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Abstract
The most critical parameter;‘in the design of

envifénmenthl control systems for confinement livestock .
facilities are the heat and\mbisture production oi ~e
gnimals. Since existing design values are based on
experiments ihvolVing few animals, rigidly contro]led_
conditions, and often only physiological variables, he
application of these figures to commercial facilities may:
result in unsatisfaétory environmenfal control. The problems
associated with measuring heat and mois‘ture production 1;
iarge livestock builﬁiﬁgs were surmounted by the
deve'oument, at the UniVersity of Alberta, of a data
acquigit§on and recording system with thef%apacity for this
scale of monitoring. This system was used to examine the
environmental conditions in two tie-stall and two free-stall
barns under commercial production conditions.

| For each barn, dry-bulb tempehatures and dewpoints of
incoming. outgoing. and ambient air, together w{th ekhaust

~

air flows, were monitored continuously over a 48-hour

period. The heat losses, through conduction and véntilation..

and,the suppIemental heat gains were calculated using these
variables. The héat and moisture loads. in turn, were
derived from the heat gains and losses from.the buildings.
The relationships between the heat and moisture production
of the livestock and various environmentai variables were
explored and the effect of the hous‘ﬁg system éSsesspd.

N

Finally, the measured heat and:moisture production data were
v ~y . . §

v
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7 compared'to the valQes contained in current design codes and
manuals;

The weather varied tremendously during the monitoringé
period, causing a~10'C range of average inside temperatures
in the four barns. The water vapour removal rates varied
from 0.34 kg/h cow, in the coldest tie-stall barn, to 1.05
kg/h cow in the warmest free-stall unit. These ‘two barns
also nad the =>trem= rales of sensible heat removal, with
the tie-stali faci"ty_beﬁng highest at 2963 kdJd/h céw.
compared tc 2650 kJ/h cod;in-the free-stall barn.. The heat
and moisture loads were related closely, but not
exclusively, to the inside temberature. The housing
arrangement was a factor in both c2nsible and latent heat
production, but had the mosf pronounced effect on the
latter, with moisture loads in the free-stali barns being
significantly higher at cbﬂpahable temberatures. .

There was considerably more variatgon in the mea§hré§
data than in the existing design values; the design
equations appéared to produce acceptable med{an'values. but
did not predict the‘rangé‘of production rates noted in this
sfudy. Moreovér,'these design values seemed to-underestimate
nbt only the actual moisture production levels, but also the
influehce of this variable on total heat production. There
were no statistically sighificaﬁt differences, at the five
percent level;_betweeh the measured and design values for
‘tie-stall heat préduétipn and for all averége sensible heat

removal rates. but the measuredﬁmbisture and total héat



prod@ctioh of the ffeef;?}{Q barns‘were not in agreement

with (he design values.lln-a comparison of the relationships
between heat and moisture pr ction and inside temperature,
only 'in the moisture production data.was tﬁere a similarity

between the measured and -design figures.

vi
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1. Intronction

‘Man’ s desire to live and raise livestock in areas where
the climate is not conducive to such endeavours has made
modification  of natural.environments esséntial. With the
édvent'of confinement housing of livestock and poultry came
the need for environmental control in these‘buildingsi As
economic conditions have~forced producfion to become more
intensive, the importance aad required capabilities of
environmental control systems have increased dramatically.

Young (13879' estimated that two-thirds of the livegtch
in North America were raised in a;eas where the ave-age
dan&ary temperature is below freezing, and'tH?s proportion
would‘undoubted1y be much higher in Canada..Canadian‘dairy
~ herds, therefore, are dominatedvby Holétein cows, a Europeéh
breed that is particularly well adapted to cold weather.
Despjte this fact, the decline in milk production, increa§ed
feed requ{rements,‘and, most importantly, m;nagement
problems associated With_1ow temperatures have precipitated
"a trend toward "warm® confinement dairy facilities. In these
sealed and well-insulated barns, mechanical ventilation
systems and, in some instances, supplemental heating are
~employed to achieve a balance between heat and moisture
production and/dissipation at sohe opt imum énvironmenta]

conditions. Indeed. the possibility of providing such

&
&

conditions is the fundamental justification for the expense

incurred in constructing and operating these buildings.



Winter ventilation rates usually are determined by the
moisture production of the animals, énd supﬁlemenfal.heating
is used to overcome any deficit between the building heat
losses, by ventilation and conduction, and the sensible héat
production of the animals. Therefore, acburéte estimates of
the animals’ heat production are critical to thé design of
functional environhental control systems. Measurements of
these heat'production parﬁmetérs have been undertaken, but
most experiments have involved small numberé of animals
'housed in controlled environmental chambers. Furthermor%,
many of these studies have considered only the physiologicai
heat gnd mo%sture production of the animals, wHi]e ignoring
the significant moisture contribution of wet surfaces in the

"barns. The use of these data in calculating the heat and
moisture balance of a large commercial dairy barn, and the
subsequent development of an environmental control system
based on this.balance, must be questioned. The sophisticated
‘cohputer models and numerical techniques now being employed
in the design process are of little value if they are
founded upon unreliable production data.

Establishing the need for the measurement of heat and
moisture production under commercial conditions'is
relatively simple. At the very least, this research i¢
necessary to establish the validity of existing design
values under modern commercial conditions. In the event that
thése values are not accurate, the research becomes even

more important as a basis for the determination of valid - .
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design parameters. Unfortunately, the collection of these.
data is a difficult and complex proposition. The size of

most déiry barns has precluded, until recently, the rigorous

‘monitoring of these structures, while the cost of erecting a

research facility of this magnitude is prohibitive. Only the
development of a~$ystem of instrumentation and data

recording and processing capable of collecting and compiling

the vast quantity of information required to derive an

accurate energy balance for a typical livestock building
made intensive studies of commercial dairy‘barns possible.
The objective of this‘pboject wag to utilize this sy;tem,
along with the cooperatioh'of four déiry producers,:to
monitor the heat and moisture loads of two tie-stall and two
free-stall barns under horﬁé] operating conditions. These

loads then could be compared to existing design values and

\analysed with respect to their potential application to

. future design prob]ems. A further assessment of the effects

of the housing system on heat and moisture loads also could

be undertaken.



2. Literature Review

2.1 Environmental Design in Livestock Buildings

The definition of the environment within a liveetockf
building and the specifications used to describe this
environment a~= sources of considerable disagreementi-Esmay

(1979) defined envirdnment as the totaiaof all conditions

that affect animais’ development, response and growth, and

divided this total into three sections, entitled physical,

social, and thermal enviromnment. Thompson (1974) separated

the environment into a contact segment, consisting of the

housing and mechinery with which the ar.imal interacts, and a
non-contact segment, consisting »>f tLhe temperature,'re]ative
humidity,'iighting, and air-borne poillutants. Smith (1972)

introduced the additionai concept of environmental quality,

-meaning the'degree of freedom from contaminants and

po]lutign. Although these factors can'all have an effect on
the productive efficiency of livestock, the area of

prii ipal concern, for egriculturai engineers and fer this
thesis, is the therma] environment.

The pertinent variables determining the thermal
environment areg the dry-duib temperature, relative.humidity,
and movement df the surrounding air, as well as the
distributidn of radiant energy within the structure. The
traditional method of specifying thermal environments has
been to state the temperature and relative humidity of the

ambient air. These parameters are measured and understood

1



easily, and provide an agceptable description of the
physical environment. However,_they'do not adequately
describe the environment from a physiological point of view.
Monteith (1873) outlined three principles that should be
followed by environmental specifications, that is, they
should apply to all homeothermic speéies, they should be
‘based on standard climatological measurements and be valid
both indoors and outdbors, and they should be, as far as
possibie, independent of the physical nature or state of the
interface between the homeotherm aﬁd‘its environment .
Monteith (1973) further stated the désirabi]ity of
separating the phyéica]fétate of an organism’s environment
from its physiological response to that environment. These
ideas have been embodied in‘the concept, described by Smithﬂ
(1972), of specifying envirdnmental demand rather than
environmental temperature. Environmental demand may be
defined as the rate at which total heat is transferred from
a source to the enviranent and can be app]ied to livestock
buildings as well as animals.

2.1.1 Energy Balancéi

! .

'The thermal environment in é liQestock building was
describéd by Esmay (1979) ‘as a stéady ¥Jow sysf;m of an
incompressible fluid: moist air. The Encironment, therefore,
may be analyzed on the basis of energy e&h§ervation within
the system. Environmental conditions will Sé de ‘ed by

4

the climatic state at which a balance occurs be.. . the



gains and losses of energy within the building . This
concept of an energy ba]ancg is dependent upon the
assumption of sfeady-state'COnditions,»an assumptionAthat
Sparks and Young (1979) did not consider to be valid,
parficularly at high rates of ventilation and heat
production. In developing compqter models for the design and
simulation of ventilation in livestock buildings, these
authors replaced the steady-state heat and moisture
equations with differential equatibns, which indicated
change‘over time. Nevértheless, the vast majority of design
- work is based on a steady4staté energy balance. The errors
intrbduced‘by the use of this procedure are likely much less
significant.than those éssociated with the measurement of
the actual design values. ‘

Under steady-state conditions, livestock buildings
follow the First Law of Thermodynamics; that is, the total
energy within the system is conserved. Thermal energy is
produced by the animals, by 1ighting and mechaniczc ]
equipment, byhsupplemental heating systems, and, to a small
extent, by peobTe working in the-barn. This energy is in the
form of sensible and latent heat, the lattér being the heat
involved in the vaporizat{on of moisture. The energy is
dissipated by the ventilation system, the building itself,
andusupplementary cooling systems. Smith (1§72) included a
factor for Heat gtorage in a barn energy balance, but, under
normal conditions, the magnitude of this variaﬁ]e would‘be

insignificant. The majority of the sensible heat generatedc

”



by the animals, equipment and heating system is removéd by
the ventilating air, with smaller percentages lost thrdugh
the structuré, by conduction, and throughkeQapo}ation of
moisture from wet surfaces. Animals produce moisture both as
* water vapour in resbired air and wafer in wastes, sweat, and
spillage from-drinking bowls. Evaporation'of this liquid
component contributes to a sizeable increase in %ﬁe latent
heat production. Some of this moisture may be lost through
condensation on building surfaces, but environmental control
systéms are designed té prevent condeﬁsatidn and this loss
haé been neglected by Sparks and Young (1979).and nearly a]l
others deriving energy balances. Similarly, ASHRAE (1978)
suggested thét moisture transfer through the structural
components also could be ignored. Thus, latept heat
dissipation is considered to take place a%moét entirely'

through the ventilation. system. \

2.1.2AEnv1ronmentai Control |

Although environmental control is often not a - R
fundamental consideration in the decision to house
livestock, there is still a need, as stated by Esmay (1979),
to modify the envirohﬁent,for the benefit of the animals."
Theiaegree to which the environment is modified -can vary
from. open shelters, which'simply act as a barrier to sun,
wind, and precipitation, to sealed, insulated buildings with
complete air-conditiohing systems. Ultimately, an -economic

assessment of the cost of environmental modification



compared‘to the associated production deins'will dictate the
design of the barn. All 1ivestocK buildings}are affected by
thewlocallolimateu an’ env1ronment over wh1ch no control can
be exerted. Smith (1973) recommended that the natura]
environment be exp]oited as far ‘as possible, instead of

| .
being excluded by expen51ve measures. COmpensating for the

limitations of the natura] c11mete is the essential purpose
of env1ronmenta10contro] systems.

The heat gaine and Tosées from a structure are
'determined by its locetion, oriehtat;on, and construction.
Upon completion of the bui}ding,”theseffactors'are fixed and
very liftle change in heat.tran?missjbn can be induced. Only
the internal environment is susceptible to management ”
influences on a continuing basis. Smith (i972)<identjfied
two basio variables through which.the microclimate of
livesiockjbui&dings 60u1d“be}a1tered: heat input and air
movement; Heat input i%_deoendent upon'speoies and
liveweight of the animals, stocking densities, ration
compos1t1on. an1ma1 feed intake, and supp]ementary heat1ng
~or. cool1ng ‘Air movement through the building IS governed by
the ventylat1on system. Indeed, Scott et al (1983) called
the venti{ation systems the vehicle by which the indoor
‘env;ronment is determined.

The critical features of the vent1lat10n system in:
controll1ng the thermal environment are the volume of a1r
moved and the distribution of the 1ncom1ng air. The quant1ty

of air.is a function of the amount of heet and moisturefto



be removed; the required distribution is governed by the

- location of the animals and equipment in the barn. After the
desired climatic conditions for the livestock beingAhoused
have been identified, the ventilation and air-conditionihg

systems are designed to produce, as nearly as possible, this

environment.

2.2 Animal Physiology _

| A prinéiple too often.overlooked by designers is tHat .
Tivestock buiidings are constructed for the purpose of
housing animals. Sainsbury and Saihsburyv(1979) considered
the physiological and health requiréménts of the animals to
be the fifst priority ‘in designing ljvestock buildings. The
- extent to which these requirements are met will determine
the productive efficiency of the animals and, therefore, the
profitability of the enterprise. Furthermore, Hahn (1974) |
suggested that as production levelé increased;jenvironﬁenta]
factons.gainéd in importande relative to nutrition and
genetics. The importance of the animals to a livestock
operation is very obvious; the contribution of the animals
to the thermal environment in barns merits equal
‘consideration. ASHRAE (1978) estimated that 89 perceht of
‘the total heat produced in a confinement building, housing
mature animals at high densities, was a result of animal .
‘heat lésség. Scoft et al (1983) stressed the consideration
of the.pﬁysio]ogical requiréments of the animal in terms of.

the environment. Esmay (1979) recognized the need for an

i
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understanding of the physio]ogica] base for the animals’
response to the environment, and the physical aspects of the
environment and their effect on animals’ heat loss to the

environment.

2f;.iTheﬁmoregu1a;idh

Dairy cows and other mammals arg‘homedthermic, that is,
ﬁhey are able to maintain a relatively constant deep body
temperature over a wide range of environmental conditions.
Thermoregulation refers to the process by which the state of
homeothermy is maintained. Wiersma (1976) stated that
homeothérmy depends on a dynamic.equi]ibfium between heat
production and heat loss and this idea describes |
thermoregulation very accurately.

The animal .uses physical and physiological mechanisms
to maintain the balance between heat production and
dissipation. The mechanisms listed by Wiersma (1976)‘
included altéring behavior, controlling internal heat =
prodUctiqn,;and cohtrol]fhg heat transfer from the central
core of the body to the environment. ASHRAE'(1981) divided
heat transfer control into physical and chemicai'reactions.
:The behaVioral respohses to thgrma] stress'include altered
feed intake, changes in 1éve1_6f exercise, shivering,:éhd
huddling together. Intens%ve‘livestock'prdductioh in
confinement buildings can interfere with.éome of these
"hétufal mechanisms, including the basic response of /seeking

more favourable conditions. A chemical ad istment to the

]
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metabolic rate can modify the ?eat production, while changes
in respiration, production of surface moisture (sweating),
 b1ood cifculation to the skin (vasomotion), and hair
covering ( piloerection) will affect the dissipation of

heat.

2.2.2 Animal Energy Balance

The energy balance at the animal level is a fundamental
consideratioh, Because this balance will determine the
amount of energy available for production, reproduction, or
work. Smith (1973) eFoposed an energy model Qhere production
| was a function of the difference between the energy infake
from feed and the energy lost through basal metabolism,
thermoregulatieh, and physieal work.. The fotaf metaboTizab}e
energy, according to -Scott et al (1983), is equal tobthe
gross energy intake.minus the losses of energy in fecal,
_urinary,'ahd gaseous wastes. This metabolizable energy is
available as metabolic heaf~or as the energy for milk, egg,
and tissue production, depending on the environmental |
c_or~1d1ot ions. Y,

When production is expressed as a variable in an energy
"balance equatibn, the effecfs of the various
thermoregulatory respenees discussedApreviQusly become
clear. The energy balance can be examined iﬁ more detail
.through‘the derivation of a heat balance equation. In this
expressioﬁ, the metabolicAheat production is related to-the

rate of mechanical work and the rates of heat transfer by
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. radiation, convection, .conduction, and evaporation. Monteith

(1973) used a simplified equation in which.the difference
between metabolic heat nroduction and mechanicalfwoﬁk was
derived from the product of a single coefficient and the

equivalenf temperature difference between the environment
and the interface between the animal and the environment.

The coefficient and the equivalent air temperature

represented the dry-bulb temperature, humidity, wind speed,

and radiation of the environment, while the equivalent
temperature of the interface described theAconditions at
this location.

Scott et al (1983) equated the sum of all inputs to a
factor obtained by multip]ying body weight by the specific
neat of the pedy mass and.multip]ying this product by the'
derivetive of the change in body temperature with respect to
time. In the. zone of homeothermy, the.body temperature
remains constant, so this factor equals zero. Thus, the rate
of metabolic heat production is equal to the rate at which
heat is lost. Since the rate of_mechanicai'work will be

negligible under confinement conditions, the heat transfer

- may be divided into sensible losses, from conduction,

convection and radiation, and evaporative or latent losses.

'ASHRAE (1981) identified the ingestion of cold material as a

minor source of heat transfer. Hamada (1971), however; felt
that this loss may be‘compenéated for by the heat arising
from fermentation in the rumenija'factor that is not

included in metabolic rates determined by the calculation



method of indirect calorimetry.

2.2.2.1 Metaboli¢ Heat Production

Metab.lic heat production is the result of the chemical
energy contained in food being converted into heat energy.
Eshay %1979[ considered it a Key measurable index in
envirdhménta] research, even though the researcher is
concerned ultimately with'anﬁhal growth or product yield.

The amount of metabolizable energy available is governed by
the feed intake, While the metabolic heat produced from‘this
energy will be determined by the physio]ogiéal state of the
animal and & the surrounding;ehvjﬁonment. The leéels of
~production and activity will affect the basic metabolic
rate, while the environmental demand can cause an increase
in the heat production from this basal point. The fact that
metabolic heat production responds reédily'and consistently
to températures outside the "comfort" zoﬁe has made this

| parameter a popular indicator of animal résponse to
environments.

Although the body weight of an animal influences the
metabolic rate, this relationship has been Hifficult to
de%ine mathematicqﬂly} Human metabolic rates usually are
expreised és'a %phction of body surface area. Brody .and
Elting (1926) derived a formula relating the surface area of
a dairy cow to its weight raised to the power of 0.56.
SQbseduent research has shown, howevéF, that }he metabolic
heat production of aniha]s is related more closely'to. ;

another power of body weight than to the surface aréa.
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Blaxter and Wainman (1961) presented heat production as a
function of surface area, but used the product of 0.09 and
‘the weight raised to the power of 0.667 in tﬁein formula for
sur face area. Bfody (1945) calculated the basic metabolic
rate as a function of the body weight raised to the power of
0.734, while Kleiber (1975) concluded that the metabolic
.rate was more proportional to the weight raised to the power
of 0.75. The phrases, metabolic body size or metabolic
weight, have been used to describe this latter expression,
which seems to have gained general acceptance. Esmfy (1979)
defihed the basal metabolic rate as the minimal rate of heat
prodUction while the animal is fasting and resting, and
subjected to effective environménta] temperatures in the .

thermoneutral zone.

2.2.2.2 Evaporétive Heat Loss

Evaporative heat loss in cattle takes place in the
respiratory tract and at the sKin surface. The cutaneous
evaporation can be divided further intoblosseé by diffusion
of wéter vapour through the skin and by sweating. ‘
Evaporétive‘ﬁosses can be adjusted_by biological reac ions
| within the animal, but are also subject to physical laws.
The physica] regulatioh of evaporation from a surface isb
related tO‘tHe conditions at the surface and of the
surrbunding,air.'The respective water vapour concentfations

and the air;f]ow rate are the critical factors in the

. . o
exchange. S o

‘
~
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Biological responses include variations in respiratory
volume and seéretion of sweat. MclLean (1873) identified
evaporation as the principal means by which hbmeétherms
avoid becominé overheated in warm environments. Evaporative
heat losses tend to decrease with a reduction in
temperaturex but a minimum level of evaporation is
established by\respiratory needs and passive diffusion.

The exchange of moisture by diffusion is thought to be
a mechanism by thch non-sweating animals can dissipate heat
at their outer surfaces. In theory, the evaporation takes
place below the skin and the water vapour d° ffuses through
the skin. This is a passive process that is rot subject to
thermoregulatory control. According to Scott et al ({983?,
this diffusion exchange may be a significan! pcrtion of the
evaporative heat loss at low ambient témpera:ures, but
becomes a rapidly decreasing fraction at high environmental
temperatures. 7

Although most domestic animals are considered to be
non-sweating, evapofative losses from the body surface of
cattle have been found by Kibler and Brody (1350) to form
the majority of‘the total latent heat'loss. Cattle have
sweat glands located near the hair follicles and Scott et al
(1983) noted the correlation between evaporation and the
number of sweat glands. These glands are not developed
particularly well and are not capabTe of producing large
quantities of sweat. This is a result of the slow secretion,

described by Esmay (1978), and the periodic rather than

7
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continuous increases in production found by Wiersma (1876).
The sweat secreted by the glands is moved to the skin
surfage where the physical laws affecting evaporation gain
control. Under conditions of high temperature and humidity,
the vapour pressure at the skin surface reaches the
saturation point and the sweat bu%]ds up on the hair
‘surfaces, where it either eyaporates or falls off

fMclLean, 19731,

The evaporation of moisture from the respiratory tract
is the major source of latent heat loss in mosf domestic
animals and is a significant component of the latent loss of |
cattle. The inspired air is heated to the deep body
temperature and may bécome nearly safurated with moisture.
The temperature and humidity of the‘inspired‘air will
dictate the amount of evaporation that takes place on a unit
volume basis. The respirato#y rate, which is pbysiologically
controlledy determines the total volume of air respired.
Cattle are able to respond to heat stress by increasing
their respiration rate, thus raising'the rate of evaporative

L4

heat loss. Scott et al (1983) described the response of

s

animals to severe heat stress af/g\phase of rapid, shaﬂlow
breaths followed by slower, deéper breaths. This procedure
is designed to meet the demands of high evaporative heat
~loss and gas exchange while avoiding alkalosis.

Wiersma (1976) recogniied that although cattle were

bapable of panting and sweating, they were limited in poth.v

ASHRAE (13981) considered the reduced evaporative efficiency



of panting that resulted from less inspired air reacﬁing a
saturated state at the deep body temperature. Furti.ermore,
the heat producéd by the additional woriv needed for panting
nullifies. to some extent, the gain: in eveoorative heat

|

loss.

2.2.2.3 Sensible Heat Loss T

Heat transfer by conduction., convection, and radjation
obeys certain fundamental relationships and these control
the sensible heat fossesnof'animals. The animal has an
{nf]uence on the amount of heat produced, the heat transfer
to the body surface, and the insulative effect of the hair
covering, but environmental conditions will determine |
finally, on the basis of physical laws, the actual heat
loss. Heat is transferred from the body core to the surface
by conduction through the tfssues-ané convection throhgh the
blood stream. The overall level of thermal insulation
achieved by steers, under conditions of vasoconstriétion'and
piloerection, was measured by Blaxter and Waihman (1961) and
found to be 0.42°C m2/W. .

The transfer of heat by convection occurs when portions
of a fluid move from oné area to anotﬁer area that is at a
different temperature. Convective transfer betweén,a solid
surface and a fluid is the result of ‘a fluid layer coming
-into contact with tﬁe solid, being heated or cooled by

conduction, then following co: =:ction currents to a new

location within the fluid.



