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UNITED STATES DEPARTMENT OF AGRICULTURE
. WASHINGTON, D. C.

VENTIL.ATION OF FARM BARNS

v oML A U KenLey, dssociele A gricullural Engineer, Division of Agricuttural
Bugrincering, Rureat of Public Roads
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INTRODUCTION

The ventilation of barns s an important consideration in the
maintenance of the health of stock and in the preservation of hay,
grain, and barn timbers. In the ventilation of dairy barns it is
bighly desirable to maintain o comfortable stable temperature with
a proportionately low relutive humidity, The Limits of temperature
and humidity <hould alwavs be compatible with good ventilation,
Cood cirentation with consequent dilution of the nnpurities in the
air is the aim of all systews of ventilation, but the comfort of the
animals must be considered as well as the purity of the air. How-
ever, it is hetler to have good ventilation than to attempt to maintain
# high stable temperature without ventilation.

107E3%-- 30——1 1




2 TRCHNICAL BULLETIN 187, U. 8. DEPT, OF AGRICULTURE

~ The success of & ventilation system depends upon its effectiveness
in producing & movement of air which will be sufficient to supply
the proper amount of oxygen to the stock, remove objectionable
odors, afford satisfactory dilution of air and, at the same time, main-
tain o satiifactory degree of humidity and a comnfortable temperature
in the stable. The determination of the relationship of the factors
affecting the ventilation of barns and having an important bearing
upen the economic and eflicient design of farm buildings was the
object of investigations conducted by the Division of Agricultural
Engineering in cooperation with the committee on farm building
ventilution of the American Society of Agricudtural Enginecrs and
several Stule ngricuitural experiment stations?

Altogether 97 tests were made. 3 in horse barns, 1 in & hog house,
5 in barns with mixed stock, and 18 in dairy barus. Five tests were
made in North Dukota, § in Minnesota, 1 in South Dakota, 3 in the
Upper Peninsula and 2 in the Lower Peninsula of Michigan, 2 in
Massachusetts, 1 in Maine, and 7 in New York State. The tests
were made in the localities indicated for the reason that the ventila-
tion problem is of greater importance in cold sections than where
winters ave comparatively mild, both because of the atmospheric
conditions and becuuse the greater portion of the dairy cows of the
country are loceied in the northern and northeastern States. The
distribution of dairy cows is shown in Figure 4

CHARACTER OF TESTS

The first 19 tests were conducted for the purpose of making a
general survey of the problem. In the Iater tests, studies of the fac-
tors affecting ventilation were made. The tests in the various barns
were continuous, varving from 24 to 300 hours in duration. Regu-
lar readings were taken at intervals of 3 hours. Thus from 8 to 100
sets of readings were obtained in a single test. Observations taken
from recording instruments show that this interval is satisfactory
end nffords readings representative of normal conditions. Addi-
tional rendings, indicated in tables and text by the suffix a, were
made for the purpose of noting the immediate effect of changed
conditions. Two nen assisted in taking the rendings and the data
wore checled as recorded. The barns were kept closed as much as
possible, and the same number of stock was vetained in each barn
throughout the test.

tost of the tests were made in barns where the principles of the
King svstem of ventilation weve employed. Three tests were made
it barns in which windows are nsed for intakes, that is, the Sher-
ingham valve principle, 4 tests in barns equipped with a modified
King system, and 1 test in a barn in which a fan system of ventila-

Aeknawledpment 15 mude of the assistance pendered by W. T Clevkson, Owaronna,
Ainn,, chalrman of the commitlec on farint buliding veniilafion, in preparing for the worlt
and b condueting some of the tests; . § Whituah, Owntonna, Minn.: R. L. Patty,
sepfussor of angricnitural cophicoring. South Tiakotn State Cotlege of Aovieniture, Brook-
lm;s, 4, Dok, and J. L. Strahan, assisin professor of racal cngineeriag, Myssnchyusetis
Agrleaitural Colrge, Amierst. Mass, members of the committee on ventintion, in con-
doetiny some of the tests; Fo B Mogie, asslstant professar of aupcicuttnral enginvering,
and Walter Yan Hzitsan, of the Michizan State Coflege aof Agricultyre, East Lapsing,
Mieh. ; F. L. Erirbrnks, nsslstent professor of i) cnpineerhiz, and A, M. Goednuir,
professor of extenglon, Corneil Uuiversity, Ithaca, N. Y., in conductings fests mada fn
their respeetlve States
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tion was installed (25}.2 Most of the barns were of frame construe-
tion with varying degrees of insulation. Concrete blocks were used
in the construction of the walls in three barns,

DESCRIPTION OF INSTRUMENTS

An indicating anemmnetor of the Weather Bureau type measuring
one-sixticth of a mile per hour was used to measure wind velocities.
Plate 1, A, shows the details of the anemometey sled which, drawn
upon the roof by means of n rope, was of great convenience in plac-
ing the instrument in position on the ridge. (PL 3, A.) Other in-
struments employed in the tests are illustrated in Plate 1, B.

In measuring outside tempevature four thermometers are desir-
able, one on each gide of the barn. Not less than four paivs of ther-
mometers should be used within the barn. Trom 19 to 30 ther-
mometers were used in these tests. The average of the floor and
the ceiling readings wus tuken as the stable temperntare.

In determining relative humidities it is desirable to use one or
more hygrographs inside aund one outside in orcer that variations
between readings may be cobserved, but the best results are obtained
with » sling psychrometer by means of which readings may be teken
at different points in the burn. With the apparatus shown in Plate
1, B, it is possible quickly and everly to ebtain =& large number of
readings close to ceiling or floor. As the instrument is heid firmly
in position while being rotated there is Jess liability of its being
broken than when held 1n the usual manner.

EXPLANATION OF TERMS

Dilation of air per hour: The relution of the volume of air passed
per hour through a room to the volume of the room. This term is
preferred to * number of changes of air per hour,” commonly em-
ployed, since the nir in the stable is not completely replaced by fresh
air. Part of the foul air is {forced out and the incoming air, with
e lower percentage of carbon dioxide (CO,), is mixed with the stable
air thus decreasing by dilution the carben dioxide and other im-
purities.

Lenkage: The difference between the volume of the measured air
roing out ancd that of the measured incoming air is considered as
enkage. In ovder to maintain 4 balance of air pressure the amount
of air pussing out must be equivalent to that of the air entering by
whatever means.

