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PREFACE

It has been difficult to avoid some personal bias in the topics discussed and the problems identified. If there is,
for example, an emphasis on intensive housing in the temperate zones, this is simply because it is where the writer's
experience lies.
The note is not intended as a "vade-mecum" to current practice or design in animal housing. Constructional

details, intemallayouts, feeding systems, bedding and muck-disposal systems, etc., may all contribute to the total
enviromuent experienced by the animals. Such factors are only considered when they impinge on the physical environment, as this would be interpreted by most meteorologists.

C. V. Smith

FOREWORD

The internal climate of agricultural buildings used for the housing of animals, and the related questions of
construction, control, siting and the effects of external weather are subjects of considerable economic importance,

especially because they involve capital expenditure and development planning.
The Commission for Agricultural Meteorology, at its fourth session (Manila, 1967), recognizing that rapid progress was being made in the design of housing provided for farm animals and that agricultural meteorologists could
render considerable assistance in the assessment of indoor meteorological conditions, decided to appoint a rapporteur
to review and report on recent developments in problems concerning meteorological aspects of indoor climates for
housed animals.
This Technical Note, entitled "Some environmental problems of livestock housing", was prepared by the rapporteur, Mr. C. V. Smith, and it is with great pleasure that I take this opportunity of expressing to Mr. Smith the
appreciation of the World Meteorological Organization for the time and effort he has expended in preparing this
valuable report.

•
t:::> . ~.,
..
.....
.
D. A. Davies
Secretary-General

SUMMARY

Chapter I makes the point that in animal housing, bigger units are not necessarily better units, and introduces
the concept of the quality of the environment.
Chapter 2 considers briefly the thermal environment and the physical processes affecting the heat balance of
the animals; it provides examples of the consequence of permitting significant departures from the thermoneutral
zone.

Chapter 3 is concerned with the quality of the environment and looks at the relevance of contaminants, such
as chemical pollutants and airborne particles and organisms, to the well·being of the animals.
Chapter 4 discusses various arrangements for fan-assisted ventilation systems, but emphasizes that, first, one

should take the greatest possible advantage of the local climate before carrying out expensive measures to modify or
exclude it.
Chapter 5 deals with the pattern of air movement around individual buildings and groups of buildings, since
wind pressures affect both natural and fan·assisted ventilation systems.
Chapter 6 examines the role of air movement in controlling the heat load imposed both on the individual
animal and on the animal house regarded as a unit. The importance of the air-distribution system for the quality of
the environment is emphasized. The behaviour of air jets and thermally induced motions is looked at in some detail.
Comments are made on the volume flow through, and the air velocities within, naturally ventilated houses.

Chapter 7 discusses the concepts of ventilation rate and transfer index.
Chapter 8 deals with recent developments in instruments and techniques which monitor the thermal environment, low air speeds, ventilation rate and airborne particles within buildings. Methods of examining the pattern of
air movement within and between farm buildings are covered by a reference to tracer and modelling techniques.
Chapter 9 is concerned with the management problems of attitudes, objectives and performance in agricultural
meteorology.
Chapter lOis concerned with technical problems of continuing interest in the general area of animal housing.
It suggests that the problems of engineering a satisfactory thermal environment will, in the not too distant future,
become largely routine. It suggests that limitations to housed animal production will turn increasingly on matters of
health and hygiene.
The cost of achieving environments of a satisfactory quality can be great, and it is likely that the meteorologist will, more and more, be faced with a demand that climate, weather and environmental factors be translated
into economic terms, so that a rational choice between investment decisions can be made.

There is a list of references at the end of each chapter and a general bibliography at the end of the publication.

RESUME

Le chapitre I met en evidence Ie fait qu'en matiere de logement des animaux les installations les plus grandes
ne sont pas fOleement les meilleures et introduit la notion de qualite de l'environnement.
Le chapitre 2 examine brievement l'environnement thennique et les processus physiques qui agissent sur l'equilibre thermique des animaux; iI mantre par des exemples les consequences qu'il y a a s'c-carter exagerement de la zone
de neutralite thermique.

Le chapitre 3 est consacre ala qualite de l'environnement et considere l'influence sur Ia sante des- animaux, des
agents de contamination tels que les polluants chimiques et les particules et organismes vehicules par I'air.
Le chapitre 4 analyse divers systemes qui peuvent etre utilises pour assurer la ventilation forcee des biitiments,
mais insiste sur Ie_fait qu'aD doit, en premier lieu, tirer paIti au mieux des caracteristiques du climat local avant de
S6 lancer dans de col1teuses depenses pour essayer de carriger celui~ci au de creer un climat totalernent artificiel.
Le chapitre 5 traite de la circulation de I'air autour de chaque biitiment et autour des groupes de batiments,
etant donne que la pression exercee par Ie vent a des consequences sur Ie fonctionnement des systemes de ventilation naturelle et foreee.
Le chapitre 6 examine quel role joue la circulation de I'air dans la regulation des contraintes thermiques imposees au hiveau de ehaque animal, ainsi qu'a eelui de l'ensemble du local ou sejoument les animaux. Dans ee ehapitre,
I'auteur insiste sur l'importance du systeme d'aeration pour la qualite de l'environnement. 11 analyse egalement les
conditions de fonctionnement des bouches d'aeration et les mouvements de l'air d'origine thermique. 11 conelut par
diverses observations sur Ie debit et sur la vitesse de circulation de l'air al'interieur des immeubles aventilation
naturelle.
Le chapitre 7 expose les notions de rythme de renouvellement de I'air et d'indice de transfert.
Le chapitre 8 traite des progres accomplis recemment en matiere d'inslruments et de techniques pour la surveillance et Ie controle de I'environnement thermique, des faibles vitesses de circulation de I'air, du rythme de
renouvellement de l'air et des particules en suspension a]'interieur des batiments. L'auteur mentionne l'utilisation
des traceurs et des modeles pour etudier la circulation de I'air a I'interieur des batiments agricoles et entre ceux-c!.
Le chapitre 9 porte sur les problemes de gestion en meteorologie agricole (attitudes, objectifs et rendement).
Le chapitre 10 aborde les problemes techniques d'interOl permanent qui se posent dans Ie domaine general du
logement des animaux. L'auteur pense que, dans un avenir relativement proche, la realisation d'un environnement
thermique satisfaisant deviendra un probleme tres courant. 11 pense qu'en matiere de production animale les questions
de sante et d'hygiene joueront un role de plus en plus determinant.
La realisation d'un environnement de qualite satisfaisante peut se reveler coilteuse, et il est probable que Ie
meteorologiste sera de plus en plus souvent appele a convertir les parametres relatifs au climat, au temps et a I'environnement en donnees economiques pour permettre aux interesses de 5e prononcer rationnellement sur les investissements a faire.

Ala fm de chaque chapitre on trouve une liste de references, et une bibliographie generale

ala fin de I'ouvrage.

PE3IDME

B

rJIaB8

1

yKaBhlBaeTcfl, qTD

IIpM co.n;epmaHMH

GOJIee RPYIIHbl8 6JIOKH
oKpymalOII..J;ei'i cpeAhl.

ffiHBOTHblX B nOMeIIJ;8HHH

. Heo6HBaTeJIhHO flBJIHIOTCfl .rryqmHMH 6JIOKaMH H BBO;IJ;HTCR IIOHflTll8 KaqeCTBa

B rJIaBe 2 KpaTKo paeeMaTpHBaeTell TepMll'leeKall oKpymalOI.I1all cpel\a H XIIMH'leeKHe npOI\eCebI,
BJIHHIOrn.H8 Ha TeUJIOBoft 6aJIaHC JRHBOTHhlX ; B HeM rrpHBOAHTCH IIpHM8pbI IIOCJIep,CTBHfi BHaQHT8JIbHOrO

OTX0JI.a OT TepMOHefiTpaJIbHOH BOHbI.

rJIaBa 3 KaeaeTell Ka'leeTBa oKpymaIOI.I1eli cpeAbI, H BHeli paeeMaTpHBaeTell BJIHllHHe BarpllBHllIOI.I1I1X
B8m8CTB, TaR.HX HaR XHM1PIeCRHe BarpRBHHIOIIJ;ne BeIIJ;8CTBa H nepeHocHMbl8 no BOBAYXY qaCTHIJ;bl 11
opraHHBMhl, Ha COCTOHHM8 ffiHBOTHMX.

B

PJIaBe

4

o6cymp;llIOTcH paBJUFIHhl8 CHCT8MbI rrpHHYAHT8JIbHOfi B8HTHJTflIJ,HH, HQ rrOp;qepKHBaeTcH,

qTO, BO-nepBl>lX, CJIep;yeT B BOBMOlliHO 60JIbIIIeii C-T8rr8HH HCIIOJIbBOBaTb M8CTHblft RJIHMaT P;O Toro)
Halt IIpHHHMaTb p;oporOCTOHIIJ;n8 MepIiI liD HBM8H8HHIO HJIlI HCRJIlOqeHliIlO ero.

rJIaBa

5 KaCaeTell xapaKTepa I\BHmeHHll B031\yxa BOKpyr OTI\3JIbHbIX 31\aHHit H rpyrrrr 31\aHHli,

TaR RaR AaBJIeHHe Berpa ORaSbIBaeT BJIHHHHe RaR H1:i eCTecTBeHHylO, TaR H Ha rrpHHYAHTeJIhHyIO
CHCTeM:bI BeHTHJIHIJ;HH.

B

rJIaBe

6

paccMaTpHBaeTC.fI POJIhABHmeHMR BosAyxa Ha ROHTpOJIb TerrJIOBOH HarpysRM, ROTOPOH

nOABepralOTc.fI RaR OTAeJIbHbIe mMBOTHl:Je , TaR M 6JIORM B :u;eJIOM. IIOAqepRHBaeTc.fI BamHOCTb CMCTeMbI

paenpel\eJIeHHll B031\yxa I\JIll Ka'leCTBa oKpymalOI.I1eli Cpel\bI. HeeKOJIbKO rrOl\p06Hee paceMaTpHBaeTeH
IIOBeAeHlle BOBAYIIIHbIX cTpyfi M ABHiReHMe BosAyxa rrOA BJIMHHMeM TerrJIa. PaCCMaTpHBaeTCfl
Borrpoc rrOTOKa BosAyxa II CKopOCTefi BosAyxa B rrOMem;eHH.fIX C eCTeCTBeHHofi BeHTMJIHIJ;Mefi.

B

rJIaBe

rJIaBa

8

7 paCCMaTpHBalOTC.fI

BonpOCbI CKOpOCTM BeHTMJI.fIIJ;HH H Roa<PtPHIJ;HeUT rrepeHoca.

RaCaeTC.fI HOBeMIIIHX paspa6oToR rrpll6opoB M MeTOAoB AJIH Ha5JIIOAeHHH sa TerrJIOBOfi

oKpymalOm;eH cpeAofi, HHSRHMR CROpOCTHMM BOBAyxa, CROpOCTbIO BeHTHJI.fIIJ;HH M qaCTMrqaMM,
nepeHocMMbIMM BOBAyxOM BHyTpM Sp,aHM.fI. MeTop,bI MsytIeHM.fI xapaKTepa ABMmeHM.fI BosAyxa BHyTpH
SAaHHH H Mellip;y s,n;aHHHMH paCCMaTpMBaIOTCH B CBR3H C MeTop;aMH TpaCCHpOBBlIMfl H MOp;eJIMpOBaHMR.
rJIaBa

9

RaCaeTC.fI opraHHSaIJ;HOHHbIX np05JIeM B CB.fISH C Sap;aqaMR, IJ;eJUIMH H p,e.flTeJIbHOCTbIO

no C8JIhCKOxosHitcTBeHHofi MeTeOpOJIOrHH.

10 RacaeTCH TeXHHtIeCKHX rrp06JIeM , rrpep;CTaBJIHIOm;HX 06m;HM HHTepec IIpH pasMem;eHHH
lliHBOTH:bIX. B HeH Yfl:aSbIBaeTCH, 'ITO rrp06JIeMl:J cosp;aHHR y,n;OBJIeTBOpHTeJIbHOfi TenJIOBOH oRpymaIOm;eH
rJIaBa

cpe]l;l:J B HeAaJIeROM 6YAym;eM cTaHyT B OCHOBHOM 06IJtIHbIMM.

B

Hefi rOBOpHTC.fI , 'ITO OrpaHHtIeHHR,

cAepmHBalOIQHe rrpOHSBOACTBO mHBOTHbIX B rrOM8IJJ;8HHHX, Bce 60JIhIII8 6y.n;yT RacaTbCH B 6YAym;eM
BorrpOCOB BeTepHHapHH H rHrHeHbI.
CTOMMOCTb 05eCrretIeHHH oRpymalOm;eH cpeAM yp;OBJIeTBOpHTeJIbHOrO RaqeCTBa MOJ'KeT 5bITb
60JIbIIIOH: H, BepO.flTHO, rrepeA MeTeOpOJIOrOM Bce qar:u;e H qaru;e 6yp;eT BosHHRaTb rroTpe5HOCTb
B orrpe]l;8JIeHHH IiJIHMaTa, rrorOAM H epaRTopOB oRpymalOll.J;8H: cpeAbl B 8ROHOMHtIeCRHX BblpameIUHIX ,
C TeM qTOOhl paIJ;HOHaJIbHO peIIIHTb BOllpOCM KanHTaJIOBJIOmeHHfi.

B

ROHIJ;e KamAoft rJIaBbI rrpHBoAHTCH crrHCOR JIHTepaTyphl, a B ROHIJ;e rry6JIHRaIJ;HH MMeeTCH

06I.I1l1it 6H6JIHOrpaq,H'leCKHit errlleOK.

RESUMEN

Capitulo 1. - Se manifiesta aqui, con respecto

at alojamiento de los animales, que las estructuras mayores no

son necesariamente las mejores, y se introduce el concepto de calidad del medio ambiente.
Capitulo 2. - Se estudia brevemente el medio ambiente tennico y los procesos fisicos que afectan al balance
calorifico de los animales; contiene ejemplos referentes a lasconsecuencias que resultan del hecho de permitir que
se produzcan desviaciones significativas con respecto a la zona termoneutra.

Capitulo 3. - Trata de la calidad del medio ambiente y estudia los efectos que los agentes contaminadores, tal
como productos quimicos, particulas y organismos contenidos en el aile, ejercen en el bienestar de los animales.

Capitulo 4. - En el se estudian los distintos dispositivos empleados en los sistemas de aireacion mediante ventiladores y se pone de manifiesto que, en primer lugar, se deben aprovechar al maximo las posibilidades que ofre.ce el
clima local antes de tamar medidas costosas para modificarlo a excluirlo.
.
.
Capitulo 5. - Trata de la estructora del movimiento del aire alrededor de cada uno de los edificios y grupos de
edificios, ya que la presion del viento afecta a los sistemas de ventilacion tanto naturales conio artificiales.

