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i The inadequaoies of na-l;ural vent i la t ion  systerdb when farm animals a re  ': 
houaed'intensively has oompelled an i n t e r e s t  i n  vent i la t ion proaeaees and I 

pr,oblms. Housing has perhaps developed fur thes t  f o r  poultry and pigs, where * . 
ocrntrolled ,environment houses a re  oommon plane, but housed 'b ro i le r  oalves', 

I 
I beef o a t t l e  and sheep are of growing importanoe. 

I I 
I 

The term 'oontrollgd environment houset i s  aomethhg of a misnomer, f o r  i n  
praat ioe t h i s  often mpms simply the maintenanoe of a f a i r l y  oonstant 4nternal 

I . f emperature level .  Tha oonstant temperature i s  achieved through ventil;a$ion : 
i f ans  tripped by the,mgstata. The vent i la t ion  r a b  o f  t he  building i s  an I 

.+ , iaportant  faojtor i n  t he ,  heal th  and produotivi4y of t h e  animals (smith 196f), I I( 

but a s  long a s  t h e  external a i r  i s  taken d i reo t ly  and without moWioation 
i n t o  the  house, then ,$kq yent i la t ioq  r a t e  j s  a variable quantity, dependent 
upon the  external oonditions. There are of oourse many praotioal v a i a t i o n s  
t o  the  vent i la t ion  sys.S;om outlined above, but t h e  dependenoe on the external 
oondition3 can only be.,removed by f u l l  a i r  oonditioning. 

There i s  d i n t e r ea t  then i n  a simple method of determining vent$.llafion 
, ra tes ,  f o r  the vent i fat ion r a t e  has a bearing on the  e f f i ~ i e n o y  of prodw$ion 

, and on housing costs;  Condens&tion i s  a major problem i n  th8 poorly 
v e n t i l a t e l  house and a f f ec t s  i t s  useful l i f e  and t h e  oost of i t s  maintenanoe. 

I 1 I I 

2. Thet re la t ion  between in t e rna l  and external atmospheres 
U 

The assm*tion t h a t  conditions ohange but slowly inside and outside t h  
house 'enables us  t d  b&t up balanoe equations. A t  the  steady s tate ,  t he  

,,, of praduo t ion a f  heat and moisture by the  animals within the  house i s  equal 
t o  t he  s a t e  a t  whioh heat and moisture i s  removed, primarily by the  air passirig 

t , 71 th r~ugh  tile h o p e ,  hnd we may wr i te  , 
I I , X "  ' ' I '8 

4."' 4 1 ~ 4  ,, ' L e u r e  b u w e  , w = ' W . t M  / ( 1 )  

. .,,' Heat lbalande h + ha = ~ i , ~ .  a9 + c d0 , (21 . d 

' Y p , , ,  ' . ~ 4 L i  is < t - i i 
I where ' . U = moisture pro duoe4/admaJ/hour i , z 4 

, . t~ , A ' I? = mass of a i r  passing through the house/hour I( ' I ,  !, \ ,; 
4 J I , d = moisture inorement of t h e  a i r  leaving over tha t  , 

u , , ,$ i < I *  , ' : entering the  hoyse i 

, I 1  *. 1 ' , P 
1 I I '  h = senlgible heat pr~duction/anima;L/hour 1) r l 

i ,, 
il ' T  , ha = additional s p q e  heating supplied/anima;l/hour , d 

I i: , s + speoifio heat of air 
J; 

4; 
i + -  , !  i , = temperature inoremen* of the  air  leaving over l k  

t ha t  entering the hourre , 9.1 
i L7 = conduotanoe heat loss  through the  fabrio of the ',! 

, t I 9 ,  ' 
, , 4' ew , building/anima3/110ur/deg:. F. ,, I a 

t 4 . ? ,  

" 11. ' ,  .\ 
! , a , ;$ x i  , )As a 'first approximation, the  heat ana m ~ i s t & e ~ ~ , o u t ~ u t  of an animal of given r 3, 

L i t l  
I , weight may be regarded a s  known. The effeot  of ohanging environmental demand I ,  I 4; 

. ,$,I and the  diurnal variat ions of output due t o  feeding habit  and r e i t  are then , , r~ 
I P, j '; &nored. , ,,,I 1. 

7 I , 
, j  + k  i.r I 

I 
i ' A  variable radiat ive and oonveotive heat lose  f r a m  the  buf ldlng i s  not ' r :'I 

i t ,  taken i n t o  moount ewep-b i n  so f a r  as  the value adopted f o r  the  a i r  to. a i r  
J,' 

heat tronsmittanoe 'bf f he b u i l d i G  ie a funotion of or ientat ion and d e g r w  of % , \ ,  
exposure t o w i n d .  The loes  i s  oompensatedby a s o l w h e a t  gain, but the  ' '.' 