Estimated weight of stock: The weight of each animal in a barn
was estimated, and these estimates were added to obtain the total
weight.

quivalent number of head of stock: The estimated heat produe-
tion of the individual animals, determined by the application of
Rameaux’s luw (p. 9), was added and the sum divided by the esti-
mated heat production of an animal of average condition and weight.
The average weight of cows was asswmed as 1000 pounds and that
of farm horses as 1.350 pounds, the heat produced per hour being
3.000 B, t. u. (British thermal units) for the average cow and 2,200

1 Numtwrs jn parentheses vefer to “ Literature cited,” po 72U

[P ————————



4  TECHNICAL BULLETIN 187, U. 8. DEPT. OF AGRICULTURE

B. t. u. for the avernge horse. For example, in one barn there were
20 cows, 10 head of youny stock, 1 bull, and 12 calves. The heat
produced by these anumals was found to be equivalent to that pro-
duced by 31.5 cows of average size.

Absolute humidity : The guantity of moisture in & given unit of
stmosphere. It is usunlly expressed as “ grains of water per pound
of dry air™ or in terms of ¥ grains of moisture per eubie foot of
dry wir®

Relutive humidity : The relation, cxpressed in percentage, between
the nctual amount of moisture in the air and the amount the air could
hold, at the same temperature and pressure, without condensation,
This relation is not a measnre of the actual amount of moisture in
the atmosphere,; gs the capacity of the air for water vapor is wlmost
wholly a function of the temperature. It is the ratio of the absolute
humidity of air of given condition to its absolute humidity at
swturation.

The weight of the agueous vapor per cubte foot of air ab a tempera-
lure of 48”7 I¥. and saturated (100 per cent velative humidity) would
be 3.800 grains; at 50 per cent relative humidity it would be one-
half of this, or 1.900 grains; and for other percentages the weight
would be proportionate. The drying or absorbing cupacity of the
air is therefore dependeut upon its nbsolute humidity. Air having
& relative humidity of 80 per cent is considerced moist and that with
a relative humidity of 30 per ceni very dry. In the ventilation of
structures for animals, where the comfort of the animals is essential,
the relative humidity of the stable air is of greater importance than
the absolute humidity; in the ventilation of structures for crop stor-
ngre, where the removal of moisture is the prominent factor, absolute
humidity must be considered also.

Dew point: The temperature at which air having a given weight
of agueous vapor becomes saturated. Unsatwrated air becomes satu-
rated when the temperature is lowered to the dew point or when
sufficient moisture is added,

Heat ased in ventilation: That portion of the heat given off by
the stoel that is used in producing ventilation. The hent produced
was determined by the use of Rawneaux’s law {4J). The heat loss
from wualls was esthmated, coeflicients secured from various sources
being used. There is considerable variation in the coefficients of heal
transmission given by different authorities for the same material, and
those coeflicients wore selected whieh it was thought would give the
most comparable datn. No allowance was made for infiltration heat
losses, as these depend chiefly upon how well the building is eon-
structed, und allowance for such losses must be largely a matter of

judgment.
CORRELATION OF VARIABLE FACTORS

The analysis of some of the test data was made difficult by the
number ot fuctors that varied separately or collectively and were
beyond control.

The best method of correlating such data appeared to be an appli-
cution of the theory of correlation (J6). DBy the use of this method
it was possible to pick out the most dominant factors and those Jeast
important. In the case of some taclors sufficient data were available
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to afford a quantitative measure, One of the most important results
of the correlution studies is the estublishment of the fact that low
outside temperature has a greater effect in.the ventilation of dairy
barus than o high outside temperaiure with the sume temperature
diflerence (p. 18},

SUMMARY

The following conclusions ure bused on duta obtnined in these
tests and upon findings in related investigatiorns, und should be of
value in the designing and proper operstion ol ventilating systems.

The animal is the sole souree of heat that is utilized in producing
ventilution.  Bince the amount of heat given off and the ventila-
tion requirements vary, the animal unit must be congidered in the
desigznn of w ventiletion system,

Carbon dioxide as ordinarily encountered in stable air tdovs not
settle.  The evil effects of bad ventilation are not caused by enrbon
dioxide as found in the avernge stalle,

There must be 2 consiant removal of moisture from the oceupied
stable or the amount of moisture in the air will increase. Dump walls
mway be due to improper ventilation, poor construction, ov insuflicient
production of hent or hack of conservation of beat.

A large volume of air space per head is net o snbstitute for ven-
tiation, us purity of air is not dependent upen volume of air space.
However, the velume allowance per head is important with regard
to maintenrnce of stable termperature and varies aceording to cli-
matic conditions.

Tnsulation veguirements vary according to the temperatures to
be expeeted in the diflerent sections, amount of air space which the
animal must heat, the amount of venrilntion desired, and the method
of securing it. The amount and choice of insulating material
required will depend upon the relative officiency znd cost of the
vartous matervials available.  Tight construction to prevent exces-
sive leakage of air is essentinl to effective insulation.

Whenever burn walls are tightly built to save heat, ventilution
becomes necessary.  Storm sash, storm doors, vestibules, and feed
roamsg may be used gs effective forms of protection against cold.

It is possible to mmintain @ comfortable teniperature in a well-
built barn and yet have an appreciable cireulntion of air. The tom-
perature in a stable filled with stock can be controlied by tempornrily
or purily closing the ventilntion systen, Stable temperatures within
certain Limts appear to aflect both the quantity and quality of milk.

Wind velocity and direction bave an effect upon the mmount of
ventilation.

Buack deafting may be due to poor design or poor position of ven-
tilutor ov intake.

Outtakes nenr the floor are more favorable to the mauintenunce of
destrable stable temperature than eeiling openings.

Under average conditions oulside temperature is usually the doni-
nant factor in barn ventilation.

The maisture-content of the air in n well-built stable is psually
controlled by the amount of ventilation.

Horizonlal runs and abrupt turns in outtake flues should be
avoided. An air-tight flue with proper insulation is necessary to
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greatest efficiency. Lack of insulation may cause excessive drip from
flues. This fuctor should be given consideration especially in the
northern zone.

The bases of ventilator heads should be equipped with suitable
doors, which may be opened or closed as required. The efficiency of
an outtake flue is affected by an open base.