Capitulo 6. - Estudia la funcion que ejerce el movimiento del aire para controlar la carga de calor impuesta a
cada uno de los animales y al conjunto de alojamiento considerado como una unidad. Se indica la importancia que
tiene el sistema de distribucion de aire para la calidad del medio ambiente. Se estudia con algiln detalle el comportamiento de los chorros de aire y de los movimientos producidos por induccion terrnica. Se formulan comentarios
sobre el volnmen del flujo de aire y sobre las velocidades del aire dentro de los alojamientos dotados de ventilacion
natural.
Capitulo 7. - Seestudian los conceptos de velocidad de ventilacion y de indice de transferencia.
Capitulo 8. - Trata de los recientes progresos realizados en materia de instrumentos y tecnicas destinados a
controlar el medio ambiente tennico, el movirniento del aire a baja veloddad, la intensidad de ventilacion y las particulas que existen en eJ aire dentro de los edificios. Los metodos destinados a estudiar el recorrido del movimiento
del aire dentro de los edificios agricolas, y entre dichos edificios, se explican haciendo referencia a las sustandas
trazadoras y a las tecnicas de modelos.
Capitulo 9. - Se estudian aqui los problemas de gestion relacionados con los conceptos, objetivos y rendimiento aplicados a la meteorologia agricola.
Capitulo 10. - Trata de los problemas tecnicos que siguen siendo de interes dentro del tema general de alojamiento de los animales. Se sugiere aqui que los problemas refere.ntes al disefio de edificios, con objeto de obtener un
ambiente terrnico satisfactorio, se consideraran en un futuro proximo como absolutamente habituales. Tambien se
sugiere que las limitaciones relativas a la cria de ganado estabulado se referiran cada vez maS a las cuestiones de
salud e higiene del ganado.
Los gastos necesarios para conseguir un medio ambiente de calidad satisfactoria pueden ser enormes, y es muy
posible que cada vez mas los meteor610gos tengan que hacer frente a la demanda de que el clima, el tiempo y los
factores ambientales sean expresados en funcion de tenninos economicos, con objeto de que se pueda hacer una
elecci6n radonal entre las distintas posibilidades de inversion que se ofrezcan.
AI final de cada capitulo se agrega una lista de referencias y la ultima parte de la publicacion contiene una
bibliografia general.

CHAPTER I

ANIMAL HOUSING: CURRENT THINKING, CURRENT TRENDS

Animals may be housed intensively because economic advantages accrue from large-scale operation and specialization, but primarily they will be housed because the individual animal is more productive, or produces more efficiently, under some amelioration of the general external climate (and the external climatic extremes). These are the
usual arguments and expectations.
In practice, the animals demonstrate that they are complex biological organisms and not machines. The size of
the most efficient unit may be dictated not by the economics of diminishing marginal returns, but rather by the
refusal or inability of the individual animals, when housed en masse, to produce as efficiently as when they are
managed in small groups. Failures do not get written up and publicized, and so it is difficult to fmd examples in the
literature which make this point. Sainsbury (I) offers some general evidence over the whole range of farm stock.
More detailed evidence for poultry is supplied by Emmans (2) where broiler size at the end of the normal eight-nine
week period has been shown to be a function of flock size. Murray (3), in looking at the effect of stocking density
on hatching egg production, shows that a very high level of production per bird must be achieved before an increase
in the number of birds per unit area of floor results in an increase in profit margin.

A comparison of the physical appearance of laying birds at the end of their first season, when caged and
housed under the optimum thermal environment, and when permitted free range under minimal housing, is instruc~
tive. The conclusion one is forced to draw from this and similar examples with other animals is that the physical
environment provided is not necessarily of itself a complete measure of the total environment which the animals
experience. The quality of the environment can in part be reduced to physical terms, but in the fmal analysis still
retains an unquantifiable element associated with the way in which the animals are managed. Stockmanship requires
both keen observation and an understanding of how the animals are likely to react to change.
In the business world we have the concepts of span of responsibility and span of control, and the suggestion
that a manager should always have responsibility for a few more subordinates than he can really take care of, in
order to prevent the temptation to supervise them too closely. The simple translation of ideas from the business
world and manufacturing industry to that of the farm would appear to be not without its hazards.
When housing animals, it has been usual to concentrate on the thennal environment that is provided, but
under intensive systems, the quality of the environment (however defined) inevitably intrudes. Sub-clinical effects
induced by unsatisfactory thermal environments, which with the animals in small groups might be taken in their
stride, are likely to become sufficiently magnified under the additional stress of intensive conditions to require
remedial action, either by more precise environmental engineering, or veterinary treatment, or both.
It is suggested here that the physical factors one can associate with the quality of the environment turn both
on the properties of the incoming air (and on the level of its contaminants) and on the properties of the air-distribntion system (and on its effectiveness in diluting or inhibiting locally generated contaminants).

REFERENCES
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CHAPTER II

THE THERMAL ENVIRONMENT

Stewart (I) in his analysis of environmental research needs on domesticated animals, offers a "partial listing of
parameters which merit consideration". The list contains 24 parameters and ranges, from "air temperature, humidity
and velocity, defmed as a vector quantity, through color and sound to isotopes and x-rays". This Note is not so
ambitious.

Our farm animals, like man, are warm-blooded. On average, and within fairly narrow limits, they maintain a
constant deep-body temperature. Their general physiological and behavioural characteristics, and their response to
the environment, can be inferred, if, for example, in WMO Technical Note No. 65, by Sargent and Tromp (2), for
"man", we read "farm animals". More specifically, for the individual species, the reader may care to refer to the
work of Blaxter (3) on ruminants, to that of Mount (4) on pigs, and that of Marshall (5) on poultry.
The essential body processes require work to be done and this expenditure of energy eventually appears as
heat. This is the basal rate of metabolic heat production and has to be dissipated to the environment if the temperature of the animal is not to show a progressive rise. Additional heat increments will arise due to movement and

activity by the animal, but a far larger additional heat increment will in general arise from the intake of food.
Despite the fact that the animals exchange heat with their environment by the processes of radiation, convection, conduction and evaporation, it is still not uncommon for animal physiologists, e.g. McLean (6), to describe the
environment effectively in terms of temperature alone, and when the environmental temperature approaches the
body temperature (around 39°C for all farm animals) to introduce ambient humidity as an additional parameter.
Obviously, as the temperature difference between the animal and its surroundings is diminished, the animal experiences increasing difficulty in dissipating metabolic heat. But to ignore the effects of air movement over the animal
may, in many circumstances - and as hnplied by Mount (4) - be to ignore the dominant component of the anhnal's
heat loss in cool climates, whilst Bond (7) and Bond et al. (8) are in no doubt of the significance of the radiation
heat load in hot clhnates.
Since it is the net effect of the independent processes of radiation, convection, conduction and evaporation
that is hnportant, and in order to stress this point, we prefer here to talk of environmental demand, rather than
environmental temperature. The environmental demand we take to be the rate at which heat (total heat) is transferred from the anhnal to the environment.

Over a limited range - commonly denoted by the thermoneutral zone - there is a ready balance between the
heat production of the animal and the environmental demand. Within this zone, the heat production of the animal
is largely independent of the environment and is prhnarily determined by the level and type of feeding. As the
environmental demand is lowered, appetite deminishes and a reduced food intake results in a lower heat production.
A reduced sensible heat loss will be compensated for by increased evaporative heat loss due to sweating or panting.
As the environmental demand increases beyond that of the thermoneutral zone, then despite reflex action to
increase tliermal insulation, such as a reduction of blood flow to the skin and the erection of coat hair, the animal
may still fmd it necessary to increase its heat production. To do this the animal requires more food, or if this is not
available, metabolizes body reserves and loses weight. Both of these processes are wastful.
It is evident from these facts that the productive efficiency of farm anhnals, measured in terms of meat or milk
produced per unit of food intake, is hnpaired under environmental conditions which take the anhnal outside the
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thermoneutral zone. Carcass quality is also likely to be poor, when the growth rate of the animals is slow and inefficient. And with pigs, for example, where the animals may be taken through to a nominated weight before slaughter,
the slower the throughput of the animals, then the smaller the return (from each individual animal) on the capital
invested in the housing.
Behavioural as well as physiological response to environment can also be of economic importance. Tail-biting
in pigs is one such example. Here the resultant wounds may lead to early disposal or even loss of the animal. Coyler (9)
is a recent writer on this particular subject and, in common with previous authors, includes am.ong his list of factors
contributing to the vice the occurrence of unsatisfactory environments, namely stale, humid atmospheres. Irving (10)
has remarked that "swine express their comfort or discomfort in terms that we (as individuals) understand" and
irritability under stifling atmospheres is certainly a re~ponse which the present writer can c0tllprehend. Sulman ef al.
(11) offer an association between heat stress (and its attendant changes in hormonal secretion) and clinical and
behavioural symptoms in man. No doubt their observations could be extended to heat·stressed animals.
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CHAPTER III

THE QUALITY OF THE ENVIRONMENT

Pollution, or contamination in general, may be broadly grouped into four classes:

- Particulates - such as dust and aerosols;
Viable material - including spores and pollen, bacteria, mites, viruses (and their vectors);
Chemical - gaseous, liquid and solid;
Radiation.
Airborne dust comprises dispersed solids of any shape, structure or density. It can be graded according to
fmeness and particle size may range from 1000 to 0.1 /lffi. The falling speed of these particles may be ·calculated
from Stokes's Law. (If for example a dust particle has a diameter of 10 /lm - just visible to the naked eye - and a
density of 1000 kg/m 3 , its dropping speed is of the order of 0.3 cm/s. The majority of dust particles range from
1-15/lffi in diameter; larger particles settle easlly).
Aerosols are solids or liquids distributed very finely in the air, with diameters from 0.001 /lffi to 0.1 /lm (haze,
fog, tobacco smoke - see Figure 1). They are no longer classed as dust, because they behave like gas molecules. They
do not obey Stokes's Law but instead perform Brownian molecular movements.
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Figure 1

In animal housing, dust and viable material can in some ways be considered as a single problem, since many
organisms will normally occur in association with larger particles.
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In the past, carbon dioxide levels and odours have been used to provide some measure of the need for ventilation. Nowadays we would say that air temperature and moisture content provide more satisfactory criteria, and if

these are met, then carbon dioxide levels are likely to be satisfactory also. However, gaseous chemical pollutants can
still represent a hazard in particular housing systems, for example where slurry is stored beneath the slatted floor
house (see Phelps (I)), or in deep litter poultry houses where ammonia can be a problem. (In the latter case, simply
to increase the ventilation rate is not necessarily the answer, if this means that the litter remains cold and damp and
does not "work". Supplementary heating alone, or in addition to increased ventilation, may be more advisable.)
Normally the other possible contaminants listed would not be relevant in animal houses, but one must always
be alive to the possibility of side effects of methods aimed at controlling pests (such as flies).

Presumably, also, animals as well as humans can show allergies to spores, pollens, mites, etc. and have respiratory diseases sensitive to, or initiated by, such organisms. We also have to remember that animal houses provide the
working environment for farm staff, and that standards of hygiene possibly acceptable for short-lived animais are not
necessarily acceptable for stockmen.
We are concerned with contaminants of the environment at two levels; first, the background concentration in

the supply air and, second, the local concentration achieved at points within the occupied zone in individual houses.
The following table from Leinhard (2) gives figures for the mean dust content of the air in various situations.
TABLE I

Location

Rural
Wet weather
Dry weather

Mean concentration
(mg/m')

Most frequent
grain size
(pm)

Largest grain
size
(pm)

0.05
0.15

0.8
2.0

25

0.4
0.75

7.0
20

60
100

3.0-and more

60

4

Urban
Residential areas

Industrial areas
Industrial regions
Dwelling rooms

1-2

Department stores

2-5

Workshops
Cement works

1000

1-10
100-200

Under intensive livestock conditions, particularly where the allhnals are dry fed, we presumably operate
somewhere close to the bottom of the table.
Medical evidence suggests that dust may be a direct respiratory irritant to humans and that indirect effects and
a predisposition to respiratory disease may also arise from this cause. Harry (3) put forward the idea that dust is to
be included among the environmental factors predisposing poultry to disease. Anderson, Beard and Hanson (4) found
no difference between dust-irritated birds and controls when they were exposed to Newcastle disease virus, but one
should perhaps remember that the same authors themselves reported in 1964 (5) that the gaseous irritant ammonia
could predispose the respiratory tract to infection. So it seems likely that a dust irritant might also be a factor in
infection, though admittedly the documented evidence for farm animals is not as conclusive as the medical literature
on the effect of dusts on humans.
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Evidence that micro-organisms may travel through the air attached to larger particles is suggested by
Bourdillon (6), Mackay (7), Burnet (8), Downie (9) and Gordon (10).
More recently in the animal field we have the work of Smith (II) on Newcastle disease and the well documented work of Smith and Hugh-Jones (12) on the spread of foot and mouth disease. The greatest single cause of
mortality in the modern commercial chicken is Marek's disease. Airborne transmission of infection has been described
by Sevoian, Chamberlain and Larose (13) and Colwell and Schmittle (14).
In recent work, Lewis et al. (15) investigated the micro-environment and the convection currents that become
attached to, and encapsulate, the human body. The concentration of bacteria/dust particles that occur in such currents is shown to be greater than that which occurs in the room air. Part of the attached current is inhaled at each
breath. Whilst animals admittedly do not have this same erect posture as humans, we must recall the observation of
Daws (16) that walking at nonnal speed induces eddy motions with velocities of the order of I mis, i.e. two or three
thues greater than those that would arise from the individual animal purely by convection.
Under intensive housing, with the animals in close physical proximity, Donnal movement will ensure some
interference with these convective currents, and cross-contamination, through entrainment into these convective currents. The existence of such convective currents possibly goes some way to account for the -seasonal variation in the
occurrence of coughs, colds and respiratory disease both in animals and in humans. A lowering of the ambient air
temperature increases the speed of convection, the volume flow of contaminated air past the nose is increased and
the degree of exposure to contamination is correspondingly increased. With intensively housed animals, there may

not be a great seasonal change in the environmental temperature which they experience: but if winter temperatures
are kept high by diminishing the volume of air passing through the house, the concentration of contaminants in the
room_air that is breathed is likely to be greater in winter than in summer.