. t 
;i, 

1 + r e s u l t a n t  ohwges of t h e  temperature of the e x t e r n d  awfaae are l@*ternieted ,,> 
I : 

I : a t  the i n t e rna l  swfeoe. With t he  ~Candard of insulat ion a&pted foq the  < ( '  , '  " 
a 

b e t t e r  hcuaes, t he  effeot on the in t e rna l  heat balanoe i s  l i k e l g , t o  bet m4l. , , I ) ,  

' %  , , '  I ,  b Y 

1 ' I 
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' Should it be though$ rieoessar~~, a Proceilu~e i s  available f o r  caloulating the  
so la r  heat gain thrbbgh ~ ~ 1 1 s  and roof S, t o ~ s t h e r  wi t11  6n estimate of t he  
lag  before t he  gain becomes apparent in te rna l l j j  (I.H.v.L. Guide, 1959). 

! I <  
I Y ,  

Heat and rnoisture production wit'nin t he  lzouse, other  than by the animals, 
needs Supplementa~j space heating by f u e l  o i l  o r  gas burnt I 

within the  house necessarily gives an output of water Vapour and the  amounts 
are  always important. Evaporation from drinkers can probably be safely ignored, 
The frequency and method of removal of faeces and urine has an obvious bearing 
on condi%ions within the  house. The bac t e r i a l  decomposition of any bedding o r  ' 

deep l i t t e r  gives a f u r t h e r  souroe of heat and moisture. The wild heat produced by 
any e l ec t r i ca l  equipment can i n  general be ignored. 

Values f o r  t h e  heat and moisture production of poultqy and calves, the only 
animals considered i n  ther present s e r i e s  of experiments, a r e  shown i n  an appendix, 
together with estimates of cer ta in  supplementarj outputs. 

3. Estimation of the vent i la t ion r a t e  t b u g l ~  ps.yoIwornete_r readings 

Theory 

It i s  readi ly  seen from equations (I) and (2) t h a t  i f  the  heat and 
moisture production within t'ne house i s  Icnm, then a measurement of the 
temperature and moisture differenoe between t h e  in t e rna l  and external 
atmospheres give an indicat ion of the vent i la t ion rate.  The only 
additional information required i s  an estimate of the conductanoe heat I 

loss. If t h e  d e t a i l s  of t he  construction of the building are  known, this 
p w t i c u l a r  calculat ion i s  straightforward and the  method i s  i l l u s t r a t e d  i n  
an appendix. 

The psychrometer enables a rapid survey t o  be made under conditions of 
standard exposure, and wet and dry bulb readings may be converted t o  show 
the  moisture content of the a i r  with the a i d  of a psychrometric chart, 
f igure  1. 

(ii) Praot ioal  problems 

I A s  f a r  a s  I am aware, use has not before been made of the  prooedure 
suggested. 

Some of the approximations and assumptions made i n  the simple statements 
of t he  balance equations have already been discussed. The suocess of the 
method i s  dependent upon a sa t i s fao tory  estimate of the  heat and moisture 
production within t h e  house and this may vary &om house t o  house and viith 
t he  system of animal management adopted. We might perhaps expect dirferent  
r e s u l t s  i n  a house where all droppings were retained u n t i l  such times as the 
animals were cleared e,g. deep l i t t e r  b ro i l e r  house, as  oompared w i t i  an 
animal house where droppfngs were washed avrajr da i ly  and where standing pools 

, o f  water were usual, 

/ 
/ ,  

Any survey within a given house might be expeoted t o  reveal the 
existence of ter!~perature and moisture gradients. Tlze psychrometer w i l l  
oe r ta in ly  r eg i s t e r  f luctuat ions i n  the external. oonditions. It beoopes 
neoessary t o  devise an adequate sampling technique and possibly t o  define 
a standard procedure o r  position f o r  measuring temperatures. 

(iii) The procedure adopted 

To achieve consistent r e s u l t s  between t h e  heat and moisture balance 
methods and resu les  consistent with other  independent estimates of the 
vent i la t ion rate ,  it was found neoess?ry t o  operate i n  equations ( I )  and 
(2) with the  maximum,differenoes reoorded between the in te rna l  and external 
atmospheres. A mean of say 10 readings a t  various yoints tvithin a house, 
where ventilekion i n l e t s  ex is t  on all sides, i s  l i ke ly  t o  be biased toward 
the  lower external values and t o  give an over estima-lie of the vent i la t ion 

. 6 4 , +  . \ 
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rate. I n  general ex t rac tor  f a t  high l eve l  ( i n  t he  ridge) 
and i n  t he  l a t e r  work, observations witl.lin t he  houses were ooncentrated 
near t o  t b e  extract fans  wherg t h i s  was praoticable. Observations of 
the  external conditions were taken both before and a f t e r  the observations ' 
within the  house. 

I 

\lit11 poul try it was assumed t h a t  droppings were retained within tlie 
house and t h a t  t he  t o t a l  heat and moisture output of t he  birds needed t o  

&e taken in to  account; with b ro i l e r  oalves droppings were run off 
quickly a s  a s lurry and only the  evaporative lo s s  of the  animals was 
imp or  t ant. 

Moisture production of the  l i t t e r  was ignored exoept i n  so f a r  as  it 
was assumed t h a t  t h e  water excreted by the birds was vaporised by the  
l i t t e r ,  A oorrection f o r  t he  moisture output of any space heaters was 
always made. An allowance f o r  sensible heat  t r ans fe r  from the l i t t e r  
t o  the a i r  vras made when the  bullc temperature of t h e  l i t t e r  exceeded 
t h a t  of the  ,air by 15 degs, F. o r  more, provided t h e  l i t t e r  covered the  
en t i r e  floor.  

