pollen between plants thereby increasing the

frequency of successful pollination (which otherwise depends on wind, water and

chance). Pollinators are drawn to 
owers by the calorie richproducts they contain.

A pollinator arrives at a 
ower and, by contact, transfers pollen from other 
owers,

enabling fertilization of the plant. What makes honeybees unique is their habit of

stock-piling the plant products they harvest. Honeybees warehouse nectar within

their hive from which they evaporate excess moisture to produce honey. Beekeeping

began as an e�ort to make honey collection feasible for humans and through history

many versions of beehives have been documented. Nowadays beekeeping is a large

commercial enterprise. Beekeepers not only generate hive products for sale, but also

earn revenue by renting bees to crop-framers for pollination. In fact, modern agri-

culture relies heavily on commercial beekeepers, or apiculturists to sustain abundant

crop yields. Trucks loaded with honeybees travel the continent delivering colonies
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to 
owering crops in order to generate the vast amounts of food needed to meet

consumer demand. California almonds are a food-crop that isexclusively dependent

on honeybees for pollination, which are imported every yearin massive quantities

to support a market worth $2.2 billion (2006)[53]. By this measure, the labour of

the honeybee provides not only the direct hive-products of honey, wax, pollen and

propolis, but also supports agricultural industries worldwide (Value added to GDP

by all sectors of agriculture in trillions of US dollars, 2007: China - $376.3; India -

$213.2; USA $183.2, World Bank Statistics).

Beekeeping has a long history as a commercial enterprise. From ancient Egyptian

honey to Medieval mead the products collected by apiculturists have been enjoyed

for millennia by consumers too timid to take up the practice themselves. Apiculture

evolved alongside human society as new technologies and materials paved the way

for improved tools and techniques. The most signi�cant milestone for modern apicul-

ture was the invention of the removable-frame beehive. Thistechnology allowed the

standardization and spread of commercial beekeeping worldwide.

1.2 Background on Honeybee Hives

Honeybee colonies can exist as feral-bees living in nature ormanaged-bees living in

engineered structures. In nature honeybees are typically found in hollow tree cavities,

although they can also be found in other hollow bodies (caves, cli� faces, empty

burrows etc.)[12], [41]. Honeybees select an enclosed cavity of appropriate volume

wherein they construct wax combs in long sheets. Bees attachthe wax comb sheets

to the top and sides of the cavity, allowing them to hang over the bottom, while

maintaining a comb-separation distance of roughy38" - approriately called bee-space.

The combs are subdivided into thousands of cells featuring the familiar hexagonal

shape associated with honeybee comb. Bees use the combs to house their incubating
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larva (collectively referred to as the brood), to store of honey and pollen, and for

various heating and cooling activities. The bee-space allows worker bees to travel

over each comb surface and access every comb cell. The distribution of materials

within the hive is well de�ned as illustrated in Figure 1.1. In both the natural and

commercial hive setup the brood cells are positioned at the bottom of the combs near

the hive inlet. Nectar is stored at the top of the nest and, as the liquid fraction is

evaporated to produce honey, the storage cells are capped with wax and next row of

cells lower is �lled, causing the band of ripened honey to propagate downward. Stores

of pollen are far less abundant than stores of honey, and are typically deposited in

small collections of cells between the brood region and the honey region.

1.2.1 Natural hives

Research has shown that honeybees are very selective of their nesting sites[43]. Honey-

bees tend to select hollow tree cavities with single entrances located near the bottom

of the cavity [3][41]. Several characteristics of the typical natural nest di�er from

those of the commercial standard. For example the natural nest has a vertically elon-

gated pro�le and a circular cross-section. Inside a new nestsite, honeybees construct

wax combs starting at the top of their nest. To prepare the cavity, bees �rst use their

bodies and legs to �le-down any rough, rotted surfaces to uncover clean, solid material

suitable for comb attachment[41]. Bees make a similar modi�cation at the hive inlet

where they �le-down rough surfaces lining the inlet passageway and apply smoothed

propolis. A mean depth of 15 cm is reported for inlet passageway before it meets the

cavity [41] and the entrance diameter ranges from 20-40 cm[41],[12]. Although en-

trance position is relatively variable, feral colonies seem to have preference for cavities

with a single hive entrance[41],[12]. Having a single entrance prevents displacement

ventilation and may o�er honeybees more control over their hive environment.
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Figure 1.1: Comparison between the natural and commercial hive architecture: (a) photo-
graph of working commercial hives in the �eld with various numbers of honey supers; (b)
photograph of a large tree with a cavity (c) cross-section schematic diagram of a commer-
cial hive with one honey super; (d) cross-section schematicdiagram of a natural hive, �gure
adapted from diagram in a study of natural nests in the North Eastern US [41].

1.2.2 Commercial hives

Commercial honeybee hives, commonly known as Langstroth hives, have been stan-

dard since 1852. Patented in 1852 by Lorenzo Langstroth [24], the �rst modern

beehive was designed to better accommodate beekeeping practices. The work of

Langstroth was derived from removable-frame concepts developed by Polish and Ger-

man bee researchers Dzierzon and Van Berlepoch [28]. The �rst beehive was designed

to support the life of honeybees and facilitate manipulation of the hive for beekeepers.

To facilitate discussion of the present study, an overview of the standard components
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of a Langstroth hive is presented:

Removable frames: The ability to remove individual frames from the hive with-

out much disruption to the rest of the colony is a key feature of the modern

hive. Each frame supports a comb structure constructed by the bees using wax

secreted from their bodies. The comb structures are used to store incubating

brood, honey, and pollen as well as for heating and cooling activities. Each

frame is initialized with a manufactured sheet of wax, called foundation, placed

at the centre of the frame. This helps bees with comb construction while en-

forcing a uniform cell pattern. A bee is free to construct comb on both sides of

the wax foundation. The end result is a two-sided comb-framethat is two cells

thick. There are many sizes of frames typically used by beekeepers, however

in our study we consider two: deep frames for thebrood chamberand shallow

frames for thehoney super.

Figure 1.2: Standard removable comb frames are available invarious sizes depending on
their use. Brood chamber frames are deeper than honey super frames.

Brood chamber: The hive compartment which houses the brood of the colony is

referred to as the brood chamber. It is the deepest hive compartment and is
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the �rst to be stacked on top of the bottom board. A standard brood chamber

supports 10 frames which rest upon notches at the top of the compartment such

that frames run perpendicular to the inlet. In this way, the frames hang from

the top of the chamber and maintain the appropriate beespacegap on all sides.

The queen is restricted to this area of the hive where she performs her laying

work and as a result, the frames of the brood chamber are covered in capped

brood. The brood chamber is open at the top and bottom allowing for the 
ow

of materials and bees through it.

Figure 1.3: A standard brood chamber is a simple box open on the top and bottom faces.
A small notch runs the span of the short sides of the box to support the comb frames.

Honey super: The collection of honey from honeybees is facilitated by thehoney

super compartment. The super consists of a hive box with the same length and

width as the brood chamber but a shorter height. Honey supers are shallow

to reduce the weight of the compartment when it is full of ripened honey. The

super compartment is stacked on top of the brood chamber in groups of 2-
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4 depending on the strength of the colony and time of year. Like the brood

chamber, the honey super is open at the top and bottom to allowthe 
ow of

materials and bees through it. Empty supers are stacked on top of the brood

chamber, e�ectively increasing storage capacity and the height of the hive. Full

supers are removed from the top of the stack and empty ones areadded to

replace them.

Figure 1.4: A standard honey super is a simple box having the same length and width as
the brood chamber, but is considerably shorter.

Queen excluder: The queen excluder is a metal grate sized such that a queen bee

cannot �t through. This device is placed between the brood chamber and

the honey supers stacked above. It creates a physical barrier to the queen's

movement keeping her in the brood chamber, preventing her from laying eggs

in the honey combs. Worker bees pass freely though the grate to carry out their

honey work.

Bottom board: The standard bottom board of the Langstroth hive is comprised of

a 
at board encased by a perimeter wall on three sides, and oneof the shorter
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Figure 1.5: The queen excluder is placed between the brood chamber and honey super to
restrict the mobility of the queen. This prevents the deposition of eggs in the honey supers.

sides is left open to serve as the hive entrance. The perimeter wall forms the

base of the hive and has the same length and width as the brood chamber and

honey super. Once a brood chamber is placed on top of a bottom board the

inlet slot of the hive is created.

Figure 1.6: The standard 
at bottom board is encased on threesides such that when the
brood chamber is placed on top, the inlet space is formed along the uncovered side of the
bottom board.

Top board: The top of the hive is capped with a top cover which closes o� the top-

most honey super. This cover is a simple board of the same length and width

8



as the other hive elements. Some beekeepers use modi�ed top covers to alter

the ventilation behaviour of their hive - for our study we consider a closed top

cover.

Figure 1.7: The top board covers the uppermost honey super thereby sealing o� the top
of the hive. Some beekeepers use modi�ed top boards that allow ventilation, however this
study only considers the completely sealed version.

The assembled hive is sealed from drafts by bees using propolis, a chewed mixture

of hardened plant resins, which serves to close small gaps and stick hive parts securely

together. Bees also use this sticky glue to secure the framesto the hive body. As a

result a hive tool (a small, specialized pry bar) is requiredto pry the frames loose

before removal.

1.3 Overview of Honeybee Biology

1.3.1 Honeybee Life Cycle

To facilitate the discussion of this study, a brief overviewof the honeybee life cycle is

in order. What makes honeybees di�erent from other bees is their natural tendency to

hoard stores of condensed nectar (in the form of honey) whichthey use to survive cold

or dry seasons. The colony of a Western Honeybee (Apis mellifera, the commercial
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standard) consists of roughly 20000 female worker-bees, several hundred male drones,

and a single queen.

The Queen: The role of the solitary queen is to continuously lay eggs to support

the hive population. Once matted, the queen is equipped withenough genetic

material to lay eggs for the entirety of her two year lifespan[15], although

she may mate again in life to prolong her fertility. Queens are generated from

unfertilized eggs like the female workers, but are fed a special diet[56]. This

food causes rapid and advanced development of the honeybee larva allowing

bees to quickly produce queens when ever larvae are present in the hive.

Female Workers: Worker-bees perform all hive duties which include the mainte-

nance of the colony environment, incubation of the brood, defense and foraging.

The life span of workers is a function of time of season and ranges from 4 to

12 weeks in spring through fall[15]. Winter bees raised in the September live

long to survive the duration of the winter months. Worker bees spend the �rst

half of their life working in the hive and graduate to �eld duties for the remain-

der. Some hive duties include: thermoregulation of the brood, housekeeping,

grooming, fanning, defense and construction.

Male Drones: Drones do not actively engage in many hive activities, and are pri-

marily responsible for mating. A typical male can live up to 4months [15]. A

recent study has found that drones engage in some thermoregulatory behaviour

in response to local temperature conditions[21], however their small population

renders their contribution insigni�cant compared to that of female worker bees.

The Brood: A crucial task facing honeybees is the maintenance of their brood -

a collective term which describes the en-cased larva that continuously develop

inside capped-comb cells of the brood chamber. First, an empty cell is cleaned

of debris by worker bees. Next, the queen lays an egg within theempty cell from
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which emerges a tiny larva. The larvae are fed a mixture of substances secreted

by the female nurse-bees called royal jelly[56]. As the larvae develop their diet

is incresingly suplimented with pollen and honey, with the excpetion of queen

larvae that are fed royal jelly throughout their development[56]. Eventually

the cell that houses the growing larva is capped with wax and the incubation

period of 10-13 days begins and during this time an incubation temperature

of 33� 36� C must be maintained for healthy and timely development[56]. To

ensure that the proper incubation temperature is continuously upheld, a dense

blanket of worker bees (herein referred to as the bee-cluster) forms over the

capped brood. The bee-cluster acts as a dynamic heating pad which can heat

localized areas of the brood as required based on temperature data collected

from the sensory organs of worker bees.

A typical brood chamber frame is shown in Figure 1.8 depicting the various hive

contents. This frame was taken from a brood chamber early in the season, a fact

which is obvious due to the relatively small size of the broodregion and the presence

of capped honey on the brood frame. As mentioned previously, bees typically store

honey above their brood region and the capped honey cells shown in Figure 1.8

represent residual stores from winter when the hive was reduced to a single brood

chamber, which will be consumed or relocated in the coming weeks.

1.3.2 Importance of Ventilation

Honeybee colonies require su�cient air exchange between theinternal hive environ-

ment and the external ambient environment in order to survive. As air is exchanged

across the inlet boundary, waste gases, excess heat and water vapour are expelled

while fresh air is drawn inside. If ambient air temperature is low, hive ventilation

occurs passively due to a driving force created by the temperature gradient between

the incubating brood and the external environment. Honeybees can in
uence the
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Figure 1.8: Map of comb frame contents with coloured areas denoting regions of capped
brood cells, capped honey cells, and pollen stores. Note empty cells interspersed within
brood region { worker bees use these cells for brood-thermoregulation activities.

rate of passive ventilation by altering the packing densityof the honeybee cluster,

which was demonstrated in our previous study [54] and is supported in literature

investigating heat transfer in honeybee clusters [2][57].Flow rate through the cluster

increases with increasing porosity, as more air penetratesthe beecover. As ambient

air temperature increases and the driving force for 
ow (�T) decreases, passive air

exchanges slows at which point honeybees actively engage infanning behaviour - an

energy intensive process during which many bees align themselves at the hive en-

trance, anchor themselves to the structure, and engage their wings to force air out

of or into the hive depending on their orientation[15]. If conditions become too hot

and active fanning cannot meet the ventilation demand of thecolony, as a last resort
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honeybees will evacuate the hive to reduce congestion (e�ectively maximizing hive

porosity) and improve the circulation of air.

It is clear that honeybees exercise e�ort to maintain control over hive ventilation.

As previously discussed, incubation of the brood requires tight control of temperature

(within 2 � C) and ventilation becomes particularly important when temperatures be-

come too high and cooling is required. An extreme example of active hive ventilation

is referenced in a beekeeping encyclopedia, where a hive close to a burning wood pile

took 
ame { �re�ghters who quenched the burning hive were surprised to �nd the

colony intact[15]. By fanning vigorously the colony managed to protect their wax

combs from melting in spite of the intense heat. Along with heat, the removal of

moisture from the hive body is paramount. During the production of honey, dilute

nectar collected from 
owering plants condenses as the water fraction is evaporated.

A large volume of water must be removed from the hive during a single season. The

evaporation of moisture within the hive also plays an important part in hive cooling.

Evaporative cooling occurs as in
uent air, warmed from passing the brood, gives up

energy to vapourize water. By combining all the techniques mentioned, honeybees

can remove an impressive amount of energy (in the form of heat) from their hives

when required.