Housing and ventilation control systems of poultry are commonly technologically in advance of the systems
used for other stock, and developments in poultry housing can act as pointers to future change elsewhere. It now
seems likely that desquamated feather follicle cells are the most important source of infection for Marek's disease
(Calnek et al., (17)), and it is not surprising therefore that dander, poultry dust and litter have been shown to be
infectious and to remain so, for periods of up to four, six and 16 weeks respectively (Beasley et al. (18); Jurajda
and Klimes (19); Witter, Burgoyne and Bunnester (20)).
Attention to hygiene is obviously one facet of disease control and it is for this reason that Biggs (21) foresees
the extension of positive pressure, fIltered-air ventilation systems in commercial poultry practice. If the air is introduced at ceiling inlets, projected downwards and extracted at floor level (the whole air-supply air mass moving
down as if in a piston), then such a system approaches the laminar-flow room discussed by Hall (22); it should
minimize rising dust and go some way to neutralize the convective motions which the birds induce.

Apart from the direct effects of air movement (i.e. through dilution) on the concentration of contaminants
observed, the contaminants themselves may show a direct response to other environmental factors.
Really high humidities, such as are found in "sweat-box" piggeries, will in general prove unacceptable, because

of the unpleasant working conditions they entail for staff and beGause of the rapid deterioration of the structural
materials. For these reasons, it may only be of passing interest that Gordon (10) found low bacterial counts in such
houses. The inference is that dust particles provide condensation nuciei and that the droplets fanned also scour the
building air as they are removed by sedimentation, under the poor air movements implicit in such houses.

More recently, Hayakawa and Poon (23) have been concerned with the lethal effects of the rapid evaporation
of water droplets on associated bacteria.
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Viruses are the main causal agent of poultry respiratory disease. Akers et al. (24) show that the survival of
certain viruses is of shortest duration (at 26°C) within the relative humidity range 40 per cent to 60 per cent, and
longest at very high or very low humidities. Again there may be practical difficulties in providing atmospheres of
extreme humidity. On the one hand we have the suggestion that low absolute humidities may predispose the respiratory tract to infection; at high humidities, condensation problems can arise, and in poultry systems employing
litter which remains wet and cold there is the likelihood of increased parasite problems.
Much evidence has recently been accumulated of the part that mites playas vectors in tran.mission of pathogenic organisms - (see Hugues (25)). As in other groups of animals, the larger suborders of mites contain species
which have linked their lives with those of other animals. The nests of birds, rodents, insectivores and social insects all
have a large population of mites, some living on minute particles of food or on the general organic detritus accumulated by any animal household. From sharing an animal's house to feeding on the animal itself is only a short step
and one to which many mites have the necessary adaptation. Brady (26), (27) has examined the occurrence of mites
in poultry houses apd discusses their possible role as vectors of Marek's disease. The relevance of the environment

for mites is shown by the fact that, as a group, they have developed no great tolerance for dry surroundings and
are particularly susceptible to dessication. There is of course, also some dependance of the rate of reproduction, etc.

on temperature.
Although, as meteorologists, we may be asked to comment on the relevant disposition of animal houses to
minimize the risk of airborne

cross~contamination,

our questioners have to be made to realize that there will inevi-

tably be situations when the fetch of the wind will be from one house to another, no matter where they are
located. Where the separation involved is to be measured in kilometres rather than metres, then the work of
Pasquill (28) can afford some guide to the background level of contamination in the ventilating air.
For the individual house (as smoke tests will show), it is not unknown for some of the air from the ventilation
outlets to pass fairly directly to the inlets again. Since cross-infection within the house is ahoost inevitable anyway
(because of the turbulent air motion within the house), this pattern of external air movement may be less critical
than the internal pattern of air movement that follows from the air-distribution system. However, with several
houses on one site it is possible that the air leaving one house may pass fairly directly into an adjacent house. Field
experiments with, say, fluorescent particle traces will demonstrate this (and incidentally demonstrate the efficiency
or otherwise of air-ftltration systems). Patterns of air movement over groups of houses are discussed in a later
chapter.
Despite all that has been said, it is perhaps as well to be aware that air pollution may not always be a completely one-sided, deleterious affair. Druett and May (29) and May et al. (30) report on the "open-air factor" and
on the effect of airborne pollutants on the viability of organisms exposed to them.
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CHAPTER IV
BUILDING CHARACTERISTICS

Obviously ventilation systems cannot be discussed independently of what is seen as the purpose of the housing
and which of the energy-exchange processes (between the animal and the environment) the housing sets out to
modify; the sense of the modification is also important, Le., whether our problem is seen as one of heat conservation, heat dissipation, or both, at different times.
In animal housing, where economics imply a preference for simple structures and simple "environmental
control" systems, we are led towards making use of the natural environment as far as possible - optimizing the local
climate, in fact - rather than to devising expensive measures to exclude it. TIlls in tum means that we have to aim
at simple, permanent solutions, for example through choice of site and orientation, through building form and construction, rather than through the elaboration and improvement of simple climate·control systems, such as for example
desert (evaporative) coolers. We have also to bear in mind that the solution adopted (in terms of the ventilation/cooling, insulation, thermal capacity of the building, etc.) to cope with the more extreme season of the year (or even the
more extreme part of the day) should have no undue adverse effects at the less frequent or less persistent opposite
extreme.

In the tropics and sub-tropics, with high ambient temperatures, high solar radiation, and possibly high humidities, the housing provided has to minimize the radiation load placed on the animals by direct and diffuse, sky and
ground radiation, and to maximize the remaining convective, conductive and evaporative paths for heat loss to the
environment. This would seem to imply open structures and so natural ventilation, in order to cool the individual
animal, to minimize the temperature lift that would occur with intensive stocking, and to prevent internal surface
temperatures rising above the shade temperature. Judicious siting has to maximize the natural air flow through
narrow-span and well-spaced buildings. Advantage has to be taken of natural and artificial external structures which
could serve to funnel air through the house. Orientation has to take account of local winds, but some compromise
may be necessary here to reduce the solar heat load on the building itself. Light-weight structures of low thermal
capacity are indicated, whilst external walls and roofs should be shaded from the sun as far as possible (overhangs
should also keep out driving rain) and, where exposed, these surfaces should be painted white to reflect short-wave
solar radiation. External surroundings of grass in preference to bare soil or "black top" serve at one and the same
time to reduce reflected radiation (glare), the external air temperature and the external radiant temperature.
In a savannah, e.g. Sudan, type of climate with a wet season and a drier winter period, but where perhaps
the humid season predominates, greater emphasis may perhaps be given to heavier internal construction, to slow
the rate of heating by day and the rate of cooling by night. Where the dry season predominates and we approach
the desert-type climate, heavy construction assumes increasing importance, and we move towards buildings that are
closed by day and open at night.
In temperate and more northern regions, the requirement to minimize the convective heat loss, to minimize
the back radiation loss to the sky, to minimize the effects of precipitation, are all pointers to enclosed structures
and a greater reliance
fan-assisted ventilation for the more intensive units.

on

Building materials
The use of local materials in animal housing excludes the possibility of all but very general comments here.
Reference has to be made to local information on their weathering characteristics and their resistance to local
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climate effects. New manufactured construction materials of all kinds are always appearing and among the current
projects for example at the Building Research Station in the United Kingdom we fmd: weathering of plastics;
evaluation and performance of organic coatings; moisture movement in porous materials; study of penetration of

water through joints in walling, etc.
The avoidance of free surface moisture (due to condensation) is essential to avoid rapid deterioration of most
materials. From this point of view, the internal ventilation and insulation properties of the building must in general
be considered together. Most building materials are porous. In order to retain their thermal insulation properties it
becomes necessary to avoid interstitial condensation. For this reason, for example, we shall find vapour seals placed

on the internal surfaces of animal houses, where otherwise temperature and vapour pressure gradients from the
inside to the outside of the building would combine to effect some penetration of structures by water vapour. With
pressurized ventilation systems, an internal vapour barrier is probably essentiaL Various aspects of condensation are
discussed for example in Building Research Station Digest 110 (I); here we find procedures to estimate internal
surface temperatures as a function of the internal air temperature, the internal/external air temperature difference
and the transmittance (U-value) of the structure, together with procedures to estimate temperature and vapour
pressure gradients through composite structures. The dew point of the internal air is of course taken as the temperature of condensation.

Fan-assisted ventilation systems
On the understanding that we are dealing with simple structures, with four walls, a roof and a floor and very
little in the way of internal rooms or closed internal compartments, then there is a limit to the number of permutations available to us for the location of supply iniets and air outlets. With fan-powered (or fan-assisted) ventilation
systems, it is probably true that all have been tried at some time or other.
The more simple alternatives open to us are:
(a)

Air extraction throUgh the roof with side-wall entry;

(b)

Air extraction through the side walls with roof entry;

(c)

Air extraction through the side wall with opposing side-wall entry (cross-ventilation);

(d)

Air extraction throUgh an end wall with an opposing end-wall entry (longitudinal ventilation);

(e)

Pressurized input systems where the supply air is distributed through ducting;

(f)

Air extraction through the roof with floor·level entry (vertical air movement upward);

(g)

Air extraction at floor level with roof/ceiling entry (vertical air movement downward);

(h)

Push-pull systems fan-assisted at both entry and exit.

(a) The first system is probably the commonest and the one most easily understood by the farmer. It consists
simply of having inlets in the side walls and a series of extracting fans, mounted at intervals along the ridge. It is a
simple extension of the naturally ventilated house and does little more than assist the air flow within and through
the house. The fan aCts to produce air movement in the same sense as the motions induced by wind passing over the
building and by the stack pressure. Though the fans may increase the volume flow, the patterns of air movement
within the house are not likely to be changed greatly by the presence of the fans, since apart from inducing a slow
drift of air toward the fans within the body of the house (which motion is likely to be overridden by air movements
from other causes), any significant effect on velocities in the house is confmed to those in the immediate vicinity
of the fans.
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In an attempt to achleve an even distribution of alr within the house, inlets have to be spaced all along the
side walls; in the limit, thls sometimes means a continuous opening along the length of the wali, for example, at
the eaves between the wall and roof. Such openings must imply that the effect of the fans alone in inducing a uniform alr entry and a consistent pattern of alr movement withln the house is easily overridden by the external wind
pressure. This in tum has led to the search for cowls and ducting to cover the openings and to minimize the effects
of wind (or at least keep wind effects operating in the same sense at all times). Such restrictions on the alr flow
naturally increase the rating of the fan required.
One comment here: where inlets are made large enough to ensure a relatively low inlet velocity (in order to
avoid hlgh supply-alr velocities in the occupied zone) it is often relatively easy in thls type of house to demonstrate
the small advantage· conferred by the fans, by comparing the temperature lift withln the house when the fans are
on and when the fans are off.
(b) The second system calls for extractor fans mounted in the side walls and generally a ridge inlet. Air movement over the roof from any direction notionally imposes a suction pressure on the inlet. Wind pressures on the side
walls may act in either sense, to assist or oppose the fans, and there can be some problems in achieving and maintain~

ing a uniform supply-alr distribution within the house. Wind speeds of 10 mls imply velocity pressures equivalent to
about 0.5 cm static water gauge (swg), i.e. of the same order of magnitude as the pressures at which simple propellertype fans will operate. To minimize external wind effects on such ventilation arrangements, windbreaks are sometimes employed. Under power fallure, the system still provides inlets at hlgh and low level and for thls reason offers
some "fail-safe" protection.

(c) Ventilation across the width of the house, normally with extractor fans on one wall and inlets on the
other, does not offer the same protection, but as in the second system is effected by the external wind. The system
is normally restricted to· narrow-span houses. In wide-span houses using such an arrangement, some air-temperature

gradient across the house is usualiy readily demonstrated.

(d) Ventilation along the length of the house (either with fan input or fan extraction) has to a greater or less
degree the disadvantages mentioned previously, but now, by way of compensation, since all the air comes in through

one readily accessible area, begins to offer the possibility of some conditioning or cleansing of the supply air, through
the use of filters, heaters, water coolers or humidifiers. Temperature differentials along the length of the house and
the reduction in local alr velocities away from the inlets place a limit on the length of the house in which thls
system can be used. In addition, there is a maximum exposure of the animals to internal contaminants in such an
arrangement.

(e) As its name implies, the pressurized input system uses fans to force air into the house; in one system the
air is distributed along the length of the house by flexible or rigid ducting. Where canvas or perforated polythene
ducting is so employed, Prosser (2) suggests limitations on the maximum permissible duct velocity and discharge
velocity from the duct.

The advantages of the pressurized house are that some conditioning and cleaning of supply air is feasible,
adventitious air entry through cracks and doors is minimized, small outlets are possible and so allow greater external
discharge velocities and smaller wind-pressure effects. Such an arrangement also makes for good light control. However, the axial flow fans likely to be required for such pressurized systems may at times call for some positive sound

baffling.
(f) The verticaliy upward airflow system is obviously only practicable in a limited number of situations, e.g.
a battery cage poultry house. The advantage clalmed for such an arrangement is that with suitably spaced ducts one
may begin to approach the laminar flow room, in which the air moves as a body from entry to exit, with a minimal
risk of cross-infection between different parts of the house.
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(g) With vertically downward air-flow system, commonly achieved by fan-pressuring the roof space above a
false ceiling (and possibly now achieved with propeller fans), we perhaps have a system of more general applicability.
The ceiling is either perforated or with long open channels. Ground-level or under-floor air exits can at times be
conveniently associated with a muck collection system. A downward air-flow minimizes the vertical temperature

differential in such houses.
(h) The final system considered is obviously the most costly and will probably continue to find application
only in experimental studies rather than commercial practice.

An excellent summary of fan types and characteristics and of fan and ventilation control systems is presented
by Prosser (2).
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CHAPTER V

.THE AERODYNAMICS OF BUILDINGS

Our interest lies initially in the implications for the ventilation of houses (when wind pressures may affect both
naturally and fan-assisted ventilation systems). An important second consideration must be the path taken by the
vented air and the degree of cross-contamination likely between houses in close proximity.
Much of the reported work relies on wind-tunnel and model experiments, but Halitsky (I), for example, has
referred his work on diffusion to field observations whilst the work of Sexton (2) has been followed by that of
Eaton and Mayne (3) with the recording of wind pressures on a tali building.
When a moving air stream approaches a building, air which would have gone through the frontally projected
area of the building is displaced vertically and laterally to pass around the building. In doing so, it in tum displaces
adjacent streams of air (see Figure 2). In practice, this region of disturbed flow, characterized by deflected streamlines and increased velocities, surrounds the building for distances up to a few times the dimension of the building.
Our interest lies in visualizing this displaced streamline flow and the wake that forms in the lee of the building.