4. Estimation of the vent i la t ion r a t e  with the  aid of a radioactive t r ace r  gas 

1 (i) Tm 

A t r a c e r  gas i s  introduoed i n t o  tHe hohse and a uniform ooncentration 
aohieved by some method of mixing. Air passing through the  house now 
removes some of t h e  t raoer  gas and the r a t e  of change of concentration, 
measured with a sui table  detector,  gives an estimate of t he  ventilation 
rate.  

I f  mixing i s  complete, the  k ine t ios  of the decrease in  ooncentration 
of t he  t r a o e r  gas are  those of a f i r s t  order reaotion and w e  may write the  

, , r a t e  of change of concentration a s  

- @C- N.C. 
,! 3 t 

where ' 'T c conoentration of t r aoe r  gas 
N = a oonstnnt 

I 

(N) i s  inte&reted by plaoing (C) equal t o  unity, and i s  the  amount of 
, t raoer  gas removed i n  unit time i f  tile concentration i s  always maintained 

at unity. , Thus (N) i s  seen as the  number of volume ohanges i n  uni t  
time; , 

Onintegra t ionwehave  ' 

where ' Co = in9tial 'ooncentration of t racer  gas 
C t  = ooncentrztion a t  the end of time t 
fl = number of volume ohanges i n  uni t  time. 

( i i )  &tical problems Y ,  

The method has been used successf'ully i n  domestic aacommodation and 
i n  la rger  publio buildings where the  vent i la t ion was by natural  means 
and where air movements of t he  order two o r  three changes per  hour enabled 

+ the  oondition of an i n i t i a l  uniform oonuentration of the t raoer  gas t o  
be met. I 



, , . 
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,," > . * 
There ar; obvious sampling d i f f i o u l t i e s  i n  attempting t o  apply the I, ; I. , ' , c teohnique t o  9 occupied animal house i f  t h e  prol i ferat ion of expensive 

equipment , i s  t o  be) avoided, For t h e  llouse ma;y possibly be some 250 f e e t  I 

i n  length, wit11 a i r  i n l e t s  along the  length of eaoh s ide and with a foroed + 

8 ' ven t i la t ion  systen~ effeoting up t o  40 a i r  ohanges per hour. The animals w i l l .  . 
i n  general reaot  t o  any unusual o r  sudden happening and t h e i r  movement may I,. J 

need t o  be oonfined, The nature of the  f l o o ~  i.6. deep l i t t e r ,  wire meah ' ' 
'. or  s l a t s  mw prevent t he  movement of heavy equipment around the  houee f o r  a 

rap id  survey. 

" W i t h  40 volume ohanges per  hour, equation (3) indioates t h a t  the 
ooncentration of t h e  gas w i l l  be reduoed t o  one half of i t s  i n i t i a l  value 
i n  something l e s s  tkan f i v e  minutes. A t  20 volume ohanges per  hour, t he  
f i gu re  i s  something l e s s  than 1 0  minutes. 

The conoentration of t h e  t raoer  gas i s  taken a s  proportional to the  
f l u x  of emitted pa r t i o l e s  and t o  the number of these intemepted by a 
Geigez=-Muller tube. The input from t h e  G. M. tube t o  a ratemeter w i l l  be 
random i n  time and f luotuat ions i n  t he  oounting r a t e  w i l l  be observed. The 
aoouraoy of the observations i s  dependent upon the oonoentration of the t r a o e r  
gas employed. For if a oount of in) puLee8 per  seoond i s  reoorded, t h e  
etandard e r ro r  of t he  observation i s  i-,/no If a standard error  of' 
+ 5% on a s ingle  reading i s  acoeptable, then a counting r a t e  of 400 pulses/ - $ 1  

seoond i s  required. Sinoe l imi ta t ions  on t h e  aocuracy were in aqy event ' 

, imposed by t h e  i n i t i a l  oonoentration of t he  t r a a e r  gas desirable f o r  the animal@ 
o r  the  observer) l i t t l e  f 'urther aocuraoy was l o s t  by oontrolling the 
f luotuat ions i n  the  ooylting r a t e  about some mean value by varying the time 
oonstant of t he  measuring oiroui t .  

(iii) The procedure adopted 
, 

The t r aoe r  gas employed was Krypton fKre6), It i s  primarily a beta  
a i t t e r ,  with a half l i f e  of about 1 0 years. The par t io les  a re  soon , .  

absorbed i n  a normal atmosphere and t h e  major oontribuklon t o  the oount"lng 
r a t e  oomes from a sphere of some 25 oms. radiug Bsound the  deteotor. 

The reocmmended concentration of gas 9f 0.1 d l l i o u r i e s  per  1,000 cubio 
f e e t  gives a oounting r a t e  of around 1,000 pulses/minute. 