Mitchell (1873) described two different kinds of
convective heat transfer. fFree.or natural convective heat
transfer is caﬁsed by the density difference between warm
and cola sections of a fluid and occurs continuously in
thermally non-homogeneous fluids. Forced convective heat
transfer is the result of pressure differences created by
winds or currents in the fluid. Since the surface
temperature of animéls is usually different than the
temperature of the surrounding fluid (air), free convective
transfer is nearly always happening. Forced convective
transfer. takes place in the‘respiratory tract and when the
body is in the presence of draughts or wfnd. Mitchell (1973)
conc luded thét‘the forced convective transfer from the
respiratory tract was rarely significaht,-while the free
convective heit'transfer was highly significant. The
presence of forced convective heat transfef. accordinb to
Mitchell (1973), does not eliminate the effects of free
convection. The convective heat\transfer of anihﬁls ié a
function of the area, temperatutg, and configuration of the
" body surface; the température 6f the surrounding air; and
the movement of air over the body. |

Thermal radiation refers to the tréns%er of heat
energy, by electromagnetic waves, between two surfaces at
different temperatures. The waves used in this transmission
occupy two dist rnct wavebands at oppbsfte ends of the
thermal radiation -spectrum. A1l surfaces absorb and emit

long-wave radiation, while short-wave radiationAis generated
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by the sun. Short-wave radiation is absorbed and reflected,
in varying degrees, by surfaces on earth. Short-wave
radiation affects animals exposed to suhlight and located
near windows in barns, but has only an indirect effect on
the enérgy balance of animals in a confinement 1livestock
building. Radiation from the sun can alter significantly the
heat gains or losses of the building itgelf and, in this
way, contributes to the total energy balance of the v
structure. | i

~The loss of heat through long-wave radiation is an
important component of the animal’s sensible .heat loss. Cena
(19735 defined the net radiation exchange as the difference
between fhe tgtal radiation absorbed by a surface and the
total radiation emitted and reflected. Monteith (1873)
considered‘the heat exchange by radiafion to be composed .of
two factors: the long-wave radiation loss froh the animals‘
if they were surrounded by walls at the air temperature and
the radiative .gain that would occur if the animal body
sur face wag equal in temperature to the air: Long-wave
radiatioﬁ exchange between two surfaces is governed by the
Stefan-Boltzmann Law, which states that the energy loss is
equal to the product of a constan€ and the difference A
between the fourth powers of the respectlve absolute
temperatures. The absorptivity, émissivity and area-of the
body surface will determine the magnitude of the radiative

heat loss under particular temperature conditions.
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Cena (1973) discussed the difficulty in calculating a
radiative balance caused'by the lack of uniformity in thé
surface df animals and suggested that the exchange may bé
considered to take place at a layer close to the surface of
the hair coat. The. fact that other forms of sensible heat
loss are more dependent on a température difference than the
values of the temperatureé themselves,»while radiation heat
transfer changes rapid]y\Qith an adjustment-in temperature
was noted by Esmay (1979) . Long-wave radiation heat loss was
describéd by Cena (1973) as accounting for 50 percent of the
sensiblé heat loss of sheep and as the most;importaht single
factor affecting tHe cbmfort and thermoregulatory response
of man.

' Heat loss by‘conduction occurs when energy ié eXchanged
by solid particles in contact With one another. wiersma
(1976) considered conductive heat loss in 1ive§toék to be
significant only when the aﬁimals weré lying down and,
theFefore, a function of behavior. When the animals are in
contact with a colder surface, the magnitude of the heat
loss depends on the area of contact, the temperature of the
surface, and the thermal conductivity of the material. Heat
losses by conduction would be quite significant_in hog
barng, Qhere énimals with a sparse hajr coat spend a good
deal of time lying on concrete floors, but much less so in

‘dairy barns, ‘where animals with a thick coat of hairhlie on

beds of straw.

&I
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2.2.3 Thermal Zones

The consideration of animal ehvironments‘élmost
inevitably leads to an examination of thermal zones. These
zones may be defined as ranges of environméntal conditions
~over which the animal'Sethermal'responses will follow a
consistenf pattebn. The physiological functions considered
in the definition of thermal zones are the deep body
temperature, the metabolic heat production, the sensible
heat losses, and the evaporative heat losses. for lack of a
more complete envirqnmeﬁtél description, these functions
usuall} are related to the air tempebature alone. Such a
comparison is not completely accuéate, but is probably
valid, since heat productioh and dissipation are most
closely associated with temperature. Although the effect of
environmental temperature on the pertinent physiological
parametegs'has béen'well documented and, in fact, is
generally agfeed onn, the definition of thermal zones and
the terminology used to describe these ranges remain’
unclear. |

Since livestock operators are: concerned ultimately with
the production of meat, milk, or eggs, the efficiéncy’of the
animals in,phoducing thesé commodities likely would be the
host usefuﬁ indicator of thermal responée. Unfortunate]y,“
most research has dealt with physiological indices, and;
productive efficiencies have had to be extrapolated from
this information. The issue is further complicated by the

problem, identified by Scott et al (1983), that the optimum
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thermai environment,:based on economics, disease control,
and labour factors, may not coincide necessarily with the
optimﬁm.environmént.for thermoregulation. Kleiber (1975)
considerad the temperature range where sensible heat loss is
f-rly ccnstant to be the thermal zone where the most

. cient “eed conversion will occur. Sainsbury and
Seinsbury : 379) defined a‘fhérhocomfortozone as the rande
¢ -~ which the animal will give optimal performance and
consider. this zdﬁe to be contained in a broader
thermoneutral zone which was specified as a range 6f
temperature where no metagolic demands are imposed.

The fhermal zones of mammalé often are illustrated
graphically. The chart in Figure 2.1 was deQéloped by Modnt
(1973), but is very similar to a figure that Esmay (1879)
'adapted‘from Kieiber (1961). On this chart, zone BF is the
.therharegulatory.range or zone of homg@thébmy} while zones A
and G are areas of hypotﬁermia and hyperthermia,
respectivel?. Teﬁperature.C'is the point at which metabolic
heat production begins to rise with decreasing ambient
temperature, while femperatyre D is the levél where
evaporative heat losses begin to rise sharply as ambient
temperature increases. Temperature E, wheré the sensible
heag l?Ss reaches zero, is.theasurface temperature of the
animal. Mount (1873) specf%ied environmental temperature as
a state where the air and mean radiant temperature were
equal and located in a regime of free convection, with a

relative humidity of 50 percent. The branched line for
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metabolic heat production in zone G signifies both the
increased energy used in the panting and exertion of
thermoregulation and the decreasedApronction Eesulting from
a reduction in.feed intake. Using this'illuétratfbn, a
reasonable and precise assessment of the defiped thermal
zones is possible.

The mégt common definition of the thermoneutral zone,
as noted previously, would correspond to zone CF ih Figure
2.1. A'similar area was described by Webster (1878) when he
stated that within the thermoneutral zone, heat lo$s and
energy intake are independent of environmehta] temperature.
Esmay (1978) also used a comparable zone of thermoneutrality
and described it as a ?ange where bhysicaT, hather than
physiological, regulation of homeothermy is_poséible. Mount
(1973) sﬁggestéd that an animal at minimum metaboljé bafe,
but maintainihg homeothermy only by greatly increased -
eVapqrativévheat loss, should not be considered tb be in a
neutral condition. Mount (1973) 5roposed'an alternative zone
of least thermoregu]atory effort, defined as a range of
environmental temperatures'in which, for a given leVel of
feeding, the metabolic rate is at a minimum and evaporative
heat loss is not increased as a result of panting or
“sweating. This is zone CD in Figuﬂé 2.1, which corresponds
to Kleiber’'s (1975) range of most efficient feed conversion.
This zone is often very narrow; sometimes covering-a range

of only 1°C.
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The lower limit of thermal neutrality, referred to és
the lower critical temperature, generally is recognized as -
the temperature be Tow which metabolic heat production |
increases (temperature C in Figure 2.1). Esmay (1979){
however , .considered thé upper and lower critical |
temperétures to be at the boundaries of homéothermy
(temperaturés B and F). .The upper critical temperaturé'has
proven to be more difficult to define, but Webster’s (1873)
statement that it is the temperature above which performance
is depressed by heat is apt,:if not precise. This would
place the upper 1imit of the thermoneutral zone somewhere
between D and E in Figure 2.1, which is a realistic
location. The use of either D or F as an upper critical
temperature creates a thérmoneutrai zone that deviates

excessively from the range of optimum production.
’ P

\

- 2.3 Heat and Moisidﬁe Production Research
The désign of an environmental control system for a
iivestock building involves a determination of the size and
operation of fhe ventilation and heating or cooling systems
required to achieve an energy balancé at some optimum 
environmental conditiohs. Several of the factors in the
building energy balance can be measured or calculated with a
considerable degree of accuracy. The heat preduced by
mech;nicalvequipment-and supplemental heating systemg can be
aséessed with reasonable precision. Simi]aETy, ?he energy

dissipated by conductive losses through the building, by
: e
' -
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-ventilation, and by suppliemental cooling is relatively easy

to derive from basic equationsl The heat produced by people
working in the building is of such~émal] magnitude that even
Targe errors .in calculation would not significantly affect
the efficiency of the design.

Unfortunately, the variable that can be determined with
the least certainty is also the most important factor in the
energy balance, that is, the heat and moisture production of
the animats. Buffington et al (1972) considered estimates of
the heat and moisture lost by animals inside a building to
be the least reiiable of all the factors contributing to the
temperature and humidity conditionsi Barlott and McQuitty

(1976) encountered similar difficulties while developing a

model of the thermal environment fn confinement livestock

buildings. Accurate heat and moisture production data were
considered necessary for the validation and improvement of

the model.

2.3.1 Historical Perspective

The measurement of the heat and moisture production of
animals has been accomplished traditionally by either diréct
or indirect calorimetry. Indirect ca]ohimetry is capabTe'of
providing valid data on the animal'suproduction, but does
not account for the evaporafipn of mofsture from surfaces in
the room. Direct caiqrimetry produces figures frém -

situations more closely related to field conditions, but the

vproblems of instrumenting calorimeters have restricted the
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size of ‘these chambers.

“gricultural engineers became involved «~ith
Ihermoregulation research, according to Stewart (1976), as a
result of their work oﬁ the ventilation of 1ivestock
structureé. Brody (1945) credits Lavoisier with originéting 5
the methods of‘direct and indirect calorimetry in 1777. Bond
(1976) attributed the first measurements of animal heat
production to Crawford (1779), who defermined heat 1os$ by
measuring the temperature of a jacket of water surrounding a
calorimeter. The effects of enviﬁonment on dairy cow
production were considered by Henry and Morrison (1917}, who
reported on a 19Q7 test which found that cows produced more
butterfat as temperatures feI] and produced less milk when
éxposed to cold.rains. King (1808) set a standard of purity
“for livestock buildiﬁgs by specifying that not more than 3
percent of air in a stable could be respired air. Kelly ‘
(1928) stated that optimum air conditions for dairygggg;
could not be specified and suggested the develobment of a
comfort zone for environmental design. Kelly (1940)
summarized the available data on the heat production of
livestock and pEesented a graph”based on informatfon
gathefed by Armsby and Kriss (1921). These researchéfs had
conducted .some of the earliest experiments using direct |
calbrimetry’at Pennsylvania State University. They kept a
few cows under ordinary barn:-conditions, with average feed
5ntake and mi 1K production, and close to a state of

thermoneutrality. Fhom\these tests, a critical temperature
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1was|idenf1fied and a figure of 3165 kJ/h cow(454 Kg) was.

zalculated for the total heat production of dairy éattle.

A major limitation of early research, identified by
Buffington'et al (1872), was the heasurement of heat and
moisture‘production_from animals dn the basis of the
standard metaboli¢ rate, a theoretical physiological state
that(pakély.océurs under“natura] cohditions. Furthermore,
Stewart (T976) cons}dered that research, up to 1959, was =
intended brimari]y to increase Know]edge of basic

ihermoregulation, with applications to animal hous {ng being

,a;secohdaﬁy benefit.

One of the most important milestones in.the deve]opment

of information on the .heat and moisture production of dairy

cattle was the completion, in_EebruaEy}'1948, of the

 :Psychroenergetic Laboratory at‘The University of Missouri.

The Taboratory consisted of an 18.3-m X 12.2-m rigid frame

building which contained two 5.5-m x 7.9-m test rooms. Each

- of these rooms had sufficient capacity for six mature cows

in stanchions or nine calves in pens. Ventilation waé
pfovided by a?comb{hation of recirculated and fresh air,
with the fresh air being preconditioned in adjoining rooms.
The temperature and volume of the ventilation air ‘as
measured, along with the surface temperatures, air ‘
temperatures, and humidity in {he chamber. Conductiv;ﬁheat
loss, heat production of lights, and heat stérage in the

structure were all calculated or estimated.

<}



Thompson and Stewart (1952) described the laboratofy as
a controlled-climate barn rather than a calorimeter. Over
the period from 1948 to 1859, sixteen environmental tests
were carried out at the University. ‘Yeck and Stewart (1958)
reported that twe]ve\of these tests measured the effects of
temperature, humidity, wind, and heat radiation on mature
cattle, while four considered the effects of temperature on
calves. The goal of the work at the Psychroenergetic
Laboratory, as elucidated by Brody (1846}, was to furnish
the basic physiological data for building shelters designed
to achieve maximal production and profit. The results
obtained: from research undertaken at this facility have

‘ce formed the basis for nearly all dairy cattle |

.wvironmental designs in North America. |

Originally, hany designers felt that the results of
controlled thermoregulatory research could be applied to
commercial livestock bui]dings; Stewart (1976), however .
noted a division of research, in the early 1860" s, into work
on>thermoregu[ation as an end in itself, and on searches for
optimum environments in an economic framework. He further
observed a pattern whereby physiologists obtained basic
thermoregulatory data from small groups of animals, while
- engineers gathered information on thermal behévior under
field conditions. A good deal of the work on
thermoregulation has not proven to be practical, but Stewart
(1970) éggpgnized fhat the effect of many enviroﬁmenta]

parameters is of more interest to physiologists than
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engineérs. Part of the difficulty was explained by Monteith
{1873}, who proposed‘the.paradox that micrometeorologists
need to know what parameters the physiologist requires, but \\\
the physio]Qgist may be unsure of the‘value of measurements
until they have been completed.

These conflicts dehonstrate the necessity for a
multi-disciplinary approach to environmeﬁtal research. Smith
(1972) stated that real problems seldom are confined to one
discipline and Stewart (1970) suggested that there Qas not
enough Know]edge in:any singlevdiscib]ine to.deal with
environmental problems in animal housing. Stewart (13970)
also considered that the value of af] environmental research
is - “ined by the degree to which it can be related to
production of the mo;t proteih at the least cbst. Stewart
(13731 noted the nead to compare physiological indices to
per formance, but realized fhe difficulty in accurately
assessing tﬁg/effects of the thermal environment, due to the
interference of other environhenta] factors.

The current sfatus and future requirements of
environmental research have been examined by several
authors. Not surprising]y, there has been some difference of
opinion. both on the adequacy of existing Knéwledge and the
direction research should take. Housing'ana environmental
design. in Smith's (1872 est{mation. had been sufficiently
well treated tdfenable engineers to deal with theithermal
environment properly. Smith 1872} felt. however, that

health and hygiene would eventuafly impose the limits on
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prodection. and hence the need for an examination of
environmeﬁtal quality rather than thermal engineering.

Webster (1973) found that most research involved taking
animals from a standard environment and equsing them, for a
short time, to thermal stress. This provides insiths into
temperature regulation, but little information on the effect
of an environment on animals 1iving under production
conditions. Stewart (1870) considered the avai]able‘heat and
moisture production data to be adequate, but later tStewart,
19731 cautioned against the careless extrapolation of
results obtained in psychrometric chambers to natural
environments. He also noted that controlled temperature
Qork. unfortunately, was more popular than field
investigations. | |

with particular reference to dairy housing, Bates
(1874) stated that, despite the proliferation of free—sta11
barns, all environmental controt systems were betng designed |
on an empirical basis from information gathered in stanchion
barns. He enphasized consideration of the constraints under
which research was conducted when applying the résults to
field problems. Strom and Feenstra (1980) found a general
lack of research. onvdairy cows, meeting their'crtteria_for
valid Heat and moisture production information.

While the effects of steady state temperatures on dairy
cattle had been well documented, Stewart (1370) felt that

information on cyclical temperature regimes and air

velocities was deficient. Bond (1976) also described the
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need for Knowledge on the effects of dynamic air
temperatures and air velocities., as we:! as relative
humidity; radiant energy, and acclimation. Stewart (1970}
suggested economic evaluations of environmental systems,
especially the derivation of the costs associated with
deviations of the environment from optimal conditions.

Both Stewart (1970) and Bates (1374) considered the
probable differences 5n the behavior and requirements of
dairy cows housed in the compé;atively large groups found in
most barns. Bates (13874) was concerned especially about the
lack of informat{on on certain éspects of free-sta]l.
housing, particularly the evaporation of moisture from the
large, wet alley surfaces and the shift in animal population
at milkinq timg. |

The Eesolution of the difficulties posed by these areas
of insufficient knowledgé seems, on the basis of the
preceeding observations, to be contiﬁgent upon the _
COllgction of more field data. Although acknowledging' the
ngedsfo deal with commercially-sized facilities, Stewart
(1970) stated that the cost of these facilities was the
prime_deterrent to research conducted uﬁder what Bates
(1974) called real conditions. As a viable alfernafive tb_
the cbnstruction of large research facilities, SteWart
(1970f proposed the deVélopment of research projects re]yingv
on'the use of farmer-owned facilities. The data acquisition
system, develobed af the University of Alberta by Féddes and |
McQuitty (1977), was designed for the exact purpose of
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overcoming the problems of instrumentation, data recording,

: ahd information processing associated with investigations of
this nature. This system made it feasible for researchers to
collect and compile environmental data from. livestock
buildings under actual operating conditions, thereby‘v
substantial]y increasing the practieality of undertaking

fjeld studies.

2.3.2 Physiological Research

Most of the physio]ogical research into the energy
balance of dairy cows may be divided, following a concept
advanced in the previous section, into reseerch dealing
"strictly with the physiological reactions of the anihal,
particelarly.thermoregulation,_and that involving the
effects of the environment on the production of the animals.
Some studies have considered both subjects.and a few have

even tried to relate the two, but these are in the minority.
. !

2.3.2.1 Metabolic Heat Production |

Since the amount of energy available for dissipation
and, more importantly, the energy available for milk
produetion are dependent, at a given level of feed intake,
on the metabolic heat production, this parametervhas
reseived a considerable amount of research attention. The
metabolic heat production, or metabolic rate, of dairy'cows
has been studied under a wide vériety of conditions
involving fluctuations in environment, production, feeding,

and stages of gestation and lactation:
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Many of these experiments, as Strom and Feenstra {1980)
pointed out. have yielded heat production data as
by-producté of feed trials. With careful jnterpretatipn,
however, these results may provide'vafid informatfon, both
for assessing absolute values and for chparing with other
figures. There is also a lack of uniformity in the methods
of expressing heat broduction and thg phys§ca1 units. For
this reason, the metabolic'heat pro&ﬁgﬁion va]ﬁes have been
converted, when sufficient'fnformation was available, into
Kilojoules per hour Kilogram raised to the power of 0.75
(Kd/h kg©75), as.specif%ed by Klei?er (1975). The b;sic
metabolic rate of a fasting, resting animal, in'the zone of
thermoneutral§ty; was determinéd by Brody (1845) to be 11.2v
KJ/h Kg°”5. Webster (1973) estimated thé heat production of
fasting cattle to be 13.7 - 17.3 KJd/h kg®7%. Obviously, the
demands imposed on the animals by growth, production, and
pregnancy will tend to increase this metabolic rate.

Keéner and Conrad (1976) developed a dynamic simulation
model of energy flow in bovines. The model was designed
principally to calculate growth rates under different
feeding prbgrams; but'alsd was used to determine, on the
basis of inputs from Ragsdale et al (1943), the heat
production ofwe dry Holstein cow at different.temperaturesf
The model estimated the metabolic heat production of the co&
to be 35.3, 30.6, and 27.7 KJ/h kg®75 at temperatures of
0°C, 12°C, and 24.°C, respectively.

i1
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Flatt et al (1965) used open-circuit indirect
,calorimefry to measure the heat eroduction of six mature
Holstein cows, on three different rations, during a
lactafion period..in the early stages of the period, the-
cows generated an average of 4176 kJ/h and produced an
average of 15.4 kg of milk per day. The average heet and
mi 1K production of the late.lactation segment were 3456 kd/h
and 8.5 kg/day, respectively. Flatt et al (1969a) used a
“similar procedure to measure the effect of ration
compos1t1on and energy ut1l1zat1on on eight Holstein cows.
The cows were fed three maintenance rat1ons and confined in
a ehember where the average temperature was %O.?'C with the
re]atjve humidity around 71 percent. The>non-pregnant
animals converted 57 pereent of the gross energy intakevintb
metabolic heat, while the pregnant animals utilized 66
percent for heat production. The non-pregnant cows had an
overall heat production of 18.0 kd/h kg®75, whereas the
pregnant cows:generated 22.0 kd/h kg®7s.

 Flatt et al (1969b). conducted further experiments on
fourteen high yielding Holstein cows, again ueing three
ratfons; although these were fed ad libitum. The triale were
. carried out at various stages of lactation. The average
tehperature and relative humidity in the respiration ehamber
were 21.4°C and 75.2 percent, respectively. The metaeelic
heat producfion was found to be the largest single source of
energy loss, regard]ess of the rat1on or stage of 1actat1on

averagwng 44 .1 percent of the gross energy losses. There
- 4

-
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were no statistically significant differences (at the 5 .
percent leve]) in neat broduction'as a result of either |
ration composition”or.stage of lactation. During the tests,
the daily milk production ranged from 0.92 to 45.8 kg, with
the average be1ng,16 5 Kg. The metabolfc rate varied from
23.4 to 44.3 KJ/h Kgo75, w1th an average heat production of
33r5 Kd/h kgo7s. ' '

Tests of energy metabolism on two different feeds were
undertaken‘byuDemchenKo (1969). The'tria]s took place over a
period of four yeargﬂand invdlved two groups df heifers
raised through their first lactation. Indirect calorfmetry
and balance:fesfs-were_used'to determine the energy gains
and losses. :Demchenko (1969) found a strong belationship
between hea% product1on and live weight and reported an
overall range oﬁ 584.3 to 819 7,Kd/h 100 Kg The figures
from one test group of five he1fers -were tabulated, with |
average values of 34.2 KJ/h kg°75 and 16.8 kg/day listed for
‘the heat and m1lK product:on, respect1ve1y '

A table of metabolic heat generat1on at various levels
of milk production was presented by Webster (1973), baeed on
data from Flatt et al (1969b). The metabolic rafe of dry,
pbegnant cows was estimated at 20.5 kd/h Kg&7§; while the
heat production of Tactafing cows ranged from 5.6 kd/h
kg®?5 at 2 gallons/day (9.1 Kg/day) to 35.3 kJ/h Kg*’5 at 8
_gallons/day (36.4 kg/day) '-‘

The mos t comprehens1ve studies of fhe-relationship

be tween environmenta] temperature and metabolic heat
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produetien'were carried out at the University of Missouri
Psychroenergetic Labqratoryvand were summarized by Yeck and
Sfewart (1959). The results of 308 observations were
" examined and the effects of the témpeféture fluctuations
calculated. The change ih metabolic heét productibn was
found to be 0.16 KJ/h ké°”5 per degree Ceisﬁus temperature
difference. The overall equation- for the metabolic heat
production of Holsteins was: .

| Q=30.35-0.16t, ’ .
where Q is heat produetion, kd/h kgo's, end't is the ambient
temperature, "C. On the basis of a statistical correlatibn,
mi 1Kk production was found to increase the metabelic rate by
0.38 kd/h kg®?5 per Kilogram of milk produced daily.

N L4

2.3.2.2 Partition of Heat Losses 4

While the -total heat dissipated by livestock is
physio[ogicaily importent, the partition'of this value inte
sensib]e and latent heat losses has partieular significance
in the design of envirohment31 control systems for am'ma]b'~
houses. This is especially true in co]d climates where the
sensible and latent heat productfoﬁ of the animals have“
oppoSite effeets on the environmental eonditions within the
building. The sensible heat is beneficial and tends to
reduce the heat'deficit in the barn, while the latent heéﬁ
is the'critical factor contributing to the ventﬁlation
requirements that create this heat deficit. Physiologically,
the partition of animal total heat loss is related most

directly to the environmental temperature, but various

¥+
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studies also have examined the effects of air velocity and
relative, humidity on this division.