:
wind

:
Figure 2 - Typical flow pattern around a building with one face normal to the wind-plan view
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On the upwind face of the building in a constant velocity wind stream at normal incidence, air near the
building surface accelerates radially from a stagnant region near the centre of the face to a high velocity at the corners and eaves. This flow close to the upwind face is largely independent of the boundary layer, and in consequence
the streamlines adjacent to the building surface must follow the contour of that surface.
The radial streamlines on the upwind side of a flat-sided building must therefore turn sharply through 90° at
the eaves and the corners to the side wall. The air streamlines leave the upwind faced tangentially and then bend
over down wind in a smooth curve. The streamlines form a boundary between a region of relatively stagnant air

ciose to the roof and side walls and smoothly flowing air further away. The envelope of all streamlines which have
left the front face is called the surface of separation, and the volume of air contained within the surface of separation, extending downwind from the building (to infinity, or to where the free wind regime is restored) is called the
wake. Air movement (eddies) taIres place within the wake, as air is entrained by the fast-moving air, identified by
the surface of separation. Continuity of flow within the wake requires a compllmentary flow upwind at ground level.
This reverse flow moves radially out along the rear face of the building and then forward into the space between
the roof, the side walls and the surface of separation (see Figures 2 and 3).
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Figure 3 - Typical flow pattern around a cube with one face normal to the wind - vertical
section. After Halitsky (1)

The narrow space between the building surface and the wake boundary and the reversals in air-movement
direction in this region imply large velocity gradients and large turbulent fluctuations. Strong vortices are formed
near the upwind edges of the side walls and roof. The weaker reverse flow also forms a secondary wake, extending
upwind from the rear edges of the building, with weak vortices near the rear edges.
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The surface of separation is quite sharply defmed near the generating edges, but naturally becomes indistinct
down-wind, as turbulent eddies within the wake begin to interact with the region outside. In the vicinity of the
building, however, the definition of the boundary remains quite sharp.
For a cubicle building, the surface of separation has been observed to extend (vertically and horizontally in
the plane of the down-wind face) for a distance of approximately one-half of the building height (see Halitsky (I)).
To extend this observation to other constructions, and to locate the extent of the down-wind eddy, reference
is perhaps best made to the report of Evans (4).
Although Evans worked with a wind tunnel, there is no suggestion that he deliberately set out to generate a
vertical velocity gradient (boundary-layer flow) after the manner of the free wind and along the lines of the method
discussed by Sexton (5). This perhaps implies that though many of the down-wind flow patterns established by
Evans may still be valid qualitatively (and qualitative assessment may be all that is possible in real farm situations),
it may be as well to bear in mind the proviso stated by this writer "that eddy dimensions vary slightly with time
and these dimensions (reported) are therefore somewhat approximate".

Certainly if one takes note of the work of Hamilton (6), comparing the effects of an upstream boundary layer
and constant-velocity wind fields, then significantly different pressure and streamline patterns are established in the
two cases, on the windward faces of building, for winds at normal incidence. In particular, for the boundary-layer

wind flow, we find emphasis given to the magnitude of the "roller" at the foot of the windward wall and which
extends out into oncoming wind (see Figures 4 (a), (b), (eJ).
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Figure 4 (a) - Showing stagnation streamline and roller size on a low building
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Figure 4 (b) - Showing' streamline patterns for the two types of wind fields

19

THE AERODYNAMICS OF BUILDINGS

constant
velocity
wind

vertical wall

.....

~

ground
boundary
loyer
wind

vertical wall

ground

Figure 4 (e) - Showing streamline pattern and stagnant areas (shaded) for the two types of wind fields

In the wake, with a boundary-layer wind field, the sides and top of the structure experience a relatively
steady flow, with the dimensions of the enclosed eddies of the same order of magnitude as the width of those
surfaces. In the rear of the building there is more random variation in the flow (with no distinctive secondary flow
field like the eddies on the side and top). The distinction between these eddies and the more random motion in the
rear of the building becomes increasingly blurred when pitched roofs are added or when the wind is no longer at
normal incidence.
Maull (7) again shows the need for distinction between upstream boundary layer (shear) flow and constantvelocity flow for the motions within the wake of a bluff body. Here the emphasis is on the difference in regularity
of the vortices shed by the obstacle in the two cases (see Figure 5).
Typical flow patterns established round single buildings of varying dimensions, shapes and orientation are
shown in Figures 6 to 10.

20

ENVIRONMENTAL PROBLEMS OF LIVESTOCK HOUSING

Figure 5 - Vortices produced along edge of roof
when wind blows on to a corner
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The dimensions of the down-wind eddy, measured from the down-wind face of the building and expressed in
terms of the dimensions of the "unit cube" of which it is constructed,are shown in Figure II (after Evans).

Downwind eddy dimension (in units)
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The vertical extent of the wake is obviously shown to be a function of building height. ·For flat-top buildings,
however, the pattern of air flow over the building appears to be independent of building height. For pitched roofs,
where the flow becomes attached to the forward roof, the roof slope is obviously a determining factor in the height
of the wake. A significant factor in wide-span, low-pitched roofs is the possibility of a re-attachment of the streamline
flow to the roof, beyond the distortion associated with the up-wind eaves.
To minimize the effects of vented air in the immediate vicinity of the building discharging the air is obviously
desirable to avoid discharge into the wake region and also into the region of disturbed streamline flow, since downwash of this air is possible within a few building widths. A working rule with industrial stocks is that stock height
should be at least 2.5 times the building height for this reason. Farm practice, as far as I am aware, does not take
cognizance of such preventive measures, but perhaps could well do so.

Recent work on groups of buildings is perhaps not so well documented. Bailey and Vincent (8) could perhaps
be loosely interpreted as implying little mutual interference of the wind flow over parallel buildings of comparable
size, when separated by distances greater than three times the building width. At smaller separations than this, for
wind flow normal to the line of the roof ridge, the down-wind building would lie within the wake of the first (in
agreement with Evans). At separations less than twice the building width, the streamline flow and pressures observed
perhaps suggest that the independent building roofs in effect behave as a continuous surface (though some eddy
motion between the houses is to be expected at ground level).
Observations made by Wise et al. (9) and Sexton (2) are shown in Figure 12. Perhaps the main interest here is
in the reinforcement of the eddying circulation immediately up-wind of the taller building, to give rise to wind
speeds in excess of the free wind speed.
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The influence of features of the landscape such as trees and hedges on the local air movement through and
around buildings is discussed by White (10). The characteristic effects of windbreaks and shelterbelts have of course
been more recently documented by van Eimern et al. (II), but White is concerned more with the streamline flow
around hedges, and over and under isolated trees and groups of trees, where their permeability is such that they may
be regarded as solid barriers. The flow patterns shown by White are largely qualitative and based on model studies,
but his field measurements, for example, show an acceleration of the wind under and down-wind of deciduous trees,

where branching does not begin until several feet above the ground.
Flow patterns within buildings and under various external combinations of hedge and tree are also shown
schematically by White, but in view of the simplicity of patterns illustrated, one should perhaps have at least some
reservations about their probable validity in real situations in occupied animal houses.

Reed (12) also shows with internal models the effects of various architectural features such as the relative
location of inlets and outlets on the pattern of air movement and air velocity within buildings. Perhaps of particular
interest is the example shown of the effects of external horizontal overhangs above inlets, such as might arise in
sitnations where sun-shading is practised. The effect of the introduction of the overhang in his test was that the
incoming air arrived in the room with some component of velocity in the vertical, and so moved towards the ceiling,
rather than towards the floor and the occupied zone, as happened in the absence of the ovehang. The preferred
situation was restored either by louvres which directed the incoming air downward, or by placing a slot opening
between the horizontal overhang and the supporting wall.
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CHAPTER VI

AIR MOVEMENT AND AIR DISTRIBUTION IN LIVESTOCK HOUSING

Air movement and the thermal environment

Veterinarians, animal husbandry workers,animal physiologists will all specify the physical environments that
various types and weights of animals should be given, e.g. Bianca (1), Bond (2). Now, what the animal physiologists are
saying when they specify the physical environment in terms of combinations of the parameters ambient air and
radiant temperature, relative humidity and air velocity, is that these are the thermal environments in which the
animals will feel comfortable and produce most efficiently (where efficiency is to be measured in terms of food
conversion rate and carcass quality).

Thermal comfort for the animal we can equate with that limited range of environments within which there is
a ready balance between the rate of heat production of the animal and the rate of heat transfer by the animal to
the environment, and within which the animal is not subjected to any stress in achieving this balance (i.e. is not
conscious of any changes in its heat-regulating mechanisms).
In fact, if we are concerned with the thermal comfort and economic performance of the individual animal,
then ambient air movement is likely to be an extremely significant factor in describing the thermal environment.
Just how significant we might estimate, for example, from some work by Mount (3) on pigs.

TABLE 2
Calculated partition of non-evaporative heat loss from the 2 kg pig into
radiative and convective components as a function of air velocity

At 20

A ir velocity
(em/sec)

5
34

°c

At 30 °c

Radiant

Convective

('!o)

('!o)

50

50
75

82

25
14

158

8

Radiant
('!o)

Convective

59

41
63

86

37
29

92

27

('!o)

71

73

OUf second interest in air movement is that is represents one of the ways in which we can meet or control
and maintain the, environments that are specified. It is one of the variables available to us if we are concerned with
housing design.

We move now from an examination of the heat balance of the individual animal to an examination of the heat
balance of the air within the house, and to the cooling or heating load that our ventilation system has to cope with.
The same physical processes are involved, namely, radiation, convection, conduction and evaporation.

If M = rate at which heat is added to the air of the house (by the metabolic heat from the animals, by light
and machinery, by deliberate supplementary heat),
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S = rate at which heat is stored by the air within the house (obviously a function of the rate of temperature
rise) ;

E = rate of evaporative heat loss by the air within the house (due to the evaporation of free-standing water or
moislure from the litter);
R = rate of heat exchange of the air within the house to the fabric by radiation;
C = rate of heat loss of the intemal air due to air movement through the house (air movement is now obviously related to ventilation rate);
D = rate of heat loss of the intemal air by conduction through the fabric (obviously a function of the heat

transmittance - the insulation value - of the structure),
then we may write:
M=±S±E±R±C±D.

The initial requirement of a ventilation system is that it should carry off the excess metabolic heat and moisture over and above that part of it which has been used to provide an acceptable temperature (and moisture) lift of
the incoming ventilating air.

-

If we place numerical values into the expression above, for example:

nominate the stocking density, and so M;
nominate a steady state and place S = 0, R = 0 (i.e. enclosed buildings);
make an estimate of E,
then we are in a position to estimate the temperature and moisture lifts that will occur under various

combi~

nations of C and D (the ventilation rate and insulation value).
Acceptable combinations of ventilation rate and insulation value will follow from nominated internal environments and the extemal enviromnent design data adopted.
Air movement enters into considerations of the thermal environment in two distinct ways:

when the house is regarded as an entity which requires heating or cooling;
when the individual animal is regarded as an entity which requires to maintain a particular rate of heat loss_
It is perfectly possible when we design a housing and ventilation system to provide for the first requirement
but not to meet the second - to rate our ventilation system so as to be capable of carrying off all the heat evolved'
and yet still not provide an acceptable thermal environment for the individual animal.

A very simple illustration will make this clear. Suppose our calculations suggest that we need to pass air at a
given rate through the house to remove the unwanted heat and moisture evolved by the animals. As a first solution
we could adopt a complete wall-to-wall ventilation system in which there was no mixing of the incoming air with
the room air but where the incoming air simply swept the existing air ahead of it and out of the house. The rate of
air renewal is then the same in all parts of the house.
As a second solution we again adopt a wall-to-wall ventilation system, but now make use of air jets and a
system in which some mixing of the supply air with the room air is intended. If unwittingly we arranged for the
greater part of the incoming air to be confined to the upper parts of the bouse, which is perfectly possible, our air
movement pattern would now effect a rapid air-change rate at ceiling level and very little renewal of the air down at
animal level in the occupied zone. We need to do more than simply provide ventilation systems adequate to remove
heat and moisture at given rates, under various assumptions about the mixing of the supply and room air. We have
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to ensure that they meet this primary requirement but, in addition, that they also provide a satisfactory thermal
enviromnent for the individual housed animal. The way we do this is by attention to the air-distribution system and
the type of air movement provided.
The example just given might be taken to imply that a direct ventilation air supply into the occupied zone is
of primary importance for animal comfort. But in fact this is not necessarily so, or even often the case in practice,

for although it is possible to argue that the head may require a somewhat cooler enviromnent than the feet, direct
ventilation flows into the occupied zone will mostly bring too great air velocity for comfort at this level, and there
is in fact a general preference for low air speeds in the occupied zone; these are often achieved by making use of
secondary air movements induced by the primary ventilation flow. The dangers then, of course, are that too low air
speeds may cause the sensation of stuffiness, and that convection currents may be strong enough to dominate the

ventilation flow and to control the vertical distribution of temperature (reversing the preferred arrangement of cool
head and warm feet). So the thermal environment experienced by the animals is dependent on:
The overall air movement through the house;
The air-distribution system.
Air movement and the quality of the environment

There is also an association between the quality of the environment provided and the air-distribution system.
What do we mean by "the quality of the environment provided" in the present context? Simply the degree of freedom from contaminants and pollution.
We are interested in the rate of dilution or removal of the locally generated contamination of the environment,
i.e. the heat and moisture evolved by the animals. But there are other locally generated contaminants: gases such as
carbon dioxide, hydrogen sulphide and ammonia, and also particles and/or viable organisms. We know that many
diseases are spread by an airborne route, the pathogens moving around in association with larger particles of dust or
droplets. Whether and how infectious particles become airborne, move around and are removed from the atmosphere
is, in our context, primarily the function af the air velocity and of the" air turbulence. That is, it is a function of

the air-distribution system and the type of air movement that occurs. We might expect different degress of contamination if we make use of fan jets and secondary entrained air circulations to effect our air distribution, compared
with wall-ta-wall or roof-ta-floor air movement and a smooth, non-turbulent flow.

Air movement in general
What can we say in general terms about the air movements in animal houses?

First, that they are likely to be dependent upon:
The size and shape of the building;
The internal fittings;
The activities of the occupants.
Second, that they will depend on the design and manner of operation of the heating and ventilation system,
on factors such as:

The rate of air change (the volume flow);
The velocity of air entry (and the direction of discharge);
The location and shape of air vents;

Temperature differences between the supply and room air;
Temperature differences between the room air and surfaces within the room.
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In addition, and particularly where we are ventilating with the unmodified outside air, where the thennal insulation is poor, and where control of natural ventilation is poor, then changes in the weather will have an important

effect on the airflows inside the building.
So we see we are dealing with a system where, although some of the factors influencing air movement are

likeiy to be under our control, there are iikely to be other equally important factors inducing and affecting air
movements which are beyond our immediate control or manipulation, and which may change fortuitously. In general, too, we are dealing with turbulent air motion. All these considerations, taken with the fact that our buildings
have 'certain functional requirements which may prevent us from arranging our ventilation system in a way we could
wish fOf, are pointers to the fact that we are not dealing with a very exact systems and are not necessarily going to
achieve consistent and reproduceable patterns of air flow.
There are very good reasons for suspecting that our paper calculations must be checked against what we
observe. under actual working conditions in any particular case. Satisfactory ventilation systems are not necessarily

completed on the drawing board. They have to be brought into commission as well, and they still need a day-to-day
management which has some understanding of the principles of room air distribution.
The more persistent movements of air through, and within, rooms are due to ventilation, heating and cooling.