I 

I r I n  view of t he  probable rapid ohange of oonoentration of the  t raoer  gas, 
an i n i t i a l  cornentration grea te r  than O.? mill iouries  per  1,000 oubio f ee t  

es adopted. Equation (3) indioates  t h a t  a p lo t  of cqurrting r a t e  against  
time o ~gar i thmio  p q e r  should give a s t r a igh t  line. !Ihe p lo ts  obtained was at# 
tended t o  dep& from this and t o  be more $.q t he  nature of hyperbolae as 
time progressed. Bar this reason, a f t e r  abne rapid i n i t i a l  midng of t he  
traoer,  spot readings of t h e  oounting r a t e  vrere taken at one minute i n t 6 ~ a k 3  
f o r  a period of f i v e  t o  f$fteen minutes. A t  t h e  end of this' time, readings 
were oommow approaohing t h e  baokground oount, . .  

The measuring a paratus consisted of a genepa3. purpose ratemeter 
'(ILE.R.E. type 1037CP oepable of iadioating a mean, pulile repe t i t ion  r a t e  
of I t o  I@ pulse@ p e ~  aeoond and a probe un5$ (A.E.R.E. type 1014) whioh 
a p p l i e d  pulse9 o#' ffixed amplitude t o  the  ratemeter af"ter triggering by t h e  
G.M, tube. Tbe probe Wt was podified t o  o a m y  $he tube direotly,  BO t h a t  
both probe unif and tube oould be moved as  a eingle pieoe of a p p ~ a t u s .  
The maximum p e w a s i b l e  separatior) of the probe ur$$ and ratemeter was 12 feet. . 

,/ 

T t  i s  n e o e s s q  t o  bear i n  mind that only a s ingle  s o m e  of gas 
eoulil be released at  any one t ima and t h a t  the deteo2;lng equipment was 
largely immobile, L ,  

5' 
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I n  a house where some attempt could b* made t o  ob ta in  an i n i t i a l  
uniform conceirtration, t h e  f 0llov:j ng procedul-e was adoptecl. The t r a c e r  ' ":>,I 
g~zc, s1ppl:ied i n  a g l a s s  ph ia l ,  vJa3 placed i n  a rubber tuba attzched t o  a ,, , 
blower motor a t  ground l e v e l  and behind which was a por table  fan. K i t h  the 

' 

v e n t i l a t i o h  openings c losed  a s  far  a s  was p r ~ t i C a l > l e ,  'ihe p h i a l  was broken 
wi th  a sharp blovi. Tile g a s  was blown down t h e  tube, avfay from the  o p e r a t o r  
and was dispersed throughout t h e  house by t h e  po-Aable fan. After a 
s u i t a b l e  i n t e r v a l ,  t h e  normal forced ventil2d50n system was brought i n t o  
&ay and t h e  r a t e  of change of Concentration of 'the t r a c e r  gas fo l lov~ea  
wi th  the  d e t e c t o r  placed a s  c l o s e  a s  convenient t o  one of the  ex t rac to r  
fans .  

It i s  recognised t h a t  i n  animal housin$ the  p a t t e r n  of a i r  flow i s  
important a s  we l l  as the  o v e r a l l  v e n t i l a t i o n  r s t e .  For t h i s  reason i t  i s  
p r e f e r a b l e  t o  i n s t a l l  a l a r g e  n m b e r  of s m a l l  fans ,  each effecting some 
v e n t i l a t i o n  a t  a l l  times bu t  capable of an increased f a n  speed i f  necessary, 
r a t h e r  than t o  i n s t a l l  a fewer number of l a r b e r  f a n s  which c u t  i n  ana out. 
I n  t h e  f i r s t  case, t h e  p a t t e r n  of a i r  movement i s  reasonably constant and 
uniform throughout t h e  house, but  i n  t h e  second case,  tile p a t t e r n  w i l l  
change from time t o  time. It i s  not  unknown f o r  an ex t rac to r  h o t  t o  ac t  
a s  i n l e t  when t h e  f a n  i s  svritched off .  

I n  a house  nhose dimensions ru led  ou t  t h e  p o s s i b i l i t y  of obtaining an 
in i t i a l  unifoim concentra t ion of t h e  t r a o e r  gas, t h e  method was nevertheless 
employed i n  t h e  l~ope  t h a t  t h e  uniform p a t t e r n  of a i r  movement throughout 

, t h e  house could  l e a d  to  use fu l  r e s u l t s  i f  v?e operated on a t y p i c a l  cross- 
sect ion,  Por example a 200 f o o t  b r o i l e r  house m a y  have 9 ex t rac to r  fans  
i n  t h e  r i d g e  and uniform i n l e t s  along both s ides  of the  house. I n  such a 
case, t h e  t r a o e r  gas  was r e l e a s e d  beneath a c e n t r a l  e x t r a c t o r  f a n  and blown 
a t  ground l e v e l  toward an adjacent e x t r a c t o r  fan. M t e r  a shor t  i n i t i a l  
mixing period,  t h e  complete ex t rac t ion  system was brought i n t o  operation and 
t h e  change of concentra t ion of t h e  t r a c e r  gas  reoorded. The detector  was 
s e t  c lose  t o  t h e  e x t r a c t o r  f a n  t o  which t h e  mixing f a n  had d i rec ted  the bulk 
of t h e  gas. ' I 

5. E_stimation of' the  v e n t i l a t i o n  r a t e  through f a n  r a t i n g  

' ( i )  Theory I 

I ., 

Fan manufacturers have a standard procedure f o r  a r r iv ing  at tile 
oharaoter is t icr j  of t h e i r  products. - if t h e  f a n  dimensions and speed a r e  
known, toge ther  with the  resistance t o  a i r  movement of the ven t i l a t ion  
system i n  whioh' the f a n  operates,  then  manufacturers oatalogues v d l l  
i nd ic  a t e  the  volume of a i r  moved through t h e  system i n  un i t  time. 