Windows ag intakes require frequent adjustment and prevent uni-
form regulntion of the ventilation. Their use for such purpose ig
undesirable in cold sections, However, during mild weather they are
an advantage as they provide a large arca of opening.

Warm-nir furnace registers are unsuitable for use as intake valves
in barn ventilation.

Open bay chutes interfere with veutilation, and should not be
used as toul-nir shafts,

Flue sizes proportioned to local temperatures may be obtained by
a formula thut has been developed as a result of these tests. {See
¢ Nevelopment of formuly,” p. 5+.)

ANIMAL HEAT A PRIMARY FACTOR IN VENTILATION

The heat given off by animals must be employed in meintalining
stable termpernture and also as motive power In producing circuwla-
tion of nir. While good circulation of pure aiv is the chief aim In
ventilution systems, the comfort of the animals must also be consid-
ored. A baen can not be kept warm if the allowance of air spuce
per animal is too great or if the barn is but partially filled with
stock. TFurthermore. it is evident that a design suited to one section
of the country may be only partly successful in another, since the
loss of heat varies according to the construction of the barn and
climatic conditions.

In order that he may understand and properly employ animal
hent in the ventilation of stock shelters, it is not necessary that the
agricnlturel engineer study all the intricacies of animal nutrition,
but it is desirable that he recognize those factors related to nutrition
which have important bearing upon the proper ventilation of stables.

It is importunt that provision be made so that the dairy cow may
be kept comfortable at all times as her condition affects milk pro-
duetion. Comfort of the body is dependent upon the cooling power
of the air which, in turn, is dependent upon temperature, humidity
and air movement—all factors affected by ventilation. These factors
wffect the cutancous nerve endings which control the production of
heat and maintain the balance between the temperature of the skin
curface and that of the blood in the deeper tissues. For each degree
of incresse, within certain limits, in the cooling power of the sur-
rounding atmosphere there is » definite increase in the loss of body
heat which must be replaced by the heat regulating mechanism of
the body (1,3, 10, 87, 45.)

The nnimal is most efficient when not subjected to strains which
tend to weaken the body resistance and muake them more susceptible
to disense germs, Continual breathing of damp stale air in ill-venti-

4 Seg Cllipatie Conditions Affecting Construction, 20,
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Iated stables lowers the vitality of the animanl. In a stable without
ventilation the air becomes stagnant, heat and moisture given off by
the animals are not remioved, and there is & consequent increase of
temperature and huwmidity—a condition which interferes with the
normual heat vegulation of the body. Habitual exposure to such
conditions leads to a lowered tone of the whole heut-regulating
mechanisin and an ingbility to respond to the demands which may
be put on i, and in this way exerts a profound and importsnt
influence upon susceptibility to respiratory infection ({21, 31, 45.)

The dairyman tries to induce his cows to sat as much feed as can
be cconomically converted into milk; hence it scems desirable that
the temperature should be low in order to maintain the appetite
of the cow and yet not so low us to cause wastetul oxidation for
simple heat production. Cows housed in cold barns utilize more
food energy 1n maintaining normal body temperature but this may
be at the expense of energy which might be used in milk production
if the barn were comfortably warm. On the other hand, too warm
a barn may induce loss of appetite and a consequent decrense in the
amount of food energy available for milk production. Tests (23,
41) have shown that millk yields are affected by sudden changes of
temperature which may be avoided in a well-ventilated barn, since
in such a barn a comfortable temperature may be maintained with
un appreciable circulation of air.

‘There is an important relation between the amount of ventilation
needed and the heat given off by the animal. Stable temperatures
are dependent upon the amount of heat produced and that con-
served. As it is not practical to determine either the heat produc-
tion or the losses within the buarn it is necessary to know how much
heat is given off by each of the various farm snimals and the most
economical mewns of conserving this heat.

FOOD, THE SOURCE OF ANIMAL HEAT

Alfalfa, when consumed by the dairy cow has a heat inerement
value of about 1.900 B. t. w. per pound of dry matter {/2). In the
conversion of fuel into steam for mechanieal work about 6 per cent
of the fuel energy is utilized; the rest is lost as heat. The dalry cow
utilizes about 70 per cent (3, 15) of the combustible food energy sup-
plied. Thus the dairy cow is a very efficient converter of cnergy.
The generntion of heat and production of work in the body follow
the same laws that govern these forces in motors such as steam and

a9 engines,
' HEAT LOSSES

Rubner, Armsby, and others (2, 24, 37, 38, 46) have proved that
the body daily emits a quantity of heat equal to thai which the
oxidation of its reserves of fut and carbohydrates produces if the
body is fasting, or the potential heat contained in the same elements
supplied by the food, Hence it is possible to estimate the heat pro-
duction of the animal if the calorific value of the food eaten is known
(43). The calorific value of the food must equal the hent Jost from
the body in whatever manner plus the loss in manure, plus that used
in body gain {flesh and fat), or in milk production,
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Vierovdt as quoted by Howell {24), estimates the loss of heat from
the bedy as follows:

Urine and foeeso_L._ . __ — per cent.. 1.8
Iixpired air (warming of air 3.5 per cent; vaporization of waler from
langs, 7.2 per cont) - I per eonl__ 10,7
Bvaporation from sKin_ oo .. . do__._ 145
Rudiation and conveetion frons sldn__ . ______ _ do____ 73.0

The animal heat radiated from the skin is far greater in amount
than that given off inother ways (p. 52). Al the above factors, with
the possible exception of the fiest, are affected by the environmental
conditions which i turn may be modified by ventilation.

Rubner (48) concluded that basal metabolism is proportional to
the surface of the slin and is approximately the samoe Tor our warm
hlooded animals per unit of surface. The maintenance requirement
i the nutviment necessary for sustenance alone, under the living
conditions of production. It is the busic food requirement to which
must be added the food requivements for production. Under these
conditions the food eaten produces no gain or loss in body weight
and forms the basis for the deternination of basal metabolism or
heat production of the animal.

The food requirement of farm animals varies with the individual
and ag between species. Age. weight, temperament, sex, physical
condition, digestive and physical activity, therma! surroundings. an-
noyances cmitsed by inseets, ete, all, theoretically at least, have a
bearing on maintenance requirements.  Weight and physical activity
particularly are importaut factors in estimating heal produetion {43,
24} Thermal envivonment has a definite influence upon heat emis-
sion and so on food requirements especially when below the critical
temaperature for the antmal.  The thermal environment may be modi-
fied by proper butldings and arrangenents.