Ventilation produces air currents in directions initially detennined by the shape of the air inlets. The effect of
outlets is restricted to their immediate vicinity. Heating and cooling cause convection currents which affect the vertical distribution of air, heat, and temperature.

Air jets (side-wall inlets)

Air entering a room at any significant velocity will do so in the fonn of a jet. Consider a ventilating airstream
(at the same temperature as the room air) which is directed into a building well away from its surfaces.
Near to the point of entry, the outer parts of this isothennal jet begin to exchange momentum with the
adjacent room air due to viscous action. The room air is given momentum in the direction of the stream, a process
referred to as "entrainment", and the outer parts of the ventilating jet are correspondingly slowed. Room air farther

away flows towards the ventilating airstream, to replace the air that has been entrained and carried forward. This
action is a continuous one aiong the length of the stream, which becomes progressively wider as the forward volume
flow increases. In this way a pattern of air movement is developed in the building.
Near to the ventilation inlet, only the outer layers of the stream mix with the room air. But beyond a distance
of about five times the inlet size, turbulent eddies will have had time to penetrate throughout the stream cross-section,
and the forward velocity profile becomes fixed in shape.
Measurements indicate that there is a very small negative pressure gradient along the stream and that pressure
within the stream is slightly less than the atmospheric pressure within the building. This pressure difference is small,
but nevertheless entrainment could be regarded as a sucking action.
Depending on the strength of the motion, a point is eventually reached downstream where velocities become
comparable with those in the building air, so that entrainment ceases and the stream spreads out in all directions,
to become indistinguishable from the general pattern of airflow in the body of the building. (The distance from the
jet inlet to this point is known as the "throw" of the jet. The assignment of a terminal velocity is somewhat arbitrary. A common figure is of the order of 0.25 m/s.)
If the stream is strong enough, it eventually reaches an internal room surface and spre.ads out in all directions,
clinging to the surface by virtue of its slight sucking action (known as the "Coanda" effect). The surface stream, a
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few centimetres thick, persists until entrainment ceases and then breaks away from the surface to join the move-

ments induced by entrainment elsewhere.
Schematically, under our initial assumptions of an isothennal jet well away from building surfaces, we can
indicate the pattern of air movement set up to be that of Figure 13. As the jet progresses across the space, it entrains
the surrounding air into its path so that the volume of air set in motion increases to perhaps five or ten times the

supply quantity. This air is nonnally confmed by the boundaries of the space, so that a pattern of recirculation
becomes established.
Whilst such recirculation and entrainment patterns are of primary interest, they obviously cannot be considered

independently of the main air jet itself.

An air jet consists of four zones described below (see also Figure 14):
Zone 1 - in which, as the jet progresses across the space (direction x), the velocity (u) at the centre line
remains at its initial value, i.e.

u(x){u(O) = I.

The end of this zone, which may extend from two to five diameters (of inlet area), may be defined as the
point where the mixing layer reaches the centre of the jet.
Zone 2 - a transition zone which extends to between five and eight diameters, over which the velocity at the

centre line reduces approximately in proportion to the square root of the distance from the opening.
Zone 3 - the fully developed zone in which most interest generally lies. It may be 25-100 diameters long and
the centre-line velocity now varies inversely as the distance from the origin.

Zone 4 - the tenninal zone in which the jet breaks down. The jet rapidly loses its forward momentum and
the air velocity decreases at an increasing rate. Velocities in this zone are usually no greater than 0.4 m/s.
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Figure 14 - Characteristics of the air jet

It may be seen from the graph of the centre-line velocity decay of the jet in Fignre 14 that the velocity
reduces to 10 per cent of its original value at a distance equal to some 50 diameters. In contrast, the velocity at an
exhaust opening reduces to 10 per cent of the face value at approximately one diameter away, so that it is the
supply-air characteristics which dictate the motion of the air in the space rather than the position and type of
exhaust opening. If, as is usual, the outlet is small compared with the room surface area, air approaches the opening
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from all directions, in quantity equal to the rate of air supply. Air approach speeds to the outlet are inversely proportional to some power of the distance away from the opening (the power lying somewhere between I and 2,
depending on the outlet shape). Even at distances of the order of 10 em into the space, approach speeds are usually
quite small. In the absence of other disturbances, an estimate of the resulting speeds in the body of the room could
be obtained by dividing the rate of air supply by the area of cross-section of the room.
So far we have dealt qualitatively with these isothermal motions. To establish the orders of magnitude to be
expected in particular cases, we can refer to texts such as those of the Institution of Heating Ventilating Engineers
.
Guide (4), Daws (5) or Jackman (6).
It is observed for example that in the developed region of the jet, the stream width increases linearly with distance x from the source, spreading out at an angle of about 22°. The stream appears to emanate from a virtual point
source about 2.5 diameters upstream from a circular opening, or 2.5 slot widths upstream from a line source.

To the first order of magnitude, the total forward thrust (P) of our jet can be assumed to have a constant
value of P = liz P Is u'ds,
where p

= air density,

u = forward velocity

s = area of stream cross-section.
For a given volume flow of entering air (V) and effective area of inlet (A), the thrust depends on the velocity
profIle at entry. For a profIle with uniform velocity, the thrust is given approximately by:

P = liz P V'jA.
The thrust of air from a sharp-edged orifice can be calculated for two special cases:
(I)

for a circular orifice area A, when P = kp V' /4A and k

(2)

for a long slot area A, width b, when P =

-Jkp

= constant;

V'/A.,fiii.

Experimentally the constant k is about 3 (Tuve (7», so that the thrust for a given volume flow through area A
is somewhere between 0.5 p V' /A and 0.75 p V' fA.
Taking the thrust as constant (P = 0_7 p V' fA), Daws (5) makes estimates of the forward velocities u (x), on
the stream axis, the total volume flow, V (x), the entrainment speeds v (x) into the stream at distance x, where x
is measured not from the inlet, but from the virtual source.

For a circular orifice, area A m 2 and volume flow V m 3 /hr,

u (x) = 0.0023 V mis,

xVA
V (x) = 0.35 Vx m 3jhr,

VA
v (x) = 0.000077 V mls on the edge of the stream,

xVA
= 0.000015 V

rVA

mls at distance r metres from the axis.

(I)
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For a slot, area A m 2 , width b metres and volume flow V m 3 /hr,
u (x) = 0.00078

Ayx

VVb mis,

V (x) = 0.63 vyX""" m' /hr,

Vb
v (x) = 0.000039

Ayx

VVb m/s.

Isothermal flow against snrfaces - attached jets
If a jet inlet in one building surface is located within 25 em or so of another surface (or if the angle of
discharge between the jet and a room surface is less than 40°) so that initiaily (or eventuaily) the jet axis is not far
removed from, and becomes parailel to, the plane of a building surface, then such a jet exhibits somewhat different
characteristics from those of the free jet - compare Figures 13 and 15. Whilst that part of the jet in contact with
the surface experiences drag, estimates show that the retarding influence of the surface is very small. The free edge
of the jet entrains air in the normal way.
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Infonnation collected by Tuve (7) indicates, for example, that the shape of a conical stream issuing from a
circular opening is altered when the jet becomes attached to a surface. The angle of spread perpendicular to the
surface is slightly less ilian one·half of the angle of the corresponding free stream, whilst the spread along the surface
is greater. Tuve concludes that for the purposes of calculating orders of magnitude, it is sufficiently accurate to treat
the stream as discharging from an opening of area A as equivalent to one half of a free stream issuing from an outlet
area of 2A, other things remaining equal.
Thus the axial velocities, volume flows, entrainment speeds, etc., for attached jets issuing from point and slot
sources may be estimated from the relations (I) and (2) by writing 2b for b, 2A for A, 2V for V, and halving vex).
It is seen that attached surface streams are stronger than the corresponding free streams, velocities being increased by
a factor of V2 at large distances from the source; observation confirms this.
The corresponding approximate relationships for a stream spreading radially over a surface from a source are:
0.00049 V I
u ()
x = x$
fiS,
_1.12Vx 31lV()
x -, VA m fUr,
0.000049 V I
()
vx=
xYA
ms.

Non-isothermal motion - Buoyancy effects - Convection

Non-isothermal jets
When warm or cool air enters a building, the stream rises or falls and the trajectory depends on the stream
thrust and on its buoyancy relative to the room air. Some knowledge of drop characteristics is necessary in order
to prevent high supply or tenninal velocities in the occupied zone.

The drop (and the converse, the rise) of an airstream is generally defined in relation to its lower edge and is
the vertical distance that the lower edge moves as the stream moves over a given horizontal distance from the outlet.

For the horizontally projected jet, the throw will be the horizontal distance from the inlet at which a centre·line
velocity of the order 0.25 mls is achieved. Commonly the drop of the jet will be specified in relation to the throw see Figure 16.
The drop or rise of an airstream is influenced by two forces: the natural or enforced vertical spread of the

stream, and the gravitational force due to the difference:in density between the supply and room air. If air is supplied
at room temperature, spread alone occurs, and its value is largely dependent on the characteristics of the outlet. It

will be appreciated that the fall of the airstream due to its temperature being lower than the .room air must be added
to the downward movement caused by the spread, in order to determine the drop as defmed above. Conversely, in the
case of a heated airstream, the rise caused by the temperature difference must be subtracted from downward move-

ment due to spread.
A considerable amount of theoretical and experimental information is now available concerning the behaviour

of air jets, but of this comparatively little deals specifically with the characteristics of airstreams which are initially
at a higher or lower temperature than the surrounding air. However, a number of papers have been written on this

subject, the most well known of which is probably that of Koestel (8).
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Figure 16 - Cooling jet near ceiling

Koeste1 based his mathematical analysis of horizontally projected heated or chilled air jets on hydraulic analogy.
By taking a Prandtl number of 0.7 (as suggested for non-isothermal jets by previous experimenters) and a typical
value of the constant of proportionality for the centre-line velocity k (as verified by Tuve and others), Koestel arrived
at the following equation defining the jet centre-line trajectory:

~=

0.0575

a(~)~

where a = Archimedlan number =
y = vertical co-ordinate of jet axis,
'" t= initial temperature difference between jet air and room air,
~

= coefficient of thermal expansion of air,

g = acceleration due to gravity,

u (0)

= initial velocity of jet.

This equation compares favourably with experimental results derived by Nelson and Stewart (9), Van Alsburg
(10), Greenlaw and Hart (11) and Nottage (12).
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In an exIension of the work initiated by Farquharson (13) on the behaviour of air jets, Frean and Billington
(14) made a statistical analysis of relevant experimental results, including the American work as summarized by
Koestel, and showed that the equation

L= 0.238 a (...£)2,5
~

VA

may be used with a fair degree of confidence for predicting the rise of a heated or the fall of a cooled ventilating
jet. This compares with the following equation, which was derived by Frean and Billington (14) from their own
experi~ental work, using a sharp-edged square opening,

y
( x) 2.44
VA=
0.20 a ~

.

Then- paper includes a useful series of curves relating to the fall or rise of air jets at various temperature differences and terminal velocities over a range of outlet velocities.

The dynamic relationships in a heated or cooled air jet are analysed by HladkY (IS), whose paper deals with
the theoretical solution of the air jet emerging not necessarily horizontally from a wall or ceiling outlet. ffiadky
derives the trajectory equation for a variety of forms of jet, including circular, flat and radial, the most pertinent of
which is given below in a form equivalent to those above, where the temperature difference between the jet and its

surrounding air is assumed small,

L= +..2.

VA - ~

tan a

+ 0.065 a (2)'
cos'a

~

where a = angle of emergence of jet.
This equation, which is applicable to the jets emerging from square outlets (and under certain conditions to
jets emerging from rectangular outlets), is similar in form to those derived previously, but with the inclusion of terms

involving the angle of emergence of the jet. It may easily be seen that, for a jet projected horizontally, i.e. a = 0,
the equation reduces to

y =
VA

(X)' ,

0.065 a~

which is similar to the first equation of this section. No experimental results are given by Hladky to supplement his
theoretical analysis, but a similar equation based on Koesters equation and incorporating the angle of discharge is
suggested by Neuman (I 6).
A simplified equation describing the rise or fall of an airstream in terms of flow, temperature difference and

inlet velocity is given by Carrier (17) but this formula apparently derived from Koeste]'s work, is related to a specific condition; for example, the centre-line terminal velocity is taken as 100 ft/min (0.5 m/s).
Though it would appear at first that there are some significant differences in the constants and indices between
the equations given by different sources, some derived theoretically, some verified experimentally and others purely
empirical, comparative examination would seem to indicate that in fact these differences are within the range of
normal experimental scatter. In the application of anyone of these equations, attention should be given to the
assumptions and limitations acknowledged by the various authors.

Recent work by Jackman (6) presents information on drop by means of nomograms employing the variables
of rate of air supply, effective area of inlet, air-temperature difference, room dimensions, etc.
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Associated patterns of air movement
The characteristics of the non-isothermal jet lie somewhere between those of isothermal and convection streams,
but closer to the former because of the rapid mixing occurring near to the entry. Depending on whether we are
dealing with a warm or cool air supply and on the height of the inlet above the ground, the stream impinges at an
oblique angle on the floor or ceiling, where it spreads out in all directions, but preferentially away from the entry,
since the component of the free stream velocity parallel to the surface is transmitted to the surface motion. This
surface flow continues to entrain and eventually is likely to extend to the walls. Surface heat Iiansfer occurs, the
forward motion continues to be retarded and eventually the influence of buoyancy causes breakaway and the stream
spreads out into the room, much of it remaining high up or low down in the room according to its relative buoyancy
and returning to be entrained by the free and surface stream.
Patterns of air movement produced by warm and cool air streams in the upper and lower part of the building
can co-exist with little interaction, the air at intermediate levels remaining relatively undisturbed and slow-moving.
Differences between air temperature and air movement at foot and head height may then cause considerable discomfort. Figures 17 and 18 show the staguant pockets actually observed with a horizontally projected jet in a test room
under particular experimental conditions. Figures 19 and 20 show likely patterns of air movement with vertically
projected jets. With the cool jet, one has to be allve to the possibIlity of the jet extending well into the occupied
zone and extending its influence by attachment. With the warm jet, the risk is always of the jet not introducing
sufficient air movement into the occupied zone.
With mechanical ventilation the supply air is usually directed into the room with thrusts considerably greater
than are obtainable in natural ventilation. The aim is to obtain rapid mixing by entrainment.
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Figure 20 - Suggested air movements with the vertically projected warm jet

It has been shown by Koestel (18) that a relationship between centre-line or jet-axis temperature difference
between the supply and room air may be written as·

M (x)
M (0)

=

0.8 u (x)
u (0)

where /', t (0) = initial centre-line temperature difference,

/', t (x)

=

centre-line temperature difference at distance x.