1.4 Investigating the Hive

1.4.1 Motivations to Study Hive Geometry

Beekeepers have continuously speculated ways to modify thetraditional hive in e�ort

improve their practice. Improvement can involve any aspectof the hives use, main-

tenance, and operation and, in the case of beekeeping, is often highly personalized.

Although the strategies and products in use by beekeepers vary considerably in form

and function, the goals of hive improvement are rather consistent. Increased honey
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production is an obvious goal, and many e�orts have been madeto help bees speed

up honey ripening by allowing more air to move through the hive. Another area of

attention has been the reduction of swarming behaviour, theperiodic tendency for

honeybee colonies to divide and diverge, which is an undesirable outcome for bee-

keepers. In this event a virgin-queen leaves the colony along with a large fraction of

the worker-bee population, thus seriously hampering the honey production capacity

of a working hive. Studies have shown that swarming behaviour is related to the ven-

tilation characteristics of honeybee hives, and e�orts have been made to help improve

air 
ow with the goal of reducing its occurrence. More recently research has focused

on general colony health as honeybees have been receiving considerable attention in

the popular media due to Colony Collapse Disorder[33].

1.4.2 Research Objective

It is reasonable to assume that changes to the standard hive geometry will facilitate

changes of the 
uid dynamics within the hive environment. The current investigation

explores modi�cations to the standard hive geometry to determine how such modi�-

cations in
uence the physical processes within the hive environment. The geometry

of a CFD model developed in a previous investigation is modi�ed for the present

work. The geometry modi�cations considered include various changes to the bottom

board design, derived from qualitative observation of the natural nest. This study

is intended to characterize changes in the 
ow �eld which result from bottom board

modi�cations. The results will aid in the development of improved bottom board de-

signs through quantitative comparison of various modi�cations and serve as a bench

mark for future hive simulations.
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1.4.3 Project Development

The honeybee hive simulation project began in Summer 2005 asa co-op work study.

The original project sought to develop a three dimensional hive model capable of pre-

dicting 
ow behaviour within the hive body. This study was intended to determine

whether air currents could be induced and/or exploited to disperse particles (repre-

sentative of various biological control agents used to treat bee ailments) throughout

the hive body. Speci�cally, the concept of a modi�ed bottom board was of interest

to the bee-research group responsible for the study. A student was hired from the

School of Engineering at the University of Guelph (namely, the author of the present

work) to develop the �rst hive model. The result of this preliminary attempt revealed

a signi�cant de�cit of experience and knowledge relating tothe theoretical aspects of

CFD modeling of complex, dynamic, biological systems.

To improve the model, expertise was sought through contactsin the School of

Engineering and in 2007 the project was directed to the handsof Dr. Hermann

Eberl, a local expert in CFD for biological systems (Department of Mathematics and

Statistics, University of Guelph). Dr. Eberl took great interest in the project and

obtained funding to investigate the problem further. The project had evolved into a

team e�ort, now including Dr. Rangarajan Sudarsan, an expert in CFD simulation

with extensive experience. First, an attempt was made to develop a model of the

natural honeybee nest. This proved too complicated due to the lack of quantitative

data describing tree-hives. Therefore, our attention was refocused on the commercial

standard and a detailed, parameterized model was developedover the next few years.

Due to the complex nature of the hive environment, care was required to construct

a model that made realistic sense. The extensive work required to develop our model

generated an additional research study: the characterization of the hive model, con-

ducted 2008-2010[54]. In the present work an overview of thecharacterization study

is presented, which highlights model details relevant to the new study and signi�cant
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conclusions that are important to consider.

1.4.4 Relevance of Study

The results of this study, compared with the results from ourprevious hive charac-

terization study will provide insight to the in
uence of bottom board geometry on

the physical processes of the hive. The response of the modi�ed hive to changes

in environmental conditions coupled with well-understoodphysiology of honeybees

shall provide means for the optimization of an enhanced bottom board geometry. If

a re-designed bottom board o�ers advantages to bees it will translate to advantages

to beekeepers. In particular, any in
uence of bottom board design on the physical

processes of heat and mass transfer within the hive body could prove relevant to hive

health and economy.

1.4.5 Overview of Simulations

A series of CFD simulations were designed to explore the in
uence of bottom board

geometry on the hive environment. The modi�cation of the standard bottom board

was carried out in a systematic series of experiments to ensure a careful analysis

of the impacts of bottom board change. For Experiment A, a rectangular bottom

cavity of variable depth was added to the existing hive to create an empty volume

below the brood chamber. For Experiment B, a curved bottom cavity was added

to the existing hive to create a bowl-like space below the brood chamber. For this

investigation the position of the curve-apex (as describedin the next section) was

varied to create a series of front/back-skewed hive bottoms. As in our previous study,

we limit the focus to conditions where only heating mechanisms are employed by bees.

For temperatures greater than 27:5 � C bees engage in active fanning along with other

complicated cooling behaviours that are not considered in this study. Therefore, each

case was considered for ambient air temperatures ranging from 17:5 ! 27:5 � C.
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Chapter 2

Studying Honeybees

2.1 Studying the Hive Environment

A major obstacle to building an accurate model of a working hive is the di�culty in

collecting real-time measurements of hive conditions. Honeybees by nature interfere

with instruments placed in their hives, coating them in wax or propylis, making it

extremely di�cult to obtain undisturbed measurements of hive activity. As a result,

most studies into the metabolic activities of bees either focus on one single bee in a

lab setting [20], or on the beehive as a whole, monitored externally [57],[11]. Thus

there exists no detailed, three dimensional description ofmetabolic activity or any

other thermoregulating activity carried out by bees withinan active colony. Attempts

have been made to quantify in-hive behaviours using experimental observation hives

{ a typical observation hive is shown in Figure 2.1. These hives mimic the honeybees'

environment allowing them to carry out regular life-functions while facilitating obser-

vation by researchers. Observation hives usually consist of a single brood and honey

frame stacked within a glass window such that both sides of the frames can be seen,

however these devices o�er no insight into the 
uid mechanics and heat transfer pro-

cesses which arise in a full frame hive. In light of this fact,it is also relevant to note

17



that colonies in observation hives are rarely able to sustain themselves inde�nitely

[18], further implying the importance of proper hive ventilation to colony health.

Figure 2.1: Observations hives of this type are often used tostudy the behaviour of bees
and have a long-standing tradition in honeybee science. Twoframes can be contained in
this model and bees enter through a small hole at the bottom ofthe hive.

2.2 Honeybees and Thermoregulation

It is �rmly understood that honeybees exercise a great deal of control over the tem-

perature of their hive. Bees must maintain a brood temperature of 33� 36� C in

order for their larvae to develop properly. Many studies have explored the behaviour

of bees in response to various thermal situations and the mechanics of their heating

and cooling activities are well documented. Worker bees produce heat by vibrating

their 
ight muscles. Although they appear motionless, theirbodies heat rapidly to

temperatures exceeding 40� C[19]. Observations have revealed that some heating bees

press their hot bodies against the brood caps, while others enter empty cells within

the brood and pass their heat to surrounding cells [19]. The e�ort required by the

colony for regulation of brood temperature is a function of environmental conditions.
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This fact is clearly illustrated by the diurnal pattern observed for hive metabolism {

bees work hard both at night to warm the brood and in early afternoon to cool it,

while metabolic lows occur between these times of peak activity [22]. A recent study

has shown that drones participate in heating activity as well, yet their contribution

is small [21]. Working as a team, the cluster of female workers serves as a blanket

of bees that insulates the brood against thermal stress. Bees pack tight to hold heat

in the brood and have been shown to use their bodies to shield their brood from

external heat sources[52]. When the hive becomes too hot cooling mechanisms are

employed to remove excess energy from the hive. Bees gather at the inlet to engage in

group fanning behaviour (as will be described in the following section) and use water

to promote evaporative cooling. For the latter method, beesspread water droplets

over the hot brood combs to draw o� energy through evaporation [56]. For study,

bees are often removed from their hive and placed into experimental situations. The

data collected in these studies o�er insight to the functionof individual bees how-

ever do not provide an accurate picture of the functioning hive unit. Several models

have been developed which investigate the heat transfer within the hive, but comprise

only pieces of the whole hive picture. A model to determine the in
uence of empty

cell heating determined that the ratio of empty cells available for heating within the

brood has a signi�cant impact on the heating economy of an individual frame [10].

A similar model was used to conduct a computer simulation of brood heating in a

hypothetical frame [17], which provides the cornerstone for our simulations.

Several models for temperature in wintering clusters have been developed due

to the relative simplicity and importance of the winter hiveconditions. In a win-

ter hive, the bee cluster is relatively stationary and the colony supports no brood.

Experimental data was used to create an empirical model of cluster metabolism at

di�erent temperatures and a simple conduction model was used to determine the

conductance of the cluster in the work of Southwick [47]. Another group developed a
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model of temperature in a winter cluster considering the regulation of individual bee

body temperature based on local conditions [34]. Swarm clusters occur when part

of a colony leaves to establish a new nest, and behave very similarly to wintering

clusters. Again, since swarm clusters are relatively stablethey are much easier to

study than the dynamic hive environment. Studies investigating the thermal proper-

ties of swarm clusters have shown that bees regulate the cluster core to 34� C with

remarkable accuracy [31] despite full exposure to the elements.

The metabolic heat generated by honeybees has been found experimentally to

depend on: (a) honeybee activity level ([50], [20]) { whether it is resting,walking or

participating in active thermoregulation related activities; (b) local hive air temper-

ature in the vicinity of the honeybee ([7]); and (c) age and sex of the honeybee([6],

[36]). In addition, the metabolic heat generation rate obtained from experiments

performed on groups of honeybees (greater than 20 bees) indicate a lower value (110

th) than results obtained from experiments done with a single honeybee ([42]). For

honeybees with moderate to high activity levels, the metabolic heat generation rate

decreases linearly with temperature. In contrast, for resting or sleeping honeybees

it increases with increasing temperature following a sigmoidal shape [20], with the

value for resting honey bee being orders of magnitude smaller than those for the active

honeybees.

Two di�erent approaches have been used in the earlier modeling work on heat

transfer and thermoregulation in honeybees: a direct and anindirect approach. In

models using the direct approach, the metabolic heat generation rate obtained from

experiments have been considered as a constant or as a linearor quadratic function

of temperature with negative slope (valid for active honeybees) ([35], [48], [30]) or an

exponential function usingQ10 analogy (valid for resting honeybees)[34]. With the

indirect method ([17]) experimentally measured values of honeybee body temperature

are used along with the convective heat transfer coe�cient and honeybee surface area
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to evaluate metabolic heat generation rate.

2.3 Honeybees and Ventilation

Ventilation of a beehive is a topic that is not clearly represented in the literature.

Again, due to the complexities that arise when studying honeybees, it is very di�cult

to measure hive conditions with high resolution. Consequentially, hive ventilation

studies typically measure total air exchange rates and o�erqualitative descriptions

of group-fanning behaviour at the hive inlet, often involving modi�cation to the inlet

to facilitate measurement. A French study performed in 1964documented the labour

distribution of bees involved in cooling and foraging behaviours [26]. This work re-

vealed that the number of fanning bees is a direct function ofambient air temperature

and that bees will forgo foraging activities to take up ventilation/cooling work as tem-

peratures increase. This result has been observed by beekeepers and is supported in

the emotive work of Maurice Maeterlinck, a Nobel prize winnerand hobby beekeeper.

His personal experiments revealed that bees who forage in themorning hours are often

observed fanning the brood in the afternoon [28]. Another study on hive ventilation

revealed a tidal in
ow/out
ow pattern when the hive was �tte d with a reduced en-

trance [49]. Bees fanning in unison work to evacuate a streamof stale air from the

hive then, the group simultaneously stops fanning allowingfor a passive in
ux of fresh

air. In this way, the reduced-entrance-hive \breathed" at an average rate of roughly

3 breaths/min [49]. Although this experiment represents extremely idealized inlet

geometry, and the author suggests that in fact, honeybees inthe wild may prefer to

operate larger inlets to obtain counter current 
ow, the results are a testament to

the intricate behaviour of honeybees. Honeybees also in
uence hive ventilation by

adjusting the packing density of the brood-cluster, a concept which was supported

by our previous study [54]. By packing close together bees reduce their e�ective clus-
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ter porosity and increase resistance to 
ow through it; or conversely, by spreading

themselves out bees increase the e�ective porosity of the cluster which reduces the

resistance to 
ow through it.

The spatial details of air-
ow within the hive are speculated based on intuition

and fanning activities within the nest have not been quanti�ed. It has been discussed,

based on appreciation of physics, that hot air from the bee cluster rises up into the

honey super regions. If top ventilation holes are used, thiswarm air passes up and out

of the hive, otherwise, it is forced down the sides of the hiveand out through the hive

inlet. As mentioned, few have undertaken comprehensive studies of hive ventilation.

However, some individuals have endeavored to highlight the importance of ventilation

to many vital hive process. Vladimir Shaparew discusses the importance of hive 
ow

and the relative neglect to investigate its behaviour in thedevelopment and analysis of

his Ventilating Inner Cover for Beehives [46]. In a series ofnon-scholarly publications,

Shaparew describes his personal experiments to characterize his invention [45] [44].

Active control of hive ventilation has been linked to humidity-preference which

triggers a response by fanning bees, demonstrating that honeybees exercise control

over the environmental conditions within the hive [8].

2.4 Developing a full-frame hive model

The development of a full-frame hive model required the assembly of information

from several studies. Data on the metabolic rates of individual honeybees in com-

parison with clusters of bees was used to formulate an approximate heating value.

Approximate spatial data describing the location and progression of the brood was

recorded in literature [15] however detailed spatial data and temporal variation was

not found.
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2.5 De�ning the Brood

As a result of insu�cient published data on brood size and position, it was necessary

to implement strategies to �ll the gaps. A two tiered approach was employed to

collect the required data: (1) surveys were distributed to local beekeepers to collect a

qualitative description of the brood and (2) �eld observations were conducted over the

2009 season at the University of Guelph BeeLab to collect quanti�able photographs

of the brood.

2.5.1 Surveys

To develop a qualitative description of the shape, size and position of the brood in

typical beehives a survey was designed to obtain data from local beekeepers. The

survey requested participants to sketch the shape and position of the brood in two

planes, thereby de�ning the brood in three dimensions. Participants were asked to

complete this sketch for two di�erent times in the season, one early in the year and

one at mid season. The survey was distributed to 10 commercial apiarists with the

assistance of Paul Kelly of the University of Guelph Beelab. Acopy of this survey is

included in Appendix A.