SFFECT OF THERMAL ENVIRONMENT

Critical temperatures must not be confused with optimum stable
temperalures ax they are not coineident exeept under certain condi-
tions. That point at which physical regulation of body temperabure
gives way to chemieal regulation is not fixed and unvarying but is
affected by the amount of food caten. When the stable temperature
talls helow the critical fomperature there must be an oxidation of
more food or body tissue in order to maintain the body temperature.
Henee the economic importance of maintaining desirable thermal
conditions, I iy apparent that the critical temperature for cows on
heavy feed for maxiam mitlk production would be less than for
cows on g maintenance ration, since in the first ease there would be
more food energy available and oxidation of body tissues would not
be neeessary unbil a lower temperature was reached,

The best informalion available at present, places the eritical
temperature of the dairy cow on maintenance at approximately
30 I, {20 44). For cows that produce large yvields of milk and
consequently consume large quantities ot food, this critical thermal
point must be lower and may be 40° or even less. There does not
appenr to be any divect datw on the lower limits of critical tempera-
ture for dairy cows.

That the antmal should produce more heat while standing than
while lying is readily understundable because of the greater muscu-
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tar activity in the standing position (74). In calorimeter or labora-
tory tests a correchion factor of 29 ealories per liour {approximately
7 B. 6w} is added when the animal is standing. In the field
tests 1t was observed that the increased heat production was suflicient
to ruse the stable temperature 1 to 2 degrees under averuge condi-
fions,  This was most noticeable when the cows stood up in the
morning.  The higher stable temperatures were reached in abous
one-half hour and continued until affocted by other conditions.

Rnmeaux’s Law (42}, which states that in animals of the same
kind the calorification is proportional to the cutaneous surface and
to the cube root of the square of the weight of the hody, together
with the use of a suitable coeflicient, provides a simple means of
estinating the heat production of the various farm auimals under
avernge conditions.

It has been demonstrated by the tests in New Yorlk State that
it 18 possible to maintain a temperature of 40° F. within a well-
buillt barn. wheu the outside temperature is —30°, Armsby and Kriss
{2} state that, when King's standurd of air flow is taken as a mini-
muni, the heat supplicd by cows appears to become deficient for the
maintenance of o stable temperature of 50° when the temperature
outside is 15° They base this statement upon the assumption of
no heat foss through the walls, but it is obvious that such an assump-
tion ean not be made in actual practice.

In the test referved to there was a difference of 70° F. between
the inside and the exceptionally low outside temperature with a
good cireulution of stable air, wherens the theoretical deduction
would permit ouly 85° difference at a much higher outside tem-
perature. This comparison makes appuavent the need of finding the
coeflicient that will reconcile the theoretical with the practical. In
orcer that more winter dairying may be successfully conducted in
some sections of this country, and the greater part of the duirying is
in those sections where some shelter is necessary during the winter,
it 1s highly important that further study be given to heat produc-
tion and losses.

The architect, in designing most types of structures, provides
suitable spuce for the purposes for which the building is to be used
and then ealeuiates the size of the furnace or heater necessary to
keep the occupants comfortable during cold weather. 1When he
destgns a dairy barn for a cold climate, however, he must first con-
sider his furnace (the animals) and then provide a space that can
be heated by the animals and still leave heat sufficient to produce
good ventilation.

COMPARISON OF HEAT PRODUCTION OF HORSES AND COWS

The application of Rameaux’s law to available data appears to
be satistuctory in estimating the heat production of cows. but the
values obtained for horses seem to be too low. Evidence supporting
this possibility wus obtained in tests made in this investigation and
is presented in the following pages.

‘The heat given off per square meter of surface is substantially the
same in small and large animals and the extent of the surface ap-
pears as the determining fuctor in the amount of metabolism. The
heat production of the hog, man, dog, and mouse per square meter of
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skin surface per 24 hours has been given by Rubner and reported by
Grandeau (76) as 1,078, 1,042, 1,089, and 1,188 calories, respectively.
The relation bebween the Arst three is remurkabie and it would not
geem unreasonable to suppose thut a similar relation exists between
the heat production of the horse and cow which are more comparable
with respect to weight, food, and environment than are the animals
mentioned above. Then may it not be assumed that, within the
limits of their respective weights and surface areas, the heat given
off by horses is more nearly thut given off by cows than is sugrgested
by Armsby and Kriss {2} especially as Armsby believed that the
data upon which his conclusion * was based was of uncertain value
und that his unit is too low.

The datn sectured in tests of two widely separated barns of differ-
ent types of construction made under different atmospheric condi-
tions uppear o substantinte their belief. The evidence is based
upon ficld tests, whercas the deductions by Armsby were based
upon thermal energy. It is not possible, at this time, to place # defi-
nite value on the héat production of horses, but frown all these duta
there may be drawn certain general conclusions which may be ge-
cepled, af Ieast tentatively, and which may be considered as connect-
ing tinks between the known facts.

The two barns are referred to as A-B und C-D. Both are gen-
eral barns in which A and € were the respective dairy sections and
R and D the horse stables. In these tests the weight of the average
farm horse was taken as 1,350 pounds and that of the cow as 1,000
pouxls.

Pables 1 and 2 have been prepared for convenient reference to the
essentinl data of these tests, 'Iglc tubles should be studied together
with Figures 1, 2, and 3, and Plate 2, A and B.

TanLe 1.—Cwmpurison of vonditions én stabiey A, B, €, ¢nd D

Afr spneo Air elrenlation
Vouiv- [ S, ‘\;.'i,r—
pienk | Eatde Vol Tar Tur Tar | Stabde asifi-
Biuble parbie | andwd | Per fogo | retst | R 1,000 Ttomper- oy
_Imr ‘.'f welght | stnblo ut;lm\'- pu;.mds : jior nlent |3 o1 1 BECE L I
stork « alout e | minite Biend | wuight et b
hewd | ooiehit nor ner
£ Y oy
Cabie | Cntic | Catie | Cabic | Cubie | Cuble RN
Powndz | feel fect Jeet Ject feet Feel ° i lperhour
AL | WL uvs | 2,00 fikv) [ivha LRG| 4, 06 8,522 4.0 1 84, 500
ab 0| 28, 650 { b8, T i1 [iXE] 1,765 ] 5,004 3, 6848 | 48, 300
T N Y R N N TTY RO R Y YT
Tor conb dBTeres £ ..o - [0 S - ...--.--!____..-- AN I T EYRE
€% CAWSEY - eemaemnnns g trasel tnams ) S6i | 9] 1,200 B4l | 6®s| 420l 40w
1 (HOrSOS) — —mmeaaa- (XN Rl RN hxa i) B33 | 4, 168 3, &0 484 a5, 480
Pflerenee. ..o .eeeeand LTHE|OBST NS R R A { O8] wm
Fer coul tlii[aron{.’u-f.l_.-....,i 13,04 ] E" IR Y I ..,__-_.-I 1.8 34
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a Fouivelent mumber of heud af stouk is brsed on {he hent produetion from magimwn pumber of stock in
resptetive Lovns ducing test .