Such a relationship obviously applies only to the jet and not necessarily to the temperatures likely to be experienced in the more stagnant pockets in the building which may have little mixing in fact with the supply air.

Convection
The aim is that the supply jet should control the pattern of air movement; but in order to avoid uncomfortably high air speeds in the occupied zone, the supply air is, as we have already said, often directed by means of a
suitable choice of opening to flow along a room surface and to ventilate the occupied zone indirectly by induced.
secondary circulations. Convection currents in the occupied zone can readily achieve speeds comparable to those in

an acceptable direct air supply, and so can interfere with the direct supply, or even dictate the pattern of air movement in the occupied zone.
The air in contact with the heat source is warmed by conduction, becomes lighter than the surrounding air and
rises. It is replaced by surrounding air and this in turn is warmed and rises. The stream entrains air by viscous drag.
Though the volume flow rate now increases, the upward velocity does not necessarily decrease. Provided the air in
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the stream remains warmer and lighter than the room air, the motion is an accelerating one. Turbulent mixing

becomes established within a foot or so of the source, but accelerating upward motion continues until such time as
mixing removes the temperature contrast between the convection stream and the room air.

If the stream is not deflected by cross·flows, in many livestock situations the stream will reach the ceiling.
Here the stream spreads out over the ceiling, remaining in contact with the surfaces, partly due to relative buoyancy
and partly due to the Coanda effect. Approaching a wall, the stream avoids the corner, leaving an area of recirculation,
and then flows downward in contact with the wall surface. If heat is lost to the wall surface, then that part of the
stream in contact with the wall has its downward motion accelerated. The remainder of the stream is retarded by its
relative buoyancy and eventually ceases to fall. It then breaks away from the wall and immediately proceeds to rise,
reaches a stable level and moves horizontally towards the rising heated stream. Approaching this stream the flow
begins to spread out, becoming entrained both in motions at the higher and lower level. Meanwhile a cool flow down
the wall has reached the floor along which it proceeds to be entrained near the heat source.
Convection above localized heat sources has been investigated by Daws (5). Where the effect of vertical temper'
ature gradients in the surrounding air is small and where the surrounding air is relatively undisturbed, the plume of
convection rising above an irregularly shaped source, at heights large compared with source dimensions, tends to be
confined to a conical region Gust as in the case of forced jets). It is as though the turbulent stream originated at a

virtual point source at a distance below the real source of about three times its average width.
Experiments quoted by Daws (5) suggest that above conventional heaters placed well away from walls, para·
meters describing the pattern of air flow can be derived from the dimensions and strength of the heat source.
At a distance x metres above a point source;
at a distance r metres from the stream axis;

for a source strength of H watts:
u (x)

= axial velocity = 0.14

Vex)

=

wt'

volume flow rate = 16.5

mis,

(~r;, x'

m'jhr,

'(H)lh(x)
x r mis,

(3)

v (x) = entrainment speed = 0.0012,

1:1 t

=

temperature difference between axial and room temperature,

(', t = 0.215

(~rh ~ °C.

The large volumes of air circulated by convection and the persistence of velocities along the length of the
stream are shown in Table 3 for typical source strengths. When compared with the velocities and volume flows
associated with the typical fans of animal houses (Table 4), convective motions are seen to be of a lower order of
magnitude than those of the primary supply stream. However, this supply air will not in general be directed into
the occupied zone and convective currents remain capable of interfering with the ,circulations, resulting from entrain-

ment by the primary air jet.
Convection against surfaces

It might be supposed that in estimating orders of magnitude of flows where a convective stream from a heat
source rises in contact with the wall, it would be accurate enough to treat the stream as one half of a free stream of
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TABLE 3
Calculated values for a point heat source

H

Distance
above

source

0,50
0.75
1.00
1.50
2.00
3.00

H

300 watts

= 30 watts

V (x)

v (x)

6 t (x)

u (x)

V (x)

v (x)

6 t (x)

(ml,)

(m' jhr)

(ml,)

("C)

(ml,)

(m'/hr)

(ml,)

("C)

1.20
1.03
0.94
0.82
0.75
0.65

35
68
111
247
350
687

0.053
0.046
0.042
0.037
0.033
0.029

0.55
0.48
0.43
0.38
0.35
0.30

16
32
51
100
163
319

0.025
0.021
0.019
0.017

" (x)

(metres)

=

31
15
10
7
3
1.5

-

7
3
2
1
0.7
-

(Room air temperature WOC)

TABLE 4
Calculated values for isothermal jets

Volume flow

at entry

(m'/hr)

Distance from
orifice (metres)

~

Orifice 0.075 m2

(30 em)
12-inch [an

u (x)

V (x)

v (x)

ml'

m3 jhr

ml'

1250

1
2.5
5
10

10.5
4.2
2.1
1.1

1600
4000
8000
16000

0.35
0.14
0.07
0.03

2500

I
2.5
5
10

21.0
8.4
4.2
2.1

3200
8000
16000
32000

0.70
0.28
0.14
0.07

--------

---------

-- -

--

------

Orifice 0.3 m 2
10000

1
2.5
5
10

42.0
16.8
8.4
4.2

,n,

6370
16000
32000
63700

-------

(60 em)
24-inch fan

1.40
0.57
0.28
0.14

twice the slrength (as for ventilation streams), Le. by writing 2 H for H in expressions (3) and halving the resulting
volume flow V (x). This is likely to be the case where the surface is extremely well insulated but the temperature of
many building surfaces will not in fact be very different from the room temperature. Measurement of surface streams
above line heat sources indicate that volume flows are about 25-30 per cent rather than 50 per cent of those in the
equivalent free air stream.
Billington (I 9) has studied in some detail the air movement over hot and cold surfaces and gives a table for
the downdraughts (velocities, volumes, temperatures) due to cold windows and walls. Under design conditions appropriate to the United Kingdom (indoor temperature 21'C; outdoor temperature -l.l'C) the window glass temperature
will be about IS.S'C below room temperature. For windows of 0.6 m in height, maximum velocities in the moving
stream at the base of the window are likely to be of the order 0.3 mls and the mean temperature of the cool downward current some 4.5 C below room temperature in mid-winter.
0

AIR MOVEMENT AND DISTRIBUTION IN LIVESTOCK HOUSING

43

Downward air movement due to cool wall surfaces is relatively less vigorous than at windows, but nevertheless
can be appreciable. For many ordinary wall constructions the transmittance (U value) is about 1.4 watts/m' °c,
yielding a "design" surface temperature of 17°C, i.e. about 4°C below room temperature. At the base of such a wall,
3 m in height, the maximum velocity in the current would be of the order 0.3 m/s.

Air movement in naturally ventilated buildings

The volume flow
Work has to be done to move air through a ventilation system. Under forced ventilation, the fan manufacturer
will specify the volume of air his fans will supply against various resistances to air flow. These resistances will arise,
for example, from losses in ducting, heaters and filters, from changes in duct area and orientation, and from the

energy losses incurred at entry and exit to the system. They are normally expressed as the pressure head that has to
be applied across the system to effect the passage of air through the system. Any standard text will show how to
calculate the total resistance of a particular controlled system.

In natural ventilation, forces moving the air are produced by the wind (wind pressure) and by the differences
in buoyancy of the air inside and outside the building (the stack effect). For a single storey building, we find that
wind-pressure effects predominate at wind speeds in excess of, say, 2 m/s and it is only pressure effects we need to
consider in any detail.
Since the natural wind flow is invariably turbulent at ground level, characteristically we find fluctuations about
the average, both in direction and speed. The magnitude of these fluctuations depends on the time interval over which
they are measured and meaned. For the purposes of ventilation it is probably sufficient to consider gusts of two to five
seconds duration, having maximum speeds perhaps 30 per cent to 50 per cent greater than the mean wind speed over
ten minutes, and wind directions that vary by up to 30° from the ten·minute mean. (For wind loading, gusts of 0.1
second duration may be important in particular situations.)
These fluctuations in wind speed and direction inherent with natural ventilation have an obvious bearing on
the total volume flow through the house, on the identification of surface openings as air inlets or air outlets, and on
the velocities and patterns of air movement that occur within the house.
Measurements show that the air flow onto a building exerts a positive pressure (in excess of atmospheric pressure in the free wind stream) on the predominately windward faces (which diminishes with the angle of impingement).
Some of the air is brought to rest on these windward-facing walls, but the greater part of the air stream is deflected
and accelerated around the side walls and over the roof, with a consequent reduction of pressure on these areas).

Large eddies are created behind the building which give rise to a similar reduction of pressure on the rear (leeward)
faces (see Figures 21 and 22). The greater the velocity of the air flow, the greater will be the suction effect and, for
example, the channelling of the wind between two buildings will increase the outflow of the air from the buildings,
through any vents on their opposing walls.
The pressures and suctions are in fact proportional to the velocity head (P) of the moving strearn, and we may
write:

p = 0.0064 u' em water gauge;

u = strearn speed (m/s).
The total pressure drop across the building, from the windward to the leeward face, is in fact close to the
velocity head of the free wind and most of this pressure drop is achieved across the windward face (Dick, (20)). The
sense of the pressures incurred is to cause air to flow into the building through any available opening on the
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windward face, with a corresponding flow out of the building through any available openings in the remaining faces.
Should openings be available in one face of the building only, cross-flow (through flow) is prevented. Pressure gradients along a single face of the building may, however, still cause an air flow between openings in that face. For
the more general case of oblique incidence of the wind onto a building, it is possible to visualize eddies in the free
wind or developed by building, giving rise to pulsating movements of the air through wall openings, particularly near
to the comers of the buildings_
On the windward slope of a roof, pressure is dependent upon pitch. It is at a maximum negative value, I.e.
maximum suction, at pitches below 15°, but diminishes with increasing roof pitch, until it is virtually zero at about
30°. Roofs steeper than about 35° generally present a sufficient obstruction to the wind for a positive pressure to be
developed from their windward slope, but even with such roofs, there is a zone near the ridge where suction is
developed. Lee slopes are always subject to suction. Roofs of all pitches are affected by suction along their windward
edges when the wind blows along the direction of the ridge (Figure 22).
If we have some estimate of the pressures developed by the wind across the building and building surfaces,
estimates of the natural ventilation volume flow through the building (or through openings in the building surfaces)
will depend on the value we assign to the resistance to air flow. Measurements show that we may neglect pressure
differences (static pressure drop) across a ventilated space, compared with those that occur across openings (inlet
and outlet).
The static pressure loss aCross a ventilation opening is found proportional to the square of the volume flow

rate, V. The factor of proportionality, R, depends on the type of opening, but the form of the relationship applies
equally to flow through ducts, to cracks around windows and doors or to a thin plate orifice.
The force required to move air through a ventilation system or opening may be related to the head or height,
h, through which unit mass of air must descend in order to effect its passage through the system.
For a ·volume flow rate V we may write:

head = static pressure loss across the system; and head = h = R V" .
The work done in the descent of unit mass through h cm = gh erg.
If this work imparts an initial velocity u to the air entering the system,

gh
and

h

=

'12 u'

= u'/2g = RY'.

To calculate R the constant of proportionality for the case of a simple opening of A cm' in a thin plate (to
which our ventilation openings will approximate if we assign a coefficient of discharge of 0.65) we proceed as
follows.
For a unit flow rate (Y = I cms/sec)

R=u'/2g=h
and

u

= I/A

cm/sec.

If our opening has a coefficient of discharge of only 0.65, the head necessary to effect a stream velocity in
through the opening must be increased and we now have

u'
h =

(0.65)' 2 g
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and R

=h =

1
A' (0.65)' 2 g
1
839A'

but R = h =

1
839 A'

=

f .
cm a au

=

0.00125
839 A 2 cm static water gauge.

Generally, for a flow rate other than V

= 1 cm/sec, we have

h=Rv'
where h is in em static water gauge, V is in ems/sec.
When V is to be measured in m S !hr, A is to be measured in em'2, our expression becomes

h=0.121 v'jA'.

These expressions relate to the air movement through a single orifice. It must be remembered, though it has
often been forgotten, that continuity of flow requires that the volume flow rates entering and leaving a ventilating
space should be equal. Total resistance to flow in the air circuit is obtained by summing the resistance (pressure
drop) across the orifices taken in sequence and it follows from Shaw (21) that the equivalent orifice area A of
openings AI' A 2... operating in series is given by:

l/A = l/AI

+ l/A, + etc.

The equivalent area of inlet and outlet is therefore always less than either area taken separately. if the two
areas are equal, their combined equivalent area is 70 per cent of the single opening.
Perhaps more importantly, we should remember that, in a series system, if one opening is much larger than the
other, then the volume flow through the system is effectively controlled by the size of the smaller openlug.

Where there are several openings in one surface of the bullding, each offering parallel channels for the passage
of air, the same pressure head acts on each independently; the combined equivalent orifice area is simply the sum
of the individual areas, and we now have:

A = AI

+ A, + etc.