There ié general:agfeement‘that fétenf 6;_evaporat19e
heat losses increase with rising temperatures, while
sensible heat losses decline. However, unlike sensible heat
los;es,which effectively are reduced to‘zero\when the air
 temperature heacﬁeé the body temperature, evaporative lésses
have a minimum level established by respiratory requirements
and passive diffusion through the skin . Kibler and Brody
(1952) determined that the minimum loss of heat by
evaporation was 10 percent of the total héat loss. ASHRAE
(1978) documented, in graphical form, the pefcentage of
_totaiAheat lost by evaporation.lThe values ranged from a 10
percent minimum‘to values of‘JZ percent at'OfC. 18 percent |
at 10°C, 38 percent at 20°C, and 70 percent at 30°C. Yeck
and Stewart (1959) énd‘Kiblér and Brody (1950)'foﬁnd the
latent ggoportion of the total heat to be 25 percent at
10°C. | | | |

Kibler'ahd Brody (1950) further divided the latent heat
‘losses into sprféée and respiratory vaporiiation. The
' fespiratory component was found to be about 20 percent of
the total evaporative losses. DeShazer (1981) produced an
-équation linkfng the percentage of the heat loss attributed
.to evaporation and‘fhe ambient air temperature. The
equation, | )

y=20 + exp0.19t09,

where y équa]s_the percentage of the total heat lost by
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-evaporation and-t is the ambient temperature, 'C, was meant
to be a general expression for a]l livestocK.

Absolute values for evaporat1ve heat 1osses from cat{]e
,erange upward from the minimum of 2.81 Kd/h kg%’5 liveweight,
as determined by Blaxter (1862). Esmay (13879) estimated the
respiratory losses as 1.55 1.94 Kd/h Kkg®’5 at -10 C and-5.80
KJ/h Kg°75 at 35° C He -also predicted a max1mum susta1ned
rate of surface vapor1zat1on of 15.41 kd/h Kg“75.

Sensible hg&t losses usually are determihed from\fhe
difference between latent and total heet dissipation. Kibler:
and Brody (1952)wmeasured the sensible losses of lactating
‘Holstein cows over,temperatures varying from 17°C toA—14WC
and derived a fotmula, | |

0sz27.0-0.32t,
where Qs is the sens1b1e heat loss, KJ/h kg®’5, and t is the
ambient air temperature, "C. Keener and Conrad {1976), in
their simu}ation model, calculated the sensible heat losses
of a dry Holstein cow to be 28.4 kJ/h kgo75 at 0°C and 12.0
KJ/h kgo75 at 24°C.-

In'additioe to the obvious impact of ambjent
temperature on heat losses, air velocity over the animal can
have a signjficant effegt. both on_the total heat
dissipation and the partition of_the heat losses. Blaxter
and Wainman (1964) found that an increase in air velncity
from 0.18 m/s to 0.72 m/s reduced the evaporative losses of
steers slightly, while raising sensible losses. All of the

chahges were statistically insignificant, except for the 7
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peréent-increase in sensible losses caused by the wind at
temperatures in the 0°C range. Thompsbn et al (1954) also
measured the greatest evaporative losses at low air speeds,
 with dissipation rateé'being consistently lower at medium
(1.8 - 2.7 m/s) and high (3.6 - 4.0 m/s) velocities.
Surprisingly, fhe evaporation was lowest in the medium range
of wind speed. The reduction in-iatent heat loss. in the

pr ence of Wind is Tﬁkely a result of the incre§§e in
sensible losses which lessens’the demand for evaporative
dissipation of heat. This physiological adjustment
counteracts fhe physical effect of ihcreased a‘ movement,
which would be a corresponding rise {n evaporz:. 1 from the
animal surface.'Thompson‘(1957) measured additions to the
total heat load of'up to 25 peréent when air velocity, at
-7°C, was increased from 0.2 m/s tb 4.5 m/s, but, at
tempéfatureé of 18°C, very little difference was found.

The conseqUences of ‘increased relative humidity can be
predicted theoretiﬁa}ly from basic physical re]atioﬁshipSu
The reduced vapour pressure gradient between the animal’s
skin and the air will cause the evapqrative heat ]stes‘to
decline. This occurrence has serious implications at high
environmental temperatures, where latent heat losses are
critical to the maintenance of homeothermy. At low |
.temperatures, the relatfve magnitude of evaporati?e 1osse$
mékes fluctuations in these values insignificant. MclLean and
Calvert.(1972) exposed'four Jersey steers to a wide range of

humidities at temperatures of 15°C and 35°C. At 15°C,

{
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increasing the relatiVe humidity resulited in a decline in
?oth respiratory and surface vapourization rates, as well as
the t@ta] heat loss. At-35'C,_tne rising relative humidity
cadsed the body temperature} respira£ory frequency, and
sensibie heat loss to increase. The animals maintained a
.constant total heat loss only af thg expense of higher body
temperatures and fespiration frequencfes. Shankiin aﬁd "
Stewart (1966) tested thé effects of three relative |
humidities at each of two temperatures, 27°C and 32°C, and
found that inc. 2asing the relative humidity caused the
surface temperature of cows tblrise.

-An overall assessmeﬁt of the effects of air ve]ocity
and relative humidity leads to the'concius%on that they
produce théirﬁmost sighificant_héat loss fluctuafibns at
opposite ends of the environmehtai temperature scale.
Relative humidity.seems-to have little inflyence on heat
dissipation at low temperatures, buf inc?eéZ:s the =
environmental demand and exacerbates the effects of heat
stress at high ambientltemperatupes. Canersely, whi]é_’f—__—___‘““\~
increased air velocity can rel%eve heat stress slightly, the
greatest impact of air speeds .is on ihe sensible heat losses
'of animals at Tow tehperatures. In;the\¢esign of confinement
livestock buildingé, air velocity is‘UsQally ré1ativé1y Iow
~at the animal level and this parameter seldom has a direct
inf luence Qn'the animal energy balance. Re]ative;humidities.

however, tend to be high in these buildings and are

considered an extremely important factor in fhe thermal

-



environment.

2.3.2.3 Thermal Zones
The d}ssension among animal scigntists regarding the
definition of thermal zones for dairy cattle has created a‘
similar disparity in the identification of the boundaries of
.t'ase zones . Logicale, the thérmé] paramefe oout which
agreement is most common, the ToWéE‘critical temperature,
has been measured-and reported upon:with the greatest
frequehcy. The limité of a relatively broad zone of
thermoneutrality have been roughly established, a]thdugh few
researchers have been willing to specify an exact upper &7
critical temperature. The uncertainty affecting the
physiologicél definition of a thermoneutral zone has been
responsible for the use of milk prgddctionytegts in
determining®a zone of_optfﬁgi prdduction. _uch a zone has
greater relevance forvthé operator and, therefore, the
designer of livestock buildings. |
The lower criticalbfempera£ure, being the point below

~—— which the metabolic heat production increases from the basal
‘ level, is dependent upon several factors. The most obvious
variable influencing this temperature is feed intake, but
milk production, thermal insulation, and the basal metabolic
rate itself also can alter its magnitude. Webster (13973)
considered thermal stress to be léss governed by absolute
values fhan by -the extent to which the environment deviated

from the cphditions to which the animals-were accustomed.
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Since the majority of the heat loss ét 1ow temperaures
is sensible, most equations for:the lower critical
temperatu;e have -included an assessment of the resistance to
heat flow of the animal’'s body and hair covering. Blaxter
(1962 utilized a cooling constant to describe this
insulative effect anag entered this in an equation for
critical temperature based on thermoneutral metabolic rate.
minimum evaporativ¢~heat.loss. and the heat used to warm
feeds and water to body temperature- Usiné this equation.
Blaxter and Wainman 1967 calculated the critical
temperatures of steers to be 1€°C. while fasting. and 6 to
7°C on maintenahce feed. When apb]ied to dairy cattle. the
equation yielded temperatures of -6°C for cows producing 9:
kg of milk daily aﬁd -18°C for those producing 18 Kg.

Webster 113731 assigned values to the tissue and |

external insulation of dairy.'cows and =2rived critical

" temperatures of ~14'; for dry pregnant cows and -32°C for

cows producing 20 Kg of milk daily. In contrast to this,
Thompson (19761 éuggested -1°C as a lower critical

temperature for high yielding cows. & comprehensive formula

Y¥or determining the critical temperature was developed by

Hamada (18711, who usec n optimum temperature of 17°C for

.dairy cows, rather than the body temperature, as a baseline.
2

The formula related the critical temperature to latent heat
losses as a function of metabolic rate and the increase iﬁv
sensible heat loss associated with decreasing téﬁberatufes.

%8711 calculated critical

Using this expression. Hamada:
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temperatures of Z°C for cows on maintenance feed. -4"C “or
cows producing 1L kg of fat-corrected milk daily, and -:{ 'C
for cows producing 2C kg of milk.

The upper Timit of the zone of thermoneutrality.
depending on the definition of this limit., would appear to
be somewhére between 20 and 30°C. Th's boundary is affectea.
to a much larger extent than the lower critical temperature.
by envfronmenté] conditions other than temperature. Thé\
influence of the relative humidity on evaporative heat
losses will alter significantly the ability of the animal Eo
remain comfortable. The zone of optimal production also
seems to end in the range noted above, so there .is a
difficulty in separating the two values;>Webster (1973)
estimated the '1imit of thermoneutrality at 30°C, but
sugbested 20 to 25°C as the highest temperature for ma X i mum
production. Hahn (1976) considered 24°C to be the mayimum
accéptab]e temperafure for déiﬁy cows. Webster (13873) \lso
noted that high producing cows, with comparable increases in.

metébo]ic rate, would:exhibit a lower tolerance to heat than

animals on maintenance rations.

2.3.2.4 Enviqonmenté] Effects and Recommendations

Although physiological knowledge is esgential for a
complete understanding of the relationship between 1livestock
and fheir environment, the viabi]ity.of ahynoperatjon is
determined by the productive efficiency of the animals..
Johnson (1965) noted that under optimum environmental

conditions, the production of milk will vary'only withxthé
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genetic capabilities of the cow. Hence, the effect of the
therma! environment on production is of utmost.importance in
the design and operation of livestock bhildings. The
productivity of dairy cows is relatively easy to measure and
the voiume of miik yielded under various environmental
conditions has been examined closely. Although the desire to
provide an idea] environment often must be tempered by
economic considerations, a practical range of acceptable
conditions, over which milk production reméﬁns close to a

ma x i mum 'eve]r Pas been” estabiished.

Virtually all of the dairy animals in Canada are
European breeds, of which the Holstein is easily the mostr
popular. These animals are‘wellAsuited to the climate in
Western Canada. having a low heat tolerance, but being very
hardy. The Holsteins. in particular., are able to maintain a

high level of milk production at low temperatures, albeit at

. the expense of reduced feed efficiency. Since feed usually

has been less expensive than sophisticated shelters, w
confinement housing of cows has been difficult to justify on
the basis of milk preduction alone. On the other hand, the
susceptability of these breeds to heat stress has generateé"
considerablg interest, throughout the southern regions of
North America, in measur :s designed to proteét the cows from
conditions of high tehperature, humidity._and radiatién.

Low temperatureséstimulate the appetjte of dairy cows,
but cause some reduction in milk yield. The milk fat content

tends to increase, and Young (1979 suggested that the



(/:’;

46

higher level of feed intake may offset the influence of
temperature on milk yield.- The overall effect, however, is a
loss of feed efficiency. Young and Christopherson (1874)
also noted that prolonged exposure to cold resulted in an
increase in the thermoneutral heat productjon, a condition
that would reduce the energy available for milk production.
Johnson (1965)-rep0fted that, according td all literature,
cows could lactate successfully at low temperatures. but
with reduced.production and increased feed intake.

The effects of low fluctuating temperatures on Holstein
cows were studied comprehensively by MacDonald and Bell
(1958). Low temperatures caused the hear{ rate and rectal
femperatures to increase, while reducing the respiratory

rate. As temperatUres declined, the requirement for more

metabolic heat caused the feed ift~' = to increase. This

effect was accompanied by a corresponding increase in water
consumption. The daily milk yield was found to decrease
significantly at temperatures below -4°C, with the rate of
decline becoming sharper when temperatures fell below -12
‘C. Williams and Bell (1964) anﬁucted similar experiments,
but held the relative humidity in the barn to 72 - 79
percent rather than the 90 - 100 percént allowed in the?
previous studiéé by MacDonald and Bell (1958). Under these
conditions, no decline in milk yie}d was noted at |
températures as low as -16°C.

Other work on the effects of temperature oh milk yield

was conducted at the University of'Missouri. Ragsdale et ali

1=
2

a{\



47

{1950) measured the milk production of cattle at various
temperafur%s,_with relative humidities in the 40 - 60
percent range. The maximum productioh oécurred at 10°C, but
no significant reduction in yield'fesulted from temperatures
as low as -13°C. In a direct comparison of these two
temperatures, production was‘down less than 7 percent,
a]thoqgh the feed to milk ratio Qas raised by.almost 15
percent. Yeck and Stewart (1959) summarized the résu]ts from

“several experiments and concluded that Holstein production
was essentially unchanged to a temperatdre of -12°C.

As would ve expected from animals well adapted to Tow
temperatures, the Feaction of Holstein dairy cows tothigh
temperatures 1¥ much more dramatic. The inability of the
animals té maintain homeothermy and their diminished
appetite contribute to a sizeable decline in'produétioh.
High relative humidity and solar radiation can accelerate:
this decline, which is more pronounced in high yieldiﬁg
cows. Ragsdale et al (1950) found that milk production of

“Holsteins was réduced by temperatures over 21°C. Between
21°C and 27'C, the decline was gradual, but after 27°C,

. productibn dropped quick]y.lln the Yeck and Stewart (1959f
summary, milk ﬁfoduction was determined to be 390 percent of
normal at 27°C, but .only 65 percent of normal at 32°C.

The effects of relative humidity have been incorporated
into various Te—perature-Humidity or Discomfort Indices.
These éduations derive a figure based on dry-bulb |

temperatures and wet-bulb temperatures or dewpoints, and are

~
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applicable at environmental temperatures over 18°C. an such |-
index, déveloped by Bianca (1962), used a weighting of 65
percent for wet-bulb temperatureé and 35 percent for
dry-bulb readings. Environmental recommeﬁdations then can be
made on the basis of Discomfort Index values and, in this
way, are more meaningful than a simple temperature range.
Befry et al (1964)'developed.a formula for calculating the
actual decline in milk production from a factored sum of

- .
\

Ohe‘characteristic~of all natural and most modified

wet-bulb and dry-bulb températures;

environments that is not included in many controlled
temperature experiments is the diurnal cycling of |
temperatures. Yeck and Stewart (19538) concluded that the
effect of the diurnal cycle on producfion was roughly
comparable fo constant exposure of the animals to the.
average temperature of the cycle. Data from Kibler and Brody
(1956) support this statement, provided that, the rangéaof
temperatures is 10°C or less. A wider diurnal cycle resulted
in significant stress on the animals, although Yeck and \
Stewért {1858} found no proQuction decline over a 40°C

cycle. Brody et al (1955) defermined that diurnal

conditions, as contrasted to constant tempefétures, on]d
extend the ubper and lower ranges of théﬁthermal zones .. On
the basis of these studies, ASHRAE (1981) considered design -
loads calculated from average daily environmental
temperatuge§/f6/g;_;E?¥jFientIy accurate. In any case, the

control of the-environment by the Jventilation system would
\ ~ : ¥

f
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be affectéd-by the two to fdur—hour lag in the’response of
the animals’ moiSture production.to’maximuﬁ and minimum
temperatures..a characteristic that was reported by Esmay
(1979} .

The recommended environmental conditions. for dairy cows
are linked cjésely to the milk producfion experiments cited
previously, with all the specified ranges falling in the
zone of optimal production. The parameters most often
»identified areldry-bulb temperature and refatiye humidity,
although some reference is made to Discomfdrt’lhdex limits.
Ventilation rates and heating or cooling‘beq&ifements, then,
have been calculated in accordance wi{h the enyironméﬁtal.
limits. An important factor in énvironmental design, as
repqrtedbby McDowell (1974), is that.milk yield is most
highly correlatéd with conditions on the preceeding two to
~f-ive days. Johnson (1965) identified a "comfort zone", based
on research by Ragsdale et al (1950), as the optimal zone
for milk production. This zone was .located between -15°C and
27'C,‘bdt Johnson (1965) Suggested that the use of a
narrower range of‘témpératures, from -1°C to 16°C, would
account for differences due to species and other influences.
Both the upper,énd 1owér limits of the comfort zone would be
constricted by increased relative humidity. Wind Qould |
extend the boundaries at high temperatures and reduce'the'
limit at low temperatures; solar radiation would have the
oppbsife effect,.THe highest milk production, according to

Stewart (1960), occurs in the 7 to 18°C range, where
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relative humidify has no significant influence on animal
berformance.

There is a high degree of uniformity in the de;ign
§pecifications available,'particularly in the middle and -
upper segments”of the zones. Hahn (1976) suggested the
acceptable temperafure range for lactating cows Qas 4°C -
24°C. ASHRAE (1978) and ASAE (1981) extended the lower limit
to 2°C and ASAE (1981) éUggeSfed the pse~qf a Discomfort
Index ét temperatures above 21°C. Stewart (1960) stated that
the Discomfort Index should have a value of 75 or less for
- optimum production.AAlbright and Alliston (1971) further
lowered the boundary fér\Holstein cattle to -12°C. Stevens
et‘al (1974) proposed a maximum acceptable témperature,of
30'C.‘for‘a'durationio? less than one hour and with relative
ﬁumiditie§.unden SD.pefcent. A range of relative humidities
‘ from'4d'to 80 percent was considered acceptable.by ASAE
'(138i),and Sainsbury (1974), although ASHRAE.(1978) :
.reccmnendéd a 55 - ‘75 percent zone. Winter ventilation'rates
?re palculated on the basié“qf moisturé produétion énd,
'therefore, are peculiar to the'inside and outsfde design
conditions. Summer ventilation rates are applicable over
wider‘géographica] areas, sincenthe use qf un}ehbered
outside éir often results in‘barn temperatures exceeding the
specified 1imit for maximum production. Bates (1976) and
- ASAE -(1981) suggested a summer'venti1ation rate of 30 or

“more air changes per hour, while ASHRAE (1978) and Guss and

Grout- (1973) considered 100 1/s cow(454 Kg) to be adequate.

\n
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2.3.3 Design,Va]qgsAfor Heat and Moisture Production
The most severe limitation to the validity of
enVHronmentalﬂsystem designs is'imposed‘by.the accuracy of
the heat and moisturé production information. Nearly all
'values for dairy catt]eAhave béen derived from expériments
involving a small humber of animals housed in calorimeters.
The effects of commercialihoﬁsing conditions have to be
estiméted. since; as Esﬁay (1979) stated, the heat and .
moisture production for the building system, rather than the
animals themselves, is nécessary for'deSign purposesﬁ
Hellickson et al (1874) noted that ventilation rates could

be calculated from thermodynamic relationships, but had .to

be based on data representative of the climatic conditions
: A P

and production system. |
A}popu]#r dairy housing system that has not been

examined adequately is the use of‘free~stails. Turnbull
(1973)‘identified the fact fhat the free-stall barn veby
likely would produce more water vapour than tie-stall barns
of a similar size. Even in tie-stall barns, the evaporation
of mosture from wet surfaces adds significantly to the
latenf.heat production developed from calgrimetric trials.
Furthermore, a certain portion of the sensible heat
/prodUced. approximately 20 percent according to Bruce
(1982), is utijized_in<this vapourization and dissipated as
latent heat. These deficiencies in experimental results have
caused the environmental design of most dairy facilities to

. be based on either the indiscriminate application of
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existing data to a variety of situations or attempts to
modify these data by the introduction of unsubstantiated
factors. |

The most extensive testing of the heat and moisture
production of dairy cows, under conditions most closely '
approximating commercial housing, has taken blace.at the
University of Missouri Psychroenergetic Laboratory. The

v'testing apparatus and procedures were described in detail in
a preceeding section. Data obtained from these experiments
form the basis for the production values and ventilation

rates prescribed in nearly all North American design
manuals, including the Canadian Farm~Building Céde (1977),
‘the ASAE Yearbook (1981), Midwest Plan Service (1980},
ASHRAE (1978 and 1981), Esmay (1979), and Scott et al
(1983). ‘

The measurements performed at the Psychroenergetic
Laboratory provide better desfgn‘information than
physiological studies because the evaporation of moisture
from wétvsurfaces in the room waS'inqorpqrated into the
moisture pﬁoduction. However, the small capacity of the

'gfﬁxuns (6 cows), the exclusive employment of stanchions, and
“the annown effects of confining animais in environmentall
chambers havé made the uhiversa] application of the results
-to éommercial barns somewhaf questionable.

Early testing of heat and moisture production at the
University‘of Missoufi was réported by Thompson ahd}Sgewart

(1952). The effects of air temperature on the heat
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dissipation of 1acfating Holstein cows were measured during
both a wiﬁter and summer period. These thials established
the trend toWard.an increasé in total heat production and é
reduction in the ratio of latent to total heat with
decreasing temperatures. A 20 percent rise in total heat
production occurred as the temperature was lowered frcm 27°C
to -12°C. Thompson and Stewarﬁ (1952) a]sq found that the
percentage of la*. "t heat produced by the test room was
higher than that for the animals alone. An equation was
derived ‘that related air temperature t; the ratio of total

" heat removed per pound of‘méisture exchanged. This equation
could be Oseé to' determine the ventilation requirements when
only one of the total heat or latent heat production was
avéi]ab]e. The. energy transfer‘associated with personnel,
equipment, feed, bedding, and watér was exc]uded from the
heat exchange calculatiqns. An increase in total heat loss
for higher producing cows was noted, but, all secondary
‘factors being equal, the moisture production in a stél]
Qaried directly with the animal size.

A summary of the research undertaken at the University
of Missouri was compiied by Yeck and Stewart (1958). This
paper included a graph of stable heat and moisture
productlon at various temperatures, with the relat1ve
hum1d1ty ranging from 55 to 70 percent. The information
prov1ded in this graph has formed the basis of the values
given in the design manua ls 11sted prev1ous]y Yeck and

Stewart (1959) estimated that the metabolic heat produc‘1on
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of the animals accounted for 75 percent of the heét produced
in the room, with the remainder attributed to anaerobic
'productionAinside the animals and bacterié] action in ttr
gutters. At temperatures up to 10°C, 55 to 60 percent of the
moisture dissipated was vapourized directly from the
animals. As temperc.ures rose above 10°C, the proportion ofi
evaporation directly attributable to the animals increased
rapidly. Due to the extensive application of these
production figures, the values determined by YecK and
Stewart (1959) at comparable temperatures have been
‘tabulated, in Chapters 4.2 and 4f3,‘with the results of the
research undertaken for this thesis. |

A furthér examination of the influence of humidity on
heét and vapour dissipation was described by Cargill and
Stewart (1966). These stﬁdies assessed the effects of’high
relative humidities én the heat product{onEét'27'C and 32°C.
Cows were alternatéd between a room at test conditions and a
room under ;eference condition§ of 18°C and 50‘percent
relative humidity. Data for'both rooms were‘poojed and
equatiohs for the heat and moisture production derived.
Equations also were develobed for the relationship of the |
relatfve humidity and Discomfort Index to the total heat'a;d
vaper production. Increases in humidity were found to
reduce botﬁ the total heat andrtota] vapour dissipatibn. As
- in;other tests at the Psychroehergetic‘Laboratory, fhe heat

~3 b

‘ produced by-equipmént and péﬁsonnel was estimated and

sggtﬁacted from the energy eXéhanges.
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Design values for the heat and moisture output of dairy
cattle were pubﬁished by Sainsbury and Sainsbury (1379).
Upon eXamination, these productidn figures show very lﬁttlé
deviation from thé data of Yeck and Stewart (1959).
Sainsbury and Sa&nsbury (1979) sought to expand the range of
housing conditiogs over which the figures wou]d be
acceptable by proposing that moisfure production be
increased by'véryiﬁg percentages, depending on fhe housing
system. Additiéhs of 25 peréent, for evaporation from manure
and free water in swine barns, and 200 perpent, for cattle’
bedded in deep straw, were suggesjed._The daily removal of
manure was cbnsideﬁed to reduce the‘mostqre load by 25 to 50
percent. The application of these factors to dairy barns
invo}ves a great deal of uncertainty, since most dajry-
hdusing systéms in Alberta have some bedding, but also dain
hahure removal. i |

The natUrai progression of heat and moisturé.production
experiments, from studies of individual anihals,'through
trials with smallcgroﬁps in controlled enyiroﬁment chambers,
to examiﬁétiqns of 1ivestock'un6eh actual productioﬁ
conditions, was described'by.HellicKson et al (1972), who
underiooklthé measubement of . the énergyAdissipatfon of beef
cattle under commercial qondﬁpjéns.‘The.study_involved 47 .~
Angus-Hereford héifers, weighing 320- to 450 kg, confined in
..a fully-slatted, closed confinement beef building. The heat
and moisture loads were ca]éulated from measurements of the

dry-bulb temperatures and dewpoints of the ventilation air,
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together with the volume of air flowing through the barn.
Adjustments to the data were made for\equipment,‘personnel
and conductive heat transfer. The autnors found no
signtficant relationship between total heat production and
any environmental parameter. The latent heat production was
related.to the dry-bulb temperature, but with only 18
percent of the variation accounted for. The'dry—bu1b'
‘temperature was responsible for 73 percent of the
fluctuations in sensible heat production, and the dry—bujb
temperature and animal density together accounted for 78
percent of these changes. The sensible heat production was
usual]y negat1ve at temperatures above 27°C.