2 M Inst Lirea digits urs of questionsble velue, skcs he fhrnrod prg Desed un esbimmied welght, average
condltious of feed sne cire of the suinnds being nsstied.

< Daabn for A tsed ns Dase.

4 Pk for O uhed ns bk,

1 Na enlovimeter experlients for dicect dfermbmttion of hent preduction of horses have
been made,  Fle unit i (e vesuit of an lodlrect meliod of conputatlon which Involved
winny estimates wnd coleulptions,
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A, View of qest brn A-B from the southwest; B, view  Lest b O=1 fron goutl;
Cy barn windews with aod without stoem sash. The window on the rightt s eylipped
wlth storm sasly
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TABLE 2.—A pprozimate perecntage of varions cstimatod heat logses and dbalances
for stables 4, B, O, end D

Lass by .
n Luss hy | Total | Bolaoes
Btablo ventlia- radiation loss available
tion
— e —_— . i
Fer cent | Per ceni | Per vent | Per cent
Adfemws). o L. .- 3. 15 B8, B aL.2
B thorses)...._ . .3 234 140, 7 -1 7
7 {oowsy .. .7 2.3 a0 4.0
BT ] 8.1 67. 7 1618 —6L &

Table | presents the conditions recorded in the four stubles. From
this table 1t may be seen that, although the estimated heat produced

in stable B was 51 per

cent less than 1n stable A, there was an aver-

age clifference of only 1.8° in the temperature of the two stables

28
i)
Silallion cait Belrgr & 1 " fBull Pm.
£l g P e
o® b .
porrans| Fowd | 13| Hernen l&- 3 !E_:‘?_ [0 Cojwx VB 3 L
NS ) OO
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Piguas 1.--Tlon of test barn A-B

during the entire test.
when stables C and D are compared,
volume than stable A. The differ-

A somewhat similar condition is found

Stable B had 12 per cent less

ence between the amounts of venti- Iniess........ (|
lation in A and B was small and  oynets. oo FAN
_mqu‘ lESS thﬂﬂ tha‘t in C ﬂnd D Thermometers at Ceiling-..--__.--...--.o
1t also happened that the differences a)
: - FRH - Thermomaters af Floar . ooooeoial )

in the weight of livestock in the two o
stables of each barn were smgall, Thermometers at 5 Feet.. ...

Other factors, such as construction Hygro-thermegraph . oreocercue.e. [HT)

and atmospheric conditions, were es-
sentially the same in the two stables.

Stable B was in the north end
of the barn and was partly pro-

Humidity Readings with Psychromater.__| H
Letter R Indicates Recording Insirurnenf...}ﬂ;'

Roading at Ceiling

tected by a grove and buildings, but Peednsa Floet s 2H
1t is not thought that this shelter ReadingSfeotabove Floor...............2

cansed a material difference in this
case; if so, it would be in favor of
stable 1.

Tausg 2.—Symbols vsed on foor plans
to designate the positlons of instru-
ment. readiogs

If this be true it follows that the actusl amount of heat given off
in each barn was approximately the same, since there was very little
difference in the temperature of the two stables under similar con-
ditions, and that the estimated amount of heat given off in stable B
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must have seen too low. With the same amount of heat generated
in the two portions of the barn, one would expect stable B to be
cooler than stuble A, because of a somewhat greater exposure and
larger amount of ventilation per equivalent head. Hence, there
must be a constant error in the estimate of heat generated in the two
barns as this same condition is found when the temperatures of
stables O and D are compared. It is believed that the estimated
amount of heat produced by the horses is too low. The estimated
heat production of the cows is probably more accurate since the
citlenlation is based upon a larger amount of experimental data.
As shown in Teble 1 the volume of space to be heated by farm
aninals of average size is alinost the same in stables C and D. This
sgain indicates that the heat given off by the averrge farm horse

il by the nverage cow are more nearly afike.
The average estimated heat losses in stables B and D (Table 2)
were greater than the estimated heat generated. Since the amount
of heat lost can not

1] & be greater than the

T o ‘-—@[E amount produced
S . @ ' there must be some ex-
[

o planation of this con-
" RACTI BR e - e dition. It is obvious
" i g . that the difference
® b i L3 A which can be main-
'\ 'T i ) tained between the in-

B aneihvgll.a,.ihﬂ side and outside tem-
T nEs |

61 Co:wa

perature depends upon
the heat supplied and
the heat lost. TUnfor-
tunately, there is no
means of accurately
estimating the amount
Frauns 33—l of test barn =D of heat lost b}’ leakage.

CARBON DIOXIDE IN VENTILATION

The part played by CO. in barn ventilation is of comparatively
little importance because so little is known regarding ifs relation
to the metabolism of animals. It is known, however, that bacilli of
tuberculosis, pneumonia, abortion, meningitis, and other diseases
grow more rapidly when large amounts of this gas are present. It
is also known that CO. in quantity stimulates respiration swith a
consequent strain on the animal. For these reasons an undue quan-
tity of CO. in the cow stable is not desirable.

IFor many years the presence of CO, has been used as an index
of the contamination of air and because of this use misconceptions
regarding it have arisen. Some of these are: (1) The evil effects
of vitiated air ave due to its toxic properties; (2) the symptoms
experienced in a badly ventilated room are caused by a deficiency
of oxygen and an excess of carbon dioxide; (3) the presence of
more than 1 per cent of CO, in stable air is fatal to animzls; (4)
expired air is heavier than fresh air because of the increased CO.
content.
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Professor Lee us quoted by Winslow (43) states “the problem of
ventilation is physical, not chemical, cutaneous not respiratory,” that
15, the vitiation of stable air is of little importance so long as the
animals are kept in good physical condition which necessitates the
removal of excess heat and moisture given off through the skin.