2.5.2 Field observations

To develop a quantitative description of the shape, size andposition of the brood in

typical beehives a systematic photo study was carried out from April to September

of 2009 at the University of Guelph BeeLab. Visits were made to the BeeLab at

one-week intervals and, with the assistance of BeeLab sta�,two hives were disassem-

bled (one at a time) and their brood chamber frames were photographed. Taking

pictures was facilitated by a device used in previous brood studies, which was built

and made available to our research by Paul Kelly of the BeeLab. The device featured
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in Figure 2.2 supports, in �xed positions, an individual frame at one end and a dig-

ital camera at the other. The frame can be quickly photographed on both sides as

the frame stand rotates on a swivel.The �eld study provided aquantitative basis to

justify our inputs for brood shape, size and position.

It was realized shortly into the study that several uncontrolled variables were not

considered, and due to this fact, the data collected are considered representative snap-

shots of possible hive conditions in a typical hive. The inconsistent hive components

used at the BeeLab proved less than ideal: old brood chambersand honey supers

did not seal e�ectively leading to draft in
uence; the hivesused at the BeeLab had

unique features such as extra ventilation holes and vented bottom boards; the hives

containeddrone frames{ plastic frames that promote larger cell construction in order

to bias site selection for drone development; old frames were used in the hives, which

may have in
uenced the spatial development of the brood pattern. To overcome most

of these uncontrolled variables, new hive components that are representative of the

commercial standard must be used to conduct a similar investigation. To improve the

statistical signi�cance of the data, the brood survey should be repeated for several

(at least 4) standardized hives with identical parts and maintenance procedures.

The data collected through surveys and �eld observations was used to de�ne the

brood position and shape within the models examined in our �rst study [54] as well

as the present work. The data support the commonly reported description of an

`American football' shaped brood, if considered in three dimensions within the hive

body. To de�ne this shape mathematically, the brood is represented by an ellipse

which is largest at the centre of the hive and decreases in size towards the endwalls.

To de�ne the decrease in brood size, abrood gradientparameter (� ) was de�ned in

our previous study, which de�nes the rate of reduction in terms of frame coverage.
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Figure 2.2: This stand was used to photograph brood frames from experimental colonies
at BeeLab, University of Guelph. The stand allows both sidesof a frame to be quickly
captured as the frame stand can rotate upon a swivel.

2.5.3 Brood wave propagation

Visual observations of the brood frame photos revealed an interesting trend. As the

season advanced, a banded pattern was observed in the brood cappings as highlighted

in Figure 2.3. Logic dictates that this pattern results fromthe constant progression of

the egg laying queen - moving to a new frame once completing a su�cient new band.

This hypothesis is supported by observations described in the beekeepers encyclopedia

[15]. However, work must be done to con�rm the trend and to quantify the brood-

front progression under controlled conditions. The bandedbrood pattern has not

been included in any of the hive simulations to date, yet it islikely that inclusion of

this feature would have an impact on 
ow behaviour in the hive.

2.6 CFD for Honeybees

2.6.1 The beehive computerized

Prior to our work, the use of CFD to study honeybee hives has not been documented

in the literature. The complexity of the hive environment and the unavailability of
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quantitative data to describe it make it di�cult to create an all-encompassing model

describing the hive's physical process. In an e�ort to develop a model capable of

testing bottom board modi�cations, it was necessary to build and test a model of the

standard commercial hive. An intensive characterization process was conducted on

our model of the standard geometry to test the validity of ourrepresentation of the

hive and colony. These results combined to generate the �rstcomprehensive CFD

study of physical processes within the hive [54].

2.6.2 De�ning the digital hive

The study considered a single commercial hive composed of one brood chamber, one

honey super covered with a top board, and a standard bottom board enclosing the

base of the hive. Bees were added into the model by de�ning theregion of the hive

where bees cluster as a porous medium. It is assumed that beescluster over areas

where brood is present and the brood area was de�ned using data collected from

surveys and �eld observations, as discussed previously.

2.6.3 Characterization

Characterization of the computer model was performed in a parametric study which

focused on the in
uence of ambient temperature, cluster size, cluster position, and

cluster porosity on physical processes within the hive. Thestudy was limited to av-

erage summer conditions (Tamb = 17:5� 30:0 � C) while active fanning by bees, honey

ripening and humidity transport, and the movement of bees were omitted. The results

of our preliminary simulations indicated: (a) both heat andmass transfer resulting

from honeybee metabolism play a vital role in determining the structure of the 
ow

inside the beehive and mass transfer cannot be neglected; (b) the non-uniform tem-

perature pro�le on the comb surfaces arising from brood thermoregulation activities

enhances 
ow through the honeybee cluster, enhancing removal of the carbon-dioxide
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produced inside the cluster e�ecting lower carbon-dioxideconcentration next to the

brood; (c) increasing ambient air temperature causes ventilation 
ow rate to drop,

resulting in weaker 
ow inside the beehive.
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Figure 2.3: A pattern resembling wave propagation was observed upon visual inspection of
the brood frame photos collected in the �eld study, as highlighted in the series of photos
shown here.
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Chapter 3

Methods

3.1 The Mathematical Model

3.1.1 The Model Domain

Internal Hive Volume

The geometry of the experimental beehives consists of the typical Langstroth hive

architecture with modi�cations made to the bottom board. The hive volume was

simpli�ed to an 8-frame setup (10-frame is standard) to reduce the computational

volume. It is assumed here, as in our previous study [54], that the 
ow �eld developed

under the 8-frame simulation would be analogous to the 10-frame standard. The

standard hive architecture consists of a brood chamber (theregion of the hive where

honeybee larva are incubated) which sits on top of a 
at bottom board. Honey

supers (hive compartments where honey is produced) are stacked on top of the brood

chamber - the number of supers depends on the colony's productivity and ranges

from 1-4. Figure 3.1 illustrates the 8-frame hive used in this study and highlights the

position of the inlet slot and the porous bee cover (discussed in the next section). For

our investigation, only one honey super was considered. Theexperimental bottom
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cavities were patched onto the bottom of the hive model developed in our previous

study in place of the original 
at bottom board. Bottom cavity modi�cations were

de�ned by the parameters� and � which are described in Section 3.2.

Figure 3.1: The model domain consists of an 8 frame honey super stacked atop an 8 frame
brood chamber. The only opening in the hive domain is the horizontal slot along the bottom
of the hive's front face which is de�ned as a pressure inlet.

Porous Bee Cover

For all cases, the amount of heat generated within the hive cavity is �xed by the

presence of the brood, represented by the circular shapes shown in Figure 3.1. Each

simulation used the same assumed brood con�guration, whichwas de�ned using in-

formation gathered from literature, surveys distributed to local beekeepers, and �eld

research. A brief overview of the brood shape de�nition is now presented { for more

details refer to Section 2.2 and 2.3 of our previous report[54]. The shape of the brood

was de�ned as a rectangle with two semi circles attached to the short sides. The area

of the brood shape was de�ned by the value of� bee, given by Equation 3.1, which
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represents the percentage of an individual comb surface that is taken up by brood.

� bee =
Abc

Acomb
� 100% (3.1)

The value ofAbc represents the area of the bee cover andAcomb is the area of the

comb of interest. Considering the shape described earlier with H representing the

height of the rectangle portion andW representing the width of the rectangle portion,

the area of bee cover can be de�ned as:

Abc = HW + � (
H
2

)2 (3.2)

The proportions of the rectangle were de�ned by setting the value of W on the

centre beecover volume (# 4 of 7) to 0.85 times the width of thecomb face. This

value was chosen based on visual inspection of the brood frame photos and of active

beehives in the �eld. All other beecover volumes were de�ned based on the ratio of

W to H established for the centre beecover volume. The centre beecover volume was

centred on the adjacent frame surfaces. It is assumed in the present work, as in our

previous study, that the size of the bee cover is larger than the size of the brood area

beneath it, which is de�ned by Equation 3.3.

� brood =
Abrood

Acomb
� 100% (3.3)

The size di�erence is de�ned by a �xed value for� ratio = 0:3, given by Equation 3.4,

which represents the ratio of bee cover to brood area. Using these four relationships,

the size of the brood area and the size of the bee cover over it can be de�ned on any

comb given a value of� bee.

� ratio =
Abrood

Abc
(3.4)
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To mimic the 'American football' brood shape described by beekeepers and by

our �eld observations a brood gradient was de�ned. By changing the value of � bee

at di�erent locations in the hive, the shape of the brood, when considered in three

dimensions, changes as well. To create the desired shape, a large value of� bee was

set on frames at the middle of the hive and small values of� bee were set on frames

near the walls (no brood was de�ned on frames facing the walls). This con�guration

is shown graphically in Figure 3.1.

For the present investigation one brood con�guration was selected to be used in

all of the modi�ed bottom board cases. We selected a brood con�guration that was

representative of average conditions (relative to our previous study): brood gradient

de�ned by � bee = 70 � 50%.

Heat and mass transfer inputs

1. Heat and mass transfer from comb surfaces: The energy expelled from the hot

brood of the colony helps drive the natural convection currents that passively

circulate air in the hive. In our simulation, the contribution of the brood to

the hive energy balance was simpli�ed by applying a temperature pro�le to

the surface of combs with brood. This method replaced the need to solve the

comb-side heat transfer problem as performed in [17].

2. Heat and mass transfer from honeybees: Honeybees consume sugar for energy

and in the process produce heat and exhaustCO2 and water vapour as waste.

The chemical reaction described in Equation 3.5 shows that for every mol of

glucose, a bee consumes 6 mol ofO2 while generating 6 molCO2 and 6 mol

H2O. The result is a net transfer of mass and energy to the hive air.

C6H12O6 + 6O2 ! 6CO2 + 6H2O + energy (3.5)
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The transfer of energy from the bee phase of the porous mediumis modeled as

the convective heat loss from bees to the air within an individual cluster. In this

case conduction and radiation loss to the air are neglected.The convective heat

loss equation for a bee given by Equation 3.6 is not solved directly for each bee,

since we have simpli�ed the population using a porous mediumformulation.

Instead, the energy source is incorporated into the energy equations for the

porous medium, as will be discussed in detail in Section 3.1.3.

Gbee = hbaAbee(Tbee � Tamb) (3.6)

where, Gbee, hbee! air , Abee, Tamb and Tbee are the metabolic heat generated by

a honeybee per unit time, heat transfer coe�cient for free convection/radiation

from the honeybee to air, surface area of the honeybee exposed to air, tem-

perature of the air in the vicinity of the honeybee, and the temperature of the

honeybee body. Equation 3.6 implies that the heat generatedby a bee per unit

time is equal to the energy lost by the bee to its surroundingsby convection,

and neglects conductive heat loss to the comb surface and within the bee body.

3. Bee colony thermoregulation mechanisms: The range of temperature considered

in the present study (17:5 ! 27:5 � C) was selected such that only heating

activities need to be considered in our model. Bees engage inseveral methods of

heating to maintain proper brood temperatures, however we do not treat these

activities explicitly. As in our previous study, the heatingbehaviour of bees is

approximated by �xing the ratio of actively heating bees verses in-active bees

(designatedRactive ) in each bee cover. For the present study, this value is set

to 0.6 meaning 60% of the bees in each cover are actively engaged in heating

activity and these bees are radomly spread throughout the bee cover in areas

where brood are present.
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3.1.2 Assumptions of the Mathematical Model

The 
ow within the enclosed hive structure can be driven by several mechanisms

including: buoyancy driven 
ow and natural convection, forced convection by fanning

bees, and draft-ventilation from external wind. As in our previous investigation, we

re�ned the scope of our simulations using the following assumptions:

1. Air temperature outside the hive is constant

2. All honeybees in the beehive are contained within the bee cover volumes

3. Bee thermal response mechanisms are engaged in heating only { cooling mech-
anisms are not considered

4. Conjugate problem is not solved - heat transfer between comb cells is neglected

5. Mass transfer has an e�ect on natural convection 
ow - density of air is a
function of temperatureand species concentration

6. Bee cover modeled as a porous medium

7. Metabolic heat generation rate modeled as a function of local bee activity and
temperature

8. Metabolic heat generation rate is not a function of time

9. Comb surface temperature is not a function of time

10. Flow is steady and laminar

11. No thermal equilibrium between bee phase and air phase in porous medium

12. E�ect of humidity on air 
ow is not considered

Detailed descriptions of each assumption and their implications for our study are

presented in Section 3.2 of our previous report [54].

3.1.3 Governing equations

The 
ow inside the hive body, which we de�ne as a partially porous enclosure, is

modeled using a one-domain formulation where in the 
uid domain is also treated
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as a porous domain having a porosity� = 1. In the one domain formulation, we

combine the terms for the porous and the 
uid domains into oneset of generalized

conservation equations. In this way, the transition from porous to 
uid domain is

achieved by specifying the spatial variation of thermophysical properties. Gobin and

Goyeau [14] veri�ed the validity of this one domain formulation in comparison with

a two domain formulation and concluded that provided su�cient care is taken in the

numerical approximations, both approaches lead to similarresults for the simulation

of heat and 
uid 
ow in 
uid-porous domains.

The following set of equations govern the mass, momentum, heat and species

transport in the porous medium with no thermal equilibrium ([32], [5], [4], [27], [29]).

Continuity Equation:

5 � (� f ~v) = Sm (3.7)

where: � f is density of the air mixture in kg=m3; ~v is the velocity vector in ms� 1; r

is gradient operator in m� 1, and Sm is the source or sink term for mass generation

in kg=m3s which has non-zero value only inside bee cover volumes due tohoneybee

metabolism and the associated generation ofCO2 and water vapor.

Momentum Equation:

5 � (� f ~v~v) = � 5 p + 5 � (~~� ) + � f ~g+ ~S (3.8)

where: p is the static pressure in Pa;~~� is the stress tensor in Pa;� f g is the gravita-

tional body force inNm � 3; ~S is the external body force inNm � 3 in which we include

all other model-dependent source terms such as resistance to 
ow o�ered by porous

media. The stress tensor~~� is given by

~~� = �
�

(r ~v+ r ~vT ) �
2
3

r � ~vI
�

(3.9)
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where: � is the dynamic viscosity in Pa s; T is transpose operator; I isthe unit tensor;

and the second term on right-hand side is the e�ect of volume dilation.