Pattern of air movement - air velocities

For a conventional building, totally enclosed, but with adjustable openings in the walls and perhaps the roof,
we may estimate the resistance to air flow of these openings, take the pressure head across the building to be given
by the free wind and, from our previous expressions, make estimates of the total volume flow. Applying an appropriate volume flow to any given inlet, we may treat the ingolng air as a jet and make some estimate on the likely
velocities and air-movement patterns associated with such a jet within the house under reasonable steady external
winds.
For a building comprising three walls, i.e. open at the front and with vents in the back wall, some further
comment is perhaps called for. We can treat the resistance offered by the outlets of the rear wall as giving the total
resistance of the system and we can make some estimate of the total volume flow through. However, a little thought
and calCUlation in the typical case will soon show, for example, in the case of wind incident normally to the open
front, that by far the greater part of the air stream approaching the front of the building simply cannot pass through
the building, but must again pass over and around it. The absence of a solid front to the building does not prevent
the building from behaVing as a bluff obstacle and the free wind velocities are quickly damped within the house.
For oblique incidence of the wind on the front of such an open building, attachment of the incoming air streams to
the internal building surfaces will obviously carry strong velocities around in contact with them. But a comparison
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of the resistance to air flow offered by the open front and the outlets on the rear wall will show that by far the
greater part of the total volume flow into the house must again pass out of the front of the house. In practice we
are likely to find that air velocities of the same order as the free wind speed are likely to be confmed to the
eddying motion in the first few metres of the house.
In the idealized case of a totally enclosed house, with equal openings on opposing walls, and a steady wind
normal to the wall openings, the ventilation stream comprises a steady cross-flow from inlet to outlet. The volume
flow is constant, and independent of the width of the house. However, as the width (and so the floor area of the
house) is increased, so the number of animals housed and the cooling load requirement are increased. As some'
farmers have found to their cost, there are practical limitations to the width of buildings under natural ventilation.
And in practice, of course, there is never a steady unifonn air movement across such a house. Air will pass simultaneously in and out through long openings. For wide-span, low-pitched buildings, the air flow does not remain
attached to the outer roof surface, and eddying motion will cause ridge and roof "outlets" to act as air inlets from
time to time. And, of course, natural ventilation implies an inefficient air~distribution system. Recirculation and
stagnant pockets of air within the building are almost inevitable.
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CHAPTER VII

VENTILATION RATE

The ventilation of a farm building may be expressed quantitatively in a variety of ways. The simplest measure
is the volume of ventilating air supplied. Often this is divided by the volume of the building being ventilated and
the answer quoted as the ventilation rate or the number of air changes supplied in unit time, usually one hour.
The concept of a ventilation rate as so many building air changes an hour is a simple one, but unfortunately
one open to misapplication and misinterpretation. One danger in such a concept is that it suggests that the incoming

air supply displaces (or mixes with) the room air in a particular way (which may not be true in practice); and of
course under natural ventilation, the volume of fresh air supplied (under the open conditions required for most
livestock housing) is likely to be difficult or impossible to ascertain.
The mixing of the supply air with the building air will in most situations fall between the two extremes of
perfect mixing (I.e. instantaneous, homogeneous mixing) and no mixing (which may imply complete air change if
the supply air simply drives out the old ahead of it, or no air change if the incoming air bypasses the old).
So an air-change rate, expressed as so many room-volume changes an hour, will not necessarily correspond to

the number of times the room air is actually renewed at a given point. This would only be the case if the incoming
air drove the room air out before it, as in laminar-flow rooms. Such a pattern of air movement requires a controlled,
air-conditioned, ventilation system and some expertise to' achieve. It is.ffiost unlikely to be achieved under natural
ventilation.

Whilst the volume of air to be supplied by a ventilation system to cope with the heating load on the building
air may be specified in many convenient ways (room·volume air changes per hour, or volume per animal per hour,

or volume per kilogram of animal live-weight per hour, or volume per hour per kilogram of food supplied), we have
therefore to remember that such a statement tells us nothing about the way the incoming air will be distributed and
nothing of the thermal environment and the quality of the environment the occupants will experience.
If mixing is perfect, then we may show that the "concentration", Ct, of the initial room air at time t, regarded
as a gas being diluted by the incoming supply air, is given by

Ct= Co e -Rt,
where Co = initial concentration of room air

R

=

ventilation rate

t = number of volume changes in unit time (one hour).
WhenR = t= 1,
Ct = Cole = 0.37 Co
so that one volume air change, under perfect mixing, in fact removes about 63 per cent of the initial room air.
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In fact if we label the air in a reasonably sized room with some tracer - an inert gas or vapour or smoke and follow the rate of dilution with time, then the assumption that the incoming air is continually and completely
mixed with the room air is a fair one in many situations, and we do find an exponenti3.1 rate of decay of the initially

uniformly distributed tracer. But in the larger spaces appropriate to many farm situations, mixing in the building
niay be only partial, and the process of ventilation can no longer be described quantitatively by a single parameter.
The concentration of tracer observed will be found to depend upon the positions in the building at which it is
sampled, and since the air movement in the building will be turbulent and eddying, the concentrations (of tracer)
observed will vary with the time at which the tracer is liberated. The simplest quantity which can then be used to
describe the ventilation relationship between two points in the room, either at one time, or averaged over an interval

(preferably long compared with the "period" of the eddy motions) is the time integral of the concentration of the
tracer found at one point, following the liberation" of unit quantity of tracer at the other. This quantity has been
called by Lidwell (I) the "transfer index" or the "index of exposure to contamination". It is obviously Impossible
to determine this index for all possible pairs of points, but one can determine the general pattern of air flow qualitatively (with visible traces) and then measure the more important transfer indices quantitatively. In practice, of course,
measurement techniques demand that the indices must be measured between two regions, albeit small, and not

between points. In particular, transfer indices may be determined between points near the air supply and points in
the occupied zone, to obtain some measure of the rate of dilution of locally generated contaminants.
Even when the rate of mixing in the building is sufficient to produce an exponential rate of decay in the tracer
concentrations (from which the ventilation rate of the space may be deduced), there is usually an initial period
during which irregular variations in the tracer concentration are observed. The contamination hazard and the total
exposure to contamination at the observing point include these initial amounts, and the value of the transfer index is

that it includes the effects of locally high concentrations being transferred to the sampling point.

The follOWing analysis is given by Lidwell (I):
If v

= the volume of the building,

V = the rate of supply of ventilating air,

q = the quantity of tracer liberated,
q'

= the rate of liberation of tracer,

C = the concentration of tracer and the sampling point at the time of t,

c

= the mean equilibrium concentration of tracer at the sampling point when the tracer is continuously liberated,

T = the transfer index,
then R = ventilation rate = Vivo

If mixing in the room is complete at all times, then

Ct = Co e -Rt = (q/v)e -Rt.
Now T = kfCt dt

= ~ fo"':e

-Rt dt

= v~· =

ft·

Instead of liberating the tracer at a given time or over a short period and observing the decline of Ihe concentration of the tracer in the air of the building, it is also possible with the controlled ventilation systems to liberate the
tracer continuously at a constant rate and to observe the equilibrium concentrations reached. Then

T= c/q'= I/V=

l/vR.
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We see that the transfer index has the dimensions of the reciprocal of a volume per unit time and as mixing
becomes more efficient its value approaches the reciprocal of the rate of supply of the ventilating air. The reciprocal,
liT, has been described as the equivalent ventilation between two points.
Those two quantities, the transfer index and its reciprocal, have the advantage of being descriptive parameters
which apply to any ventilation system, no matter how complex. In many situations they also describe directly that
property of the ventilation which is of greatest interest, namely its efficiency in protecting a given point to exposure
from airborne contamination, i.e. the quality of the environment provided.
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CHAPTER VIII

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

We have to remember that basically we are concerned with the farm situation rather than with the laboratory.
Robustness of the instrument and the simplicity of method may be more relevant than extreme accuracy. Gloyne
(I) examined the response time of animals in the field to sudden changes in their thermal environment and concludes
that environmental variables may be meaned over hourly periods. He also indicates the magnitude of the changes in

the environmental variables that produce a significant response (change in heat production). For example:
0.5° change in air temperature;

0.5 mls change in air speed in the range 0 - 5 m/s;
0.05 langleys for solar radiation at low total intensities.
When stock are housed in any numbers, the general effect is to buffer the thermal changes that the animals
experience. Nevertheless, the figures determined by Gloyne (I) may still be used as some indication of the requirements of our measuring techniques. Many of these together with some details of the characteristics of particular

instruments are in fact set out in WMO Technical Note 107, Meteorological observations in animal experiments (2).

Thermal environment

Among the more recent developments in the measurement of temperature has been the arrival of readily portable (hand) apparatus based on infra-red sensors. This method uses the emitted heat radiation from an object to
obtain information of the thermal structure of its surface and its surface temperature. The

infra~red

radiation ema-

nating from a non-sunlit object consists largely of the object's own radiation. This is dependent on the temperature
and emissivity of the object and can be referred to as the radiation temperature of the object. This radiation temperature will be somewhat below the true temperature of the surface (unless we are dealing with a black body). The
measured radiation from a body which is not black (i.e. does not absorb all the radiation falling on to it) will
include a certain amount of reflected heat radiation and will indicate an apparent temperature somewhere between

the radiation temperature and the true temperature of the surface.
A simple integrating thermometer for field use is reported by Hartley and MacLauchlan (3) which could presumably replace more conventional recording instruments, both on the score of cost and simplicity of location and
maintainance.
Certain multi-purpose instruments are now currently available and, for example, it is possible to obtain com-

mercially a single, readily portable instrument to indicate ambient air temperature to an accuracy acceptable for
animal housing work and which, by simple switching, converts to indicate air velocity either over the range
0-0.5 mis, a range of particular interest for housed animals, and then in steps over ranges up to possibly 12.5 mls
and adequate to check fan outputs. Such instruments make use of hot wire or heated thermal couple sensors.
Mount (4) describes a relatively simple thermometric method to measure air temperature, air velocity and
mean radiant temperature. Basically, the method employs two small globe thermometers, one of which is heated
electrically. The temperature difference between the thermometers is indicative of the rate at which heat is being
carried off by air movement. Of course some initial calibration is required.
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A more sophisticated instrument of the same kind is reported by Gagge et al. (5). In this case, too, the
environment is evaluated in terms of the thermal properties of a simple geometric shape - a 2 in (5 em) sphere which Can be heated electrically. Radiant temperature and air velocity can be obtained, together with derived
variables relevant to thermal comfort such as "operative temperature". Periera and Bond (6) give details of similar
instruments, again for use in pig housing.

Internal air movement

The comparative survey of instruments and methods given by Hitchin and Wilson (7) should be compulsory
reading for anyone venturing into this work for the first time.

Probably the best single method of finding air-circulation patterns on the farm is to use one of the various
smoke tracers, as these follow more clearly the vertical air movement. In large spaces, neutral buoyancy balloons
may be easier to follow. For occupied animal houses it is probably essential to generate small amounts of smoke
from puffers, as and where required. Where commercially available smoke puffers cannot be obtained, Kotrappa and

Bhanti (8), for example, indicate a simple apparatus for the job.
Among the instruments suitable for the direct measurement of the low air speeds normally expected in animal

houses, electrical methods are stilI to be preferred. Whilst the lowest air speed detectable with the low-speed, hotgrid anemometer is 0.003 mis, the limiting air speed for the shielded hot·wire anemometer is sorne 0.03 mis, which
is perfectly acceptable for our work. On the other hand, with mechanical devices such as the velometer, low-speed
vane and low-speed cup anemometers, a minimum air movement of the order of 0.15 mls is required before the
instruments begin to register, and this is probably unacceptable, particularly when we recall that such instruments
have a poor omIli-directional response.

Ventilation rate

Qualitatively we may indirectly assess the adequacy of ventilation (and whether we are over-ventilating or
under-ventilating a house) from the general well-being of the stock and from the occurrence, or otherwise, of
condensation within the building.
For fan-controlled ventilation systems (under the assumption that air entry through adventitious openings is
small compared with the volume flow delivered by the fans) there is no great difficulty in determining the rate at
which air is brought into the building either from the fan characteristics, or by velocity measurements close to the

inlets (or outlets).
With open and naturally ventilated systems, the measurement of the volume flow of air remains intractable.
Some assessment is possible using the calculations outlined elsewhere in this Note, but for the field measurement of

ventilation rate the use of tracer gases to label the building air has no practical rival at present. For the general wellbeing of the animal, however, the distribution of the volume flow achieved by the ventilation system is almost

certainly of greater interest than the simple volume flow rates themselves, and the "transfer index" recommands itself
as the parameter to observe.

Hitchin and Wilson (7) summarize the characteristics of tracer gasses and methods for their detection. Of those
listed, radioactive krypton (85 Kr) with Geiger counters (rate-meters), or nitrous oxide (N,O) with an infra-red gas
analyser would appear very suitable for work in animal houses and have been used by the present writer.
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Among the more recent developments in this area have been the appearence of flame ionization detectors to
monitor hydrocarbon concentrations down to 0.1 p,p.m., and electron capture detectors monitoring a halogen
M

compound Iracer such as sulphur hexafluoride (SF.).
Hydrocarbons are thermally ionized in the hydrogen flame of a flame ionization detecIor. The hydrogen flame
itself causes only small ionization. If a voltage is applied between the flame nozzle and an electrode arranged above

the flame, a voltage drop is caused across a high (Ohmic) resistance by the ionization current, which is fed as a
signal, via an amplifier, to a recorder. Only those organic substances are recorded which produce carbon dioxide
during combustion. Baum et al. (9) discuss one such instrument.

Turbulent-flow rooms (see Hall (10)) and fan-assisted ventilation systems in general, where these make use of
fan jets and secondary-entrained circulation, serve simply to disperse or dilute the contaminants throughout the air

space and to remove them through the outlets. Heldman, Hall and Hedrick (11) make the point that in order to
monitor (and- improve) such dilution-type ventilation systems, some parameter other than air velocity should be
measured and used in design. Their work, which examined the effect of ventilation rate (volume flow rate) on paraM

meters which described air turbulence (such as eddy eliffusivity, turbulent energy, intensity of turbulence) comes
down in favour of an eddy diffusivity value calculated from a fluctuating velocity record as the best measure of airM
flow activity. However, whilst meteorologists may perhaps more readily obtain instrumentation for this kind of
measurement than the apparatus required for a measurement of "transfer index", both must be regarded as sophisticated methods, and the problem of specifying the quality of the environment in a quantitative, but simple, way

still has to be solved.

Monitoring of airborne particles

DustMmeasuring instruments can be divided into three groups:
Those functioning gravimetrically (filter instruments);
Instruments for determining the number of particles;

Optical systems.
Optical systems determine the dust content of the air photometrically, from the scattering of light by the particles. The requirement that the dust retains the same material and grainMsize composition places limitations on its
use. Since microMorganisms may not be collected viably on certain dry fIlters, impingement into fluid medium is
sometimes recommended.
Impingement is the method employed in the particleMcounting instruments, where the air sample is drawn at

high velocity through a fine nozzle onto an object glass. This is commonly coated with an adhesive and the particles
counted under a microscope.
Refinements such as the possibility of several dust samples on one single receiver and automatic switching at

regular intervals enable sequential changes in concentration to be followed (Chatfield (12)).
An alternative to the visual counting of particles is reported for example by Silverman and McGreevy (13),
who make use of now familiar cloud-chamber method of converting particles into water dropleIs through aeliabatic
expansion.

Particle tracers

Thompson (14) reports the use of fluorescent zinc cadmium sulphide particles as tracers in studying air
motion. Raynor et al. (15) eliscuss the advantages of dyed pollen grains and spores as tracers in dispersion and
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deposition studies. Sutton et al. (16) indicate sampling procedures for pollen. A mono-disperse aerosol generator for
experiments is shown by Peterson and Whitby (17). Aerosols employing Bacillus globigii and Staphylococcus aureus,
and their subsequent treatment, are reported by Margard and Logsdon (18). Many practical aspects of aerosol generation and sampllng methods are discussed by McIver (19).