Hill (27) after many experiments and careful weighing of previous

evidence states that the
Cuarban diexide content up tu 1 por eent or ¢ven higher protnees ne deleterious
effects or xtresses on the haman system—there Is ne ovidence of organic toxins
in the exhaled air.
Fliigge, as reported by Winslow (43) after o number of years of
caretul search feilec to find the obnoxious and injurious substance
said to be in respired air. Priestly first discovered oxygen in 1774
and three years later Lavoisier (49) showed by animal experiments
that the symiploms experienced in o badly ventilated rvom could not
be attributed to oxygen deficiency. Recent experiments by Hill
with cight students shut up inside a glass enge substantinte this
assertion. It was found that when the oxygen had fallen to 10
per cent and the earbon dioxide risen to 4 per cent and the wet bulb
rend 85° I, the students began to snfler extreme discomfort and
were astonished Lo find that they conld not light their cigarettes.
When the air within the cage was circulated by means of electric
Tans, the discomfort vapidy diminished.

The generally accepted view is that of Billings and his coworkers
(6) and Haldane (#7). Carbon dioxide and possibly other fatizue
products are the normal stimulants of the respiratory centers. Thus
a rise of 0.2 per cent in carbon dioxide in the alveolar air doubles
the pulmonnry ventilation, whereas oxygen deficiency does not in-
crense the respiratory rate until the atmospheric oxygen falls below
13 per cent. Lumsden (37) further shows that very large amounts
(20 to 30 per cent) of carbon dioxide can be breathed for several
hours without danger to life. No further evidence is necessary to
disprove the statement that * the presence of more than 1 per rent
of CO, in stable nir is fatal to animals.” One per cent is rarely
excecded, even in poorly ventilated barns, and the injurious effects
of poorly ventiluted stables can be traced neither to reduced oxvgen
and increased carbon dioxide nor to hypothetical organic poisons.

Thus three of the general beliefs concerning CO. in stable air
are shown to be crroneous. The relative weights of expired and
fresh air have a bearing on the use of CO, analysis as an index of
contaminuation and cireulation. The impression regarding their rel-
ative weights is shown to be erroneous in later paragraphs (p.15),

COMPOSITION OF PURE AIR

Reliabie sources of information (40) give the average composi-
tion of the afr at 75° north latitude, 0°°C. and 760 millimeters pres-
sure as 71.87 per cent nitrogen. 20.94 per cent oxygen, 0.94 per cent
argon, L03 per cent carbon dioxide, and 0.92 per cent water vapor.
Water vapor is variable, depending upon the tenperature, and is
usuzlly omitted. Guases such as krypton and helium oceur in smull
amounts, but since they are not known to have uny physiological
significance they may be included with the nitrogen.



http:pUlmOnH.IT

14 TECHNICAL BULLETIN 187, U. s. DEPT, OF AGRICULTURE

The normal amount of carbon dioxide in free air commonly has
been assured to be 0.0+ per cent, ov 4 parts in 10,000, although recent
observations show an average content not exceeding 0.0817 and 2
general meun of 0.0308 per cent.  Benedict (§) states that this holds
true irrespective of weather conditions, temperature, or season, and
that the chemicul composition of outdoor air is very constant over
pructically the whole surface of the eurth. Since country air is apt
{o be free from contamination the smaller percentage of CO. (0.03
per cent} should be used.

WEIGHT OF AIR

The weight of 1 cubic weter of normal air, of the above composi-
tion, at 0° C. is 1,200.5 grams. The weight of a cubic meter of dry
wir at 0° O and at 760 millimeters pressure s 1,293.3 grams or 2.8
grams heavier than moist air.  This is explained by the fact that if
the water vapor of the aiv is extracted, the other gases will com-
plately fill the spuace previously occupied by the water vapor. Since
the density of water vapor is much less than that of the other gases 1t
is obvious that the weight of the air must necessarily be increased.

COMPOSITION OF EXPIRED AIR

The composition of expived air varies with the conditions of res-
piration and nutrition. Aeccording to experimenis by Paechtner
(24) with 2 steer In a respiration chamber, and under varied condi-
tions of nutrition expired air containg 5.53 per cent carbon dioxide
and 1429 per ceut oxygen, there being an oxygen deficiency of 6.65
per eent.  On this busis dry, expired air contains 5.53 per cent CO,
14.99 per cent O, und 88.18 per cent of N und other gases with a
temperature slightly less than body temperature of cows or 88° C.
(100.4° TF.). Ixpired aiv is practicnlly saturated. The tension or
pressure of the water vapor at 38° C. und saturation is 49.75 milli-
meters of mercury. Standard stnospheric pressure is equivalent to
760 millimeters of mercury. Hence the volume of water vapor in a
saturated gas at this temperature, is %gx 100=06.55 per cent, and
the volume of all Lhe other gases together is 93.45 per cent. The
density of expired air at 38° C. and of the above composifion is
found to be 1,126.0 grams per cubic meter. Since stable air is much
cooler than the expired air it will be heavier by amounts proportional
to the respective absolute temperatures and differences in compo-
sition.

PFRODUCTION OF CAREON DIOXIDE IN THE STABLE

There is no simple test for air conditions and the determination of
CO. is of value as indicating the rate of diffusion or replacement of
the gir in the stable and of estimating the wmount of nir leakage.

Meissl (33) found that of the total daily CO. production of hogs
56 per cent was given off by day and 44 per cent by night. Closely
agreeing are the findings of Henneberg (32) with sheep, namely, 54
per cent by day and 46 per cont by night. In the Vienna experi-
ments {J8) with hotses similar data were obtained. Existing data
reluting to CO. production {7) by the dairy cow has not yet been
summarized but, since neither assimilation of food nor generation
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of energy can take pluce without the consumption of a proportionsl
amount of air, it 1s obvious that nutritional requirements may cause
a wide vuriation in the oxygen consumption and carbon dioxide
production.

Analysis of stable air affords » means of determining the wmount
of uir leakage. The sumpling of air must be very carefully done
in order to obtain representative conditions, since chance contamina-
tion mny result by reason of the too close proximity of stock. When
this method is employed it is necessary to assume a standard pro-
duction of carbon dioxide, which may or may not be within 10 to
25 per cent of the actunl production.