The source term~S with Cartesian componentsSj is used to capture the resistance

o�ered to the 
ow by the porous medium. The source term has zero value outside

the bee cover volumes. The resistance o�ered by the porous medium is determined

by a combination of viscous surface friction and drag forcesexerted by the porous

medium. Di�erent formulations are available to model the resistance, in our study the

momentum source term is modeled using the Darcy� Forchheimer expression ([23])

given by:

Sj = �
�

�
K

+ C2
1
2

� f vmagvj

�
(3.10)

where: vj are the Cartesian velocity components in the x,y and z directions in ms� 1

and vmag is magnitude of the velocity inms� 1. The parameters K andC2 are the

permeability of the porous medium inm2 and internal resistance inm� 1. They depend

on the geometrical shape of the porous medium solid phase, its surface roughness,

the porosity, � , of the porous medium and the particle e�ective diameterdp. The

e�ective particle diameter dp [13] is de�ned as

dp = (
6Vbee

�
)

1
3 (3.11)

whereVbee is the volume of a worker honeybee. A worker honeybee is assumed to be

a cylinder with length of 11 mm and diameter of 3 mm as suggested in [2].

For a honeybee that is assumed to be a smooth particle, the Ergun equation[9] is

applied to get the value of the coe�cients as given in the expression below

1
K

=
150(1� � )2� 2

d2
p� 3

(3.12)
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C2 =
3:5(1 � � )�

dp� 3
(3.13)

where: � is the porosity of the medium and� is shape factor [13] given by

� =
Abs

�d 2
p

(3.14)

whereAbs is the surface area of a honeybee inm2.

Energy equation for the 
uid phase:

� f (cp)f ~v � 5 (Tf ) = � 5 � (kf 5 Tf ) + hasf (Tb � Tf ) (3.15)

where: (cp)f is speci�c heat capacity of air in units J
kg�K ; kf is thermal conductivity of

air in Wm� 1K � 1; Tf is air temperature in K; Tb is local bee phase temperature in K;

h is heat transfer coe�cient at the air-honeybee interface and asf is speci�c surface

area of the honeybee phase in the porous medium(surface areaper unit volume of the

honeybee).

Energy equation for the honeybee phase:

(1 � � ) 5 � (kbf 5 Tb) � h asf (Tb � Tf ) + (1 � � )q
00

bp = 0 (3.16)

where kbf is thermal conductivity of the honeybee,Tb is local honeybee phase tem-

perature in K; and q
00

bp is the metabolic heat generation rate by the honeybee per

unit volume of the honeybee inW=m3. The last term in the energy equations for the


uid and solid/bee phase which appears with opposite signs in both these equations

represents the heat transfer between the honeybee phase andair in its vicinity.

In this study, we assume that the conduction inside the honeybee phase repre-

sented by the �rst term in (3.16) is negligible compared to the other two terms. With

this assumption, if we drop the conduction term we can collapse the bee-phase energy
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equation into the 
uid-phase energy equation and rewrite the 
uid-phase equation as

given below:

� f (cp)f ~v � 5 (Tf ) = � 5 � (kf 5 Tf ) + (1 � � )q
00

bp (3.17)

Species Transport Equation:

5 � (� f ~v Yi ) = � 5 � (Ji ) + Si (3.18)

where: � f is density of 
uid in kg/ m3; Yi is mass fraction of species i in air mixture;

~v is velocity vector in m/s; Ji is di�usion 
ux of species i in kgm� 2s� 1 given by

Ji = � � f D i;f
@Yi
@xi

(3.19)

whereD i;f is di�usion coe�cient of the species i in the mixture f; Si is source or sink

term in kgm� 3s� 1 due to bee metabolism, which has a non zero value only inside

the bee cover volumes; andr is the gradient operator inm� 1. A constant value is

used for the di�usion coe�cients of the di�erent species, and the this value is applied

inside the porous bee cover and in the 
uid space in the 
uid.

Equation of State for air:

The air is assumed to be an incompressible ideal gas mixture made up of di�erent

constituents namely carbon-dioxide, water vapor, oxygen and nitrogen. The density

of the this mixture [1] is calculated as given below:

� f =
Pop

R Tf ( YCo 2
M Co 2

+ YO 2
M O 2

+ YH 2 o

M H 2o
+ YN 2

M N 2
)

(3.20)

where: Pop is operating pressure in Pa; R is universal gas constant in J/kg mol K;

Tf is temperature in K; YCo2 , YO2 , YH 2o, YN2 and MCo2 , MO2 , MH 2o, MN2 are the

mass fraction and molecular weight (in Kg
Kg �mol ) of the di�erent constituents namely
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carbon-dioxide, oxygen, water vapor and nitrogen that makeup the air mixture.

3.1.4 Boundary conditions

Hive boundaries

For solving the set of governing equations listed in the earlier section, the boundary

conditions described below were used. For the momentum equation, along the inside

walls of the beehive as well as on all the surfaces of the frames in both the brood

chamber and honey super, no slip boundary conditions (~v = 0) were applied. On

the inlet to the beehive present at the bottom of the brood chamber, a pressure inlet

boundary condition was applied. This boundary condition isused as the ambient

atmospheric pressure outside the beehive is known but the 
ow rate and/or velocity

are not known and it also allows the 
ow to exit through sections of the inlet where

the pressure exceeds the user speci�ed inlet total pressure. The treatment of pressure

inlet boundary conditions by Fluentc
 can be described as a loss-free transition from

stagnation conditions to the inlet conditions. For incompressible 
ows, this is accom-

plished in Fluentc
 by application of the Bernoulli equation at the inlet boundary as

explained in Fluent user manual [1].

Species transport

For the species transport equation, we apply zero 
ux boundary conditions on all

the interior surfaces of the beehive (excluding the inlet) and on all the surfaces on

the frames including the brood surfaces underneath the bee cover volumes. This

boundary condition on the brood surface is a valid approximation as the metabolic

heat generated by the pupae inside the brood and thereby the mass 
ux of the di�erent

species accompanying the brood metabolism is negligible ([17],[36],[39]) in comparison

to metabolic heat generated by the honey bees in the bee cover. Along the pressure

inlet boundary, whenever the 
ow enters the beehive from theexternal environment,
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the value of species concentration is set to the concentration of the species assumed

in the ambient air. For the simulations done in this study, the ambient air is assumed

to be made up only of oxygen and nitrogen with the mass fraction of oxygenYO2 set

to 0:22 and mass fraction of nitrogenYN2 set to 0:78.

Brood temperature pro�le

For the energy equation, all the surfaces on the inside of thebeehive enclosure and on

the frames except the brood surfaces underneath the bee cover regions are assumed to

be insulated. For reasons explained earlier under modelingassumptions, a Dirichlet

boundary condition for temperature is applied on the comb surface underneath the bee

cover where the brood resides. To mimic the e�ect of brood thermoregulation by the

worker honeybees a spatially varying temperature pro�le, derived from our previous

study [54], was applied on the brood surface. The spatially non-uniform temperature

pro�le is a realistic one to expect, arising as a result of thecombined e�orts of the

thermoregulating worker honeybees. Due to reasons discussed earlier under model

assumptions, in this study we neglect the time variation of the brood temperature,

but mimic its spatial variation by constructing a non-uniform temperature pro�le

on comb surfaces underneath each of the bee cover volumes. Based on the work of

Humphrey and Dykes [17] the temperature is assumed to vary linearly in the direction

normal to the ellipse-shape from 38� C (set at the core of the brood surface) to 33� C

(set at the periphery of the brood region). For a detailed de�nition of the temperature

gradient applied to the brood surface its evolution, consult Section 3.4 of our previous

study [54].

Initial Conditions

Fluent uses an semi-implicit iterative method to solve the governing equations, at the

start of the iterative process, the initial value of the velocity for all cells is set to zero,
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the initial temperature set to 300� K (approx. 27 � C), and the initial concentration of

the di�erent species is set to be same as their value in the ambient air.

3.1.5 Model parameters

Porosity of bee cover volume:

Porosity in a 
uid saturated porous medium is de�ned as the fraction of its total

volume occupied by the 
uid, which in our case is air. If the distribution of honeybees

inside each bee cover volume which is modeled as a porous medium is assumed to be

uniform, the porosity � of each bee cover volume can be calculated by

� =
Vair

Vbc
= 1 �

Vbee� phase

Vbc
(3.21)

where Vbc is the total volume of the bee cover volume andVbee� phase is the total

volume occupied by all honeybees present in each bee cover volume. If we assume all

the honeybees have the same size and shape, the above equation can be rewritten as

� = 1 �
NbcVbee

Vbc
(3.22)

where Vbee is the volume of a single honeybee, andNbc is the number of honeybees

present in a bee cover volume.

An estimate of the number of honeybees present in each bee cover along with

volume of each bee cover is needed to evaluate porosity using(3.22). An approxi-

mate value to use for bee cover volume can be obtained from theshape of the bee

cover volume seen during visual inspections, but an estimate of number of honey-

bees inside a bee cover volume or in the whole beehive is di�cult to obtain via visual

means. Earlier models studying heat transfer in winter clusters and honeybee swarms

([35],[34],[55],[25]) used either density of the honeybees (mass of honeybee per unit

volume of the cluster) or number of honeybees per unit volumeof the cluster as vari-
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able instead of porosity. This was motivated by the fact thatthe earlier models were

primarily conduction only models neglecting the 
ow through the cluster. Basak et

al.[2] studying heat transfer in honeybee swarms used an estimate of number of hon-

eybees in a swarm given by Heinrich et al [16] to evaluate the porosity. Watmough

and Camazine[57] in their model on thermoregulation in honeybee clusters evaluated

the density of the honeybees using the estimate of 2 bees percm3 at higher ambient

temperatures increasing to maximum of 8 bees percm3 at low temperature provided

by Heinrich et al [16].

In our model, we use (3.22) to compute the porosity by substituting for Vbee the

value computed by assuming the honeybee to be a cylinder withlength = 11mm

and diameter= 3mm as suggested in [2] and forNbc
Vbc

(number of honeybees per unit

volume of bee cover volume) the range of values given by Heinrich et al.[16]. The

range of value for porosities that resulted from this substitution was 0:4 � � � 0:5. In

our previous study, we investigated the in
uence of porosity variation on the physical

processes within the hive. For the case of the present work, we �x the porosity of

the beecover volumes to an average value� = 0:45. The value of porosity for each

simulation is assumed to be same in all the bee cover volumes.

Metabolic heat generation rate per unit volume of honeybee

The metabolic heat generation rate per unit mass of the honeybee (gbee in Watts/Kg)

or per honeybee (Gbee in Watts) are conventionally measured using calorimetry ex-

periments, as highlighted in Section 2.2. The metabolic heat generation rate per unit

volume of the honeybee phase,q
00

bp, needed in (3.17) can be calculated fromGbee or

gbee after conversion as shown in the equations given below

q
00

bp =
Gbee

� (Dbee=2)2Lbee
=

gbee

M bee� (Dbee=2)2Lbee
(3.23)

whereLbee and Dbee are the length and diameter of a honeybee modeled as a cylinder
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[2] and M bee is the mass of a honeybee which varies from around 80mg to 110 mg

depending on the amount of honey it is carrying. In writing the above equations,

we have assumed that the heat generation is distributed uniformly throughout the

volume of the bee.

Metabolic heat generation rate is measured in controlled experiments through use

of direct calorimetry ([40], [37], [38]) or indirect calorimetry([6], [51], [36], [20]). In di-

rect calorimetry experiments, the temperature increase ofthe air at a given 
ow rate


owing over a honeybee or a cluster of honeybees held inside acontrolled temperature

environment is measured. From these experiments, the heat generation rate per unit

weight of the honeybee (gbee) is calculated, from whichq
00

bp needed in our study can

be calculated using (3.23). For indirect calorimetry, the change in concentration of

carbon-dioxide or oxygen in air 
owing at a given 
ow rate over a cluster of honey-

bees held inside a controlled chamber is measured. These experiments report either

the volume rate of oxygen consumption (_VO2 ) or volume rate of carbon-dioxide pro-

duction ( _VCO2 ) both expressed in� l/min per honeybee measured at STP (Standard

Temperature Pressure: T=273 K, P= 1 ATM) conditions. q
00

bp needed in our governing

equations can be inferred indirectly from the reported_VO2 or _VCO2 , after converting

the reported data to Gbee with the assumption that the combustion of honey is an

aerobic process following the stoichiometric equation given in Equation 3.5. The steps

involved in the conversion process are as outlined below:

Steps to convert _VO2 data to Gbee

1. Step #1 : Convert _VO2 to number of moles ofO2 consumed per unit time (_NO2 )

given that 1 mole of any gas occupies 22.4 Liters at STP.

2. Step #2: Convert _NO2 to number of moles of glucose consumed per unit time

_NC6H 12 O6 from stoichiometric equation given in Eq.3.5, i.e., 1 mole of glucose

needs 6 moles of oxygen.
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3. Step #3: Convert _NC6H 12 O6 to Gbee using the fact that 1 mole (180 g) of glucose

(C6H12O6) produces 2874kJ of energy.

In the model used in this study, the value for metabolic heat generation rate at the

centroid of each grid cell inside the bee cover volume is assumed to be a function of

local air temperature and activity level of the honeybee at that location. The activity

level of the honeybees involved in brood maintenance is speci�ed by setting the value

of Ractive , the ratio of number of active honeybees to total number of honey bees

at each location inside the bee cover volumes. In our work, wemake the following

assumptions while setting the value ofRactive : (a) the honeybees inside the beehive

can be assigned to one of the two activity levels namely active or passive, which can

be logically extended to include more activity levels in thefuture; (b) the number of

active honeybees in each bee cover is proportional to the size of the brood underneath

it; and (c) Ractive is assumed to be constant inside each bee cover volume due to the

lack of su�cient data to �x activity distribution of honeybe es inside the hive. As

we move from one bee cover to the next one along the span of the hive, the number

honeybees and thus, the number of active-heating bees, reduce by same proportion

as the bee cover volume keeping their ratio constant.

The value ofq
00

bp at each location inside the bee cover volume is given by

q
00

bp = � corr ((1 � Ractive )gv
passive(T) + Ractive gv

active (T)) (3.24)

where~r is the position vector,gv
active (T) and gv

passive(T) are the metabolic heat gen-

eration rate per unit volume of an active and passive honeybee at the temperatureT

and � corr = 0.10 a correction factor used to scale values obtained fromexperimental

measurements done on single honeybees into appropriate values for groups of honey-

bees. A similar correction factor� corr was used in the modeling work on honeybee

swarms in [2].
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The earlier models studying heat transfer in honeybee clusters during the winter

used di�erent expressions to quantify the temperature dependence of metabolic heat

generation rate valid in the temperature range (� 10 ! 15� C) prevalent during the

winter. The expressions used did not explicitly account forthe di�erent activity levels

of the honeybees which would be present during the summer andcannot be extended

to the range of temperature prevalent inside the beehive during the summer. In our

study, the expression used forgv
active (T) and gv

passive(T) was obtained from the indirect

calorimetry experimental data of Stabentheiner et al.[51]. They measured the oxygen

consumption rate of honey bees (_VO2 ) in � L min � 1 per honeybee as a function of

temperature performing di�erent activities which were labeled in their study as A,

B,C, and D where A corresponded to small or no movements, B to low activity, C

to medium activity, and D to fast activity as well as for a resting honeybee. The

medium activity level C from [51] was chosen to represent theactive honeybee in our

model,while the activity level B was chosen to represent theless active honeybee.