A more comprehens1ve experiment involving the same
building was reported by Remmele et al (1973).7Thjs study
included an examination of the heat and mosture production
of the manure tank under‘thelﬁlatted fioor. Forty-seven
Hereford steers, weighing between 241 and 291 Kilograms,
were confined'in the barn for a period of three months in
the late summer and early fall. Measurements"of the
env1ronmenta1 conditions and the propert1es of the
ventilating air were made every three hours The most
significant parameters in determ1n1ng the 1atent heat
production were the inlet re]at1ve hum1d1ty end the animal
density, which accounted for 34 percent of the variation.
These same factors were responsible for 35vpercent of the
fluctuation in sensible heat production. The same percentage

of the.sensible heat production was attributable to,dhe
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éxperience-sbme weight géin through the tr-ais. but the heaf
production induced}by this would not be comparabie o the
increased mefaboiic rete of a High-y#elding cow. “he

considerable weight difference between the young animais anc
lactating Holstéins further reduces the practicalizy of
extrapolat1ng the data. 4nother factor that Strom and
Feenstra £188Q' considered slgn*"cant ié héat productwoh
due to pregnancy in the cows . ~ithough *he authors corrected
for the latent hea% produc*won of the manure tank. the h1gh
levels of moisture dwssepat1on recorded in the parn wou ld
indicate that th: calcuiated vaiues were nol completely

representative of the effects of the manyre storage cell.
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L very detailed examination of available heat and
moisture production literature was cona. ted in Denmark by
Strom. and Feenstra :1980'. who derived rigdrous heat loss
equations from this information. The authors developed &
criteria by which the sources of energy exchange information
could be evaluated. then compiled lists of priméry
iiterature. which essentially met all requirements. and

secondary ‘iterature. which was degjcient in one or more of

W
i

the selection parameters. "he expetjhents were evaluated on

the tasis of acclimatization peﬁiod. duration cf

measurement. ieve of production. and the inclusion of COEA
feeding anc houé%ng information. Strom and feenstra 'G87
 :onsidered two weeks to be an acceptatile acclimatization

period. =1t waived this rule for animals within the

thermoncutra’ range. The minimum duration of the experiments

was set at 24 hours. so that diurnal vériations could be

:ihtluded in the data. The authors also searched for triais

vao]ying breeds and feeding levels that were combatible_

with intensive livestock production. The basic energy modell

involved the ca]culation.of'thextota1 heat loss from the -

product of the uncorrelted heat loss and a temperature .

-correction factor. The uncorrected total -eat loss ”35,55931 éy'f
to the sum of the heat dissipation resulting: from zrﬂégt{>:;%
maintenance, growth, pregnancy and mi]K'DdeUCtiO”~"fh§g2; . )
sensible heat loss was determined by‘mﬁltiplying th?f£9%$3
heat loss by a factor derived'ﬁgpw the ambient airrgf’ o \' 57

temperature, while the lz.2nt hW&at 1oss was the aifference
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between the two. L11 daté were p\otted on graphs and curves
drawn to fit the information, with consideration given to’
the comparative importance of the values. & final curve.
based ?p‘a general expression equaﬁing some.power of the
independent variable to the dependent variab]ei was
. developed for each diagram.

| For dairy cows specifically. Strom and fFeenstra \1980)
discovered very little data on maintenance heat production
and the add{tiona] heat pfoduced by pregnancy, but betfer
treatmenﬁ of the heat loss added by milk production. Both
the primary andisecondary lists contained references cited
ih £he physioldgicél researcn sect{on of this paper. The
temperature correction factor is the ratio of the total heat
loss at a given temﬁerature to the total heat loss at a baée
temperature of 20°C. & génera' ~otve for cattle, swine, and
poultry yielded satisfactory values for dairy cows at
temperatures down to 10°C, below which a special curve was
necessary. e uncertainty of the data desé;ibing the
‘proportion of heat lost as Sensible and latent energy at
.various temperatures led the authors to conclude that a
general curve for “ne _-msible heat“loss factor was accurate
-éhdugh for péacticax u.signs. Strom and Feenstra (1980) also
v;éonsjdered th%fexisting information on ~airy floor systems
to be ﬁﬂsuffic}ent for fhe détermination of mathematical
factors. | |

is a Gesign_foéf‘for calculating heating and

‘alion reguirements. Strom and Feenstra 1880

vent
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introduced the concept of a heat produting unit thpu', which
is defined as having a total heat loss of 000 W at 20°C.
The heat and moisture loads of any 1Jvestock bu11d1ng then
could be expressed as heat producing un1ts based‘bn the
number of animals of each fype per heat producing unit. Only
one set of éuhves ‘or total, sensible. and latent heat
production would be needed for the design of any livestock
‘bui]ding  £ table of typical animal densities. in hpu per
unit area, would facilitate the rapid calculation of
generalized building heat loads. Strom and fesnstra - 198C
sﬁggested that a 500 K{dobﬁSh dairy cow comprised '.1€ heat
produqing units and”that the average density of dairy barns
Was 0.2 hpu/m2 of floor area.

A comparison of the heat and moisture production
figures yielded by their equations and ASAE (1981 was
compiled as a summary by Strom and Feenstra (1380/. The
authors first evaluated the sources bf the ASAE (1981
information according fo the criteria sbecified earlief. The
resulis published by Yeck ana Stewart £1959) were criticized

.~ having no accl1mat1zat1on perwad a lack of information
o~ ‘eeding levels, and product1ph1561 cons1dered to be

.a“"'

.ensive. The da1ry cow heatﬁﬁag§ figures of Strom and
Feenstra (1980) tended to be‘;=T1ttle higher than the ASA4E

1981) values, but since the former were’' h7gh$§ cogislated
with milk production, these d1fferences c0u¢d B 13r1bu’ed
to slight - variations in this parameter. Heat angahbwsfure

loads calculated from the Strom and Feenstra ‘1980*

>
{
A4
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equationsvalso are knc'uded. in Chapters 4.2 and 4.3, with
the results of tnis research.

While the mathematical integrity of the Danish work is
undeniable, the validity of the data upon which fhe
equations are fqunded certainly is open to question.. Most of
the heat loss information was gleaned from physioloéicaT-
studies 1nQolving very few animals.“lherefore.'these values
provide a much better representation of the physiological
factors influencing heat production than the contribufion of
the environmenta! conditions. As in the case of thz research
of Yeck and Stewart 195S.. the accuracy of these equations
in predicting the heat and moisture bhoduction,in dairy
barns under typical commefcial conditions remains to be

proven.



3. Experimental'ProcedUPes

The objective of this experiment was to monitor .the
heat and moisture production.of dairy cows, in commercial
confinement facilities., under practical operating
conditions. This necessitated the selectidn of barns already
in production, which then were instrumented and examined
with as little disruption to the normal routine as possible.
The implementat{on of such studieé was contingent upon the
cooperation of producers and the availability of a system
;apable of measuring environmental parameters in these
structures. The t?sfing-was conducted on four\?airy barns ih
central%Alberta during the period from Uénuary‘to March of

1979.

3.1 Experimental FaCII1t1es

After cons1derat1on of the necessary design and
management features, the barns were selected from
information provided by Alberta Agriculture staff and some
of the farmers-invo]ved in the experiment. Two tie-stall'and
two free- staJl operat1ons were monitored, both to facilitate
.a compar1son of the heat and moisture produced uhder the two
systems and to reduce the serious deficiency in design data
relating to the latter. T1e stall barns are those in: wh1ch
th%fgowg are conf1ned in the1r stalls by devices such as
‘stanchions or neck-chains. The animals are fed, watered,
and, in.most caées, milked while in the stalls. In

free-stall barns, fhe COwSs aré able to enter and leave the

62
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\ stallé at will, while ufi]izing central feeding, watering,
and milking areas. The most critical factor in the
evaluation of potentfa] barns'w;s the féasibility of |
instrumenting them. This condition precluded the use of very
large or poorly sea\ed buildings in which accurate |
measurement of temperatures and air flows would not be
practical. -

| wWhile the design of the barns differed and there was
some -variation in herd management, the operafions had many
featUrgs in connpn..Thé barns were . all constructed .of
wood- frames, on concrete foundations, and had concrete
floors. The structures were insulated with glass fibre and
mechanically ventiléte¢. The two long walls of each béfn
al;qﬁjncl@dedvplaétic sections, of varying heights, for the
admission of natural light. 411 the cows were bedded in
straw'agd(h§d unlimited access to water. The manure usuaﬁly

v

was removed from the barns on a daily basis. The cows were

3 A

mi lked twice daily, in the early mgrning and evening{.and »

had re]étfvely good production, régsing from 17 to 21,Kg/day
: during the experiment. wﬁth few exceptions, the animals were.

of the Holstein breed in each of the four barns, with the

average.liveweﬁght per cow, in the producers’ estimation,

being approxiﬁately 550 kg. A1l four operations were

characterized by a high level of‘managge?nt éxpertise and
_the practice of sound'animal husbandry.

Thg calcUlation of heat and MOisture 1ossés was

complicated by the presenqe'iﬁ the barns of animals'other
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than mitkihg COows . thying numbers of pregnant cows,
newly-freshened cows, .and calveS‘were housed with the main
" herd. The vastly dlfferent size and metabolic activity of
these anlmals, when compared to the milking cows, resulted
1n.correspond1ng_d1spar1t1es4tn heat product1on. The‘
 tie-stall barns contained, in addition to the stalls, a
hsefiesief maternity and calf pens.'One of these barns also
had a row of raised calf stalls. In the older free-stall
barn, calwes were housed in‘the storage area of the feed-
alley. Economic considerations, such as the cost ot separate
calving facilities. cause these manaéement praciices to be
relattvely common., if not highly recommended. A‘descriptioh
of the animal population in each barn is included in Table
/3.1, theage and ljveweight of the'ca]ves and dry cows
having -been estimated by the author.

A brief descr1pt1on of the barns that were tested
follows, w1th.the‘order reflecting the chrono]qu,of the
mbnitoring. Figures 3.1 thro%gh_3.4 illustrate some of {ﬁé*T'

design details of these barns.

3.1.1 Barn TS-1. Tie-Stall

| Thfs was a helatively new bargtof wood- frame
construction with a'iarge, arched loft area (Figure 3.1).
The'livestock area was 47.7 m.by t2.2 m, with 2. 1-m.high
si&e'waTls The walls and ceiling were sheathed on both
s1des, with plywood and 1nsu1ated W1th RSI 2 1 glass f1bre

The two 51de walls 1ncluded cont1nuous, 375 mm h1gh sect1ons_




Table 3.1 ANIMAL POPULATIONS.
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~dry cows

Barn Stall Systeﬁ~ Animal Area Number of Average

; ‘ (m2) ' Animals . Liveweight

{kg)

TS-1 Tie-stall 582 46 milking cows 550

) ' 19 calves 55

FS-1 Free-stall 404 45 milking cows 550

- 3 dry cows 550

B 7 calves 80

TS-2 Tie-stall 576 48 milKing cows 550

8 dry cows 550

22 large calves 80

12 small calves 60

FS-2 Free-stall 571 82 milKking cows 550

- 2 550

. of tihted plaétic. Additional insulation was provided to

Tw

- approximately one third of the c%iling‘by bales of hay -

stacked in the loft. The barn contained two rows of 25

tie-stalls ("comfort stalls"), facing outward;-With a gutter

and chain-cleaner running behind them. The pens were located

on both sides of the central alley at one end of the barn..

During the monitoring period, the barn housed 46 milKing

cows and 19 -calves, the latter‘haVing;an estimated average

liveweight of 55 kg. The cows were fed baled hay and grain '

from the side alleys, and milked in their stails. Manure wasf

removed daily from the barn onto a spreader.-Ventilation air

entered the room through baffled inlets located a]bng the

side walls, adjoiqug the ceiﬁihg. State air was exhausted

by one two-speed and two variab}é-speed‘fans,410'mm in

S
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diameter, located in the side walls. These féns were

thermostatically controlled and covered, on the inside, by a

hood that formed a 150-mm by 450-mm passage extending from -

the fan to just above the floor. The front of the hood could

be‘opened. to admit air directly to the fan, or closed,
thereby forcing the exhaust air to enter the passage through
the bottom of the hood. Closing the front of the hooé thus

had the effect q; reducing the air flow through the fan.

3.1.2 Barn FS-1: Free-Stall

| This was an older building, with stud-frame walls and
truss rafters. The overall animal area was 32.9 m by 13.7 m,
but the milking par lour éccupied :6:5 m? in one corner
(Figure 3.2). The walls of the barn consisted of a 550-mm
concrete portion under a 2.1-m stud sectioh. er'aEIOTal
height of 2.65 m. The walls were sheathed, on both sides.
with p]ywodd,excepf for continuous, 375-mm high plastic
sectibns on the side walls. The sheathing on the ceiling was
‘also plywood. The walls were‘insulated with RSIj2.1 glass.
fibre batts, while the ceiling contained RS1-3.5 glass
fibre. The stalls were arranged in two Eows:a]ong the.sidé
walls and two short rows adjaéent tb the end‘of the central
feed area. This aréa«was used for feed storage and
‘consumption, as well as confinement of calves. Forty-five
milkihg cows, three pregnant or newly-freshene:. cows, and.
seven calves were housed in the barn during the testing "

period. The everage liveweight of the calves was estimated

—
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at 80 kg. The cows consumed baled hay in the barn and grain
in the parlour during mi]Kng. The manure was scraped, by.
tractor, from tHé alléys to a phain cleaner, and loaded‘ohtou
a spreader'daily. The ventilation system was powered by a

. thermostatically-controlled, variable-speed exhaust fan, 610
mm'in diameter, located in a side wall. Incoming air was |
distributed by baffled air inlets cut.into the ceiling aiong
;he side walis[ quplemental heat was suppf{qg t this bafn
:JSQ a forced-air furnace located in a room adjacent to the
.caft1e housing area. This furnace’also was controlled by a
thermostat. The heated air entered the barn from a 20d-mm by
4%@-mm duct mounted just below the ceiling, near the centre

of the barn.

3.1.3 Barn T5-2. Tie-Stall | b

This two-year-old'barn‘waé construétedéwith stud-frame
walls and truss rafters, and cOntéjned‘a 52.4-m by 11-m herd
area {(Figure 3;3)fAThe 2.4-m stud sections were set on a
iOO-mm concrete curb and included continudqs. 375-mm high
p]éstic panels on the 'side walls. The éeiliﬁg and inteFibr
walls were sheathed with metal and insulated with RSI-3.5
gléss fibfe. The exterior waf] sheathing conSjsted of
blywood and meta],‘Fifty-gix stalls we:; arraﬁged in’twc
rows, facing outward, with a gutter and chain-clieaner behind
thém. Pens and calf stalls were located gdjaéent;to the
] gentral alley at one alal of_the,bafhi The barn was:QCCUpied

by 49 milking ¢ ws, einht d-y cows, - and 34 calves during the
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opposite wall. The iniets measdreo-‘Z cm by Zb.

‘equipped with s1iding covers for manya] ad jus tmerit £f tnhe

monitoring. "he "I sma ‘er caz ves nacC am £Ll\malec -average

confined in the stalls by stanch one and susi=-'er

feeding and milking regites. s im: a' 12 those emg ovec -

side wall and three thermostatleai ijonfrchec.

¢ .

liveweight of 60 kg. wh e tne ! ‘argé€r -z ves were uogec ;.i-

to have an average liveweight of =

,

N

Barn TS-1. The gutter wa% clegnec.de:’y w 'n Ine-manure
pumped to storage usitg a ° 5ﬂéh1:1'
released from the parn dufvng rh15 Cyéaﬁgngj.bPJ

VenFiTation was provided'by a sen§;’

. Wk

u

opening size, while the variable-edeedjfane wéQE h*é Wﬁ;ﬁh e
diameter. | . o R . ﬁ{’
: o o . . ) :é%
'3.1.4 Barn FS -2. Free- Stall n e o S ff _ ;ﬂ;.ff
This was essent1a1]y a convent1ona1 barn w1th stud a
frame walls and truss rafters,,but had a 610:mm foundation
wa]i resulting ina 3.0-m high'cei1ing The llyestOcK area
was 49.7.m by 12.5 m with 50.5 m2_removed‘from one corner gy @
the m11K1ng par lour (F1gure 3, 4{\ Sheath1ng cons1sted of“ T
plywood on the 1ns1de of the wal]s, p]ywood and metal on the o -
outs1de of the wa1]s and meta% on. fhe ce111ng The side o
wa]]s also 1ncluged cont1nuouS) 300 mm h1gh p]asf"n o ‘;fm"b R
sect1ons The.barn wae 1nsu1ated w1th RSI 2.1 g s fié;e_in.~
the wal]s and RSI 3.5 g]ass f1bre in the, Cé:1]§9 i& .Ows
of free sta%ﬂs were located adjacent to the s;de wallsiJ |
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3.2 Data AcquiSition Systent
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two “ans .
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ncoming a'r tnrough twd Zicculariplasi:c dulls suspenaec
aver the alieys angd runr:ng the length of “the tar~  lir from

the attic was suppiied to these fans by four ceiling vents

having an average area'oﬁ‘ ¥.m-. lir escaped from the

Q“‘\ o twc ducts’ through a sertes of holes cut mto,bo,th sides .’

“

Stale air was exhigsted by a pa1r of

b

thermostat1ca11y contro]ted two- speed fans 610 mm in
diameter, located in the side walls-at the opposnte end of

the barn from the intaKes.

T

The essential-:equipment used in this experiment®was a

data acquisition system developed at the University of:

A]berta (Feddes and McQuitty . 1977). The electronic sensing .

and record1ng equ1pment had been 1nsta]1ed 1n an' ."”1

v

air- cond1t1oned trailer, which could be transported to the

“A ~d

swte of ;lefac111ty to be mon1tored There, remote sensors

-
S

B k

the bu11d1ng and connected by

“inc the tra1]er S}gnals
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from the’various sens ng gev-ces were fonTtitones 1Co& 'l

£ t.range .converlex "n'C 2 ¢'gTia ‘ormal  lther

T '

AR

~eCOraec or punchec lape or ’."is exper -menl the paper

~

Tape was processec througr. the Lmaar <70 T computer

<3

‘ncates o the _~iversily 2¢° Liberta _ampus. - portatie

¢ Jsec o transmit gaéla tc the

0

comoL ler ;erm:ﬁai‘a7sc w
computer via ‘elephone. “nis ar-angemert fac - .itated the
processting of date during the mon:tokling period and
oerm;tted‘rapyd celec’ "on of faully equipment or sensors.
“he ba51c‘temp§§é§ure sensing device in this system.was
the thermistor Fenwal Zlectronics. Framingham. Mass. . a

3

semi-conductor whose electrical resistance is very sensitive

- R

to changes in temperature. The calibrafion of the
thermistors and subsequent development of a Togarithmic
regression equation‘relating ambient temperatureMto the

‘resistance exhibited by the devices had been performed by

" the manufacturer For - this mon1tor1ng process, the T
therm1st0rs:were 1ncorporated into a vthage d1v1der cfrcu1t
a"’

and were used to measure dry- bulb temperatures The c1rcu1t

3

L

v1ncluded -an 1nput vo]tage of- 10 volts and an 1nput .

res1stance of 10K,ohms. Thvg?resutted in a- very low current

‘pass1ng through the therm1stor a cond1t1on that was

1?'}§destrag]e for the.pneventjonkof]heatjng in the‘sensor, The - 2
;1 o ;outdut&;oltage was«monitored bytthe»data acqutsittonJSystem.~1 i‘g~
'%j' _ ‘The_i?%atggps ySed to derfive the. res1stanoe of the | B
? th'ﬁ%}fwj].hdgn the outout voltage, as we]] as the ‘
voﬁj : regress1oﬁ equat1on provxdeﬁ‘by Féhwal E1ectron1cs, have _’ux°
o »4@%1 - : " ' N
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‘Deer itsteg ir ;ppenatv L
secause c":he-"eiat*ve magnvtudepcf Qeﬁ%}leIJOh heat
‘osses and the snherent difficulty 1n moMitoring vent-lation
svstems. the ur'ts of perhaps the greatest 1mportance were
the air-sdeecigensors deveioped by the university of Llberta
lepartmert of Agricultural Ingineering ‘eddes and McQuitty.
"28( . “hese sensors. used in the determination of the
_velocity of the atr 1eaQihg the exhaust fans, ronsfsted of
an exposed. thermistor which v "2ated by the passage of a
current through it. When these thermistor anemometers were
0

placed in a air stream, the]heat loss and subsequent
temperature decrease were proportwonal to the velpcit§ of"
the air. The a1r speed‘§2nsors were calibrated in an air.