Modelling
OUf primary i1).terest is in the pattern of air movement within the house. Many national organizations-with
functions similar to those of the Building Research Station and the Heating and Ventilating Research Association in
the United Kingdom will have actual, but moderately sized, test-rooms available to examine the internal air movement
under various constraints. Obviously their results will be of general application in farm buildings, but we have to
remember that their experiments are likely to be dealing with small volume flows, small cooling loads, and open and
unoccupied rooms.
External air movements and wind pressures (particularly when modified by neighbouring structures, trees, etc.)
may lead to interference with the operation of fanaassisted systems. The ventilation and air -patterns within naturally

ventilated houses is similarly influenced by local topographical features. Interest now lies in the possibility of re-entry
of discharged air and in the cross-contamination between nearby houses.
The experimental modification of in situ farm buildings and structures in order to examine these effects is
obviously difficult. Recourse has been had to various modelling techniques.
Numerous methods of visualizing air-flow can be devised, including silk threads, smoke tracers, Schlieren pho-

tographs, etc. For a discussion of a number of such methods, the reader is referred to the report of the ASME
Annual Meeting, (20). For two-dimensional modelllng, a water table with baby-powder (talc) as a tracer is described
for example by Konzo et aT. (21). Recent three-dimensional modelling of the air-flow with a smoke tracer in wind
tunnels is described in the earlier section on the aerodynamics of buildings.·
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CHAPTER IX

PROBLEMS - ORGANIZATIONAL

Why and how, as meteorologists, do we have an interest in animal housing at all? The problems implicit here
can be considered under three general headings. The first concerns the interrogation of nature, the exploration of
those aspects of climate, weather and environmental physics which are relevant, in this case to animal housing. The
second concerns objectives in meteorology. The third concerns the evaluation of environmental data and understanding - the translation of meteorological events into events of significance in other fields; a quantitative study of
interactions between the environment and various facets of animal housing should lead on to rational and routine
procedures to put this knowledge into action.
Now the sequence in which these headings are placed is qnite deliberate. The first presumably is not controversial; we have to start from the basis of facts. But unless our objectives comprehend the third type of problem,
we do not become involved in the efforts needed to translate ideas, analyses and understanding into effective action
and change.
It would be easy simply to list a number of technical problems for further consideration and study. But the
crucial problem of making meteorological advice effective is probably not technical, but something more intangible.
It turns on attitudes and organizations. It turns on the reasons for the allocation of manpower and other resources
to particular problems and, indeed, on the very way in which problems are identified.

"Science" we take to be an activity aimed at moving back the boundaries of human knowledge. The argument
runs that this is a self-justifying activity. "Technology" we take to be research and developmental efforts aimed at
specific practical goals.
I think we have to lreep this distinction between science and technology clear in our minds. Certainly the
objectives are different and the end-products are different. In agricultural meteorology I submit we are all basically
"technologists". We are concerned with the harnessing of science to practical ends.
As long as we are forced to compete for the resources allocated by governments, we cannot afford to lose any
opportunity of stating our aims and the organizational "environment" which we as meteorologists consider necessary
to enable us to reach our full potential. In a phrase, I suggest our aim is:

To write business objectives in meteorology;
To develop meteorology as a management aid.
Business objectives are an immediate declaration of an interest in economic results.
Business objectives involve us in:
Marketing - matching the service given to customer requirements (within the financial constraints laid down).
It is the farmer who dictates the problems we tackle.

Innovation - the provision of more economic goods and services. It embraces improvement in the product, in
marketing techniques, in management and organization methods. It commits us to technological advance rather
than to problem-solving; problem-solving, when viewed as practical decisions that lead to the restoration of
"normality", becomes part and parcel of the marketing of meteorology.
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Our output as meteorologists has no utility of itself; it is simply one of many other management inputs in
other fields and we need to develop meteorology as a management aid in order to make our output effective.
The answer to the question "Why an interest in animal housing?" is simply that we place the user and the
potential user of meteorological advice at the centre of our deliberations; real problems seldom come in "disciplineshaped blocs" and we follow where they lead us.

CHAPTER X

PROBLEMS - TECHNICAL

General
I would suggest that housing design and environmental engineering design and control procedures are now
sufficiently well documented (even though they may not be found in strictly meteorological literature) to enable
the thermal environment to be adequately treated. Simply to write this is not to say that the thermal environment
will always be so treated, and one must expect that there will be a continuing requirement for agricultural meteorologists to act both as "trouble-shooters" and as sources of information on basic procedures and basic data.

However, a realistic assumption might be that this wili be a diminishing commitment as knowledge spreads,
and that in the future limitation on production will increasingly turn on matters of health and hygiene; more and
more of the questions directed to us will concern the quality of the environment and so, health, rather than thermal,
engineering. Just as the requirements of the thermal environment involve us in a knowledge of the procedures of the
heating and ventilating engineer, so now we become involved in the procedures of the veterinarian, the bacteriologist,

the animal behaviourist, the virologist, etc. This undoubtedly implies a two-way process of education, both for the
meteorologist and those with whom we collaborate. It implies that we will perhaps give of our best as members of
a multi·disciplinary team; but above all, before we take our departure down some fascinating new paths, it implies
that we should be aware of our fmal objectives and our commitment to practical ends.
Observations
I think we have to be reconciled to the fact that, in general, interrogating or monitoring the environment in
and around animal ho:uses involves us in non·standard meteorological equipment and therefore in additional cost.
This is certainly true when we come to air movement. With estimates of ventilation rate or "transfer index",
it is difficult at present to see how to replace tracer techniques for this measurement.

Direct sampling for particles and aerosols has problems of its own. Some of these are discussed by Dimmick
and Akers (I).
Air movement in and around farm buildings
There is probably enough information in the literature to build up a general picture of the likely air movement
in and around farm buildings. Problems of continuing interest are likely to be:
The patterns of air movement found within buildings, and in particular the air movements induced within the
occupied zone;
Wind-pressure effects on controlled ventilation systems;

The behaviour of suspensions of particles and viable organisms (since dilution by eddy diffusion may overshadow their dilution by death).
Some understanding of the principles of room-air movement, of the turbulent flow likely over and around
bluff obstacles and of some of the wider aspects of turbulent diffusion all have to be written into the background
knowledge of the meteorologist. Their interpretation in the light of local circumstance and local topography implies
field work; the dissemination of this background information to non-meteorologists becomes part and parcel of the
marketing of meteorology.
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Design calculations

Problems of the thermal environment are often essentially those of heat and moisture balance, involving heat

and moisture inputs to the buildtog air from the animals, heat and moisture removal from the building alr by ventilation and infiltration, heat exchange between the building structure and the building alr and occupants. Where in
general we wish to maintain internal temperatures above the external ambient temperature, we have the restriction

that internal design conditions should be met by making full use of the metabolic heat dissipated by the animals,
before any supplementary heat is considered. Limitations on ventilation are now determined by the need to avoid
condensation in the building and by general hygiene considerations.
Where in general we wish to avoid internal temperatures above the external shade temperature, we have the
restriction that the best use has to be made of natural ventilation and constructional techniques before climate
modification by other means in considered.

In the past the meteorologist may have tackled these aspects of animal housing by reason of default on the
part of others. We are now in the province of the heating and ventilating engineer. Principles, procedures, even
typical calculations, are fully documented in the literature. For example, the Institute of Heating and Ventilating
Engineers - Guide to Current Practice (2); the American Society of Heating, Refrigerating and Air-conditioning
Engineers - Handbook of Fundamentals (3). Even though the situations covered refer mostly to human habitations,
their extension to farm situations is fairly straightforward. The reader is unhesitatingly advised to study publications
such as these and, for example, that of Wakeforth (4) or Longhouse et al. (5).
Certainly ten or possibly even five years ago it may have been profitable to reproduce much of this work for
the benefit of meteorologists and agriculturalists. At this point in time I would suggest that it would no longer represent
an innovation. However, since the individual farmer may never have access to such publications, it is still a reasonable

requirement that the procedures set out in these works should be reduced by advisory and extension services (with
the help of meteorologists as necessary) to simple rules and recommendations, appropriate to the local climate and
construction methods.
Design internal air temperatures, relative humidities and air velocities can be nominated for each type and age
of stock. There remains the question of external design conditions, and the position here is not as satisfactory as

one might wish.
Conventionally, climatological statistics have been prepared for separate elements - temperature alone, relative
humidity alone, wind alone. Our requirements here are for information on the combinations of these parameters
that occur when one of them is extreme, i.e. wind speeds and/or relative humidities associated with extremes of

temperature. Such information is not readily available as routine. If low temperatures are associated with low wind
speeds, then perhaps infiltration heat losses can be neglected. Under the combination of high temperature and high
humidity, the likely associated wind speed is of the greatest interest.
Certainly for adult stock, departures for short periods, possibly even for a few consecutive days, from the
recommended internal design conditions may not be critical (provided we do not move beyond the thermo-neutral
zone). We do not have to design our system to meet all possible weather contingencies. This could be taken to mean
that the system which will cope with the average year, rather than, say, the extreme year of a ten-year sample, may
well be adequate. Cumulative frequency curves would provide some assessment of the risk involved in such decisions. Ideally, since protection against the elements involves money, some cost/benefit study should be made.
I suggest the conclusion to be drawn from such arguments is that there is no simple and universal procedure
for identifying outside design criteria. The conventional and simplest procedure would be take the average data
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relating to the extreme months, or conditions which past weather data (presented as cumulative frequency curves

for individual parameters or combined frequency tables for combinations of variables) would suggest, are only
likely to be exceeded on a certain small percentage, say I per cent, 2.5 per cent, 5 per cent of the time in the
extreme months. A straightforward application of such conventions would be to ignore the farmer's assessment of
the risk that can be accepted for his operation and such local factors as:
The heat (thermal) capacity of the building;
The degree of insulation;

The degree of exposure to wind;
Ventilation and infiltration levels;
The diurnal range of temperature;
Local topographical effects;
The cost of running supplementary heating or cooling devices.
The difficulties of extrapolating detailed solar radiation observations and calculations to other sites have been
shown by Nevrala et al. (6) and Smith and Kingham (7).
Since intensive animal houses are also capital intensive systems, and adaptation to other fann purposes may
not easily be made, their failure is not to be tolerated. Greater sophistication in their initial design is a requirement

likely to be forced upon our attention in the future.
Design for quality of the environment, where this is seen primarily as a function of the air-distribution system,
is more likely to call for familiarity with fan engineering (and possibly air-scrubbing techniques) than any meteorological expertise.
Design for quality of the environment, where this is a function of the level of internal, viable organims (and
their vectors), airborne or otherwise, sets the requirement for information on the response of such organisms to
environmental factors for the identification of the more environmental sensitive phases of then- life and reproduc-

tive cycles and for the identification of optimum and inhibiting environments. Such information could of itself
affect the overall design of housing systems, e.g. no litter. In many cases, we must infer that both our animals and
the pests and diseases to which they are host will have an overlapping requirement in the external environment
that will support them. But it may also be possible that by displacing the environment towards an extreme for our
animals and by more precise environmental engineering, we could provide environments which minimize the survival of predacious organisms outside the host.

Design for quality of the environment, where this is a function of the local (external) levels of contamination,
is not to be associated with precise and quantitive procedures. It requires a certain familiarity with building aero·

dynamics, but also some field experience in interpreting the probable effects of local topographical features on the
wind field.
Design for quality of the environment, where this is a function of the external background level of contamination, in particular of viable organisms, again makes a demand for the identification of weather-sensitive phases
in the life cycle. Recommendations in detail, on the location and separation of housing sites, must obviously turn
on the availability of such infonnation before we can write weather factors into such decisions.

Meteorology as an input to investment decisions

In animal housing, it is perhaps a reasonable assumption that the trend towards instrumented and automated
environmental control systems will continue, and that the need for some of the relevant tactical decisions now
made by the farmer will recede.
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How do we write meteorological information into the longer-term, capital-investment decisions that animal-

housing environmental control systems represent? Duckham (8) discusses this in general terms.
A shnplified energy model for livestock production may be written as

where Y = yield in milk or eggs or growth;
I = metabolizable energy in the food intake of the animal;
M b = basal metabolism of the resting anhnal under thermo-neutral conditions;
M a = energy attribuable to activity, I.e. movement, grazing, seeking shelter;
M a = energy need due to departures from thermo-neutral conditions.

By housing livestock properly we aim to reduce environmental extremes, which in the one case lead to a
reduction of energy (1), andin the other, lead to an increase in the "non-productive" energy expenditures (Ma and

M a)·

Young stock of all kinds need warm environments, and in temperate zones this may hnply supplementary
heat, insulated buildings, and ventilation control systems. Growing and adult stock have less restrictive enViron-

mental requirements, which may possibly be met by simple uninsulated housing that still provides protection from
sun, wind and rain, or indeed may hnply no housing at all.
Initial questions for the meteorologist are:
How frequently
By how much
In what season of the year

I
J

is

J

energy intake (1) depressed?

I energy expenditure (Ma ), (Ma) increased?

Questions posed by the meteorologist, in order to identify the parameters that need to be specified (in terms
of averages and ranges, cumulative frequencies and probabilities) are what relationships do we have between environmental factors and livestock-production responses?

Qta et al. (9), Berry (l0), Morrison et al. (II) offer some such relationships for egg production, millr
yields and weight gain of pigs and Hahn and McQuigg (12) demonstrate their application to quantify production
losses due to summer extremes of temperature and humidity in the United States of America. The conversion of
an increase or decrease in production into monetary terms} in' order to compare housing costs against the return
from alternative forms of investment, must obvisouly revolve on local circumstance.

By general agreement in the United Kingdom for example, it is more economic to provide housing for fattening pigs (and to make use of their metabolic heat to warm the environment) than to provide poor accommodation and additional feed. Carcass quality, as well as simple weight gain, is here a contributory factor.
According to the literature reviewed by Charles (13) broiler growth rate in the post-brooding period is not
much affected by temperature in the range 55°- 75° F (13°- 24° C). Whithin this temperature range, food consumption has been reported to be reduced by 78.5 Ib (35.7 kg) per 1000 birds per 5° F (2.7" C) temperature rise,
during a four week period from four to eight weeks of age (see Prince et al. (l4)). Making use of this information,
Charles and Spencer (15) placed monetary values on food and fuel costs in order to select working temperatures
for broiler production in the United Kingdom. In the same way, the economics have been studied of running poultry
laying units at high temperatures, whilst feeding special diets capable of giving adequate dialy protein, vitamin and
mineral intake under the reduced food consumption that is necessarily associated whith such temperatures.
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What we see here are examples of sufficiently precise relationships between environmental and production
factors that enable climate and weather probabilities to be translated into economic terms, and so enable a rational
choice of alternatives to be made. Further studies of this kind need to be sponsored.
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