For both these activity levels, the _VO2 data in [51] showed a decrease with increasing

temperature. A linear function was assumed to describe the temperature dependence

given by

_V active
O2

= Aactive + Bactive T (3.25)

_V passive
O2

= Apassive + BpassiveT (3.26)

where the coe�cients Aactive , Apassive, Bactive , and Bpassive were obtained by least

square �t (correlation coe�cient r 2=0.92) to the data extracted from [51]. Using

the steps outlined earlier, the oxygen consumption rate expressed by the (3.25) was

converted to get the the source terms occurring in the energyand species transport

equations of the present simulations.
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Source terms: Species Transport and Continuity Equations

The source termSi (units: Kg=m3sec) that appears in the species transport equations

(3.18) wherei stands for either ofCO2, H2O, O2 or N2 and the source term in the

continuity equation Sm (3.7) are both related to the source termq
00

bp that appears in

the energy equation(3.15). This relationship is to be expected as the same honeybee

combustion process that generates the heat is accompanied by consumption of oxygen

and production of water vapor and carbon-dioxide, i.e., combustion of 1 mole (180 g)

of glucose (C6H12O6) produces 2874kJ of energy in addition to producing 6 moles

of water vapor and carbon-dioxide and consuming 6 moles of oxygen. Therefore

a conversion factor can be worked out to compute theSi terms onceq
00

bp has been

obtained as a function of local temperature as explained in Section 3.1.5. To speed up

the calculation, this conversion is done outside the Fluentc
 UDF where we calculate

the coe�cients A i and B i which are the coe�cients appearing in a linear function

written for Si (T) i.e., Si = A i + B i T, where T is the temperature of the air in

centigrade.

The source termSm in the continuity Equation (3.7) is given by

Sm = Sco2 + Sh2o � So2 (3.27)

and it has a positive value inside each of the bee cover volumes, i.e, net mass is added

to the air due to combustion of honey.

3.1.6 Post-processed quantities

In this study, to understand the in
uence of di�erent model parameters, we computed

integral values of quantities over di�erent regions insidethe beehive. These quantities,

used in conjunction with conventional 
ow visualization techniques like contour and

vector plots, provided us an e�cient way to understand the subtle change in 
ow
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behaviour that arises due to changes in hive geometry. The de�nition of the di�erent

integral quantities and the methods used to calculate them are listed below:

1. Ventilation 
ow rate: Ventilation 
ow rate (expressed in Liters/min) is the

measure of the air exchange between the beehive and the external environment.

It can be quanti�ed by specifying either the in
ow rate or the out
ow rate,

where the in
ow and out
ow rate are de�ned as the volume of airentering and

leaving the beehive per minute. In a conventional Langstroth beehive like the

one in our study where we have no additional openings, the airhas to both enter

and leave the beehive through the inlet in the bottom of the brood chamber.

In such a case, the volume in
ow and out
ow rate are given by

_Vinf low =
Z


 i

j~v:~nj dA; _Voutf low =
Z


 o

j~v:~nj dA (3.28)

where~v is the 
uid velocity vector, ~n is the outward pointing normal to the inlet

face and 
 i and 
 o are the area of of inlet face over which the 
ow enters and

exits the beehive respectively, i.e.,~v:~n < 0 over 
 i and ~v:~n > 0 over 
 o. Inside

each of the bee cover volumes, honeybee metabolism (3.5) results in addition

of carbon-dioxide and water vapor along with removal of oxygen from the air

mixture. This is captured by setting nonzero values to the source terms,SCO2 ,

SO2 and SH 2O in the righthand side of (3.18). The net e�ect for the air mixture

as a whole is a positive value forSm , the mass source term in (3.7) inside

each bee cover volume whereSm = SCO2 � SO2 + SH 2O. With Sm > 0 inside

each bee cover volume, the application of mass balance to thewhole beehive

results in the mass 
ux of air into the beehive being less thanthe mass 
ux

out of the beehive. This di�erence when translated into 
ow rates is further

enhanced by the di�erence in density between the ambient airentering the

beehive and the stale air exiting it. This ensures that_Vinf low is always less than
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_Voutf low . However, sinceSm is relatively small, the di�erence in absolute value

between _Vinf low and _Voutf low is not considerable. For example, for a simulation

with � gradient =70-30, � =0.45, Tbrood = non-uniform at Tamb = 20 � C, we

calculated a _Vinf low of 3.10441 L/min while _Voutf low was 3.17948 L/min. In our

discussion and in the presentation of our results, we reportonly the _Vinf low with

the understanding that the corresponding_Voutf low would be slightly larger.

2. Heat transfer related quantities: The honeybees inside each bee cover vol-

ume generate heat, some of which is transferred to the brood while the rest of

it is lost to the air via convection and di�usion. The total heat generated per

secondQi
bc by the honey bees occupying each bee cover volume is given by

Qi
bc =

I


 i

(1 � � )q
00

bpdv; i = 1 to 7 (3.29)

where 
 i is the volume ofbeecoveri and q
00

bp is the rate of heat generation per

unit volume at each location inside the bee cover volume.

The net heat transferred per second to the comb surfaces(cs)underneath each

bee cover volume is given by

Qi
cs =

Z

cs
q

00

csdA; i = 1 to 7 (3.30)

whereq
00

cs is the heat 
ux on the comb surface and integration for eachi is done

over both the comb surfaces that make up each bee cover volume.

The net heat 
ux to the air outside Qi
net from each bee cover volume is given

by

Qi
net = Qi

bc � Qi
cs; i = 1 to 7 (3.31)
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In addition to the listed heat transfer quantities, we also computed the average

body force in each of the bee cover volumes given

BF i
avg =

H

 i

j(� � � ref )gjdv

V
 i

(3.32)

whereV
 i is the volume of the bee cover volume and the reference density � ref

is the density of the ambient air outside the beehive evaluated using (3.20)

substituting T = Tamb and YO2 = 0:22,YN2 = 0:78 and YH 20 = YCO2 = 0

respectively.

3. Mass transfer related quantities: Honeybee metabolism produces an equal

number of moles of carbon-dioxide and water vapor for each mole of honey

consumed as seen in Equation( 3.5). With the di�usivities ofboth carbon-

dioxide and water vapor being around the same order of magnitude, the integral

quantities computed using concentration of each inside thebee cover volumes

will follow the same trend. In view of this, we present only carbon-dioxide

related quantities in each bee cover volume in the result section. The total

massM i
Co2

and the mass generated per second_M i
Co2

of carbon-dioxide inside

each bee cover volume is given by

M i
Co2

=
I


 i

�Y Co2 dv; _M i
Co2

=
I


 i

SCo2 dv (3.33)

whereYco2 is the mass fraction of carbon-dioxide andSco2 is the rate of carbon-

dioxide generation per unit volume of the bee cover. The ratio of M i
co2

and

_M i
co2

which has the units of time (seconds) is referred to in this study as pseudo

residence time (� i ). It is used as a measure of the convective 
ux through the

bee-cover volume with the larger value of� i indicative of a slower 
ow through

the bee-cover and vice-versa. In addition, we also quanti�ed the ability of the
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ow exiting the beehive to remove some of the carbon-dioxideproduced inside

the beehive, by calculating the carbon-dioxide clearance e�ciency, � expressed

as a percentage given by

� = 100: �
M co2

outP
i

_M i
co2

(3.34)

where the numerator is the mass 
ux of carbon-dioxide out of the beehive and

the denominator is the sum of mass of carbon-dioxide generated per second

inside each of bee cover volume present in the beehive.

3.2 Simulations Conducted

3.2.1 Experiment A Addition of a Rectangular Bottom Cav-

ity of Variable Depth ( � )

For Experiment A the standard hive was modi�ed by removing the original 
at bottom

board and adding a rectangular cavity below the brood chamber. The rectangular

bottom cavity is an extension of the original bottom board tovariable depths� = f 0,

10, 30, 50, 70, and 90 mmg in the negative Z-direction as illustrated in Figure 3.2.

For each depth the 
ow �eld was calculated for a series of cases de�ned by variation

of the parameterTamb = f 17.5, 20.0, 22.5, 25.0, and 27:5 � Cg, which represents the

external air temperature.

The model domains for the rectangular bottom cases were �t with a hexagonal

grid made up of 3199872 elements. A very �ne mesh was requiredto capture the

boundary layer e�ects generated by the narrow bee-space gap. Due to the extreme

size of the grid High Powered Computing clusters provided through SHARCNET

were required to solve the problem.
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Figure 3.2: (LEFT PANE) the bottom board modi�cation explor ed in Experiment A is an
extension of the original rectangular shaped board in the downward direction to variable
depths � , (RIGHT PANE) the bottom board modi�cation explored in Expe riment B is a
curved bottom board that reaches a maximum depth of 70 mm at anapex point � , the
position of which is variable

3.2.2 Experiment B Addition of a Curved Bottom Cavity of

Variable Apex Position ( � )

The addition of cavity curvature consisted of patching a half-ellipse shape to the

bottom of the hive box along the YZ-plane as shown in Figure 3.2. The curve-apex

position, a variable parameter represented by a, was considered for 11 con�gurations

de�ned by � = f 0.10, 0.25, 0.30, 0.40, 0.45, 0.50, 0.55, 0.6, 0.70, 0.75, and 0.90g

where 0.50 represents an apex centred on the YZ-plane. Two series were considered

at varying apex depths� = f 50, 70 mmg to allow comparison with Experiment A

results. Another set of simulations were carried out to test the e�ect of variable

external temperatureTair = f 17:5; 20:0; 22:5; 25; and27:5 � Cg.

The model domain was meshed using hexagonal grid elements which amounted to

3103616 cells. A very �ne mesh was required to capture the boundary layer e�ects
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generated by the narrow bee-space gap. The curvature of the bottom cavity induced

some cell distortion; however a grid-scheme was developed to minimize this e�ect.

Using the default values for under-relaxation factors set byFluent convergence of

the solution was usually achieved within 8000-12000 iterations. Wall-clock time for

each simulation case was approximately 48-72 hours. All simulations were performed

on the High Powered Computing (HPC) network of SHARCNET and as such, various

computing platforms were used depending on availability.

3.2.3 Mathematical Solver: ANSYS Fluent

The model solution was calculated using a commercial CFD code Fluent, which is an

all-purpose solver for 
uid dynamics problems. Fluent usesa �nite-volume method

to resolve the governing equations, which describe the physical processes occurring

within the experimental domain, into algebraic equations that can be solved numeri-

cally. This method generates a system of linear algebraic equations which are solved

iteratively to obtain a result. Convergence of the solutionis monitored by observing

the scaled-residual quantities of each model equation - forour investigation con-

vergence was obtained once residuals for continuity, species transport, and velocity

variables were below 10� 5 and the residual for the energy equation was below 10� 6.

In addition to monitoring the residuals, the volume-averaged molar concentration of

CO2 in each bee-cluster region and the net heat 
ux from each of the comb surfaces

underneath each bee-cluster were monitored. If the residuals met their set conver-

gence criteria and the two monitored quantities converged towards a constant value,

it was considered that the simulation had reached a steady solution.
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Chapter 4

Results and Discussion

4.1 Experiment A

Addition of a Rectangular Bottom Cavity of Variable Depth

4.1.1 Experiment A Results

The air 
ow characteristics within the hive changed signi�cantly when a bottom cavity

was added to the hive. The parameter� de�nes the bottom cavity depth and the

case of� = 0 mm represents the standard 
at bottom board found in the traditional

hive geometry. For this case, the air entering the hive 
ows to the back and is forced

up. A fraction of the 
ow stream penetrates the upper hive compartment while the

remainder, once meeting the warm hive air, is redirected andforced back out through

the inlet. Adding a bottom cavity to the hive allows the coolerair entering the hive

to settle quickly into the bottom. The 
ow then travels along to the back of the

hive where it is forced up to meet the warm hive air and most of the 
ow is pushed

back out the front of the hive. Figure 4.1 shows the evolutionof the 
ow �eld with

increasing bottom cavity depth. The most signi�cant feature of the 
ow �eld is the

vortex which develops at the front of the hive, which becomesclearly de�ned once
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Figure 4.1: A plot of 
ow pathlines in the bottom cavity secti on of the hive for various
cavity depths (de�ned by the parameter � ) illustrates the di�erences in 
ow behaviour that
arise due to geometry change.

� = 70 mm.

In all cases, the driving force for air 
ow is the temperaturegradient (�T) cre-

ated between the warm brood (maintained at 33! 35� C) and the outside ambient

temperature Tamb. For cases where the temperature gradient was relatively large

(Tamb < 25� C) increasing the depth of the bottom cavity resulted in a signi�cant

increase of the ventilation 
ow-rate. As illustrated in Figure 4.2, the increase in

ventilation 
ow rate follows an exponential trend that reaches a maximum once the

bottom cavity is extended to a depth of� = 70 mm.

The largest increase in ventilation 
ow-rate was observed for the cases with the

lowest ambient air temperature (Tamb = 17:5 � C), which correspond to cases having

the largest temperature gradient and the largest driving force. As the bottom cavity

depth was increased from� = 0 ! 90 mm the ventilation 
ow rate across the hive
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Figure 4.2: Plot of ventilation 
ow rate (L/min) across the h ive inlet for various values of
� under di�erent ambient temperature conditions.

inlet increased from 3:5L=min ! 6:0L=min . At the opposite extreme, for cases

where the temperature gradient was small (Tamb ! 27:5 � C), the trend of increased

ventilation 
ow-rate with increased cavity-depth was observed to reach a maximum

at � = 50 mm and slowly drop o� as the cavity depth was extended further.

Flow at the inlet of the hive featured an in
uent draft at the bottom of the inlet

gap and an e�uent draft at the top. The strength of the 
ow into and out of the

hive increases as the parameter� is increased. Figure 4.3 illustrates changes in the


ow behaviour by considering velocity magnitude in the Y-direction, the direction

normal to the inlet plane, plotted along the span of the inletin the vertical direction

(z-direction) whenTamb = 25 � C. The air exchange is weakest when� = 0 mm and the

separation of in
ow and out
ow occurs at approximatelyz = 20 mm, wherez = 30

mm represents the top of the inlet. The air exchange across the inlet is strongest
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Figure 4.3: A plot of Y-velocity across the vertical span of the inlet plane for various cases
of bottom board depth (� ) when Tamb = 25 � C

when � = 70 mm and the separation of in
ow and out
ow occurs at approximately

z = 16 mm. As the depth of the bottom cavity increases, 
ow acrossthe inlet is

enhanced and height of the separation of in
ow and out
ow decreases slightly.