Ve]ocity calibrator which was constructed by the Department

of Mechan1cal Eng1neer1ng, Un1vers1ty of ATberta "Variations

&
1n the fabrication- of the snnsors necess1tated the

development of individual cal1brat1on curves descr1b1ng the
react1on of each therm1stor anemometer to d1ffereﬁt air

‘speed e c1rcu1try for the a1r speed sensors was s1m11ar

fﬁ«ed for the therm1st5rs,.except that the,1nput

resistanCe was greatly reduced 'to facilitate heat1ng of the
- . \J)r . . - . 9 . . iy -,

sensor, and a bias voltage was imposed on the.output to

bring‘it within the range of the data acquisition eystemf
'Each group 'of air-speed sensors was accompanied by a
thermiStor which'provfded a base temperature to;which ther

temperature of the air- speed sensors could be compared The
,.xx(
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to derive the air speeds from the output vpltages also are

- /"

shown in Appendix A. At

L small pump and plastic tubing were used-to draw air .

samples from the facility into the trailer, where the

dewpoints were measured by a dewpoint hygrometer (model 880,

AN

CaWbr1dge Systems, Mass . In the. hygrometer the air

5 =
»

samples were passed over a reflecting surface which was

cooled to the, dewpoint of the air. At tnis temperature,

moisture from the air would condense on the surface,

thereby

the

interfering with the reflection of light and causing the

témqérature to be recorded. Unfortunately, the hygrometer

couid not provide'accurate measurements of dewpoints when -

the dry- bu]b temperatures were below -10°C. W1th the

relative dryness of the air and the lowﬁjemperatures

’\A" Lo

the

hygrometer consistently would measure dewoo1nts that were

higher . than the dry- bu]b temperatures

The data acqu151t1on system was used to monitor many

parameters that were not pertinent to this study. Some of

these included the concentrations of various gases (carbon

dioxide, ammonia, and hydrogen sulfidé) in the air, the w1nd

’ direction and speed, the magnitude of direct and 1nd1rect'

solar radiation, and the stat1c pressure d1fferent1als

~

u«

-

L

between the‘1ns1de and outside env1ronments A second ¥

concurrent study also’ featured some pre11m1nary work w1th

S

1

structural components of a bui]ding.

e

.p]ates designed to measure the heat ftuxes across the;;,,



3.3 Building Instrumentation

Because all of the factors involyed in the heat and
moisture balance could be derived fro£WQPy~bu1b
temperatures, dewpoints,band exhaust-fan air flows, these
were the critical parameters to be monitored. The heat and

o ;3 moisture produced by the.animals.were'dissipated.through the

| conductive heat losses of the structure and the ventilation

system. Measurement of this production was, therefore.
dependent uoon a knowledge of‘the climatic conditions inside
and oUtside of the barn and the volume_and characteristics |
of the exhausted air. With the exception of any variations
caused by structural or management systems.“the
1nstrumentat1on used in the exper1ment was common to al]
four barns. _

In an attempt to determine the'condﬁctive:heat'Wosses
from the buildings, thermistors were taped onto the fnner |
and outer surfaces of the various components. The readinés |
of these thermtstors, however, were found to be affected .
s1gn1f1c@ntly by radiation and amb]ent temperagures,.and d1d

v e

not reflect accura}ely the actual surfﬁ%e temperatures ‘";*

uu \,r By

LR

e

Therefore, the conduct1ve heat 1osses were der1ved from the Y

ambient a1r temperatures on the warm and cold s1des of the
-

- . B
sect1ons 1nvo]vedx ~ _ e o L

Cond1t1ons 1ns1de each barn were mon1tored by six’ | o
therm1stors (FenwaL Electron1cs 'Fragéngham Mass ) and

;ﬁﬁfee airs samp11ng tubes suspended about 60 cm below’ the

. o
. b .5
o e :r,.w

f"_ﬁﬁ* cev]1ng’ These sensors were 1nstalled at 1ocat1ons des1gne'““




‘ to provide a representatiue,measurement of the internal
environment. The thenmjstors were placed at the intersectton
of lines dividing theébui]ding‘into quarters longitudinally
and'thirds laterally. The tubes were ]ocated at the quarter
points of the building’s longitudinal centre line, except in
Barn FS-2, where two of the'tubes‘were mounted upstream from
the fan. Three_thermistors were‘placed;inathe loft or attic
areas for an assescsment of the heat lost through the ceiling
and the heat gained through heating of this space by sotar.
radiation A therm1stor also wa's mounted 1mmed1ate1y |

| upstream from each fan to measure the exhaust air

temperature Additional therm1stors ‘were p]aced in holes

)

u‘*—.r

dr1]1ed in the concrete foundat1on walls(%wherghapplwcgble

wa]] One therm1stor placed about halfway up tt? &11 was

deemed suff1c1ent for determining the temperaturé?of the '

" ‘foundations. The Iocat1on of the. senso_rs within e." {
~''\'Ma‘s'dictated‘by convenience and the protection of the
”q?from‘people and an1mals | |

? . Cond1ttons outs1de the structures typ1ca1]y were

measured by three therm1stors 1ocated in the foundat1on
J

wa]ls the ground and the outs1de a]r The p]acement of the

thersztors in . the foundat1on wa]]ignd ‘ground corresponded

1)

3 to the 1ocat1on of the sensors measur1ng temperatures in the

&
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"~ ducts, including straighteners’designed to‘reduce‘the.

79

1)
S

mf]oor and interior wall surface. The thermistor measd?ﬁh@f

the outside: dry bulb temperature ‘was sheltered from the
w1nd sun, and prec1p1tat1on by straw bales. Due to the cold
weather exper1enced dur1ng the study, the outside»deWpoints

were beyond the range of temperatures over which the

-

hygromeier was accurate. Consequently, these temperatures
were extracted~from Environment.Canada weather records

¢ )

compiled at a station less than 24 km from the experimental
sites. - D | Wi

Exhaust air volUmes Wereymeasured by suspendtngv
air-speed sensors (Feddes and McQuitty} 1980} in wooden

'ducts_attached to the outside of the fan housing. These

. turbuience of the a1r flow,; were constructed accord1ng to

'

spec1f1cat1onsaoutl1ned by dorgenson (1961), who also

éﬁrescr1bed locations ' for the sensors. Two of the therm1stor -y

)

C v

anemometers were used to meas@#e ve]oc1t1es in the ducts
affixed to the 410-mm d1ameter fans, wh11e four sensors were
used‘to mon1tor the 610-mm d1ameter‘fanst SJnce the air
speeds were aerived from temperature fluctuatidns a
therm1storﬁmas also suspended in each-duct to prov1de a -
reference temperature Despite the presence of fans powering
the. 1n1ets 1n Barn FS- 21 the exhaust fans still created a -
negat1ve pressure in the bu11d1ng, sc.spec1a1 mon1tor1ng
procedures for this system were unnecessary A hot w1re

'anemometer (S1erra Instruments, Redlands, Cal ) was used to

omp11e an air- ve]oc1ty prof11e for each’ duct Thi54

v
{5,
b



; output of the system was calculated.

. é.‘_:]), .
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1"?

fnstrument had been calibratedx previously, using the air
veloc1ty calibrator quong1ng to the Department of - |
Mechanical Engineering, Un1vers1ty of A]berta The number of
poihts in the veloctty profiles ranged from ‘nine to 25,
depending on the size of the exhaust ducts. The ratic
between the overall mean velocity obtained from the profile
and the mean of the'velocities at the positions cccupied by
the air- speed sensors then wasvcalculated. The result of
this calculat1on was a factor by wh1ch the ‘mean value of the
read1ngs from the-sensors in each duct could bc.mu]t1p]1ed
to obtain the air velocity in that duct. The exhaust air

volume of each fan, then, was the product of the air

velocity and the area of the duct.

A similar process, involving an air-speed sensor and

o ..

velccity.profile,'was“used to determine the?volume of heated

‘air intrcduced into Barn FS-1 by the furnace: Aﬂthermjstor

in each of the hot-air; and cold-air return, ducts measured

the dry-bulb temperatures, from which the sensible heat

.

:~‘-

Although the presence of people and
11gQ§§ in the barns contributed heat toiiﬂ;f[:yironment, no
preé1se records of these factors were co ;m |
photocell, however, was p]aced in each barn for the purpose
of establishing. a pattern ofgéhght usage. The effect of

lighting and personne] oh the energy ba]ance were not

‘cons1dered to be of s1gn1f1cance in structures of the size

1nvolved nor in relat1pn to the fumber of animals in each
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barn. Moreover, the operatton‘of the barns was, in this

respect, typical of commercial dairy enterprjses, so that N
incorporation of any addttiona] heat production from these o
nﬁourceé into that arising from the animals could be

justified. | )

Several production parameters, in addition to those

pertinent to the energy balance and monitored by the:data
_ acqu1s1tlon,system were of 1nterest and, therefore

recorded manua¥1y A mechan1ca1 water méter was inserted

into the lines supplying the watering bowls or tanks” Daily

readings of the flow through this meter were used to .

e

determine the water cpnsumption of the animals

Tota] m11K

provided by the. producers Since the manure was removed~frp

Barns. TS-1 arld FS-1 by means of a spreader, measurement of

3{&«

the weight: of manure and straw hauled on a tyoical day was

oossjblgggportable sca1es were used to measure’ wh11e the
manure epreaders were empty and with each load, the wenght
on the wheels and hitch of the implement. The moisture .- .
~content of the manure from the tie-stall barn was deterdined
by oven drying of thedsahples} and the-moisture content of oy
the manure from the free-stall barn was estimated,_basedﬂon |
data given by the MidWest Plan Serwﬁgp (1980) . f |

The final stage in the ﬁtstr_dmentatioh of the\.b'akrrfﬂ? was
lthe calibration of the monitoring-equipment and'thei

j-selection‘of.a,scannjng rate. The sensing and measuring

3

.
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devices had been calibrated prior to the start-of the

experiment, but further verification of their ‘accuracy was
required at each site. Manual measurements of dry4buJb

temperatures and relative humidities were conducted with a

'battery-powered psychrometerl The hot-wire anemometer .

{Sierra Instruments} Redlands, Cal.) was used to measure air
speeds in the ducts attached to the exhaust fans. These

readxngs then were compared to the 1n1t1a1 outputfrom the-:

< -
i >,\

wdatahacqu1s1t1on system, at which time, any problems with

the system could be identified and rectified. The

Ftextbiljty of the data logger necessitatedvé decision -

regarding the frequency with which the sensors were.scanned.

Air samples were drawn from each location, in sequence, for

'3230ur-mihute period. Thejair sampling duration.:and seqUence

1

were control]ed by the data logger through the use of

so]enqjd va]ves in the sampling lines. Four. sampling points

'were requ1red at each s1te three inside the barn and one
for the Qutsyde air, but a fifth: tube was p]aced 1n the

trailer so the warm and re]at1vely dry air could serve “to

clear the hygrometer Another benefit was that the number of

samp11ng periods in an hour (15) would be a mu1t1p]e of the

'number of samp11ng 1ocat1ons Thus, the deWpo1nts am%
' pressure d1fferent1als were measured exact]y three t?mes

'each hour This frequency a}so was considered sat1s¥hctory

for measur.ing dry butb temperatures and, accord1ngﬁi
Ak

Jtherm1stor output was mon1tored at 20- m1nute 1nten%els

fRead1ngs frcg&the air- speed sensors were’recorded at

«,u
R

N PO - \ - . : B a2
v »‘..3 . . . N
P : . . . .
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four-minute intervals. but only those.values1corresponding
to the time of the thermistor measurements were used in the

subsequent data analysis.

3.4 Data Collection

After instrumentation was comp]ete, the barns were

monitored for several days, as continuously as equipment .

4. . Lo
; g

fai]uﬁes. power interruptions, and other unforeseen
circumstances allowed. Continuity was cons1dered to be
critical to the identification of the effecte that c]imatic
changes and managemeht operations had on subsequent heat "‘and

moisture prodUrt$ -The monitoring period itse]f usuai]y

'spent at eaoh site was approxima ely two weekKs .
; An experimental period of 48 cohsecutive hours had been

,.decided uoon earlier. Thts pehiod would incliude two full
diurnal‘cycles.and‘would provide, when the Variablee had e
been calculated on an hourly basis, a‘sufficient nuhber of o I

values for further mathematical ana]ysis While- mon1tor1ng a

'"‘s1ng1e barn . throughout an entire winter gi 1dea]]y, several

p)

w1nters would have y1e1ded precise and e¥ai led 1nfo mation

about the animals in. that part1cu1ar env1ronment this

prooedureéwould have 1gnored-the significant 1nf1uence of. 5,f&7gg}
K X “ - B . EERY ) ’ o’ ,‘,'
management practices on heat and moisture product1on The . [T

benefits to be ga1ned by study1ng Several barns seemed to be.

5({." .7 .

-




ptemperature and relative hum1d1ty in the barns were

i{dcampus Us1ng th1s program wh1ch is descr1bed in the‘ kN

3

,test1ng per1od The vo]tages being punched on tEe paper tape

rthe Amdah] 470/V7 eomputer at the Un1vers1ty of A]bertav.f

; fo]]ow1ng sect1on the output at the term1na1$%§mpr1sed “ee:' .

84

greater than the disadvantages of the relative1y short
experimental period. Forty-eight houre apoeared to best
satisFy the concurrént constraints of compiling enough
information and covering all four barns during one wintertﬂ
During the_monitoring period in a .barn, the most .
important tasK was S%intenance of the instrumentation and
the data acquisjtion'system. Frequent observation of the
livestock area was neceggary to ensure that any abnormal

\

occurrences affecting the heat“and moisture balance v = d be
recorded. All sensdhg de;1ces 1ocated near the cows w.re
suscept1b1e to mechan1cal da@age -while the air-speed
sensors col]ected a. cons1derab1e quant1ty of dust that haﬁ
to be removed at least once daily.. Using the batteryjpowered

psychrometer manua meaéuremente of thecdry-bulb

conducted twice daily, with ‘the: resu]ts compared to the
1nformat1on from the data acqu1s1t1on system. The Jé2d1ng on
the water meter was recorded da1]y, wh11e the m11K '

product1on the feed consumpt1on and the manure production

(from Barns TS 1 and FS 1) were recorded once dur1ng“%pe

could be transcribed and exam1ned for 1rregular1t1es, but E . ®

'the most valuable 1nformat1on was obta1ned by .using the

term1na1 to run the data through the . process1ng pvogram on

)y !

oy .
o
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actual values of the. environmental variables being

monitored.

3.5 Data Processing and Analysis

At the conclusion of the”monitoring period, the punched
tapes were transported to the University of Alberta and read
into the Amdahl 470/V7 computer. A Fortran compuder program
then was used to reaq the raw voltages and process these

readings into the actual units of the parameters being

measured. The equations used in the processing have been

‘compiled in Appendix 4. The results of the processing were

tabulated and a representative 43-hour interval was selected
from within the monitoring period. In the selection of the
interval. consideration was given to successful functioning

of the data acquisition syster und normal operation of the

barn itself, but no attempt was made to choose a period cof

uniform temperatures or ventilation. Once the testing

interval had been determined. all readings from this period
o

were coﬁvefted. manually. into hourly means. This involved

:~z calculation of the mean va]ué of the dry-bulb

températures.[air speeds, and dewpoints that had been

‘monitored at 20-minute intervals. For certain parameters,

such as the inside temperature. where severél'sensors had
been used in the monitoring procedure, the mean<value of the
s.iput from these sensors was derived. The result of this
secbndary processing was a series of 48 valueé, for each

parémeter, corresponding to the hours selected as the

[ 5]
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t.. 'r~ period. These values, along with the hourly means of
‘he manual measurements, were stored in a computer file for
use in the caTculation of heat and moisture producti~". The
most pertinent of these da@avhave'beéﬂ tabulated in Appendi»

E.

3.5.1 Calculation of Heat and Moisture Production
.The calculation of conductive heat 1osses was based or

descriptions of the building materials provided by the

farmers involved. The composite thermal resistances of ‘he
various bui]ding components then were computed from values

provided by several sources: (Canadian farm Building Code

o

877 . Tobey and Turnbull 1378 and ASHRLE 138' . The
conductive heat loss of each component was a product of the
area, temperature differential across the component, and
therma) resistance. The equations used in these calculat-ons
are listed in Appendix 8.

The energy lost through ventilation was dependent upon
the volume of air exhausted and the condition of the air
eni:ring and leaving the bafn. Standard psychrometric
equations (ASHRAE, 1981: Cérpenter, 1862) were used to
derive the enthalpy, specific humidity, Eelative humidity,
and specific volume from the dry-bulb temperatures and
dewpoints of the inside and 6utside air. The product of the
duct area ;nd average air speed yielded the venti]atioR

volume, which was converted into the hour ly mass of air

'qu?usted. The hourly heat and moisture loss, then, was the
) : | '
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product of this mass and the gy fference between inside and
outside enthaipres and specirfic humiditres. respectively.
“"he sensible heat component of the ventylation heét lass was
determined in a separate cé13uiataon‘usvng the psychrometric
principles of heat gan. Ll]lequ;tvops used 1n this process
Rave been ynciuged 1n LAppendix B

"he final step 1n the processing was to determine the
heat and moisture production of eaéh animal unit, using the
£50-kg cows as the basic unit. Information from several |
sources Strom and Feenstra, 1980; Yeck and Stewart, 1959;
Canadian Ffarm Building Code. 1977; Midwest Plan Service,
'88C: ASAE Yearbook, 1881) was used to determine the
relationship between the tota! heat production of the
milking cows and that of the calves and dry cows. On the
basié of this information, the heat productjon caused by the.
rapid growth of'young calves appeared to be comparablé to
the heat aris{ng from milK production in the mature cows.
For this reason, the heat production of these animals per
unit of metabolic weight (liveweight raised to the power of
0.75) could be éonsidered equal. Ugﬁng this relationship,
together wit"~ a suﬁJective evaluation of the heat and
moisture cc %~ =2 oy the dry cows, the animal population
of each barir was exiressed in terms of 550-Kg cows. The
moisture or latent heat production was simply the quotient
of the ventilation moisture loss and the number of cows. The
sensigﬁe heat production was equal tb the sum of the

conductive losses and the sensible heat component of the:

L
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Qenti]ation losses, with, in the case of Barn FS-2, tﬁe
supplemental heat subtri~ted. The total heat production of
the animals was' detern ined by adding the ventilation heat
loss to the conductive heat loss, again -with adjustments for

the enéfgy output of theé furnace in Barn FS-1.

3.5.2 Analysis of the Lata

The computer prcgram used in processing the raw data
into total heat and moisture producfion figures computed the
mean value of each parameter..Thelheat and moisture losses
prgdicted by the equations of Yeck and Stewart (1959) and
Strom and Feenstra (1880) at comparable temperatures also
were calculated and averaged, the ]atter computations being
done on a programmable calculator. For the purpose of
comparison, the range nd standard deviat{;ns of all three
. sets of valués were -determined. Statisticaf‘comparisons,
using "t" and "F" distribution tests described by Johnson
(1973), were undertaken as well.

The question of a suitable size for the animal units
arose during the analysis of the data. Dairy cattle heat and
moisture production traditionally had been expressed on a
per 1000-1b liveweight basis. When converted to the SI
system, this animal unit became an arithmetically cumbérsome
454-Kg. The 550-Kg cows used.in this experiment proved to be
simifarly unwieldy. Rather than using units that merely
represenfed conversions of convenient Imperial standards,

——

the heat and moisture production values were calculated on a
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500-kg liveweight basis, this being an Sl unit og comparable
mathematical simplicity to 1000-1b liveweight.'Conversion of
the cdws’ heat and moisture production to the SOO-KQ bas‘'s
was based on the metabolic weight of the animals.‘ThusJ the
factor applied to the production values was the ratio of
500-kg to 550-kg, raised to the power of 0.75. |

Since Yeck and Stewart (1958) related heat broduction
directly to the inside temperature and Strom and feenstra
(1980) }ncluded temperature in their calculations of heat
production, an essential aspect of the analysis process Wés
an examination of the influence of envirqnmentél barameters
on heat and moisture outpufﬂ The statistiés module‘ |
(Hewlett-Packard, Corvallis, Ore.) for a pfogrannmb]e
calcylator and procedures spécified by Johnson (1973) were
used in this analysis. First, the strength of the
relationship, as reflected by the linear correlation
coefficient, was established. Where there was significant
correlation, regression analysis was employed to quantify
the relationship. In the cases of insignificaﬁt correlation,
other environmental variables or combinations of these
var}ables then wére examined. The inside temperature was an
obvious variable to be studied, but the effects of rélative
humidity, ventilation rate, housing system, and herd
management also were considered.
Upon examination of the heat and mgisturé output data,

a trend toward higher production, pafticularly of sensible

heat, at certain times of the day was identified. The
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\

increased activity of the apimal§ at milking time and the -
Tow level pf activfty dufing the night caused noticeable
variations in heat production. This effect -s g§pecia11y
pronounced in the free-stall béEHs where the znials could
move about freely. As a result, a numerical eva, on »f
the animals’ activity levels was developed b tuoulating the
sensible heat production values from each barn in ordéer of
magni tude and'comparing'these production levels to the time
of day. On the basis of this comparison, each hour of fhe
day was assigned- an activity level value, from one to
twenty- four, dépending on the mean ranking, of the sensible
heat production during this‘hoq;. The highest level was
assigned to five P.M., during the afternoon milking, while
the. lowest level occurred at ten in the mobning, when the
cCows were restiné"after the morn{ng milking. Thevcoﬁqept of
activity levéls then was introduced into.the_regressién,
.ana]yses for tot?l and‘sensib}e’heaf production,\whenevtheir

use as independent variables contributed to the statistical

sighificanée of the relationships.

7

sy,



4. Experimehfa] ﬁesu]térand Discussion

4.1 Test Conditions

There were wide fluétuafions in the weather dufing the
monitoring neriod. The first two barns (TS-1 and FS-1) were
. studied under ccld conditions, when the average tempenature
was around -20°C. while the latter two barns (TS-2 and FS-21
were examined during mildeE weather. éven within the 48
hours thai each barn was tested, temperature ranges of up-to
-16°C were noted. The broad range’ of conditions expanded the -
scope of the e*periment; but prevented the direct comparisoh
of systems that would have bcen possible if there had been |
more uniformity in the outside environment. A temperature
regime; from Barn TS-1, typical of those recorded during the
study is illustrated in Figure 4.1. The relatively constant
inside temperature, with a range of only 5°C, is a'ﬁesult of |
a responsive ventilation system and litile chahge in the |
Qutigde temperafure. The average outside temperéture was
- =23.9°C and the maénitude of the diurnal variations was
small. | (
. ~Environmental conditions inside all four barns were
very.satisfactory; as the temperatures and relativea
humidities were well within the ranges pre;cribedhin'deéign
specifications. Reasonable control of Fhése paraheters was .
achieved through the ventilation systems and, fn the case of |
Barn FS-1fUthe ;ﬁbpleméntal heating unit. In all-cases, the
variation in the barn tempghaturé was less. than that in

\
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the outside temperature. Aithough‘the maximum relative
humidity in each barn was over gO percent, the average ©
values were all under 75 pe;cent. These conditions weFe
created by average ventilation ratés ranging from 17.1 L/s
~cow in the coldest tie-stall barn (T7S-1) to 46.3 L/s cow in
the warmest free;stal1 facilfty (FS-2). Air distribution
within the barns appeared to be acceptable, despite static
preséure differentials generally below the 1.6 mm water
gauge that is recommended, by Munroe et al (1981), for
negative pressure systems. A summary of the critical
environmental variables, together with some manaéem;nt
features of the.barns. is contained in Table 4.1. In this
table, the exposure factor is a measurement o; the fotal
conductive heat transfer of the barns for evefy degree
téﬁperature difference and animal-unit. The exposure factor
”reflepts the size of the structure, the animal density |
within the barh, and thé level of insulétion in the various
building components. ,h

4.2 Heat and Moisture Production

The heat and moisture production of the cows was -
derived from the heat lossés of the barns. Figuré 4.2
illustrates typical conductive heat losses, for Barn;TS-1.
divided into the portions attributed to each building
Eomponeﬁt. The relatively low'eneféy'loss through the.

ceiling was a result of the hay -bales stacked in the loft.

The maghitude of floor perimeter losses for foundations with
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AL VARIABLES AND MANAGEMENT FEATURES.

" Variable

jf“_

Mean Values

Barn TS-1 Barn FS-1 Barn TS-2 BaranS-Q

Equivalent Number
of 550 kg Cows

- Exposure Factor.
(kd/h "C cow)

Outside‘TeTperature
"C: .
Range

Inside Iem?erature
. ‘C) .
Range

Ventilation.Rate
(1/s- cow)
Range

Supplemental Heat
- (Kkd/h cow)
Range
b -
Inside Relative
~amidity (%)
Range

Static Pressure
Differential
(mm W.G.)

Water Consumption
(kg/cow day )

"Milk Production
(kg/cow day)

Moisture Production
in Manure :
{Kkg/cow day)

48.26

29.9
-23.9
(-26--21)
8.1
(5-10)
17.1 .
(10-27)

72
(54-81)

0.31
76.8
18.4

52.4

49

34.9
-18.6
(-26--13)

6.4
(4-10)
28.3
(20-58)
793.
(708-889)
773
(64-82)

1.43

76.8
120.2

46.9

61

"39.6
-0.4
(-9-8)
13. 1
(9-17)
44.0

(36-60)

63

(59-85)

1.68
86.4
20.9

52 .4

84

\
36.7

3.4
(-5-8)
6.3

(12-21)
46.3

(36-55)

72
(59-81)

1.21
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no insUlation; in this instance almost 40 percent, is
demons&rated clear]y\ | )

K’deta led examwnatioh of the conductive heat losses of
a building would have to inc]udé the sensible'heat gained
from §olar radiation. The thermistors ir the attic spaces
sensed the energy transferred through the roof, but there
was no attempt to calculate the gain through the walls: The
thermistors located on the exterior walls facing the sun
were warmed considerabliy, and undoubtedly some heat transfer
and storage did occur. On the corresponding interior
surfaces, however, the thermistors dia not seem to ka -
dffected greatly. The high ]evel.of insulafion'in‘the
struétures dampehed the effects, not only of solar
_radiation, bﬁt of the entire external -environment. The
interior'temperatures responded to the outside temperature,
the ventilation rate, and movement of the animals, but did ’
hot react noliceably to the influence of the sun. Aiso, Barn
TS-1 was monitored during cloudy weather, while the sun was
‘shining for only bne of the days Barn FS$-2 was monitored.
‘?or thése>reasons, the magnitude of solar heat gains during
the exper1ment was considered small enough that ﬂa11ure to
include these wou1d introduce no more error than ignoring
long-wave radiation losses at n1ght. Furthermore, the
overwhelming heat loss through ventilation meént that minor
alterations to the conducfive heat transfer would have a
negligible impact on the total energy losses of the

" buildings.