,': 
(ii) P r a c t i c a l  p r o b l ? ~  

A visit t o  an animal house w i l l  probably revea l  t h a t  even if  the f a n s  
a r e  being used as intended by t h e  manufacturer, .the nominal f a n  ra t ing  is  
unknown. One must suspect t h a t  t h e  fans  a r e  no lonser  ION e f f i c i e n t  f o r  . 
want of maintenance. In any event, t h e  res i s t ance  of the  ven t i l a t ion  
system i n  which tile f a n  operates  w i l l  be an unknown quanti ty,  althouglz 
es t imates  can be made. I n  a l a r g e  house with many f a n s  t h e r e  may be a 
complicated c o n t r o l  system wit11 some f a n s  operat ing continuously o r  on 
a time switch, t h e  remainder c u t t i n g  i n  and out  a t  varying speeds a t  
increas ing telnperature levels .  The r a t e  of air  movement a t  any one time 
becomes d i f f i c u l t  t o  assess. Yind pressure  e f f e c t s  a r e  Inown t o  
se r ious ly  i n t e r f e r e  with f a n  working on occasions, unless  o e r t a i n  precaut ions  

I such a s  baf'fling a r e  taken. 

An important element i n  any house i s  l i k e l y  t o  be the  presence 'of 
adventious air i n l e t s  and ou t le t s .  



The prooedure adopted, 
r 

'Shere inf'ornt~tion oould be obtained from the  farmer or  from manufacturer8 ! 1 
oatalogues, the fan  ra t ing  was used t o  ind ica te  an order of magnitude f o r  t he  
air movement. I n  a l m g e  house, with f an8 cu t t ing  i n  and out continuously 
no great  confidenoe could be placed on the resul t .  0' 

The presenoo of a..ventious openings Was ignored, &though i n  a badly 
constructed house i t  has been estimated t h a t  between 20 and 8@ of the t o t a l  
air movement througl~ the house may be due t o  i n f i l t r a t i o n  ( ~ ~ n e ,  1961). 

6 .  Comparison of r e s d l t s  

The heat and mois&k.e balanoe methods a r e  not completely independent and i n  
view of the approfimatidis j,nvolved, comparison with some standard techniques of 
estimating vent i la t ion  $a+e we.s desirable.  

I 

Table ? shows the  pesul t s  when simultaneous experiments were made. The t ab l e  
shows t h e  order i n  which t h e  houses were v i s i t e d  and i n  the  earljr stages, the 
praot iaa l  procedures were being evolved. 

Beoause of the ddpendence of the vent i la t ion r a t e  on the variable external 
conditions, an estimats a t  any one time whioh i s  accurate t o  within 5 o r  I @  
i s  probably adequate. "Table 1 shows thee t h i s  i s  We order of agreement 
between the  three methods employed. 

I 

7. Reoommended procedure 

Simplicity suggests a use of the psychrometer teclmique. External readings 
should be taken both before and a f t e r  the  in t e rna l  survey which should be concentrated 
around the  known outlets.  The maxhium temperature and moisture differences 
observed between the  in t e rna l  and external atmospheres should be employed i n  the 
oaloulations. A mean of t h e  r e s u l t s  from tlie heat and moisture balance methods 
sliould be adopted. 

I 
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Comparison 

- I--1---- 

Charao t e r i s  I;io s 
of house - -  

I . ~ r o i l c r  
house. 
Dimensions 2583' x 
36' x 5' t o  e w e s  
x 12'  t o  ridg3. 

2. Bro i le r  
house, 
Dimensions 253' x 
45' x 5 %  t o  eaves 
x 14 '  t o  ridge. 

3 Bat te ry  
house. 
Dimensions 65' x 
18' x 8' t o  eaves 
x 12'  t o  r idge.  - 
4. Bat tery  
house. 
Dimensions 70' x 
19' x 8 '  t o  eaves 
x 10' t o  ridge, 

5. House 4 on 
. a subsequent 
ocoasiori, 

6. B r o i l e r  
house. 
Dimensions 21 0'  x 
30' x 6' t o  eaves 
x 13' t o  ridge. 

7, S r o i l e r  
house. 
Dimensions 175' x 
35' x 5' t o  eaves 
x 12' t o  ridge. 

8, Calf  house. 
Dimensions 33' x 
15' x 6' t o  eaves 
x '1 Ot t o  ridge. 