The amount of CO2 generated in the hive remained relatively constant for all

cases of bottom cavity depth. This is expected since the thermal input for the model

are the temperature pro�les applied to represent the brood,which is �xed for all

cases. Considering Figure 4.4, it is interesting to note thesubstantial changes to the

clearance e�ciency of CO2 (� ) that occur as the parameter� is varied. When the

driving force for 
ow (� T) was large, the in
uence of bottom cavity depth on the

parameter � was less pronounced { a very small increase in clearance e�ciency was

observed, which began to drop o� slightly as� was increased beyond 50 mm. For cases

where � T was small, the in
uence of bottom cavity depth became more apparent.
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Figure 4.4: LEFT: CO2 generated within the hive body due to bee metabolism plottedfor
various cases of� at di�erent temperatures. RIGHT: CO2 removal e�ciency ( � ) plotted for
various cases of� at di�erent temperatures.

CO2 clearance e�ciency jumped from 40! approx. 50% in most cases. Inconsistent

trends were observed for clearence e�ciency with variationof the parameter� that

focus around cases whereTamb = 22:5 � C and � = 10 mm. The inconsistent results

that arose from these cases indicate that some transition in
ow behaviour tends to

occur near these set-points.

Variation of bottom cavity depth also had a signi�cant impact on the distribution


ow within the hive body. Figure 4.5 depicts the distribution of CO2 within the hive

body, which changed as the depth of the bottom cavity was varied. The impact of�

variation was most pronounced for cases whereTamb > 22:5 � C, whereas the impact

was less signi�cant for lower values ofTamb. In general, when a bottom cavity was

added, moreCO2 was drawn out of the bee cover region into either the honey super or

the bottom cavity. In all cases the proportion ofCO2 in the brood chamber remained

relatively constant. It was also observed that the additionof a bottom cavity resulted

in a small shift of CO2 from the honey super to the new cavity space. Considering

the plots in Figure 4.5 a few instabilities exist that represent transition behaviours in
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Figure 4.5: Plots of the percentage of totalCO2 within the hive body observed in di�erent
regions of the hive for various cases of bottom cavity depth (� )

the 
ow �eld: cases where� = 10 mm experience the initial formation of the vortex

at the front of the hive; cases whereTamb = 27:5 � C experience a weak driving force

for 
ow and are prone to instable 
ow patterns.

The change in 
ow within the hive imparted by the addition of abottom cavity

was con�rmed by comparing the average concentration ofCO2 in di�erent beecover

volumes. Figure 4.6 reveals a general decrease in the concentration of CO2 in Beecover

#1 (the volume of bees closest to the endwall space) with increasing bottom cavity

depth. Several less obvious trends were observed for Beecover #4: (1) for cases
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Figure 4.6: The average molar concentration ofCO2 in di�erent Beecover volumes plotted
for various cases of bottom cavity depth at di�erent ambient temperatures. Beecover #1 is
the volume of bees closest to the endwall space and Beecover #4 is the volume of bees at
the centre of the hive.

whereTamb < 22:5 variation of bottom cavity depth had a negligible impact onCO2

concentration; (2) for cases whereTamb = 22:5 the average concentration ofCO2

decreased signi�cantly once a bottom cavity was added, and increased sightly as the

depth of the cavity was increased; (3) for cases whereTamb > 22:5 adding a bottom

cavity results in a slight increase in theCO2 concentration which continues as the

depth of the cavity is increased.

The amount of heat produced in the hive depends on the local temperature condi-

tions at the brood surface. The addition of a bottom cavity results in a small increase

in the amount of heat lost to air in all areas of the hive. Figure 4.7 illustrates the heat

loss pro�le of the hive as each point represents the net heat loss for individual frame

spaces (designated by beespace #1-7). The comb faces adjacent to the endwalls do

not contain brood and are not included in the heat loss plot. The shape of the heat

loss pro�le, when considered across the span of the hive, changes slightly as bottom

cavity depth is increased. More heat is drawn o� the centre beespace resulting in
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a small spike in the plot of heat loss pro�le. It is important to recognize that this

increase in heat lost to the air is negligible in comparison to the heat lost to the

brood for incubation. However, this measure is useful to describe the changes in 
ow

behaviour within the hive body { increased heat loss translates to incerased air-
ow.

60



Figure 4.7: Plot of net heat lost to the air from each 'beespace' (the space between comb frames) for various cases of bottom cavity depth
at a reference temperature of 25:0 � C

61



Changes in the mixing characteristics of air within the hivebody were measured

using residence time or age-of-air. By comparing the residence time results from cases

of di�erent bottom cavity depth ( � ), it is evident that increasing � has an impact on

the nature of 
ow within the hive. Figure 4.8 illustrates the age-of-air pro�le across

the hive frames for di�erent cases of bottom cavity depth at three di�erent Tamb

conditions. For cases when the temperature gradient (�T) is large, the resdience

time of air decreases moving from the endwall positions to the centre of the hive

reaching a minimum of approximately 140 s. The addition of a bottom cavity had a

small e�ect for these cases and resulted in a decrease in residence time near the end

walls from 190 s when� = 0 mm to 160 s when� > 10 mm. The residence time at

the endwalls began to increase again once� was increased beyond 70 mm.

For cases when theTamb = 22:5 � C the addition of a bottom cavity served to reduce

the average residence time in all regions of the hive to an approximate value of 175 s

(when compared to the 
at bottom cases represented by� = 0 mm). At the centre

of the hive, Beespace #4, this represents a reduction of 30% in the average residence

time of air. For cases where �T was small (Tamb = 27:5 � C) adding a bottom cavity

deeper than 10 mm served to reduce the residence time of air inthe hive in all regions

slightly, with maximum reductions observed near the endwalls.
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Figure 4.8: Plot of residence time of air within each 'beespace' (the space between comb frames) for various cases of bottom cavity depth
at three reference temperatures: 17.5, 22.5 and 27:5 � C
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Figure 4.9 illustrates the concentration ofCO2 plotted along the centre YZ-plane

of the hive cavity for each rectangular bottom case - the small �gure in the upper-right

corner of Figure 4.9 highlights the location of the centre YZ-plane. Review of the

CO2 contours reveals a change in the concentration pro�le as cavity depth increases.

For the purpose of discussion, we de�ne the circular region of high CO2 concentration

as the C̀O2-Zone'. Without a bottom cavity ( � = 0 mm) the CO2-Zone is noticeably

skewed towards the front of the hive. The attitude of theCO2-Zone is tilted slightly

from horizontal. CO2 contours through the rest of the hive cavity form irregular

shapes and no uniformity can be described. Without a bottom cavity ( � = 0 mm)

the CO2 pro�le depicts higher [CO2] at the front of the hive and lower [CO2] at the

back of the hive. If a bottom cavity is includedCO2 concentration takes on a strati�ed

pro�le. The most uniform CO2 pro�le was observed for the deepest bottom cavity

case (� = 90 mm). The CO2 -zone was noticeably centred within the cross-section of

the hive and shows horizontal attitude. Also, as bottom cavity depth increasesCO2

contours through the rest of the hive cavity form strati�ed patterns that are nearly

identical at both the front and back of the hive.

The addition of a bottom cavity has a signi�cant impact on thenature of 
ow

within the hive. To describe the changes in 
ow, graphic plots of z-velocity and y-

velocity were generated to show the behaviour of 
ow along the inlet to each frame

space. Figure 4.10 illustrates the location for where the velocity pro�les were gen-

erated. Figure 4.11 and Figure 4.12 describe the air-exchange behavior between the

added-bottom-cavity-space and the upper-hive-compartment at Tamb = 17:5 � C and

Tamb = 25:0 � C respectively. For the case of a hive with no bottom cavity (� = 0 mm)

air travels downward (-ve z-velocity) at the front of the hive (designated byY = 0

mm) and is drawn upward (+ve z-velocity) at the back up the hive (Y = 450 mm).

This trend was observed at the endwall locations and the centre plane of the hive.

When a deep cavity is used air travels down at the back of the hive and is draw
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Figure 4.9: Contours ofCO2 plotted on the centre YZ-plane of the model domain for various
cases of bottom cavity depth

upward near the front of the hive. In general, for cases whereTamb = 17:5 � C the

driving force for 
ow (� T) is large and 
ow is more vigorous in all regions of the

hive, as denoted the the larger y-velocity values. The changes in 
ow behaviour that

arise with the addition of a bottom cavity are more dramatic for cases where �T is

small - bouyancy driven 
ow begins to dominate and z-velocity increases. A strong

down draft occurs at the back of the hive when� = 50 mm and � T is small.
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Figure 4.10: The dotted lines shown in this �gure illustrate the location in the hive where
z-velocity was plotted to illustrate the nature of 
ow. Fram e 1 designates a frame close to
the end wall space and Frame 4 designates a frame at the centreof the hive.

4.1.2 Experiment A Discussion

Addition of a Rectangular Bottom Cavity of Variable Depth (� )

The marked increase in 
ow across the hive inlet (+70%) is themost dramatic

result of the depth study. Addition of a bottom cavity clearly impacts the 
ow

entering and leaving the hive. Changes to conditions witin the hive, as indicated by

local residence time, heat loss pro�le, concentration pro�les etc., indicate that the

addition of a bottom cavity also has a strong in
uence on 
ow within the hive. It is

interesting to note the increased inlet air-exchange and altered 
ow within the hive

body arise due to a general shift in the behavior of 
ow �eld within the hive. A

vortex-zone is formed within the bottom cavity once it is added. In the vortex-zone,

cooler (dense) air enters the hive in a stream which 
ows downinto the bottom cavity.

The cool stream of air then travels to the back of the hive where it is forced up to meet

the warmer (less dense) air of the hive body. At this point thecooler air is redirected

towards the front of the hive where the bulk is pushed outsideagain without ever

penetrating the upper-hive-compartment.

66



Figure 4.11: Z-velocity plotted along the Y-span of the hiveat the inlet of beespaces between
combs. Beespace #1 is the combspace closest to the end wall ofthe hive and beespace #4
is the combspace at the center of the hive.Y = 0 denotes the front of the hive and Y=450
denotes the back.
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Figure 4.12: Z-velocity plotted along the Y-span of the hiveat the inlet of beespaces between
combs. Beespace #1 is the combspace closest to the end wall ofthe hive and beespace #4
is the combspace at the center of the hive.Y = 0 denotes the front of the hive and Y=450
denotes the back.

68



For cases when� = 0 mm (the standard, 
at bottom board) fresh air entering the

hive is forced into the upper hive compartment once it reaches the back of the hive,

due to the limited space available for redirection. The presence of the bottom cavity

beneath the level of the hive inlet greatly reduces the volume of air which directly

penetrates the hive body. Instead, air exchange occurs slowly as stale hive air is drawn

o� by a venturi e�ect and fresh air is slowly drawn up to replace it. Conceivably, this

could o�er an advantage to honeybees who are constantly under pressure to maintain

the temperature of their brood. Having a bottom cavity minimizes direct exposure of

the brood to in
uent air, e�ectively bu�ering the internal h ive environment from the

external world. An implicit advantage a�orded by a slow exchange between the hive

and ambient environments is the increased control honeybees may exert over that

exchange.

The presence of the circulation zone within the bottom cavity changes the way

air circulates within the hive body. As indicated by Figure 4.8 air 
ow increases

slightly in the end-wall regions of the hive and reduces slightly in the centre regions

of the hive. Considering Figure 4.12 and Figure 4.11 completes the picture of how

the 
ow within the hive changes as the parameter� is increased. If a cavity is added

to the bottom of the hive, the vortex-zone created causes a reversal in direction of

circulation within the hive. Instead of fresh air being forced up the back of the hive,

stale air is now drawn o� the back of the hive and fresh air is drawn up at the front.

Increasing the depth of the cavity serves to increase the strength of the 
ow in the

vortex-zone and subsequently, the strength of 
ow within the hive body. However, the


ow observed within the body of hives with a bottom cavity wasnoticeably weaker

than the 
ow within the body of hives with the standard, 
at bo ttom board. To

understand this result, consider the newly formed vortex inthe bottom cavity, which

circulates vigorously. Since fresh air is no longer forced into the hive body causing

displacement ventilation, and is allowed to gently meet thewarm air mass within,
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the hive body is not disrupted as observed in hives with 
at bottoms. Instead 
ow

in the upper hive body is 'stirred' by the gentle interactionwith the vortex.

It is di�cult to predict how this dramatic change in 
ow behav iour will in
uence

the physical processes of the honeybee colony, however somefacts can be addressed:

A vortex is created below the hive

Rate of ventilation increases

Circulation in the hive body changes signi�cantly

Strength of 
ow is a function of cavity depth, �

Strong down draft at � = 50 mm

Slow exchange of air implies improved control

4.2 Experiment B

Adding a Curved Bottom Cavity of Variable Shape

4.2.1 Experiment B Results

Pathlines shaded by velocity magnitude, shown in Figure 4.13, help to illustrate the

subtle changes in 
ow dynamics which result from the variation of the parameter

� . The vortex in the front of the hive, which was observed in Experiment A, exists

in the same location as before, due to the rapid descent of in
uent air. For front-

skewed cases (� < 0:25) the cooler, denser air entering the hive descends the front

curve to the bottom of the cavity. The steep descent creates asmall wave as the air

rebounds o� the bottom of the cavity. The characteristic wave slowly decreases in

magnitude from 0:25 < � < 0:50 and the region directly above the wave becomes

more uniform. Once� > 0:50, the stream of cooler, dense air descends the bottom
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cavity less aggressively, reaching the back of the hive withminimal disturbance and

a higher velocity. It is also important to note that the inlet vortex is most intense for

front-skewed cases and looses intensity as� progresses to back-skewed cases.

Figure 4.13: A plot of 
ow pathlines in the bottom cavity sect ion of the hive for various
geometries (de�ned by the parameter� ) illustrates the di�erences in 
ow behaviour that
arise due to geometry change.