The total heat dissipation from Barn TSL1, as
illustrated in Figure 4.3, waé tvpical of all four barns
studied. The relative significance of conductive losses 1is
reflected by the almost perfect ‘correlation of ventilation
heat losses with the total dissipation. “he losses by
éonductance were not particularly sensitive to the minor
temperature variations fouﬁd in this experiment and as the
temperatures rose, an ever increasing proportion of the heat
was lost tﬁrough'the ventilation process. The partition of
the heat losses for all barns is given 1n:Tab]e 4.2,

together with the ratios of conductive heat loss to total

_and sensivle heat losses included.

Table 4.. BUILDING HEAT LOSS BY SOURCE.

AN

' : Mean Values
Variable Barn TS-1 Barn FS-1 Barn 7S-2 Barn FS-2

Conductive Heat

"Loss (Kd/h cow) 954 853 . 533 475
Ventilation Heat "

Loss (kJ/h cow) 3118 4115 . 4262 - 5227
Total Heat

Loss . (Ky/h cow) © 4072 4968 - 4795 5702
Conductive/Total 0.23 0.17 0.11 0.08
anductive/Sensible 0.30 0.23 G.18 0.17

Summaries of the totél, 1atgnt,:and sensible heat loads
are presented in Tables 4.3 to 4.5,_with'the latent heat

expressed in terms of moisture production. The range and

e

~~
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standard deviation of each parameter have been included to
show the variability that existed during the monitoring.
These characteristics became important during analysis of
the data because produetion figures that were significantly
different appeared equal when only the means were eompared.

Since uncertainty about the validity of existing heat
production figures was a fundamental reason for this
research, the values ca]cu]afeq from the equations of Yeck
and Stewart (1959) and Strom and Feenstra (1980) have been
included in these tables. The Yeck and Stewart (1959)
equations were dependent only on the dry—bulb temperature,
while the Strom and Feenstra (1980) ec .ations also included
factors for the milk production and stage of pregnancy of
fhe cows. These equations were ueed to calculate heat and
moisture production values for each of the 48 hours that the
barns were monitored. From this compilation, the means,
ranges, end standard deviations of these predicted values
were-aerived. The design equations used in these
calculations have been listed in Appendix'C.

.'The'total heat production is an important animal
characteristic, but is not as meaningful a parameter in the
design of environmental control systems as its latent and
sensible components. Temperature fluctuations cause opposite
reactions in sensible and latent heat ﬁroductionw these tend
to diminish the cumulative change in total energy

dissipation, but have a tremendous impact on environmental

conditions. Most researchers, including Esmay (1979),

I/
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Table 4.3 TOTAL HEAT-PRODUCTION - KJ/h cow (500 Kkg].

Mean Values

Source Barn TS-1 Barn FS-1 Barn TS$-2 Barn FS-2
Measured 3791 3884 4464 5310
Range (2437-5317)(2765-7358)(372645551)(4068°7132)
Std.Dev. , 860 . 1238 439 580
Predicted
Yeck and 4061 4115 3906 3805
Stewart{1959)
Range . (4000-4162)(4003-4190)(3784-4039)(3665-3942)
Std.Dev. » 36 169 238 191
Strom and 3805 4000 3878 3588
Feenstra(1980) _
Range (3776-3866)(3938-4057)(3964-4018) (3589-3607) -
Std.Dev. ' 22 32 14 4

]

Table 4.4 MOISTURE PRODUCTION - kg/h cow (500 kg).

o

Mean Values

Source ~Barn TS-1 Barn FS-1 Barn T$-2 Barn FS$-2
Measured 0.34 0.47  0.72 1.05
Range (0.17-0.47)(0.30-0.97)(0.50-0.93) (0.72-1.80)
Std.Dev. 0.09 0.19 0.10 0.16
Predicted ’
Yeck and 0.50 0.50. 0.58 0.62
Stewart(1959) .
Range (0.50-0.54)(0.46-0.54)(0.54-0.62)(0.59-0.67)
~Std.Dev. 0.01 0.02 0.03 0.02
Strom and 0.34 0.35  0.42 0.44
Feenstra(1980)
Range (0.34-0.36)(0.34-0.38)(0.37-0.49)(0.36-0.55)

S5td.Dev. 0.01 0.01 0.03 0.04
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Table 4;5 SENSIBLE HEAT PRODUCTIBN - kd/h cow (500 Kkg).

Mean Values

Soufce Barn T75-1 Barn FS-1 Barn T7S-2 Barn FS-2
Measured , 2963 2707 2689 2650
Ra~e (2009-4309) ( 1897-5008) (2023-3524) { 1890-3067 |
St. .Dev. 623 796 331 284
Predicted N
Yeck and 2804 2905 2520 2333
Stewart(1959)
Range (2693-2992) (2700-3042) (22987-2765) (2074-2585)
Std.Dev. 65 30 130 101
Strom and 2966 3143 2963 2545
Feenstra(1980)
Range (2905-"06. ! 3025-3218)(2783-3121)(2264-2723)
" Std.Dev. 3z 47 90 97 v

Monteith (1973), Strom and Feenstra (1980), and Yeck and
Stewart |1959) héve concluded that is very little variation
in the total heat output when animals are in a thermoneutral
state, a]fhough the data indicate an inverse relationship
between temperature and total heat production. The results
'of this experiment,;however, exhibiféd a high degree of
variability, with a range of 1518 kJd/h in the meur values

" for the barns, as is illustrated in Table 4.3. Furthermore,
there was an increase in total heat losses with rising mean
temperatures, whi]é free-sfall barns had greater losses at
comparable temperatures than tie-stall barns. These trends
appeared to be the result of the expanded influence of

moisture production pn total heat production under the
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conditions hoted. |

The moisture loads foliowed predictﬁble trends, with
production increasing 16 the warmer barns and comparatively
higher ﬁevels in the free-stall facilities. The overall
range in the measurements of latent heat output, {n the
order of 1.5 kg/h cow, was surprising and, indeed, this
range itself far exceeded the maximum values determined from
- previous research. The inside temperature regime appeared to
haye a profound effect on the moisture production, but the
relative humidity and ventilafion rate also seemed to be
influential. The movement of air through the barn and the
relative humfdity of this air. are obviously important
factors in the evaporative heat transfer from barn surfaces,
a parameter which Yeck and Stewart (1959) found to dccount
for 40 percent of moisture production at low temperatures.
The response of the moisture loads to variations in the
relative humidity and ventilation rate was difficult.tO‘
ascertain because of the expéﬁimenta] procedure.-Since these
loads were derived direct]y from the ventilation rate, there
was no certain way of estaB]isHing whether the increased
moisture was caused by highehwventilation rates or the
ventilation rates merely werayqeflecting an increase in
moisture production resulting fﬁpm other causes.

. Typical moisture dfssipationxby ventiﬁation is

illustrated in Figure 4.4, for B_a‘?‘n\ FS-2  -ith design
figures included for comparative‘pugpos "is was a

free-stall barn and had the highest mean inside temperature
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of the four barns in the experiment, so the production
levels were not unexpected. Another coniributing factor .
could have been the high mdisture content of the silage that
was fed on a confinuous baSis..The extreme peak in the'
centre of the graph was ;aused by a combination of warm
conditions and the increased activity of the cattle prior to
. milKing. | o
The measured sensible heat production was more
difficult to assess. Thefe was considerably iess variation
among the barns than was noted in the other parameters. As
"Table 4.5 illustrates, less than a f2 percent separation
(313 kd/h) existed between the highest and lowest of the
mean sensible heat loads. Sensible heat was the‘variable
which most closely agreed with the design values, éifhough
the variability of the loads measured in each barn was
higher than éxpected. The inside temperature regime §éemed
to have an influence on the sensible heat production, but
not the same strong influence it exerted on moisture
production. On the other hand, the activitiesuof‘thésanimals
appeared to be a.significant'factqr,'even %n the tie-stéﬁl
barns where movement 6f’the7animals was restricted. Once fBe~
pattern of éating, s]éeping, énd'milking had been | ‘
identified, the depeﬁdence of sensible heat loads on the
. time of day became apparent. Within each barn, the sensible
“heat production incréasediﬁs the ventilation rafe rose,
C}bossibly demqnsffatihg enhanced convective heat transfer.

Unfortunately, the comparison of sensible heat production to



ventilation rates involved the same predicament faced in the
assessment;of moisthregproduotion} the air movement could
have been either the cause or the effect of greater sensible
heat loads. | M_‘ |

The typical Qariationﬁin sensible heat production'tn
each barn is shown in Fiébre 4:5,'for Barn TS-2. The values
followed an easily recognized diurnal pattern, with highest
energy output whenAthe*cous wereiaroused for thelmorning |
milking and lowest dissipation during the warmth of the late
- afternoon. The sharper peaKs are indicative of major‘
alterations to the vent1lat1on .-rate and, therefore, are
assoc1ated w1th the - response of the environmental control
system rather than the heat output of the animals. Although
the ranges of the.values were different, a reasonable
/s1mi1ar1ty existed bet&een the measﬁ:;d heEt loads and those
predicted by the equat1ons .0f Yeck and Stewart (1959) and
" Strom, ahd Feenstra (1980) .This agreement between measured

Gﬂand predlcted sens1ble heat production was greater for the
/

- t1e stall barns than for the free- stall facilities.

The 1mportance of the division of total heat into
.sens1ble and latent components warranted an exam1nat1on of
-the proport1ons measured in th1s experiment. As is
1llustrated in-Table 4.6, the portion of total heat lost as
"mo1sture-was lowest in Barn TS-1, at 22 percent? From there,
‘the latent heat contribution rose, in increments of
approximately 10 percent, through the succeeding barns to a

high of 48 percent in Barn FS-2. Theseflatent heat
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components greatly exceeded the values cited in the :
literature review for comparable teqperatures; but much of
this earlier research involved studies of metabolic heat
'production only. The work of Yeck and Stewart (1958), in
wh1ch s1x cows were monitored by d1rect calorimetry, was in
much closer agreement with the figures comp11ed here, '
although the effect of free-stal] housing.was not adequately
treated. Strom and Feenstra (1980) calculated a sensible
heat loss factor based on a general equat1on for all
livestock. When applied to da1ry cattle. this equation
appeared, even in these authors’ own estimation, to
attribute an .excessive proportion of the total animal heat
.Josses to the eensible component .

The variations between the'measuned and destgn va”ues
in the division of total heat 1oes were very likely related
to the fundamental difference betbeen'measuring the heat
dissipated by a livestock building and by the animals
themselves. Bruce (1982)'emphasized‘the process in which a
certain percentage of'the sensible heat produced by the
animals is converted tc latent heat through the evaporation
of\moistnre from wet surfaces. Thts‘could exp]ainithe'
apparent enderestination of mcistupe prodﬁction by Strom and
Feenstra (1980) and others who examined metabolic heat. |
production or utilized. 1nd1rect ca]orlmetry The conversion.
from sens1b1e to 1atent heat would be enhanced by the
: cond1t1ons in large commerc1al ‘fe~ilities and be : L

r

part1cu]arly active in free stall barns. The moisture
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production data collected during this exper iment 1ncluded
any senSIble heat that had been converted so the extent of
this conversion could not be calculated directly.: Yeck and.
Stewart (1859), however, had reported the total
vapourization rates from}lactating“cows at various
temperaturesl‘These data were used to defermine the latent
heat production from the wet surfaces in each barn and thus,
the percentage of sensible heat that had been converted to
latent heat. The results of these calculations are
summarized in Table 4.6. Not surbrisingly, the.conversion oi
sensible heat'increased as the temperature rose, with the
large alleys_in.Barn FS-1 more than compensating for the

| fact that'the'inside'temperature in 'this barn was slightly
lower than in Barn'T$-1. Ultimately though, the sources of -
heat and moisture within a particular barn are of less
conseouenceithanvfhe actual levels of production, since the
latter are used in the design of environmental cOntrol
systems. Thus, the valueiof nayingvrealistic désign
information was'sufficient justification‘for an experimental
procedure that precluded/ﬁhe direct measurement of sen51ble

heat conversion.

4.3 Analysis of Results _ .
The data presénted in the previous section, though

interesting, had little value as only a collection of neat

and moisture loads. The development of relationships between

heat and moisture production and environmental parameters
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Table 4.6 CONVERSION OF SENSIBTE HEAT TO LATENT HEAT,.

% : Mean Values - kd/h cow (500 Kkg) ?
Source : Barn TS-1 Barn FS-1 Barn TS-2 Barn FS-2
Temperature (°C) 8.1 6.4 13.1 16.3
Totai‘Heat . :
Production ) - 3791 3884 4464 5310
Sensible Heat | _
Production 2963 2707 2689 2650
Latent Heat | '

Product ion . 82 1135 , 1738 2535

Animal Latent .
Heat Production 680 644 824 1022
(Yeck&Stewart, 1359) « . :

Latent Heat/. 3
Total Heat . 0.22 0.29 - 0.38 0.48

Pércentage of . o R ' .
Sensible Heat . 5 15 - 25 36
Converted ‘ —

Percenfage of
Total Heat "4 13 20 28
Converted ‘

‘was essential if the resulté’were to be used er compar i sons
with exisfing values or‘xor app]ication”to design problems;
This analysis was hindered by the lack of replication in the
monitoring process, an effect that made isolation of
envirohmenta] parameters from other variables impossible.
The genetic characferistics of the herd, the nutritional
value of the feed, and the management system of the operator
were factors that‘influepced the heat gnd moisture

production of the cows in each barn. These features were an

"
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intrinsic part of the measured heat production and did not
affect the analysts within a particular barn. However,A
comparisons. amoung barns or the combination of values from
several. barns could be undertaken only on the assumption
that the genet1c qua]1ty and herd management in the
facilities were either similar or d1d not affect the heat .
and mo1sture product1on A final purpose of the analysis was
the establishment, where.poSsib]e, of equations expressing
heat and moisture production in terms of one or more.
environmentaJ parameters. Validation of the equations would

be, of course, a.prerequisite to their widespread \

acceptance, but the existence of the expressions proviges a

basis for future research.

4.3.1 Relation of Energy Production to Environmental

Parametere |

Since the phy51olog1ca1 relat1onsh1ps between
temperature and heat product1on have been established
clear]y, the logical place to begin relating heat loads to
environmental variables was with inside temperatures. This
is the parameter that traditionally has been associated most
elosely with heat and moi:ture generation$¥and design’
‘spec1f1cat1ons near ly always tabulate these loads as a
function of ambient temperature The 1nfluences of relative
"humidity, air movement, and. animal managémentzhave been

etudied; but are not well documented ana have not been

related mathematically to heat ané)mOisture prodqption.
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Coefficients of linear correlation were calculated for
the relationships befween the total, sensible and. latent
heat production of each barn and the respective inside-..
temperatures. A summary of these calculations is presented
- in Table 4.7. Only the sensible heat in bérn 4 was not
significantly'dependent,'at the 5 percent "level, on the‘
 ins1de tempgrature. With the exception of the moisture and
totai heat production iqlBarn TS-2, close to "7 percent of
the'variation, as measured by r2, in all other heat and‘
moisture loads was attributable to the ambient temperature
in the barns. The weakness of some relationships in Barns
Té—2,and FS-2 could have been a result of the high
vént?ﬂation,rates in the structures. At these ventilation
1e§é?s. the heat and moisture production deriQed from air
volume was less likely io be an accurate indication of the
animals’ response to tempefature fluctuations. The almost
insignificant corre}atibn of the total heaf in Barn TS-2 '
with the temperature.is a predictable effect of the
conflicting reactions of the sensible and lat=nt heat
production to tehperature changes. What would be described
intuitively as the dominant component of Epe respective heat
losses iﬁ Barns TS-2 and FS-2, sensible héat in the
tie-stall barn and latent heat in the warm, free-stall barn,
exhibited a stronglcohrelation with temperature in each‘ |
case. |

In the in§taﬁces of poor or‘insiqﬁﬁficant correlation,
the possible_aependence of the heat and moisture production

—

= R4

e
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Table 4.7 HEAT PRODUCTION AND- INSIDE TEMPERATURE.

Values of the Correlation Coefficient, r, between inside
temperature and heat production

Barn Total Heat Sensible Heat Latent Heat
Producgipn Production .Production
Barn TS-1 0.78/ 0.77 - 0.74
Barn FS-1  0.71 0.71 0.68
Barn T7S-2 -0.30 - -0.71 0.39
 Barn FS-2 0.69 0.23 0.82

Critical value of r = + or - 0.285- Johnson. (1973)
(significance level of 5%, 46 degrees of freedom)

,
on other parémeters was exblored. The inclusion of activity k
levels with the inside temperature resclted in a coefficient
of ?orrelation of 0.44 when compared to the sensible heat
production in Barn FS-2. The 1ink between the re]ative
humidity and sensible heat in this building had Similar
strength (r=-0.42), but a combination of all three factors
produced no more improvement in the corfelation. In Barn

1S-2, the addition of éctivity'levels doubled -the proportion
of the variation in total heat accounted for by ’
environmental variables, although the two parameters had
opposite effects on the heat prbduction. The mo{éfure
production in this faéility hgdAa greater correlation with
relative humidity (r=0.50) than temperéture.»Togethér, the

“two factors were responsible for two-thirds of the variation

in ‘moisture loads. The positive correlation between relative

/
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humidity and moisture levels seems, at'first. to contradict
physical laws, since increases in relative humidjty should
tend to suppress evaporation, thé}eby reducing the moisture
l6sses. In this monitoring process, however, the measured
relative humidities were most likely a result of the
evaporation that had taken place already, rather than an

indication of the imminent wapourization.

4.3.2 Secondary Comparison of Energy Production to
Temperature ’

The pre]ﬁminary-relationships betweeh heat and moisturé
production and environmental parameters were based on
consideration of the barns individually, and included all 48
measurements from éach‘barn. The separate analysis of the
| barns provided insight into the environmental parametefs
that influenced heat and moisture 5hoduction and the
comparaFive streﬁbth of this influence. When the data from a
barh was being examined, Kknowledge of the specific
condftidns during the monitoring period could be used to
exb]ain anomalies in thé cgsults. The absence of variation
due to the management, pﬁsduction, or genetic quality of the
herd expedited the search for significant relationships. All
of these factors, however, while assistiné the development |
of primary relationships, imposed severe limitations on the
application of this informatibn. As ‘long as the

re]atibnships between environmental variabltes and heat

production were linked with specific barns, their use in
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comparisbns with design values or predicting production in
other barns was highly questionable. The passive mdnitoring
procedure, where temperatures were cllowed to fluctuate
freely and meaqueménts were akKen z. timed intervals, did
not necessarily produce readings that reflected stable
conditions. This effect reduced the validity of relating
single heat and moisture production values to the
environmental parameters from which they had been derived.
Comparison of this measured production with design values
calculated from the inside tehperature also could not be
considered a reasonablé technique. Since the fundamental
purpdées of this research were to évaluaté the existing
design values and to establish the effects of the two
management systems, sorting of the data into realistic units
and combinihg measurements,frém two barns were essential.
The design heat and moisture loads Were.derived frqm
eduations in whiéh inside temperature was the independent
varinbie. A gimi]ar arrangement of the experimental results
was natural, particularly in V%ew of the statistically '
significanf correlation between inside temperatures and
nearly all heat loads. A further division, into the
production in free-stall and tie-stall barns, followed the
design of the experiment and facilitated a comparison of
these housing systemsi\}emperature increments of 1°'C were
selected as the basic L t; thfs range was small ehough to
provide sufficient separation of the data, yet laﬁge enough,
in most,cases, to reduce adequately the effect of a single

1

»
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reading. The experimental procedure caused wide variations
fn the number of values for each temperature jncremeﬁt, with
this number ranging from one to twenty-seven. This
irregularity, however, was considered an acceptable
consequence of studying barns under commercial conditions.

The refinement of the relationships between energy
production and inside temperature involved the compilation
of the various heat loads at each témpenature and the
calculation of the mean value of these loads. The activ%ty
levels were ihcluded in the consideration of total and
sensible heat production. The figures for the barns with
common housiné systems then were combined and tabulated,
together with the comparable Yeck and Stewart (1959) and
Strom and fFeenstra (1980} values. Grouping of the measured
values in this way facilitated a more realistic comparison
of these results witﬁ the design values. Furthermore, ah(
evaluation of the improved relationships between the
combined values and inside temperatures, and the subsequent
development of regression equations not dependent on
individual barns, were possible. Ide.lly, the final result
of this'process would have been a series of valid equations
relating the total, latent, and sensib{e heat production of
tie-sfa]l'and free-stall barns to specific environmental
parameters. -

Since the lack 6f replication in this experiment
precluded a quantitative assessment of the effects of the

genetic and management features within each barn, the
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combination of data from two barns was predicated on the
assumption that the influence of these features could be
ignored. This assumption was tested by plotting the heat
production values from each housing system against the
inside temperatuﬁes. On the basis of these plots and the
linear correlation between.fnside tempehature;and heat
production, the significance of indiyidual barn management
was evaiuated. Only for moisture production, where the
coefficients of linear correlation with the inside
temperature were 0.85 for the tie-stall barns and 0.94 for
tﬁe free-stall barns, was :the influence of barn management
considered weak enough to be neglected.” Thus, the total and
sensible heat production values were separated by barn, as
well as by housing system. The combination or separation of
the free-sta]l heat loads was very simple, since the inside .
.femperatures measured in the two barns were discrete. In the
tie-stall facilities, an overlapping of the inside -
temperatures at ghree.increments made these processes more
difficult. |

The total heat production from the barns is listed in
Table 4.8, with the activity levels noted in parentheses.
The extreme difference in the measured Qalues compared to
the design figures is apparent, even when the measured data
‘have been condensed and represented by a mean valbe. The
increase in the Strom and Feenstra (1980) levels at the
transition from Barn TS-1 to Barn T7S-2, which contradicts

the normal effect of increasing temperature on total heat
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production,  is a result of theﬁr high degree of dependence
on milk production. The overall linear correlation of the
tie-stall measured values with inside temperature had a
coefficient of 0.75, which is significant at the 5 percent
level. This relationship, however, was composed of the
positive correlation between the heaf broductidniand
temperature in Barn T7S-1- and the negative correlation .
between the parameters in Barn TS-2. In the lower
temperatufes of Barh'TS-1, there was a very strong
‘relationship between the temperature and_tetal heat
prdduction, but this dependence was considerably weakened in
the warmer environment of Barn TS-2.

In the'values from the free-etall barns, the:
disadvantages of the experimental proéedure are we]f\~;
illustrated by the lack of continuity in the temperatures,
not only between the barns, but within fhe readings for.Barn
FS-2. The total heat production and inside temperature had a\
similar coefficient of linear correlation to that determined
for the tie-stall operations, but, in this instance, both
barns were characterized by a positive correlation between
heat loads and temperature. There was also a tremendous.
difference between the production levels-meaSQred in.Barn
FS-2 and the design values. These effects would appear to be
a result of the high moisture loads in this facility.