9. Calf houae, 
Dimensions 32' x 
16 '  x 8'. 

I 

. 4 1 

of r e s u l t s  of metliods of' estimati-ntilation r a t e  $ ,b 2 , .f- 
.------- 

i ', 
-* - 

Ur Change r a t e  p e r  hour 

Rounded -mean 

13 
--- 

l o  

Traoer g a s  

- 

-' 

Heat -7; h1oisture 
balance balance 

13.1 

8.9 

I 

I 

-- 

10.9 

21.3 

. 
41 

44.7 

13.2 

15.3 

rsting. Pan 

- 

17.9 

34.9 

45.6 

q0.3 

* 

9. 0 

C ornm en t s  
I 

20 

, 

- 
3&40 
Es t i -  
mate 
37 if 
f a n s  
ef f i -  
c i e n t  

37 

12-36 
Es t i -  
mate 
1 4  if 
f a n s  
ef  fi- 
o i e n t  

12-36 

25-34 
&ski- 
mate 
25 i f  
fzn 
ef f i- 
oien t  

.. 

I S  

24. I 

Tota l  of 2,000 bird6 t I! 1 

i n  2 t i e r s .  Fans i n  
ridge,  s i d e  i n l e t s  

- 
8,300 birds.  Fans i n  
r i d g e  and s ide  i n l e t s .  
Deep l i t t e r .  

- 

6,300birds.  Adjaoent 
t o  house number 6 and 
with a s imi la r  system. 

28 calves. Fan e x t r a c t  
through duoting a t  l o w  
l e v e l  a t  one end. Air 
e n t r y  through straw a t  
o the r  end, 

11,500 young birds.  
House adjaoent t o  house 
number I and with a 
s imi la r  system. 

- .-- 
Tota l  of 1 ,I 00 b i r d s  
i n  two t i e r s .  Pratural 
vent i la t ion.  blany 
adventious openings. 

--- - I_---- 

7,500 young birds ,  
Extract  fans  i n  r idge  
& s i b  in le t s .  Deep 
l i t t e r .  Zupplemen-t;ary 

23- 5 

- 

% 38 

b.5 

1 2  

1 

12 ---- 

24 

- -- 

- 

40 

1 3  

- 

- 
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1. B ~ s i o  data  I + "  

, I 

In?omation presented i n  f igure 2 on the  heat and moisture production of . ', 
ckiclcens i s  based on the  data of Sainsbury (1 961 ) and I.:i.l;ohell ( I  933).  he 
inforn~at ion presented f o r  calves i n  f igure  3 has been deduced from the data of 
dlaxter  (1962), llitzman and Colovos (1943) end Yeck (1 956). 

2. %eat and moisture output of the l i t t e r  

Stapleton and Cox (1930) have presented eiperimental data  on t h i s  f o r  
poul try l i t t e r  but the attempt nust be regarded a s  unsatisfactory. The l i t t e r  
output was obtained a s  a residual  a f t e r  other components of the  heat and 
moisture balance equation had been estimated. Elementary observations such as 
t he  area of the l iC te r  and i t s  temperature were hot reported. 

A theore t ica l  b r o a c h  Fan indicate  en order of magnitude. Yoildans (1 942) 
recommends as  a simplified expression f o r  the natural  convective heat tranaf'er 
coeff icient  ( h  c) appropriate t o  a horizontal p l a t e  facing up!r:ards. 

and the  resu l tan t  heat t r ans fe r  (9,) i s  

9, = h ,  ( T s  - Ta) 3. t .u . /sq.  f t . / h o u r  

where Ts I =  temperature of plake surface (deg. 3') 
'I Ta ,g  bulk temperature of the  air .  
I I 

The addi t ional  heat ttransf e r  by rad ia t ion  (qrl i s  usually substant ial  and 
of t h e  same order a s  t h e  convective l o s s  f o r  the temperature differences of 
i n t e r e s t  i n  the  p ~ e s e n t  problem. A standard expression takes t he  form. 

/ 

where E = e m i s s i t i ~ ~  of t he  p l a t e  surface = 0.9. 

These expressions for ( q  1 and l q r )  approximate closely t o  those developed i n  
t he  I.H.V.E. Guide (19595 f o r  t h e  theore t ica l  heat t r r cmis s ion  from plane 
surfaces. The numerical values tabulated below are  f o r  prac t ica l  purposes 
i den t i ca l  with both methods of treatment. 

Q Table 2 

Theoretical heat' transmission from a f l o o r  t o  the- a i r  (B, t,ut/sq. ft./hrs. ) 

where bl' = (effect ive tern erature of the  surfaoe fo r  the pi-ocess under 
consideration7 - (hl 

I 

To obtain an order of nagnitude f o r  the heat t ransfer  from a l i t t e r  f ioor  t o  
a i r ,  t he  following f ac to r s  need t o  be borne i n  mind. 

i 

the 



, , , a f i , i * i b  > ' '  ,;;:, 
I , .  P?!" -. 

Presumably, as  i n  foroed convective heat t r an s f e r  we must regard t h e  
effeot ive  surface ternperzture f o r  na tu r a l  convection t o  be thz t  of a bo.l..nd 
surface f i lm of a i r ,  wllose temperature f l j l  i s  ~ i v e n  by J 

Tf T S  + Ta I 

2 

and t h e  e f fec t ive  temperature di f ference f o r  convective process becomes 

Ji' 
5 AT = T f  - T a  = T s - T a  

I 2 

,? 