COMPOSITION OF BARN AIR

Numerous analyses of stable air have been made and a summary
of the datu shows that varistion in CO. content may be expected
under different conditions: Petienkofer (20) found u range of 0.105
to 0.21 per cent of CO.. Two hundred analyses made by Schultze
{52) showed an average of 0.435 per cent of GO, with o maximum
of 0.594 per cent. Mircker (42} concluded that in 2 ventilated
stable the CO. shouid not exceed 0.25 to 0.0 per cent. Hendry and
Johimson (20) found a vuriation of 0.089 to 0.298 per cent in o
modern barn.  Clarkson (9) found as high as 1.231 per cent in a
poorly ventitated barn. Lipp (36) under experimental conditions
obtained u percentuge of 2.7 per cent of CO,. Hendrick {19}
concluded that the CO, content of the air had no relation to the
amount of wir space per animal and that a large air space gives no
assurance of pure air. '

The weight of pure carbon dioxide gas is approximately one and
one-halt thmes that of oxygen. This fact has led many to believe
that respired nir is more dense than fresh air because part of the
oxygen is replaced by carbon dioxide in the lungs; consequently it
has been assumed that since respived air contains a greatly intreased
amount of earbon dioxide, it is heavier than fresh air and tends to
fall, secumulating at the stable floor.

This reasoning is at fault in that some of the oxygen in the
lungs is replaced by water vapor which is mueh lighter than oxygzen.
Also, as expired air is usually of a higher temperature than inspired
air it is, on this nccount, less dense than the stable aiv. Expired air
is actually lighter per unit than fresh air under ordinary conditions
of ventilation and therefore tends to rise. This holds true at all
stable temperatures below 80° I'. and may under certain eonditions
be trite at higher temperntures. In Table 3 amounts of carbon
dioxide and average humidities, similar to those found in practice,
have been used in caleulating the densitics of stable air of different
composition at 50°,

It is obvions from Tuble 3 that expired air, being lighter, will rise.
It is also evident that the change in weight per unit of volume due
to the increase in curbon dioxide is largely offset by the increase in
the moisture content up to the saturation point.” Sinee in most
cases the expired air will be warmer than the stable aiv it will rise
and generally, although not always, the air at the ceiling will have
a higher content of curbon dioxide.
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LasLe 3.—Qompurison of air conditions in sleble

(304 parts in 10,00
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bArgon nml other lert geses ara disregacded bug the welghis given wre sufliciendy accuirate Lo the

Purposa of comparise,

A high CO. content of the stable air is usually associated with

high temperatures and high humiditics, but it is often an unreliable
-ruulo to the hygienic condlitions although frequently so used. The
dnta in Tuble 4 obtained at three s;t.ltmm during one of the tests
made in this investigmtion show the condition th.lt cxisted in one
barn.

Tante —Anuipses of wir in one barn
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- i !

¢ Qalcuinted,

The first two anslyses show that the amount of carbon dioxide at
rthe ceiling was more than double that at the floor. By comparing
the fourth and sixth it is found that the air in the latter case 1s
slightly lighter owing to a decrease in the carbon dioxide content,
the temperature and humidity being the same. In the last two
the carbon dioxide content is higher at the floor. The third and
fourth analvses indicate that the temperature plays an important
part in the weight of the wir. The evidence leads to the conclusion
that carbon dioxide, as ordinarily encountered, does not settle.
Numerous samples talken by the author and data of other writers
involving more than 3,000 samp]es show that the C'O. content of
stable air is higher at the ceiling than at the flcor.

The manifestations of the evil effects of bacd ventilation ma. oy he
slow and are often difficult to measure. Although life may be sus-
tained in o poorly ventilated barn (20, 36) the products of respira-
tion, excess heat, and moisture and adors should be removed in the
interest of animal health. Tt is not a question of how little ventila-
tion is required but the maintenance of air conditions must conducive
to the health and maximum production of the animal,
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MOISTURE IN VENTILATION

Moisture is present in the air as a gas and i perhaps the most
important factor to be considered in burn ventilation. It diffuses
into the air almost twice s rupidly as carbon dioxide (40). The
moisture content Is not uniform threuphout stable nir, but the degree
of variation is less than that of carbon dioxide diffusion. Air con-
tains varying amounts of meisture, and the amount present depends
upon the temperature, pressure, and composition of the air, but
mainly upon the temperature.  There must be a constunt removal of
moisture from the occupied stable or the amount of moistuve in the
atr will incrvease. The efliciency of a ventilation system is offen
judged by the amount of visible moisture on the walls and ceiling,

ut this may not always be a true test of the effectiveness of the
system. The presence of moisture may be due to improper opera-
tion or faulty construction.

PRODUCTION OF MOISTURE

A milk cow of average weight gives off 12 to 18 pounds of mois-
ture per day, or an average of 4375 grains per {10111' {2). One
ordinary breath of a cow is suflicient fo cover with dew the entire
gluss aren usually allotted to her—approximately 4 squave feet, If
the daily production of vipor were condensed and placed on her
stall floor it would cover the surface to an approximate depth of
three-sixteenths of nn inch. The dailly production of moisture is
affected by the amount and condition of feed, size of animal, envi-
ronmental conditions, ote,

MOISTURE CONTENT OF AIR

Table 5 gives the number of degrees temperature drop before the
dew point or saturation is rerched under different conditions of
stable air, It Hlustrates the importance of the warm stable tem-
peratures in the prevention of condensation on the wall.

‘PARLE S —Namber of degrees drvop in femperuture before the dew poind i
reached nnder different conditions of stalile air

Tregraes temperabure deap o dew pofnt at
. Stabl terrperaiurg pf—
Tolativea bremleioy
{ner cent)

que B 45° F, Lol g® P
Legrees Degrees Begrees Degrees

Q1 0.1 B 01

2.4 2.8 249 2.9

+ 0 5.8 5.8 6.3

A 0.2 0.4 9.8

.9 1340 1.3 13.9

.4 1r.a 7.9 8.7

194 25,0 7 2.3

At a stable temperature of §0° F. and a relative humidity of 70
per cent the temperature drop to the dew point is almost 10°,
while at 2 temperature of 32° and the sawme relative humidity the
drop is but 8°. If the humidity be increased to 80 per cent ab this

107343°—30——2
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temperature a drop of but 5° would be necessary to reach the dew
point. In order that the temperntures of inner surfaces of cutside
walls muy be maintained above the dew point of the stable air it is
necessary that the walls be sufliciently insulated.