The re]ationehip between moisture"production and
temperature for the tie-stall and free-stall facilities are

. illustrated in Table 4.9. Once divided on the basis of

o
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Table 4.8 TOTAL HEAT PRODUCTION BY TEMPERATURE INCREMENT

Temperature Mean Values - kd/h cow (500 kg)
_ Measured Predicted
YecKk and Strom and
("C) (activity levels) Stewart(1959) Feenstra(1980)

2

TIE-STALL BARNS

Barn TS-
4.5 : 2437 (18) - 4176 3881
5.5 2574 (15) 4144 3856
6.5 2736 ( 9) 4111 - 3830
7.5 3395 ( 7) 4082 3812
8.5 3982 (11) ‘ 4050 3812
9.5 _ 49989 (22) > 4021 3866
10.5 4992 (24) 33885 3931
Barn T7S-2 o -
8.5 ' 4630 (16) 4050 4026
9.5 4510 ( 4) 4021 4010
"10.5 4560 ( 9) 13985 3996
11.5 4781 (11) - 3956 3985
12.5 4680 (10) 3924 : 3978
13.5 4313 (10) 3885 - s 3871
14.5 4266 (24) 3863 - 3967
15.5 4615 (23) 3830 ‘ 3964
16.5 4115 (14) 37388 33960
FREE-STAL*'BARNS
Barn FS-1
4.5 3136 (11) 4176 4043
5.5 3341 (10) 4144 4014
6.5 3780 (11) 4111 3996
7.5 3953 (15) 4082 3974
8.5 3528 (22) 4050 ' 3960
8.5 7247 (17) 4021 - 3842
Barn FS-2 -
11.5 4763 (22) 3956 3611
13.5 - 4806 (12) 3885 - 3604
14.5 5155 ( 8) 3863 3583
15.5 . 5195 (11) 3830 - .. 3589
16.5 5118 (10) 3798 3589 - ,
17.5° 5173 (18) 3769 3589
19.5 6296 (18) 3704 3586
- 20.5 6844 (23)

3704 ' 3586
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hous{ng systems.'this parameter exhibited the strongest -
' dependence of any energy variable on the inside temperature
and, cohsequently, the weakest 1ink with individual barn
management. This was likely a result:of the contribution
made to thevmoféture production by evaporation from wet
sui "aces in the barn. The genetic qualities of the cows/and
tHe nutritional value of the feed would have ﬂiftle or no
nfluence on the evaporation process. The effect of animal
activity on thi$ process was cohsidered to be similarly
insignificant, hence the ex¢1U§ion of the activify levels
from the examination:of moisture produetibn. The range of
the measured values again far:exceqded that of the design
" values, particulérly {n the free-stall barns. The minute
response of the Strom and. Feenst#a (1980) data to
eavironmentaj changes at Tow temperatures neéessitated the
use 6f fﬁree digits in %abﬁ]atingithese moisture loads.:The‘
measured moisture productioh behave&,as expected, increasing
with r}sing temperatures and being.generally highér iﬁ the
rfreefgta1l.buildings. The data were characterized by a
series of plateaus, whé;e the production essentially was
unchanged over a femperature range'of seVérai degrees,
éonnected by segments where the teméerature increments were
associated with shérp increases in‘mbisture lbads.}Despite‘
this feature, the moisture pro&uction in both éyStems,had a
“high degree of,cbrrelatioq with the inside temperature.. -
In order to compare the effect of the two stall

configurations, a two-way analysis of variance was
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Mean Values - kg/h cow (500 Kg)

Temperature
Measured .Predicted
. Yeck and Strom and
(*C) Stewart(19538) Feenstra(1980)
TIE-STALL BARNS
4.5 0.17 0.49 0.334
5.5 0.17 0.50 0.336
6.5. 0.20 0.50 0.340
7.5 0.30 - 0.51 0.344
8.5 0.37 - 0.52 0.349
9.5 0.50 - 0.54 0.363
- 10.5 0.56 0.55 0.379
11.5 0.76 0.56 0.396
12.5 0.75 0.57 0.408
13.5 0.71 0.58 0.422
14.5 0.66 0.59 . 0.439
15.5 0.77 0.60 0.457
16.5 0.77 0.61 0.479
FREE-STALL BARNS
4.5 - 0.36 0.49 0.349
5.5 0.40 0.50 0.351
6.5 0.46 0.50 0.354
7.5 0.47 0.5t 0.358
8.5 0.42 0.52 0.363
9.5 0.95 0.54 -0.371
11.5 0.76 0.56 0.358
13.5 0.80 0.58 0.383
14.5 1.01 0.59 0.398
15.5. 1.01 0.60 0.414
16.5. 1.03 0.61 0.443
17.5 1.07 +0.62 0.454
19.5 1.31 .0.64 0.506
20.5 1.50 "0.65 0

.535

under taken, using a GPSS program on the Amdahl computer at

the University of Alberta. The purpose of this analysis, in

which temperature and stall type were the independent
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variables, was to determine whether housing was a
statistically significant factor in moisture production. The
" eleven temperatures common to the tie-stall and free- sta]l
mon1tor1ng and the. 165 readlngs associated with these |
temperatures were 1ncluded in the study. The validity of the
analysis was dependent on the assumption that the management
characteristics of the individual barns were not a factor in
moisture productiont This conclusion seemed to be justif{ed‘
by the reJatioﬁships between temperature and moisture l
prpduction in the two housing systems, but the lack pf
.rep]ication‘made verification of this tmpossible. The
.analys1s of variance is summar1zed in Table 4.10, w1th the F
values, calculated for the variation due to housing and
temperature, also shown. On the basis of these figures, both
of the independent variables appear to have, at the 1
pereent level, a significant;effect'on moisture loads.

The sensible heat production values'from the barns are
shown in Table 4.11. While the sensible heat levels in the
tie-staTl barns were not statistically different and were
both strongly cdrrelatedauith temperature, the reactions of"
this parameter to temperature changes in\the two barns were
of an opposite nature. As a result, the coefficient of -
correlattbn between'the combined Qalues ahd the inside
temperature was only 0.16, which ts far from significant at
the five percent level. With 1ncreas1ng temperatures, the
sens1b1e heat production appeared to rise fa1rly rap1d1y

until 9 or 10° C, then decrease at a similar rate.

\

\
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Table 4.10 ANALYSIS OF VARIANCE - MOISTURE PRODUCTION.

Source of Degrees of Sums of Mean Squares F Values
Variation Freedom Squares
Stall System 1 4.48 4.48 104.75
Temperature 10 +36.00 3.60 84.08
Stall System : T
by Temperature 10 1.62 _ 0.186 3.79
Measurements : ‘ ' |
within 143 6.12 0.04

- Temperature '
Total 164 73.12

Presumably, a minimum level of sensiblé heat production
exiéﬁéﬁ somewhere above the temperature range monitored in
this experiment. ﬂ : : .

The positive cohre1ation be'tween tempegafuhe and
sensible heat in Barn TS-1 is an apparéntlcpntradiction of
physiological prinéiples, but the inside témﬁerature range
was well within the thermoneutral zone for dairy cattle, so
- that metaboiic heat production could be expected to remain
' relatively constant. The increasing'sensjblé heat loads were
mosf>]ikely a reéult of greater ventilation rates énd
increased heat transfer from the- surface of the an1mals, but .
also could have been caused by variations in an1ma]
activity. The additional air movement would tend to cause
more convective heat .loss and reduce the insulative effect
of the hair covering. Since 9 to 10°C cbuld.be consjderéd an

optimum temperature for the cows, this could alsg/sé a point
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Table 4.11 SENSIBLE HEAT PRODUCTION BY TEMPERATURE INCREMENT

Temperature ‘Mean Values - kJd/h cow (500 Kg)
o ‘ Measured Predicted
: Yeck and Strom and
("C) (activity levels) Stewart(1959) Feenstra(1980)

TIE-STALL BARNS

Barn TS-1 . :
4.5 2009 (18) 3013 3074
5.5 2113 (15) 2956 3042
6.5 2225 ( 9) 2898 3013
7.5 2657 ( 7) 2840 ' 2984
8.5 3078 (11) 2786 - 2969
9.5 3902 (22) 2725 2992
10.5 3803 (24) - 2671 ‘ 3018
Barn TS-2 : ,
8.5 3120 (16) 2786 / 3131
9.5 2950 (-4) 2725 3098
10.5 3053 ( 9) 2671 3067
11.5 2822 (11) 2610 ' 3031
12.5 2783 (10) - 2556 - 2992
3.5 2549 (10) 24988 - 2952
14.5 2585 (18) 2437 2909

-15.5 2650 (23) 2383 2862
16.5 2178 (14) 2322 . 2808

FREE-STALL BARNS
Barn FS-1 : -
4.5 2236 (11) 3013 3200
5.5 2333 (10) 2956 3172
6.5 2635 (11) 2898 3139
7.5 2754 (15) 2840 110
8.5 2484 (22) 2786 082
9.5 4874 (17) 2725 © 3048
‘Barn FS-2

11.5 2797 (22) 2610 ’ 2743
13.5 2783 (12) - 2498 2675
14.5 2599 ( 8) . 2437 2635
15.5 2650 (11) 2383 .- 2592
16.5 2502 (10) 2322 . 2545
17.5 2484 (18) 2268 - 2491
19.5 2981 (18) 2153 2365
20.5 3031 (23)

2095 2297
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wheré physiofogical control of heat i1osses is at a minimum.

/”/At temperatures approaching this point, the animals would bé
reducfng the restrictions oh heat transfer, thereby
-increasing the sensible heat losses. While the rising
tehperétures wou]d, at the same time, be causing an increase
in latent héat production, this variable is not.extremély
responsive to climatic changes at low temperatures.
Therefore, the expanded volume of incoming air would be
Capable of evaporating a largé percentaée of fhe moisture
from wet surfaces, thus reducing the magnitude of the
conéersion of sensible io latent heat. When the temperatures
exceeded 10;C; however, the capacity for further
physio]ogica]'adjustments wou 1d bé limited and the rapid
increase in ﬁoisture production would contribute to a ‘
decline in sensible heat loads.

;In the frée-sta]l sensible heat~production, the value
at 9L5iC was derived from four measurements at the end ofs:k’"fj
the monitoring périod. when a rapid increase in témperature
caused wide fluctuations in the environmedial'conditions{
Since the mgnitoring periodiéndéd before an equilibrium.
could be established and the extreme productidn levels weﬁe
likely a result of the data acquisition system measUring the

- environmental cﬁapge rather than the altered heat
prbduction; this Qa!ue was not includéd in corﬁe]ation
analysis. Although'the qoefficient of correlation between

the combined production data and the inside temperature was,

at 0.62, statistically significant, this probably did not
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4accurately reflect the re]ationéhip of the two parameters.
~'The.heat.production seemed to.follow the same pattern as the
tie-sta]],]oads, despite the lack of méasurements at 10.5°C
and the exaggerated production at 9.5°C.

The varying and often contfadictory nature of the
relationships bet@eeh heat Qgéduction and inside temperature
hindered the development of mganingfu] regression equations.
In the case of both total and sensible heat production, the
data from the four barns had to be separated before a
significant expression could be calculated. This condition
was the result of the strong dependeypce of sensible heat
production on hanagement»and the d izéting effect, in most
caées, Sf this component on total heat production. The
effect of individual barn management was thekreason why an.
analysis ofvcariancefcoulq’not be used to assess the impact
of the stall s}steﬁ on tbtal and sensible heat production.
The influence of managemenT was reflectéd further by the
sfgnificance of the activit9~levels in the regression
equations for these~parameters. Only the moisture production
results could be comaned, suc¢esst]]y, by housing system.
The regression equéf;ons deve]oped‘for the tie-stall and
free-stall barns accounfed-for 88 and 90 pgrceﬁt,
respectively, of the variation in moisture loads. The 5
regression equations.caICulated fo? a11 heét productionvg
variables have been tabulated in Appendix D. S ',

To summarize the analysis oféheat productibn,and inside

temperatues, the relationships betweén the parametérs have

125’
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.

been depicted graphically in Figures 4.6 and 4.7, with the
former presenting the tie-stall values and the latter, the
free-sté]l data. The results of the analysis of variance
justify the separation of the heat loads on the basis of the
housing system, particularly when moisture production is
such a critical factor in environmental désign. The
regression equations relating moisture productdion fo the
inside temperature have been included. An interesting |
feature of fhese figures is that the slopes of the two lines
representing moisture production are equal, meaning that the\
response of this barameter to inside témperature in each ° |
hous ing system was similar. Therg was a constént differénce
between tie-stall and free-stall moistﬁre production that
was independent of temperature. While the curves and
equations in these‘figures would obviously need validation
and refinement before being used as design tools, they
nevertheless provide the best insight into the heat and

moisture loads measured in this experiment.

4.3.3 Compabison of Measured with Design Values

The danger in comparing the results of separate studies
1s that experimental conditions may obscure differences that
exist or create apparent differences where none‘exist. The
Strom and Feenstfa (1980) work relies heavily on
iphysiological rgsearch and Yeck and Stewart (1959) monitored
“a~controlled environment, whf]e in this experiment, the heat

‘and moisture loads of commercial dairy facilities were
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Figure 4.6. Tie-stall heat production and temperature relationships.
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measured under normai operating cgnditions. Ihese
disparities normally would mar= direct compafisons amoung
the data treacherous. The previous research, however, is
being applied to the design of environmental control systems
for large dairy barns, so such a combarison is indeed
warranted.

The examination of the measured and design values
~comprised both subjective and statistical éomparisons. The
statistical comparisons proQided a quanfitative assessment,
while the subjective analysis was responsibie for the
identification of important trends. Many features of the
relationship between measured and design values were "
illustrated in the tables swunariziné the heat and moisture
production in the four barns (Tabies 4.3 to 4.5). Not
surprisingly, the range-and standard deviation of the
measured data exceeded that of the design values by a wide
margin. This was a predictable occurreﬁce, since the latter
were calculated from equations that represented a composite
description of more Qidely varying data. Even when the |
measured prodﬁction was condensed for the secondary
evaluations of environmental effects, the variation was
~generally much greater thah the design information
exhibited. The design values seemed to occupy a middle
ground between the production éxtremes and Qere often in
agreement with the measured data in the 8 to 12:C range. At
higher 6r lower temperatures, however, the differences

between measured and design information were increased

<
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conéiderab]y.

Moiéture production was the area of greatest
disagreement, although the relationship between temperaturé
and latent heat was -common to all the studies. The Strom and -
Feenstra (1980) equations consistently predictéd production .
far below the levels that were measured. The Yeck and
Stewart (1959) figures agreed with the tie-stall production .
at 10°C and with the free-stall moisture at 7.5°C,.but were
cohéidérab]y lower than the values measured at higher
temperatures. Because of the narrow range of moisture loads,
the Yeck\and Stewart (1859) values also exceeded the .
measured production at low temperatures. The increased
moisture productipn in the free-stall facilities further
enhanced the disparity;betWeen measured and design values,
but the researchers had not considered this houéiné |
arrangement. This difference, therefore, was tb be expeéted.

In contrast to the moisture loads, sensible heat
~production was the parameter about which agreement was most
general. There were no large differences amoung the aveéage
values computed for each barn, and less than 10 percent
separated the means when the measured data were grouped by
temperature increments. The positivebcorrelation.betWeen
temperature and sensible heat, in Barns T7S-1 and FS-1,
contradicted the relatio;shipS"esfablished by the design
information, whjle the design vélues again appeared to be
. too high at iow tempenatures'and too low at high h

©

temperatures. Furthermore, the reduced sensible heat
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broduction in the frée-stall barns was not reflected by
these figures. The Stroh and Feenstra (1980) data, being
élosely related to milK production and the result of a
generous!evaluation of sehsible heat productidn, differed
considerably from the measured levels in barns where the
milK production or moisture loads varied from the norm.

Total heat production exhibited the cgyplative effects
of the trends noted in the sensible and 1£¥§at heat .
COmpariéons. In the tie-stall barns, at moderaté
temperatures, there was litt]e variation between the
méasured and design values. In‘the free-stall barns and at
the boundaries of the temperature ranges, a great deal of
disparity was evident. The design equations predicted very
little variation in the total heat loads at the temperatures
considered in this experiment, with the“highest’standard
deviation, 238‘kd/ﬁ, occurring in the Yeék aﬁa Stewart
(1959) f{gures for Barn fS-2. On the other‘hand, the lodeétq
standard déviation of the measured values was the 439 kd/h |
found in.the datavfor the same barn. The'relatively constant
total heat production in the design values was predicated
ubon-the balancing effect of the Qpposite reactions of
sensigls.and latent heat»to increasing temperatufes..The
balance did not materialize in the measured results, as -
rapidly increasing moisfure loads and more stable sensible
heat loads contributed to widg changes in total hea“
production. Also, the ?esign total heat loads declinéd with

rising temperatures, while the total heat production
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measured in both housing systems increased with the
temperature, and only Barn TS-2 had a negative corre]ationb
between this variab]e and total heat.

The statistical eomparisons between the measured and
design data invoived a "t" distrihution test, described by
Johnson (1873), on the hypothesis that there was no |
difference between the values. The first pperation in the
testing procedure was a comparison of the respective

\

standard deviations of the measured and?design values, using
an "F" distribution test also described by Johnson (1973)
The equation used for the derivation of "t" depended on the
statistical equality or inequality of the standard
deviations. As would be expected, some of - the observed
relationships between the measured and design heat loads
could not be validated statistically. The equations used in
this analysis have been summarized in Appendix D.

A summary of the statistical comparisons is presented
in Table 4.12, with the calcuiated value of t listed for
each of the paramters. The heat and moisture loads‘were.
tested at the 5 percehtllevel of significance and the +
symbol denotesurejection.of the hypothesis. This rejeetion
would indieate that the data being compared were, in fact,
’ statistically‘different. On the basis of the statistical
information, there was 1itt1e<disagreement between the
measured and design values for the tie-stall facilities,
with the only significant diiference opcuring between the

measured sensiblie heat and the Strom and Feenstra (1980)
8
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Table 4. 12 STATISTICAL COMPARISON OF MEASURED WITH DESIGN
VALUES.

Values of t

Yeck and B Strom and ,
Stewart(1959) Feenstra(1980)
X
Tie-Stall Barns
"Mbtsture - -
Production -1.71 (-) . 1.84 (-)
Sensible Heat -
Production- Barn T7S-1 -0:20 (-) . -0.53 (-)
'~ Barn 7S5-2 -1.35 (-) =2.33 (+)
Total Heat - .
Production -0.39 (-) -0.18 (-)
Free-Stall éérns’ '
Moisture ' ’ »
Production . 2.56 (+) 4.31 (+)
Sengﬁble Heat ~ ‘ ' o
Production o 0.34 (-) -1.24 (-)
Total Heat : ) , \ .
_Production 2.58 (+) 3.24 (+)

Using "t" tests on the hypothes1§\ﬂhat the mean values are
equal

- leve] of 519n1f1cance = 5%

- (+) denotes rejection of the hypothesis (significant
difference)

- (-) denotes failure to reject the hypothes1s

-~

values for Barn T7S-2. There also seemed to‘be.agfeeﬁent on
the sensible heat production of the. free-stall barns,
despite tpe differences_that were apparent when the data
were reviewed. Statistically significant differences did

exist between the measured free-stall moisture production
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and both sets of design values. This vaFiation was most
1iké1y responsible for the rejection of thé hypothesis fbr
the free-stall'total heat as well. While.the statistical |
analysi§ weakened the valfditf:of some relationships, it did
conffrm fhé supﬁosition that free-stall mbisture loads and,
hence, total heatiproduction were not accﬁratefy predicfed

by existing design values.



5. Conclusions
.This experiment could Haye been divided légica]ly ihto
two sections: the comgilation of the heat and moistﬁre‘
- production figures and the comparisons=betweén these data
and existing desigh values. The conclusiqns der ived from
fhis information can be partitioned similarly, although the
separation is not alwéy; absolute. After careful
considerationlof the experimental procedure and déta
.:analysis methods, the following .conclusions were drawn:

1. Animal séhsible heat and moistufe production were
most clasely related to the inside temperature, but other
environmental conditjons. such as animal activity, relative
humidity, and ventilation rates, had a‘definitp effect on
these loads. Sensible heat producWion was highly susceptible
to_tﬁe influencg of management actions.

- 2. The housing system was a significant factor in both
sensible'heataahd moisture production, although there was no
sfatisticai difference bétweeh the mean-valués of sensible
heat production in the tie-stall and free-stall barns. The
“moisture production in the fEee-stai] barns was
significantly higher, at comparable ambient temperatures,
‘than in the tiestall facilities. |
3. A1l heat production pérametePS'exhibited more
pariatioh fhan is predicted by the existing desjgn values.
These values seem to provide acceptabie median values, in

" most cases, but tended to be too high at low inside

temperatures and too low at higher temperatures.

1357
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4. Moisture loads, with average values ranging from
0.34 to 1;05 Rg/h cow (SOObkg), had é greater effect on
total heat bnoduction than was énticipated on the basjs of.
the design equations. This influence was more pronounced in
the free-stall barns and atahigher temperatures, but |
moisture productioh genérally was underestimafed, except at
fow inside temperatures. | |

5. There' was ov$(a11 statistical agreement be;ween_the\
design values and théﬁtie-stall heat loads; fhis was also
true of all barn sen#ible heat production rates, which
ranged from 2650 to 2963 kJd/h cow (500 kg). Thereiwere,
however, statistically significaﬁt differences between the
design‘values and the measured moisture and total heat
prodUction of the free-stall barns.

6. The relationships between the heat production
variables and inside temperatures varied considerably from
those defined by the design equations. Thé nature of the
relationships for moisture'préduction were siﬁilar; although
the absolute values were different. The effect of inside
temperadtures 6n measured total heat producfioh was in direct
contrast to thaf noted in thewdesign information and the ’

response of the measured sensib1e heat to temperature agreed

- with the design graphs for only Barns TS-2 a~d FS-2.

,
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7. Appendix A - Processing Equations
The data acquisition system provided readings in the
form of voltages. The equations used to derive the actual
values of the parameters being studied are summar ized below.

Calibration equations have been included, where appropriate.
1. Dry-Bulb Temper.:ure- thermistors

Ca]cu]até resistance frombvoltageS'
 R=E/(:10-E/10000)
calculate temperature from resistance
: 1/T=AX3 + BX + C
where R = resistance of sensor, ohms

E = output-of‘data acquisition system, volts

T = temperatureL K

X = In.R o

A= regression cpnstant} .2081/10¢
B = regression constant, .2759/102
C = regression constant, .1380/102

2. Air Speeds- air-speed sensors
Calculate resistance from voltages for air-speed sensor :
E=(5EB/3.1 + E0)/2.5
I=(15 - E)/316 - E/2000
R=E/I

Resistance of accompanying thermistor, as well as the

152
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temperatures of the thermistor and air-speec sensors, were
derived from the equation listed in the dry-bulb temperature
section. |
Calculate air sbeed from temperatures

AS=A(EL/(TA - TT))*+B

where E = voltage across sensor, volts

EB = bias voltage, volts
EO = output from data acquisition system, volts
R =

resistance of sensor, ohms
I = current across sensor, amperes

" AS = air speed, m/s

A = sensor coefficient

TA .= teﬁperature of sensor, 'K
TT = ambient air temperature, ‘K
** = raised to the power of

B = sensor power coefficient

3. Dewpoints- Qewpdint hygrometer
DP=8.54E - 30.06
where DP = dewpoint, °C

E = output from data acquisiti-.i system, volts



'2§ 8ﬂ Appendix B - Heat and Moisture Balance Equations

'The heat and moisture production of the cows was
derived from thg heat losses. thfoughxconduction and
venti]ation, from (he barns.
1. Conduﬁtive Heat Loss

The conductive heat lbsé‘of each building component was

calculated using the equation
0=AITI - TO'/R

hedt loss. Kushey

where Q = hew
A= area of the componentfa%fpf? ﬁ
TI = temperature on the jnsiéé é&fthe compéﬁent, C
TO = Yemperature on the outside of the component, °C

R = therma] resistance of the component, m? "C h/Kd
2: Ventilation Volume |
The vdlume of air exhausted from.each barn was Calculaﬁed
using the eq%ation
Vn1zA(AS)C

4

where Vol = volume of air exhausted,, m3/s
A = duct area, m? B
AS = air speed, m/s

C > factor derived from duct calibration

3. Psychrometric Equations~

‘The heat and moisteffe lost through ventilation depended on
the volume c. air exhausted and the psychrometric c
chéracteristics of the incoming éﬁdféxhéust air, with the <, 
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total heat loss based on the enthalpy difference and the
moisture 1055 based on the humidity ratios. The equations in
the processing pfogram used Imperial units; the'heat and
mofsture‘loss pérameters, themselves, were converted to SI
units. ' :

P=10**(10.80(1 - TT) + 5,03LOG(TT) +

1.50%*-401 - 10*={-8.30001/TT: - 111} +

0.43=+-30110%££4.7701 - TT0i - 11 - 2.22]

PP=29.92P ’

W=.B622PP/(B - PP

H=.24T7 + W(1061 + .457)

V=001, 754(T + 459.711/B1 (1 + (W/ 62211

W5=.622PPD/(B - PPD| o

RH=(100W/WSI/(1 - (11 - W/WS)(PPD/Bi1)
where P = pressure, in Hg |

raised to the power of

T

TT = temperature ratio of 273.16°K to dewpoint, K

PP = vapour pressure of the air, in Hg '

W = humidity ratio, 1b moisture/lb dry-af( ",

B = baromgtric prégsure, in Hg o

H = enthéapy, BTU/#b dry air ;?“ ‘Ly;

T = dry-bulb temperature, "F 3;ﬁ,;j”**aﬁiﬁ |

V = specific volume of the inside air.ffﬁgﬁﬁé 359
i

air 3
WS = saturation humidity ratio of théfﬁ??j%lb};
moisture/1b dry aff B )

PPD = vapour pressure of thé safﬁrated‘éih

vyl

7
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calculated using the dry-bulb temperature. in Hg

RH = relative humidity, %

%0

4. Heat and Moisture Losses

Lfter the units had been coordinated, the heat and moisture

losses from the barns could be calculated using the

following equations

where

THL=VO1(HI - HO:i/V.+ sum(Q]
ML=Vol(WI - WOI/V

SHL=Vo1.1.24 (71 - TO)/V + sum! Q!