In all cases, once the incoming air stream reaches the back ofthe hive body, it is

forced up the back of the bottom cavity where it meets the warmmass of air contained

in the upper-hive-compartment. The air stream is then redirected back along the

bottom of the warm air-mass to the front of the hive where it isexhausted along

the top portion of the inlet. For cases where the temperaturegradient is relatively

large (Tamb = 17:5 � C) changes in the 
ow �eld induced by varying the parameter

� were small. For cases where the temperature gradient was small ( Tamb = 25 � C)

changes in the 
ow �eld induced by varying the parameter� were more substantial.

The most signi�cant change observed, for small �T cases, occurred at the back of

the hive where the in
uent stream is forced up and meets the warm air mass of

the upper-hive-compartment: 
ow at the back to the hive is enhanced for cases of

� > 0:50.

The exchange of air across hive inlet changes slightly with variation of the param-

eter � . Ventilation 
ow rate was highest for front skewed cases anda max 
ow of
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6.24 L/min was observed whenTamb = 17:5. This value decreased to a minimum of

6 L/min for the extreme back-skewed cases (where� = 0:90) representing a decrease

of approximately 4%. The same trend was observed for other cases ofTamb as shown

in Figure 4.14. The plot of ventilation 
ow rate also revealed an interesting result for

cases where �T was small { ventilation 
ow rate peaked at � = 0:45 and continued

to decrease in the same manner as other cases ofTamb. To understand the break

that occured in the inlet 
ow rate trend for cases where the temperature gradient

was small it is necessary to consider how the 
ow behaviour within the hive body is

impacted by variation of � .
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Figure 4.14: Ventilation 
ow rate in L=min is plotted for di�erent � position over range of
temperatures from 17:5 ! 27:5 � C

An interesting result was observed in the measure ofCO2 clearance e�ciency (� )

as the parameter� was varied. For cases having a large temperature gradient (�T),

variation of � had no signi�cant in
uence on clearance e�ciency. However, when � T

is small, a change in 
ow behavior occurs between 0:40 < � < 0:50 and as a result,

CO2 clearance e�ciency increases from 40% to 50%. A peakCO2 clearance e�ciency

was observed when� = 0:60. For all cases ofTamb the quantity of CO2 generated in
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the hive, which is dependent on bee metabolism, remains constant for all variations of

� . Figure 4.15 describes the above noted 
ow features { the plot on the left presents

the CO2 generated in the hive while the plot to the right presents theCO2 removal

e�ciency.

Another 
ow transition occurs between Tamb = 20:0 and 25:0 � C. Simulations

conducted at Tamb = 22:5 � C encountered di�culty reaching convergence and grid

re�nement was required to advance the solutions of these cases. This result indicates a

break-down of 
ow stability within the hive { a tendency toward unsteady behaviour.

As Tamb ! 25� C 
ow is re-established and removal e�ciency increases as described

in the previous paragraph.

Figure 4.15: LEFT: CO2 generated within the hive body due to bee metabolism plottedfor
various cases of� at di�erent temperatures. RIGHT: CO2 removal e�ciency ( � ) plotted
for various cases of� at di�erent temperatures.

Figure 4.16 provides another look at the removal e�ciency ofCO2 from the hive.

This plot clearly indicates that the in
uence of � variation increases as the tem-

perature gradient decreases. When �T is large, changing the cavity curvature has

negligible impact on theCO2 removal e�ciency of approximately 42%. As � T de-

creased, variation of the parameter� began to have a stronger e�ect on� { 
ow tended
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to decrease slightly whenTamb = 22:5 � C and asTamb increased beyond 22:5 � C front

skewed cases remained around� = 40% e�ciency while back-skewed cases jumped to

around � = 50%.
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Figure 4.16: The removal e�ciency of CO2 plotted at various temperatures for various cases
of �

Varying the parameter � did not have an in
uence on heat loss trends for indi-

vidual brood spaces for cases when �T was large, but did have an interesting impact

on the heat lost pro�le for cases when �T was small. Figure 4.17 illustrates the

total heat loss observed for each individual beecover that is present in between comb

frames, in the same fashion as Experiment A. Two di�erent temperature cases are

presented: the left plot illustrates the minimal impact of� variation observed for

large � T cases; the right plot illustrates the interesting change in
ow behaviour

arising due to � variation for small � T cases. A shift in the heat loss pro�le of the

hive occurs when� > 0:50. For cases where� < 0:50 (front-skewed cases) the heat

loss pro�le observed resembles that observed using the standard, 
at-bottom board

(D=0 mm)(refer to Figure 4.7). When � > 0:50 (rear-skewed cases) the new pro�le

observed indicates that more heat is lost to the air at the centre of the hive as well as
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the endwall regions while minima occur in the in the spaces adjacent to the centre.

Figure 4.17: Plot of net heat lost to the air from each `beespace' (the space between comb
frames) for various cases of� position at a reference temperature of 25:0 � C

The hive environment undergoes a change in nature of 
ow within the hive body

when the apex of curvature (� ) varies. The change in 
ow behaviour is illustrated in

Figure 4.18 which shows the residence time of air in di�erentregions of the hive to

create a pro�le of residence time. Again, two extreme cases for Tamb are presented

to illustrate the constrasting nature of large versus small� T cases. As before, when

� T is large, the impact of� variation is negligible. The impact of� variation was

signi�cant for caases where � was small. A threshold was observed at � = 0:50

which separates mixing behaviour within the hive body into two distinct groups:

when � < 0:5 (front-skewed cases) the residence-time-pro�le resembles an inverted

\V" with a sharp peak in the centre of the hive and linear trendsto the endwalls;

when � > 0:50 (rear-skewed cases) the residence-time-pro�le resembles an inverted

\U" with a smooth curve from endwall to endwall reaching a gradual peak in the

centre of the hive. By comparison, rear-skewed cases resultin slightly longer residence

time in the centre of the hive than front-skewed cases (265 versus 248 seconds), while
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the regions closer to the endwalls experience signi�cantlyshorter residence time (150

versus 190 seconds).

Figure 4.18: Average residence time of air is plotted at di�erent locations in the hive
(designated by beecover number) for di�erent � positions at 17.5 and 25:0 � C

To better understand the nature of the 
ow change which occurs when� moves

from a front-skewed position to rear-skewed, it is useful toconsider the distribution

of CO2 within the hive. Figure 4.19 illustrates the average concentration of CO2 in

di�erent regions of the hive and the total mass ofCO2 in the hive at 17.5 and 25� C.

Again, when � T is large, the impact of� variation was negligible on the distribution

of CO2 in the hive body. When � was shifted from front-skewed positions to back-

skewed positions,CO2 was shifted from the bee cover regions into the honey super.

Also, the mass ofCO2 in the hive increased slightly when� shifted to back-skewed

cases.

In order to determine the impact of 
ow changes induced by alpha variation,

environmental conditions within the hive need to be addressed. The concentration

of CO2 was plotted along the centre YZ-plane of the hive body for various values of

� , in the same manner as described in Experiment A. Review of theCO2 contours

pictured in Figure 4.20 reveals a change in the concentration pro�le as the parameter

� is varied. The nature of this change is representative of theimpact that new
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Figure 4.19: The total mass ofCO2 in the hive body and the distribution of CO2 within
di�erent regions of the hive body plotted for various cases of � positions.


ow patterns have on conditions within the hive. Most notable are the shape and

position changes of the ellipsoidal shaped region of highCO2 concentration. This area

represents the exhaust of bee metabolism within the beecover and shall be termed

the brood-signatureto facilitate discussion.

For front-skewed cases (� < 0:50) the brood-signature is noticeably skewed to-

wards the back of the hive. The attitude of brood-signature is titled slightly from

horizontal. CO2 contours through the rest of the hive cavity form a somewhat strati-

�ed pro�le; however the uniformity of this pro�le is skewed, and higher concentration

of CO2 is observed at the back of the hive. For rear-skewed cases (� > 0:50) CO2 con-

centrations shift to a strati�ed pro�le. The most uniform CO2 pro�le was observed

when � = 0:75. The brood-signature is noticeably centred within the cross-section
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and has a horizontal attitude. CO2 contours through the rest of the hive form in-

creasingly strati�ed patterns as� ! 0:75.

Figure 4.20: Contours of CO2 plotted on the centre YZ-plane of the model domain for
various cases of� position

As discussed previously, variation of the parameter� did not have a signi�cant im-

pact on the nature of 
ow within the hive when the temperaturegradient driving the


ow was large. Figure 4.21 illustrates the air-exchange behavior between the added-

bottom-cavity and the upper-hive-compartment for cases where Tamb = 17:5 � C, in

the same manner as described earlier in Experiment A. It is clear from these plots

that variation of the parameter � had very little in
uence on the nature of 
ow in

the hive when the � T is large.

Figure 4.22 describes the 
ow behaviour for cases where �T was small, which
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had a signi�cant response to variation of the parameter� . For all cases where�

was varied, air travels downward (-ve z-velocity) at the back of the hive and travels

upwards (+ve z-velocity) at the front of the hive. This was true at the centre and

endwall positions for all cases. Along the endwall position there was very little change

in direction and magnitude of 
ow with variation of the parameter � . A signi�cant

result occurred along the centre position of the hive (designated by Beespace #4)

for front-skewed cases. Flow behaviour at the back of the hive changed dramatically

- a large down-draft occurs at the back of the hive for front-skewed cases. For all

rear-skewed cases a much weaker downdraft occurs at the backof the hive in the

centre region.

4.2.2 Experiment B Discussion

The addition of a curved bottom cavity resulted in subtle changes to 
ow behaviour

within the hive. Variation of the parameter � created front-skewed and back-skewed

curves of varying degree and the 
ow �elds generated by each group were signi�cantly

di�erent. Front-skewed cases caused cool air to drop quickly to the bottom near the

front of the hive, resulting in slight 
ow instability and th e formation of a wave. As

� ! 0:5 this slight shock wave diminishes. Back-skewed cases caused cool air to

slowly descend to the bottom, resulting in a smooth 
ow. The transition of 
ow

behaviour that occurs at � = 0:5 has a signi�cant in
uence on hive performance.

Although ventilation 
ow rate remains constant for all � 's, CO2 clearance e�ciency

jumps at � = 0:5. Since, for all cases, no change occurs in the quantity of air moving

into and out of the hive nor in the amount ofCO2 generated, the concentration of

CO2 in the e�uent air stream must increase when� > 0:5. Therefore, mass transfer

processes within the hive are a�ected and as a result moreCO2 is moved into the

exhaust stream before it exits. An interesting change in 
ow behaviour occurs at the

back of the hive when the parameter� crosses the 0.5 threshold for cases when �T is
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small. For front-skewed cases, a signi�cant downdraft occurs at the back of the hive

and for rear-skewed cases the draft does not occur. What is most interesting is that

the 
ow conditions at the front of the hive remain static for all values of � . By this

measure, variation of the parameter� has in
uence on distribution of 
ow within the

hive body.

It is di�cult to predict how this subtle change in 
ow behavio ur will in
uence the

physical processes of the honeybee colony, however some facts can be addressed:

Vortex size and strength depends on �

Rate of ventilation changes slightly

Greater changes in 
ow behaviour occur when � T is small

Flow transition occurs at Tamb = 22:5 � C

4.3 Comparison of Experiment A and B

In order to assess the in
uence of hive modi�cations, consider the geometries modeled

in the present work in relation to the 
at bottom standard. In Experiment A the

standard 
at bottom board was replaced by a bottom cavity of variable depth (� ).

In Experiment B the rectangular bottom cavity was altered totake the shape of

a half-ellipse of variable apex position (� ). The modi�cations to the depth of the

bottom cavity appears to have a more signi�cant impact on thenature of hive 
ow

than modi�cations to the shape of it. The results of Experiment A and B support the

notion that varying bottom cavity depth has a strong in
uence on the 
ow behaviour

within the hive, while varying the bottom shape seems to havea more subtle in
uence

on the nature of 
ow within the hive body.

Both the results of Experiment A and Experiment B revealed that adding a bot-

tom cavity to the standard hive and modifying its characteristics (depth and shape
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in the present case) had more substantial impacts on the 
ow in the hive when the

temperature gradient between the hive and the ambient environment (� T) was small.

This is signi�cant as hive ventilation becomes increasingly important as ambient tem-

peratures increase. The presence of a bottom cavity appearsto o�er a passive means

of increasing ventilation and circulation, speci�cally when ambient temperatures are

high.

Considering the heat loss pro�le and residence time pro�le for Experiments A and

B in relation to the 
at bottom case, it appears that more 
ow is directed around

the cluster rather than into it if a bottom cavity is present on the hive that is more

that 10 mm deep. This is evident due to the lower residence time observed and lower

concentration of CO2 observed near the end wall locations when� is increased. In

Experiment B it was shown that this e�ect is further enhancedby shaping the bowl

to a curve and �xing the parameter � to rear-skewed cases. Although the variation

of � represented only a single, simple shape modi�cation the results of Experiment

B demonstrate promising potential for shape optimization.
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Figure 4.21: Z-velocity is plotted along the span of the hivein the Y direction at the inlet
of beespace between combs for various cases of� position. Beespace #1 represents the
combspace closest to the end wall of the hive and beespace #4 represents the combspace at
the center of the hive. Y = 0 represents the front of the hive and Y = 450 represents the
back of the hive.
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Figure 4.22: Z-velocity is plotted along the span of the hivein the Y direction at the inlet
of beespace between combs for various cases of� position. Beespace #1 represents the
combspace closest to the end wall of the hive and beespace #4 represents the combspace at
the center of the hive. Y = 0 represents the front of the hive and Y = 450 represents the
back of the hive.
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Chapter 5

Conclusions

5.1 Changes to Bottom Board Geometry

The present work represents an initial step into the use of CFD to study optimization

of honeybee hive design. In this preliminary investigation, simple changes were made

to the standard hive geometry and 
ow within the hive was simulated under di�erent

temperature conditions. The results of the two series of experiments performed indi-

cate a strong relationship between the geometry of a honeybee hive and the behaviour

of 
ow within it.

5.1.1 In
uence of bottom cavity depth

Prior to this study, the concept of a bottom cavity below the inlet has not been

discussed in literature. The idea to add a cavity beneath theexisting hive body was

derived from consideration of the natural nest, which typically has this feature. From

the results of this study, it is clear that adding a bottom cavity creates a completely

new 
ow regime within the hive body. Most notably, a vortex forms near the front of

the hive as cold air circulates in and back out rapidly. The results of this study suggest

that an optimal bottom cavity depth could be determined; however, the model must
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be re�ned to better represent the conditions in an actual beehive before a de�nitive

optimization study can be performed with con�dence. The steps to re�ne the model

in order to complete a proper optimization study are outlined in Section 5.3.