, Now t h e  t r u e  temperature of t he  l i t t e r  surf m e  (Ts) i s  not a s  r e ad i l y  obtaineil 
a s  t h e  bulk temperatu& of t he  l i t t e r  I T L )  a f T s )  i s  a function of the  thermal 
oonduotivity of the  l i t t e r ,  t l ie r a t e  a t  which lieat i s  generated within the  l i t t e r  
and t h e  ne t  hea t  l o s s  from i ts  upper surface, 

I f  we assume 

2's' a T L  + Ta 
2 

then 

Natural  convection presupposes a o e l l u l a r  v e r t i c a l  motion. I n  p rac t ice  we a r e  l i l t e l y  
t o  f i n d  t h i s  pa t t e rn  of a i r  movement i n t e r f e r ed  witli by t h e  pa t t e rn  imposed by the  
foroed ven t i l a t i on  system and an air motion p a r a l l e l  t o  t h e  l i t t e r  surface. Such 
a p a t t e r n  of a i r  flow w i l l  reduce the  r a t e  a t  vihich heat  i s  t ransferred from the 
l i t t e r  t o  t he  a i r ,  it i s  au;;~ested by a f a c t o r  of tlie order one ha l f .  

We assume a ;tooking kens i ty  of one b i r d  per  two square f e e t  of l i t t e r  and 
t h a t  t h e  su r fme  of t h e  l i t t e r  exposed t o  oonvective and rad ia t ive  t r an s f e r  

IVe have argued t h a t  t h e  effeot ive  temperature 
(bT of t a b l e  2 i s  of the  order 

:(TL - T a ) .  I n  p r ac t i c e  (TLTTa1<1O0F. i s  common and ITL-Tal i s  seldom l i k e l y  t o  
approach 4 o 0 ~ ,  and then only ~f t h e  l F t t e r  i s  used more than once f o r  adult birds. 
I n t h i a  way we plaoe an upper l i m i t  t o  t he  oonvective heat t r an s f e r  from the  l i t t e r  
t o  t h e  air  as 3 B.t.u. pe r  hour ( i f  t he  b i r d s  a r e  adult) .  

I For rad ia t ive  t r a n s f e r  we obtain  an e f f  ac t ive  temperature d i k e r e n c e  
f aT of t a b l e  2) a s  

P AT Ts - ?a 'a TL - Ta 
-2 

For common values of the  l i t t e r  temperature i. e. , (ITL-Tal 510°F; t h e  ne t  t r an s f e r  of' 
heat  by rad ia t ion  and oonveotion t o  t he  air i s  li lcely t o  be l e s s  than 1 q 0  of the  ' 

sensible  heat  output of t h e  adul t  b i r d  and ma27 i n  general  be neglected i n  our 
computations. 

It has already beell indioated t he t  we assume t h a t  a l l  t h e  water i n  tlie 
droppings i s  vaporiaed by t h e  heat  generated i n  t h e  l i t t e r .  The water produced 
a s  an end product of' t h e  fermentation processes i n  the  l i i t e r  has been assumed t o  
be  re ta ined  i n  t h e  l i t t e r .  

3, Heat and moisture output o f  fuels 

The net  oa lor i f io  values of common f u e l  o i l s  a r e  of the  order 18,000 t o  
20,000 B. t ,u, pe r  pound. One pound of f u e l  when burnt produces about 11,000 
gra ins  of water vapour. , 

f 

. , I  , . .  I 
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( i )  ItU V~.L$:CS~' 02 c o~:~ponents 

The res i s t snoe  whicll a building offers t o  the conductive flovr of heat  
through it i s  depenaallt upon the  nature and 'ciliokness of the materials 
used i n  the  oonstmotion. Air fi lms a t  the  in t e rna l  end external 
surfaces add t o  the  t o t a l  thermal resistanoe. 
n I 

The heat t ransfer  by conduotion f11J through the fabrio of the building 
may be wr i t ten  as 

fl = C6 - 
R 

where = tlifference between the bull< temperature of the a i r  ins ide  
and outside the  building. 

R = t o t a l  thermal resis tance of the fabric. 

The heat t rknsf  eri ( i n  B. t.u. ) through un i t  area (I sq. f t . )  of any compo- 
nent of the b u i l d i ~  i n  uni t  time (1 hour) f o r  an a i r  t o  air temperature 

, difference of one degree F i s  known as  the  "Thermal transmittance 
coeff icient"  o r  "U valuett of the  oomponent. From the  above we see that 

The t o t a l  thermal resis tance ( R I  of a component of a s t ructure i s  obtained 
by summation of the resistances of the successive layers  which make up the 
o omponent 

I 
< > 

u 
r / 

1' ' , r C  where , R i  = i n t e rna l  surface resis tance (due t o  a i r  film) 
Re = external surface resis tance 

. ri,  r2 etc, * r e s i s t i v i t y  of successive layers  
= resis tance of layers  of I inch thickness 

I ' 
L,L2 e t c .  = thickness of successive layers  

I Ra : = resistanoe of any i n t e rnz l  a i r  gap. 
I I - Rh = resis tance of material  such as l~ollow bloclcs f o r  

I r e s i s i t i v i t y  pe r  inch t11ic:iness i s  not appropriate. 
i 

Example . , 

We oompute the  ItU valuen of a 4-5 inch bricli wall  faced with 4 inches 
of concrete and l i ned  wit11 a 2 inoh f i b r e  board. Tile f i b r e  bow& i s  faced 
with refleotirig a l u m i n i u m  f o i l  and there i s  a $ inch zLr gap between the 
f i b r e  board and the  concrete. 