-THL‘; total heat loss, Kd/h

ey

ML = moisture loss. kg/h

SHL = sensible heat loss, kd/h

HI, HO = inside .d outside enthalpies,
respect}vely, KJ/Kkg dry air

WI,NWO = inside and outsidQZhumidity rgtios,

respectively, Kg/Kg dry air
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9. Appendix C - Design'Equations
The design equations proposed by Yeck and Stewart
119591 and Strom and Feenstra :980 wereggggd to calculate
the predicted heat and moisture productidn under the
conditions encountered in this experiment. The equations are
listed below, with the definition of the Qa%iables preceding
them. The use of metabolic weights, as described in section
3.512? al lowed coﬁvérsion of the eduations to aLSOO-Kg
liveweightvbasis. o
CTHL = foté}@geag loss, kd/h cow
SHL = sensigﬁe Q;gt loss, kd/h cow
ML = moisture loéé, Kg/h'cow

T = inside temperature, °C

1. Yeck and Stewart (1959) Equations
THL=4317.06 - 31.33T
SHL=3269.78 - 57.40T
ML'O 4308 +'O‘9107T

2. Strom and Feenstra ‘QBQ§ﬁ£quat1ons
QM= 18, %EWW'5 | |
QP=5.7B?1O**—5)(D33
QMK=108.03M R
FT=10%%-5(-T + 2013 Q&ﬁ* T

THL=(QM + QP + QMK IFT - iji;} N
| SHL=THL-1.85 10**-71(T + 10:% + 0.80)

ML= (TKL * SHL /241398

>
{

Y
“n

67 9 | \\

9

7. -
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where QM - »~» atenance heat Jloss, KJd/h cow

QP

* X%

pregnancy heat loss, kJ/h cow

raised to the power. of

D = days since service

QMK = heat loss due to milk production, kd/h cow
_ ib ;

M = daily milk yield, kg at ‘3%

FT = temperature correction factor



10. Appendix D - Regression Analysis and Statistical
Equat ions : s
1. Regression Analysis
-~ Following is a summary of the coefficients pf-linear~
correlation and the regression equattons calculated for the
relationships between all heat production parameters and
inside temperatures.

y = heat or moisture production, kd/h cow or kg/h

cow

. ) 3
t = inside temperature, 'C . |
a = aEtivity tevel )

TOTAL "HEAT PRODUCT ION

“Tie-Stall Barns
Correlation with temperature, r=0.75

Regression equations : N
Barn TS-l e
-98.13 + 486.46 r2=0.93%
—1nclude activity levels
y=-308.11 + 449.22t + 34.79a r2=0.97
Barn T7S5-2 ‘ L _
y=5080.21 - 46.68t rzz=0.34
-include activity levels '
y=5085.72 - 53.87t + 5.53a rz=0.36

AFree Stall Barns _
Correlation with temperature, r=0.73
Regress1on equat1ons

‘Barn FS-1 ;
=-93.63 + 608.26t - r2=0.55
-include activity levels .

y=-6.03 + 1133 B6t - 262.80a - r2=0.76

o » Barn FS5-2
_ﬁ%ﬁwuwa y=1895.69 + 218.48t 'r2=0.79
T -include activity levels _ :
y=1702.19 + 199,87t + 32.40a - r2=0.84

MOISTURE PRODUCTION

Tie-Stall Barns
* Correlation with temperature r=0.94
Regression equation ‘
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y=-0.10 + 0.06t

Free- Stall Barns
Corretlation with temperature
Regression equation ’
y=0.04 + 0.06t

SENSIBLE HEAT PRODUCTION

Tie-Stall Barns
Barn TS-1

Correlation with temperature,

Regression equation
y=198.83 + 350.35t .
-include activity levels

r=0.95

r=0.96

y=32.00 + 316 80t + 27.65a

Barn TS- 2

Correlation. with temperature,

Regression equation
y=3967.96 - 97.99t _
-include activity levels
y=3981.53 - 113.36t +

Free-Stall Barns

r=-0.92.

13.97a

r2=0.90

r2=0.92

r2=0.96

r2=0.85
r2=0.90

Correlation with temperature, eliminate value at

9.5", r=0.62 -
Regression equations
Barn FS-1 :
y=133.60 + 393.20t
-include activity levels

y=189. 23 + 727t - 166.90a

Barn FS-2
y=2437 .99 + 15. 49t
-include activity levels

y=2215.10 + 12.68t + 20.25a

- 2. Statistical Equations

r2z0.55
[ .r220.76

r220.15
r2=0.42‘
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The statistical comparisons between the measured and

design values involved a "t* distribution.test on the

A

assumption that -the means‘were equal.

| pebform an "F" distribution test on the variances.

F=512/522

The first step'Wés to
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where $1,82 = standard deviatidns of thé measured and
desigh values |
1f the Qa]ue'of F was significant at they5 bercent level,
the variances were cohsidered Qnequa].
When the variances were considered equal,
t=(X1 - X2)/SP(1/nt + 1/n2)os
SP=({(n1 - 1)S12 + (n2 - 1)S22)/(n1 + n2 -
2))0s - i
dfsnt + n2 - 2
When the Qariahces were not conéidered ;qual,.
| Ct=(Xi - X2)/(S12/n1 + S22/n2)0s ’
df=((S12/n1 + S22/n2)2/((S12/n1)2/(n1 + 1) +
(S2z/n2)2/(n2'f 1)) - 2

N .

where X1,X2 = means of the measured and design values

ni1,n2 = number of measured and'deSign values

- df = degrees of freedom

)
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11. Appendix E - Data Summary

pertinent data in the calculation of heat and

moisture production are summarized on the following pages.

el 3

The variables
TIME-
TPIN
TPOT
TPAT
DPIN
DPOT
RLHM
VENT
COND
SUPP
VHEAT
THEAT
MOIS
SENS

v

have been defined below:
= hour number during the monitoring period

= mean inside temperature, °C

= mean outside temperature, °C

= mean attic temperature, °C

= mean inside‘dewpoint, °C

= mean dutside dewpoint, °C

= mean'ihside réiative humidity, %

= ventilation rate, cfm

= conductive heat loss, thousands of BTU/h

= supplemental heat gain, thousands of BTU/R"

ventilation heat loss, thousands of BTU/h

total heat loss, thouSaﬁds'of BTU/h

= moisture loss, 1b/h cow

= ‘sensible heat loss, BTU/h cow

O
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Barn TS-1
TIME. TPIN TPOT  TPAT  DPIN DPOT  RLHM  VENT
1 6.3 -25.7 -23.0 1.5 -31.9  71.3 1101
2 4.9 -25.5 -23.0 1.2  -31.5 76.3 1051
3 5.1 -25.5 -22.8 1.2 -31.3 75.9 1072
4 5.9 -25.6 -22.8 2.0 -31.1 76.0 1126
5 6.5 -25.7 -22.8 3.0 -31.2 78.3 ° 1064
6. 7.0 -26.3 .-22.9 3.0 -32.2 75.7 1052.
7 7.3 --26.2 -23.1 3.8 -31.8 78.4 113t
8 6.8 -26.0 -23.0 3.8 -31.9 81.2 1116
g 6.7 -25.7 -22.7 3.3 -31.2 78.9 1154
10. 6.9 -25.1 -22.6 3.2 -30.6 77.3 1133
11 8.1 -24.7 -22.4 3.5 -30.3  72.7 1453
12 9.0 -25.0 -22.3 3.8 -30.3  69.9 1159
13 3.0 -24.4 -21.0 3.3 -29.9 67.4 1150
14 8.1 -24.2 -20.5 3.2 -29.7 71.2 1229
15 7.3  -24.1  -20.1 3.5 <29.1 76.8 1171
16 8.0 -23.4 -19.5 4.0 -29.1 75.8 1268
17 7.8 -23.1 -18.9 3.8, -29.2 75.8 1312
18 8.2 -22.5 -17.9 4.2 -28.4 75.9 1928
19 8.0 -22.2 -17.3 -4.2 -28.8 76.9 1440
20 8.2 -22.1 -16.5 4.8 <27.4 79.1 1590
21 8.8 -2t.1 -14.3 4.0 -28.0  71.8 1521
22 9.2 - -21.3 -14.7 3.7 -28.1 68.4 2507
23  10.1 -21.5 -14.9 3.2° -28.4 62.2 ' 2450.
24 9.8 -22.2 -15.2 0.8 -28.8 53.5 2788
25 8.4 -22.1 -15.8 2.7 -28.9 67.3 2229
26 8.4 -23.4 -16.6 3.7 - -29.5 72.2 2010
27 8.2 -23.2 -17.2 4.2 -29.5 75.9 2223
28 8.0 -22.9 -17.3 3.7 -29.3 74.2 _ 2119
- 29 8.8 -22.9 © -17.4 4.0 -29.5 71.8 -2340
30 8.0 -23.1 -17.6 3.7 -29.5 74.2 .. 2235
31 8.7 -23.6 ~~-17.8 4.3 sﬁgggs 73.8 - 1746
32 8.3 -23.9 -17.6 4.7 -P&7 78.0 1811
33 8.5 -24.1 -17.9 4.5 -29.7 75.9 1768
34 8.4. -24.2 -18.0 5.3 . -29,2 80.8 1921
35 3.0 -23.8 =18.3 4.7 -28.5 74.4 2202
36 9.7 -23.9 -18.2 3.5 -28.0 .65.2 . 2543
37 9.1 -24.7 . -18.7 3.2 -30.8 66.5 2291
38. 8.2 -26.4 -19.5 2.8 -30.6 68.7 1900
39 8.3 -25.7 -19.7 3.8. -30.5 °73.3 155%B
40 8.6 -24.3 -19.3 4.8 -30.0 77.0 . 2036
41 8.5 -23.2 -18.3 4.5 -30.1 75.9 2356
42 8.3 -22.7 -16.5 3.0 -30.3 69.2 2051
43 8.5 -22.7 -15.6 - 3.0 -30.0 63.3 = 2011
44 8.7 -22.2 -14.3 4.0 -29.7 72.3 2036
45- 8.6 -22.4 -14.2 3.8. -30.1 71.8 1561
46 9.0 -22.3 -14.2° 3.3 -30.8 '67.4 2357
47  10.1 -24.0 -15.2 2.0 -30.1 57.1 2341
48 9.4 -34.4 -16.1 2.2  -31.1 60.7 2224
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COND  SUPP  VHEAT MOIS SENS
- 42.9 87.3 130.2 0.4 2232
39.6 80.1 119.7 0.4 2045
40.1 82.0 122.1 0.4 2086
42.0 89.1 131.1 0.5 2223
431 87.1 130.2 0.5 2196
44 .9 88.2 133.1 0.5 2261
"45.6 96.7 142.3 - 0.5 2382
43.8 94.1 137.8 0.5 2298
43.6 95.4 139.0 0.5 2325
43.5 92.5 136.0 0.5 2278
46.0° 121.0 167.0 0.7 2756
47.9 99.3. 147.3 0.5 2479
46.6 96.2 142.9_ 0.5 2414
45.5 100.5 145.9 0.5 2444
43.6 94.6 138.2 0.5 2298
44 .3 103.3. 147.6 0.6 2424
43.2 '105.3  148.5 0.6 243t
43.4 154.9 - 198.3 0.9 3135
42.2 114.6  156.8° 0.7 2518
42 .3 128.1- - 170.4 ~ 0.8 2696
41.6 119.1  160.7 0.7 257%
42.4 197.6 240.1 1.1 . 3760
44 .4 195.5 240.0 1.1 3830
44 .6 214.5 259.1 1.0 4284
-42.3 172.7 215.0 0.9 3447
43.4 164.0 207.4 0.9 3314
43.2 181.8 225.0 1.0 3534
- 42.6 169.6 212.2 1.0 3360
44 .2 191.4 235.6 1.1 3713
43.0 179.8 222.8 1.0 3522
44 .8 145.8 190.6 0.8 3056
44 . 1 152.4 -196.5 0.9 3117
44 .6 '149.3° 193.9 0.8 3100
44 .9 165.0 210.0 1.0 3295
46.0 186.9 233.0 1.1 3676
47.4 2139  261.3 1.1 4196
1 46.9 0 193.3  240.2 1.0 3891
46 .1 162.3 208.3 0.8 3442
45.9 133.7 179.6 0.7 2950
45.6 174.2 . 219.8° 1.0 3473
44 .1 195.2 239.3 1.1 13732
42.6 162.2 204.7 0.9 3286
41.4 158.6 201.0 0.9 3228
40.7 163.7 204.4 - 0.9 3216
39.7 125.4 " 165.0 0.7 2649
40.5 188.5 229.0 1.0 3620
44 .0 183.4 237.4 0.9 ~ 3913
43.3 9 3 -0.9

183.

227.

3730
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Barn FS-1
TIME TPIN TPOT TPAT  DPIN DPOT. RLHM . VENT
1 6.9 -16.6 ~-12.8 1.0 -22.4 66.0 2711
2 7.4 -16.8 -13.3 1.7 -22.2 67.1 2850
3 7.4 -17.1  -13.5 2.5 -22.1 71.0 2877
4 7.7  -17.5 -13.7 2.7 -22.4 70.6 2940
5 6.6 -17.7 -14.0 1.8 -22.9 71.4 2812
6. 6.4 - -18.0 -14.0 1.8 -23.1 72.4 2777
7 6.3 -17.9 -14.2 1.7 .-22.9 72.4  280¢
" 8 6.8 -17.6 -14.3 1.5 -22.5 68.9 2869
ol g 6.5 =-17.4 -14.8 2.3 -22.5 74.5 2711
10 6.2 -17.5 -14.4 1.8 -22.4 73.4 2724
11 5.9 -18.1 -14.7 2.3  -23.4 77.7 2661
12 5.6 -18.1 -14.8 2.5 '-23.6 80.4 2733
13 5.8 .-17.8 -14.7 2.2° -23.9 77.6 2846
14 6.2 -18.4 -14.9 , 2.5 -24.3 77.1 - 2726
15 6.6 -19.1 -15.0 2.3  -25.2 74.0 2781
16 6.7 -19.3 -15.1 2.8 -25.4 76.1 2743
17 7.3 -18.2 -14.8 . 2.7 -24.7 72.6 2822
6.6 -17V9 -13.9 3.7 -25.4 81.7 2748
6.3 -17.2 -13.0 1.0 -25.1 68.8 2602
7.8 -16.9 -“11.5 2.3 -24.4 68.1 2583
7.7. -17,0 -10.8. 2.2 - -24.6 68.1 2583
7.7  -17.7  -10.1 1.8 -24.6 66.2 2509
8.2 -18.0 -10.1 2.2 -25.0 65.8 2555
8.0 -18.4 . -10.7 2.5 -25.8 68,2 2496
7.1 -18.9 -11.8 1.7 -27.5 68.5 . 2492
7.5 -20.2 -13.1 2.7 -29.5 71.6 2473
6.6 -22.6 -14.86 2.0 -29.1 - 72.4. 2304
5.1 -=24.2 -16.0 0.8 -32.7 73.7. 2234
4.4 -25.3 -17.1 0.7 -31.7 76.9 2176
4,2 -26.2 -18.1. 0.3 - -32.0 ~75.7 2114
4.0 =-24.6 -18.5 0.5 -28.0 _77.9 2144
4.0 -22.6 .-18.5 0.5 -25.9 '77.9 2092
4.2 -21.0 -18.1 1.2 -25.6 80.8 2210
4.5 -20.9 -17.8 1.0 -25.3 " 78.0 2217
4,5 -21.0 -17.8 1.2 -25:9 79.1. 2122
4.1 -21.3 -17.9 1.2 -27.1 81.4 2112
4.5 -20.4 -17.7 0.8 -25.7 76.9 2340
4.6 -20.0 -17.7 1.0 -25.6. 77.4 2195
- 5.0 -19.2 -17.4 1.7 -25.1 79.2 2225
5.1  -18.8 -17.1 1.7 -24.86 78.6 2356
5.6 -17.7 -16.2 1.7 -24.1 76.0 2217
6.3 -16.0 -14.7 = 1.7 -23.3 72.4 4805
4.7 ° -14.2 .5 W5 -22.2 79.7 4542
7.6 -13.5 .0 1.3. -22.0 64.3 6077
9.5 -12.9 .6 5 -21.6 66.1- 5664
9.7 -13.8 .9 3.2 -21.3  63.9 5481
10.0 -14.3 .7 3.7 -21.8 64.9 5415
9.3 -15.5 .4 3.3 -22.3 66.1

5345
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Barn FS-1 - Page 2

COND SUPP.  VHEAT  THEAT . MOIS. SENS

39.8 35.1 165.9 170.7 0.9 2485 ~
.43.7 34.3 180.7 190.1 1.0° 2772
45.7° 32.9 187.5 .200.3 1.1 2897
45.1 33.7 "196.3 207.7 1.1 2999
42.5 35.6 180.2 187.1 1.0 2705
42.3 37.2 178.4 183.5 1.0 2644
41.8 - 37.4 179.2 - 183.6 1.0 2643
42.1  36.3- 182.6 188.4 1.0 - 2742
41.1 35.5 173.6 179.2 1.0 2544
39.6 35.7 171.4. 175.3 1.0 2505
39.4 35.7. 171.8 175.4 1.0 2476
36.2 735.8 176.1 179.5 1.0 2506
40 0 36.0 181,5 185.6 1.1 2608
40.3 35.6 180.2 184.8 1.1 2612
42.1 34.2 188.8 196.7 1.1 2839
41.8 34.3 190.0 197.4 1.1 2823
38.2 36.1 191.7 193.8 1.1 2733
31.4 36.5 187.0 181.9 1.1 2418
26.1 36.8 /161.1- 150.5 0.9 2079
31.7 35.6 169.6 . 165.7 1.0 2302 -
33.9 36.0 169.3  167.2 1.0 2339 ¥
35.0 36.4 166.1 164.7 0.9 2352
37.4 35.7 174.4 176.1 1.0 2530
39.1 36.3 173.0 175.8 1.0 - 2515
42.4  35.0 168.9 176.3 0.9 2576
43.7 37.1 179.7 186.3 1.0 2694
44.2 36.4 171.6 179.4 0.9 2680
42.4 37.8 164.5 ° 169.1 0.8 2561
42.5 38.8 161.7 165.5 0.8 2520
43.0 39.4 158.8 162.4 0.8 2506
41.5 39.6 153.6 155.5 0.8 2362
40.3  39.3 141.4 142.3 0.7 2127
40.0 38.9 145.7 146.7 0.8 2128
40.3 38.9 146.0 147.4 0.8 _ 2157
40.6 41.1 141.0 140.5 0.8 2035
40.3 41.3 140.6 139.6 0.8 2011
41.9  41.1 151.4 152.2 0.8 2219
44.2 39.0 141.3 146.5 0.8 2144
41.6 38.2 143.6 147.0 0.8 2101
40.6 37.9 150.4 153.1 0.9 2177
38.6 39.2 1386 138.0 0.8 1982
30.2 -38.2 290.1 281.2 1.8 3841
26.2 38.5 244.6 232.3 1.6 2992
31.3 . 37.6 44U 1 340.2 2.1 4667
39.3 3%.2 353.5 357.6 2.3 4789
41.0  .-:6 349.6 356.0 2.2 4905
43.4 27 4 33,2  367.2 2.3 5055
43.6 . 9 356.3 °365.0 2.2 5098
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Barn 71S-2 - Page 2 Lo - .- Lo e
COND  SUPF  VHEL™  THELT  MCIS  SENS ;
C31.1 . 287.6 2887 Z.1 8Lk
31.9 " 262.¢ 2958 B 287C
31.8 237.6 . 3¢ ¢ S 2788 :
33.7 «  * J&c.g 287 3 7 Z7eE -~
32.8 IS4 287 - & 28BE
31.7 226. 7% 257 8 S 28%7
31.5 238.8 ¢ 27&.° B, 20IE
31.2 250.2 ° 28" .4 CLE-LEAETL ‘
31.7 262, 2837 ZhmeT s 3000 . ’
31.2 © 2546 -285.87 e 8023 -
32. 1 271.2  308..3 18 f323C
31.5 250.1  ZEyNE C TU40 0308: .2
32.8 . 260.8%. 283.3: .u.& 3287 v
36.7 284.8 327™€. 7 g 38R Cw S
34.6 ~246.6 283120 .1 Za744 ip
- 33.5 . 246,20 S27¢.7 L, 302 o
29.6 210.0 -+ 23¢.6 - .2 2684
3.7 $220.4  251.G¥: 1.3 2758 R
30.7 220.4.- 2510 ~71.3° 2756 e
25.4 210.0 - 235.4 1.4 2371 ,
25.6 216.9 242.5 1.4 2402 e Gyt
26.5 207.5 233.0% 1.4 2297 v
26.5 204.9. 231.5 1.4 ° 2266 . st
28.9 232.9° 261.8 1.6 - 2544 - &
- 31.9 267.7+ 299.7 . 1.& 2915 -
31.4 237.5. 268.9 " 1.6 2758 ;
33.3 261.7% 285.1 1.7 2988
32.4 - 255.0 287.4 1.8 2771
31.2 252.2 283.4 1.8 2708 -
32.1 254.5 ,286.7 1.8 2761
32.4 266.9 299.4 1.9 2790
33.1 285.4  318.5 2.0 3014 , .
32.9 282.4 " 315.4 - 2.0 3004 .
-32.0 272.2 304.2. 270 2808
~31.8 276.8: 308.6 2.0 2847
32.2 0 269.0 301.2. .1.9 2843
33.9 280.7 314.6 . 1.9 3070 ot
36.2 308.7 .344.9. 2.2 3291
3255 .. 247747 %279.9gf1116 2857
30.8 1 .219.7.. 725045, 1.5 - 2509
28.1 ¥ . 217.3 . 245.4 1.5 . 2356 ‘
“28.1 Ho 21773, f24554g_ 1.5 23%° »
25.5 . ©261.8 -287.3 2.1 2¢
24.9 . 214,40 .239.3 .. 1.6 220.
24.9 219.8 244.6 1.8% 2062
27.3 222.6 .249.9 118 2472
2749 230.9 258.8 1.9. 2922
29.1 225 - 254.2- 1.8 2213 ., .
. T E
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COND  SuPFP VHE LT ThILT SENS
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