5.1.2 In
uence of cavity shape

The in
uence of bottom board shape (as considered in this work) on the physical

processes within a standard honeybee hive is less substantial than the in
uence of

bottom board depth. Variation of the bottom board shape appears to impart subtle

control over the nature of 
ow within the hive body. Considering that the shape for

this study and the method of its variation were arbitrarily chosen, the results cannot

be considered de�nitive in terms of their description of bottom board shape perfor-

mance. Many studies must be carried out to characterize various shape modi�cations

in a systematic fashion, similar to the present method. However, the results indicate

a strong potential for the optimization of an ideal bottom board shape. Studies of

this nature would require careful integration of honeybee fanning behaviour and other

hive processes that have not been treated in this study.

5.2 Hive Economy

For bees, it takes honey to maintain their society. The energy required for the normal

metabolism of bees is exclusively supplied by their conversion of sugars which they

obtain from stockpiled honey. Bees work hard to seek out and collect nectar, and

evaporate the thin liquid into dense honey - all these processes are driven by bee

metabolism, which is fueled by honey. Many other tasks are performed by bees to

maintain their habitat and their colony { all tasks require energy and again, that

energy comes from stored honey.

So how can a bottom board improve the lives of bees? From an energetics stand-
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point, any energy that can be saved on one task can be reservedfor another. If a

simple change in hive geometry can impact the hive environment in a way that im-

proves hive e�ciency, then such a change should reduce the thermodynamic-pressure

on bees to actively maintain their environment. For example, if a new bottom board

resulted in increased ventilation, it is expected that fewer bees would actively engage

in fanning behaviour (an energy intensive process) { time and energy are conserved.

Conservation of time and energy by bees is of vital importance to beekeeping

as an industry. Bees are under constant pressure to activelypromote hive health

and stability. They spend time and energy to �ght o� illness and maintain brood.

Having more \unemployed" bees available to take up tasks and more energy with

which to drive them implies an increase in the resources available to colony. As a

secondary advantage, less time and energy devoted to hive tasks translates to fewer

resources consumed as well as more time and energy availablefor the collection of

more resources { an improvement to the economy of the colony and ultimately, the

beekeeper. Finally, the honey ripening process has not beenincluded in the beehive

models created to date, yet the results indicated that ventilation and circulation in the

hive are improved by the presence of a bottom cavity. If this improvement translates

to an increase in the production of honey, an optimized bottom board could prove

extremely useful to the beekeeping economy.

5.3 Future Work

What is most clear, in re
ection of our hive model studies to date, is the fact that

many gaps exist in the quantitative description of honeybeehives. Honeybees have

long inspired the curiosity of scienti�c minds and many havestudied their many be-

haviours in painstaking detail, as highlighted in Section 2. Yet the dynamic workings

of the hive as a whole remain super�cially understood. Several areas of research re-
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quire immediate attention in order to supplement the studies performed to date and

develop the �eld of computational apiculture. The following topics describe poten-

tial improvements to the present work along with suggested studies to develop the

resources available to this �eld of study.

5.3.1 Moisture transport and honey drying

The current investigation neglects the in
uence of moisture exchange on 
ow within

the hive. This is a signi�cant simpli�cation since the process of honey ripening in-

volves the evaporation of water from the dilute nectar, which foraging bees collect

and deposit inside empty cells of the honey super. By the timenectar has condensed

into honey, it has given up a large volume of water to the hive environment. Water

content in nectar varies a great deal depending on plant species and geographic loca-

tion. Some plants produce thick nectar (tending towards sap) while others produce

nectar having a water content as high as 80%, which must be reduced to around 20%

to become honey [15]. Honeybees have been shown to express preference for hive

humidty around 75% [8], while the constant 
ux of moisture from the nectar stores

work to increase hive humidity. Therefore excess moisture from the honey ripening

process must be expelled through passive and/or active ventilation to maintain the

desired set point.

Our �rst study revealed that air circulation in the hive depends on both heat and

mass transfer processes, and it is reasonable to assume thatthe inclusion of moisture

transport in the hive model will have a signi�cant impact on both the resultant energy

and mass balance. The position of the honey super above the brood chamber (which

is also found in the natural nest [41]) implies that fresh (relatively dry) air warms

as it must pass through or around the hot brood cluster beforereaching the nectar

drying region above. The fresh air mass will then lose energyas it picks up water by

evaporation. The air mass will tend to increase in density bytwo mechanisms: by
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picking up moisture and losing energy. Considering the physics of mass transfer, the

now stale air mass will be driven downward due to an ampli�ed density gradient. By

this logic, the inclusion of moisture transport in the existing model would serve to

strengthen the existing 
ow pattern.

To simulate the transport of moisture from the comb cells of the honey super, a

mathematical description of the ripening process must be de�ned. Honeybees �ll the

honey super starting at the top row and progressively working downward as the cells

�ll. Once a cell of ripened nectar is full, the bees cap the cell with wax and continue

to �ll the lower rows of the comb. In commercial beekeeping, empty honey supers

are added below existing supers as they are �lled. Therefore, to obtain a reasonable

model of moisture transport from honey ripening, one shouldconsider fully ripened,

capped honey exists at the top of the honey super ( _nH 20 = 0) and fully unripened,

uncapped nectar exists at the bottom of the honey super ( _nH 20 = MAX ). In this way

a ripening gradient is de�ned that dictates moisture sourceand energy sink terms,

which can be applied as boundary conditions on the comb surfaces of the honey super.

5.3.2 Fanning Activity

One of the most visible displays of active environmental control performed by bees is

grouped fanning. On hot summer days in warmer climates bees often gather at their

hive inlet, arranged in ordered groups, to actively supplement the natural ventilation

of their hive. Bees anchor themselves to their hive, engage their 
ight muscles, and

work as a synchronized team to draw air from the hive and sometimes to push air

into it. As highlighted in Chapter 2.3, many studies have looked into the triggers

for fanning response, yet the in
uence of fanning activities on the hive environment

has not been measured in detail. CFD o�ers a unique opportunity to study the hive

environment using quantitative analysis, however care must be taken to ensure an

accurate model is created.
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Including the e�ect of active fanning by groups of bees at thehive entrance could

be accomplished by applying a velocity pro�le to the inlet ofthe hive. Several meth-

ods could be used to construct an accurate velocity pro�le for this purpose. Using

advanced anemometers and a carefully designed experimental setup a pro�le could

be generated taking measurements directly from the hive. Care would be necessary

to ensure that the fanning activities are not disrupted. Another approach to de�ning

a velocity pro�le for the hive inlet would be to consider the fanning behaviour of a

single bee and groups of bees, respectively. In this way, indirect measurements of

fanning behaviour can be used to develop a model for the inletvelocity pro�le based

on number and position of fanning bees.

5.3.3 Traditionally standard geometries

The results of this investigation suggest a signi�cant relationship between the geome-

try of a honeybee hive and the patterns of air circulation within it. Considering that

the present work was limited to modi�cations of the bottom board depth and shape,

an immense wealth of additional geometric con�gurations remain to be simulated.

The traditional roots of beekeeping and the hereditary nature of the practice have

spawned many variations to the hive and its operations (somemore successfully than

others). Modi�cations which are prevalent in the beekeeping community are:

Top ventilation hole Many beekeepers use top ventilation holes of various shapes

and sizes to facilitate honey ripening, especially in hot climates. This type

of modi�cation provides a means for displacement ventilation which greatly

increases the volume of air 
ow through the hive body.

Modi�ed brood chamber openings Some beekeepers modify the openings of their

hives by placing additional entrance holes/slots at various locations on the brood

chamber. Devices can be purchased to modify the hive to create additional
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openings, and CFD can be used to evaluate their performance.

Slotted bottom board In warm climates, slotted bottom boards are used by some

beekeepers to improve hive ventilation with the goal of reducing swarming be-

haviour. These devices would signi�cantly alter the boundary conditions of the

hive environment and would no doubt impart signi�cant changes to the nature

of 
ow within the hive body.

Other hive geometries Many other hive modi�cations exist which vary by region

and beekeeping tradition. CFD o�ers a unique means to critically evaluate hive

modi�cations using parameters that are relevant to honeybee welfare.

5.3.4 Wintering conditions and strategies

The wintering condition of honeybees in cold climates is very important to beekeepers.

Many studies have focused on wintering and air
ow has been determined to play an

important role in the survival of honeybees over winter. CFDis ideally suited to

study the wintering conditions of bees and the model would prove far more simple to

develop than the present work due do the relative inactivityof the hibernating colony.

Di�erent techniques are used by beekeepers to assist their wintering colonies, however

the main theme is to add insulation around the hive body. Often the entrance slot

is reduced to a small gap and some keepers add extra vents in various places. A

collection of photos show-casing the features of a typical winter hive setup in South-

Western Ontario is presented in Figure 5.1 The evolution of wintering strategies comes

from the experience and creative intuition of beekeepers. Very little quantitative

information is available to evaluate the in
uence of wintermodi�cations on the hive

environment.

A comprehensive winter hive study would be extremely usefulto the beekeeping

community. First an extensive survey of wintering techniques and technologies must
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Figure 5.1: (a) the hive is reduced to one brood chamber for wintering and is covered with
corrugated plastic - air space is maintained between the plastic and the hive body. (b) an
opening in the plastic cover is positioned at the front of the hive above the inlet height.
(c) the hive entrance is reduced to a small opening using a block of wood. (d)a sheet of
insulation is placed on top of the hive beneath the plastic cover.

be completed to determine a subset of cases to study. The mathematical models to

predict thermal pro�les within wintering bee clusters that were developed in past

research[34] can be used to de�ne the thermal boundary conditions for the wintering

cluster in CFD simulations. The hive simulation tool that was created for our �rst

simulation study (and adapted for the present work) can be easily modi�ed to ac-

commodate the wintering setup. For wintering, the hive is reduced to a single brood

chamber box with a reduced inlet. Wintering colonies have nobrood and the entire

population of bees cluster around the queen to keep her warm over winter. The cluster

moves to the top of the hive and does not move much over the course of winter.

Some commercial beekeepers, typically in more extreme-cold climates, choose to

winter bees indoors. Indoor beekeeping involves careful consideration of ventilation

and many strategies are employed by beekeepers for this purpose [18]. This presents

91



yet another set of circumstances to consider for wintering.Yet, the conditions of

indoor wintering are easy to incorporate into a theoreticalmodel due to mechanical

control exercised over the indoor environment.

5.3.5 Natural nest cavities

The natural habitat of honeybees remains a scarcely documented subject since feral

beehives are typically di�cult to �nd. Despite this fact, th e published information

on tree hives is su�cient to enable the development of a generalized, natural nest

model. Several important di�erences exist between the natural and commercial hive

con�guration, as highlighted in Chapter 1. A comparison of the physical processes

within the natural nest and those within the commercial standard could present some

unique perspectives on honeybee ecology. In particular, the results of the present

study indicate a strong correlation between hive geometry and air 
ow behaviour

within. Also, our �rst study revealed a similar correlation with respect to brood

size and position and the air 
ow behaviour within the hive cavity. Therefore, it is

reasonable to assume that the layout of the natural nest would generate a considerably

di�erent 
ow scenario than that observed for the commercialstandard.

To facilitate the development of a realistic tree hive model, more extensive surveys

of tree hives are required. A display tree hive was created bybeekeepers at an apiary

in Southwestern Ontario out of a tree cavity that was cut in an8 foot section. A

honeybee colony was introduced and thrives within the tree hive. This prototype

is ideally suited for experimental purposes. An ideal tree hive could be created by

boring a large log to create a model tree cavity. The model tree cavity can be

rigged with extensive sensor networks, observation and sampling ports, and modular

modi�cations. In this way, a wealth of organizational and environmental data on the

natural tree hive can be collected with high resolution and control.

Results from research into tree nest cavities can be compiled and used as input for a

92



CFD model. Computer simulations o�er a unique ability to study environments which

are otherwise unmeasurable, making it ideal to investigatethe physical processes

within a natural tree hive. A better understanding of natural hive operation could

o�er valuable insight into the management of commercial bees.

5.3.6 Detailed brood description

The CFD work performed on honeybee hives to date suggests that the shape, size,

and position of the brood play an important role in de�ning the 
ow behaviour in

the hive body. The brood photo study conducted within the scope of our research

was not carefully designed any many uncontrolled variableswere noted. However, the

results from those visual observations revealed interesting trends in the development

of the brood throughout the season. It is recommend, in orderto further the state

of mathematical apiculture, that a comprehensive brood survey be undertaken to

quantify the shape, size and position of the brood and other hive contents in a scienti�c

manner.

Most importantly, new hives should be used to survey the brood to ensure that

standardized results are obtained. The hives used in our previous �eld study were old

and inconsistent. In many cases, open holes were visible through the seams between

hive chambers which would create drafts and in
uence the nature of 
ow in the hive.

In is essential that the experimental hive in
uence the behaviour of bees as little as

possible. In this way, an accurate picture of how the bees arrange the contents of

their hive can be created, considering changes to the organization over the span of a

full season.

5.3.7 Advanced data collection

There is an immediate need for detailed, quantitative data on the thermoregulatory

behaviour of honeybee colonies and the collective management of hive ventilation.
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Sensor and imaging technologies rapidly improve and through creative e�ort, in-

formation gaps regarding the behaviour of bees within a closed hive can be �lled.

Challenges facing the collection of data from closed honeybee hives include:

� small space available for internal measurements,

� disruptive nature of honeybees,

� cost and availability of quality instrumentation,

� signi�cant sampling resolution required for suitable 3D data,

� seasonal limitations of studying honeybees.

To overcome these and other challenges, time and resources must be allocated. An

immense wealth of knowledge can be gained from CFD simulations of honeybee hives,

as many operating scenarios can be considered using theoretical models to produce

very precise results. However, without su�cient accurate data for use as model input

or for use in model validation, representative model results cannot be expected.

Advanced technologies would facilitate the collection of real-time, high resolution

hive data. The use of infrared and x-ray imaging could aid in the collection of hon-

eybee position data. Advanced �ber-optic devices (anemometers and temperature

sensors) should be used to collect air velocity and temperature data at various hive

locations, but most importantly at the hive inlet. Automated data collection should

be used to streamline the collection of data and minimize thenumber of interruptions

to the hive required to take measurements.

5.3.8 Transient Model

The beekeeping industry stands to bene�t signi�cantly fromthe development of a

working hive model capable of transient simulations. This tool could be used to

94



test the e�cacy of many hive devices and operational strategies. Speci�cally the

use of bio-control agents, usually in the form of spore-laden powder, are growing in

popularity for the treatment of certain bee illnesses. A fully integrated, transient hive

model would be extremely useful in the evaluation of dosing techniques or devices.

To develop a complete hive model, the various hive functionshighlighted above which

were not treated in this study must be compiled with care.
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