Idat e r i  a1  I Thiol-me s s Be s i s t i v i t g  

Brickwork 
I 

4.5 x 0.1 2.5 
Concrete 4.0 , x 0.1 00 
Fibre-board 5 X 1-54 

, Air gap 
Int  ernal surf ac e 
Ext ern& surf aoe , + 

d ' 8 

1 Total  resistanoe 

I "U valuslt = %a 0.20 
i 

Resistance 
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Res i s t i v i ty  values f o r  typ ica l  materials a r e  given below. . a 

,>+I I ': 1 , # j  ', 

(ii) The heat l o s s  oalculation ',;,: I 

."- , I, 
i 

A s  an example we compute t l ~ e  heat l o s s  of a s ing le  storey building 
200 f t ,  x 30 f t .  x 5 ft, t o  eaves x 10 ft. t o  ridge. The side walls a r e  of 
9 inohljrio!:, t h e  end walls of I inoh tongued and grooved wood, the f loor  i s  
of oonorete and the  roof i s  oorrugated i ron  l i ned  with insulat ing board. 
The re~a re  5 windows, eaoll of 20 sq. ft., on e i t h e r  side. Typical 
"U valuesu a re  adopted I 

Component Area - ----- U value - Loss B, t.u./hour/de#. F 

Side wall  2, 000 x 0.47 940 
End w a l l  500 x 0.50 25 0 
Windows , 200 ' x  1 .OO 200 
 ROO^ 6,400 x 0 .30 t1  1,920 

I 6,000 300 Floor x 0.05 
I - 

Total l o s s  ' I ,  I 3,610 , - 
The l o s s  thrdugh t h e  f l o o r  i s  assumed t o  takb plaoe primarily throuth the  

r 
exposed e g e s .  If the  temperature l i f t  of the ins iae  a i r  over the  outside 
air is 20 F, t h e  t o t a l  oonduotive heat l o s s  i s  3 i 6 * 1 ~  x 20 = 72,200 B.t,u. per  
hour, 

(iii) T;YEioal numerical values 

I1U valuest' a r e  oommonly quoted t o  two deoimal plaoes, suggesting 
oonaiderable exaotness. However, t he  exohange of heat between a 
atruature and'the external  atmosphere i s  dependent, among other  things on 
the degree of exposure ( o r  fomed oonveotive heat loss)  and orientat ion 
( o r  eolar  heat load), With farm buildings, we s h a l l  usual ly be concerned 
with struotures  having a "normal exposure", I f  the buildings a re  placed 
on h i l l  s i t e s ,  t he  ooast o r  by a riverside, the "normal U values" should be 
multipled by a fao tdr  I .I f o r  walls and 1.2 for windows and roofs. To 
avoid a mul t ip l io i ty  of tables ,  the var ia t ions  due t o  or ientat ion have 
not been presentecl, but we show average values. Further de ta i l s ,  together 

I with irxfoimation oh most mater ials  i n  use i n  buildings a r e  shown i n  the 
I.H,V.E. GuiZre. . , , 

In te rna l  Resistance 
& 

Walls , Oa70 
Floor 0.85 
 ROO^ 0.60 

1' * I  

External Kesistanoe 

Walls 
1' 

0.45 
i Roof' 0.25 

Air Spaoes ? 

Closed spaoe inch wide o r  more 0.65 
f aoed wit11 re f leo t ive  material  I ,  0 

, Closea spaoe 2 inoh wide o r  more 1. 0 
f aoed with ref leot ive material  2. 0 

Open, vent i la ted spme 0.65 



I 

~ e s i a t i v i t i e s  (~es is -hnce  of I inoh s labs  of maJcepiol) --.---- 
C r) 

13rickwork 0. 'i 25 
Plas t e r  0. 25 
Concrete 0, 10  
Stone 0. 08 
Wood 
Glass ( s i ~ l e  glezing 
Bbes tos  millbortl-d 

r os/+ Co 4' : i: W P . ~ .  

0. 71 
Coke breeze blocl: 0. 25 
Hardboard 'l. 00 
Fibreglass 1,. 00 
Cel lular  polya.tyrene 4-. 'i 5 
Roofi% f e l t  0. 71 
Strawslab (insulat& I .  67 
Straw (thatch) 2. 00 
Fibreboard 1. 54 
Overall resis tance of hollow 
concrete and c l ay  t i l e s  'l. 00 

The resis tance of' a corrugated s u r ~ & e  i s  only s m e  of that, of a 
corresponding plane surface. . 

Ime "TJ valuestt of so l id  f l oo r s  i s  dbpenf-ent upon the  l e x t h  of e Q e  
exposed. Tlie following values may be taken ~3 t ~ i c a l .  

Area - 
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