It will be seen {rom Table 5 that the capucity of air for holding
vapor in suspension, i e.. the number of degrees drop in temperature
betore saturalion is reached, increases as the stable temperature in-
ereases,  As cold air enters the burn it may be saturated, yet contain
but o small amount of moeisture per unil.  Air enteving at — 20° F.
and suturated contuins 0.168 grain of water per cubic foot. Each
cubie foot that enters dispiaces 1 cubic foot of the air within the
burn, but the wir leaving at u stable temperature of 45°, if saturated,
is capuble of carvying off 3.414 genins of wuter per cubic foot, 1. e.,
its moisture-holding capacity has increased more than 20 times, I
the nir enters nt 0% 3t holds 418 grain of water when saturated, and
at a stable temperature of 45° its moisture-holding capacity would
be increased more than 8 times, Thiv tlusteales the mportance of
maintaining civculation within the barn, even if it is very slow.

That outtake flues actually do remove moisture may be shown by
lowering the temperature of the air within the flue and condensing
the water in the air colunn,  In a trial an outfeke was opened unﬁ
the warm saturated air permitted to rise into the cold flue. The
nir was chilled to o temperature below the dew point, and 3 pounds
of wauter were obtained in 6 minutes. The flue walls became warm
in a short time, five minutes in one instance, and the drip from the
fiue decreased and finslly stopped.

CAUSES OF DAMP WALLE

Dampness in & barn may resuit from any one of four conditiors,
numely, lack of ventilution, lack of heat production, fuilure to con-
serve heat, and poer construction, or from a combination of fwo or
more of these conditions. Condensution may be prevented (1} By
lowering the moisture content of the stable nir by ventifation, thus
permitting o grealer tum?cmtm'e drop before condensation takes
place; (2) by increasing the temperature of the stuble air by keep-
myg the barn well filled or by substituting larger animals, thus in-
ereusing the capueity of the air for holding moisture without
vondensation ; (3} by providing insulation so that the wall resistance
to the transmission of heat is incrensed to a point where the inside
surface temperature will not fall below the dew point of the stable
air; (4) by avoiding any construction which will retard the circula-
tion of air currents over the wall surfaces; (5) by any combination
of the nbove methods.

‘EFFECT ON ANIMAL LIFE

The effect of humidity upon human health has been studied and
the present conception s that temperature, humidity, and motion
of the air have n decided infiuence upon personal comiort (7, 81,
41, 45). Information with respect to the effect on unimals is very
menger, but such data as are available indicate that farm snimals
are similarly affected {2, 6. 73). Data on page 8 show that of
the tota} heat lost from the body 7.2 per cent is lost through vapori-
zation of water from the lungs and 14.5 per cent by evaporation
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from the skin. The Iatter, upon which the comfort of the animal
depends, is greatly affected by the relative humidity of the stable
air. 1t is obvious that evaporation takes place more readily when
the atmosphere is dvy than wheu it is damp or saturated. Hence,
when the air is very moist, the heat ordinarily lost by evaporation
must find some other channel of dissipation, possibly causing dis-
comfort te the animal,

EFFECT ON STRUCTURES

The proper ventilation of o stable is net w simple matter, with
the weather changing from hot to cold, ealin to stormy, and with a
varying amoennt of stoel in the stalls. It 1s wore diflicult to control
humicity than temperature. It Is possible te specify the tempera-
ture and humidity essential to a desirable air condition, but to ob-
tnin the amount of circulation required to produce and maintain
them is not so easy.

The effects of too much moisture on the bharn and contents are
mare readily apparent and ave evidenced by rotted timbers, rafters,
ceiling boards, sills, ete., and by spoilage of hay and feed. Indirect
losses are due to illness caunsed by decomposed or mouldy feed and
by the softening and destruction of plaster and paint. These are
economic losses which can be moasuroc’f. In many barns, rotting due
to moisture within is much more rapid than outside deterioration
saused by the eluments.

Moisture in the air will be deposited on a surface whenever the
temperature of that surface falls to the dew point of the air. The
walis of the barn when colder than the rir may act as a condensing
surtace which, by removing moisture from the air as it circulates.
lowers the moisture content of the stable air. If the temperature of
the wall surface is below freezing frost is formed.

Heat is transmitted to the wall surface both by radiation and con-
vection or atr movement. The temperatures of the wall surface
and of the air in contact with it are not the same, and the lowering
of nir temperature, which moy cause deposition of molsture, occurs
within n thin film of air very close to the surface and can not be
‘mensured with the ordinary thermometer. However, the desired
stable temperatture being known and the minimum expected outside
temperature being abtainable from the Weather Bureau records, the
amount of insulation required may be determined as described later.

Condensation on a wall surface may be due o a leakage of air
through joints ov eracks in the insulation, as well as to the lack of
insnlation. But regardless of how well the wall may be insulated
there will always be some heat loss. In providing against con-
densation the greatest thickness of insulation is required under con-
ditions of highest humidity, lowest air circulation, and low temper-
ature.

Wind on the outside of a warm wall increases heat losses and con-
densation. Deposition of moisture on the wall surface is also af-
fected by the air currents within the stable. The rate of cireyla-
tion of these currents Is in turn greatly affected by the amount of
ventilation, and the higher the velocity the less the chance for depo-
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sttion. Moisbure may gather on ceiling surfaces where girders,
benms, or other obst ructions sometimes interfere with these currents
and form pockets of uneircalated air. The paths of conveclion cur-
rents are often Indicuted on the walls, around corners and ac venti-
lating flues by the pattern formed by frost or deposition of mois-
ture where there is jnsuflicient air movement. These slow-moving
pir currents prevent the deposition of moisture and ecmphasize the
need of muintaining a circulation of air even if it is at a slow rate,

The absence of ““alr stoppinus” at the ribbon where joists and
studys meef is u vommon eause of moisture on the ceiling. This owmis-
ston permits cold-nir currents to circulnte between the joists, chilling
the celling bourds and cuusing (he temperature of wuarm, moist
stable air in contact with this cold surface o drop to or below the
dew point. '

BISTRIBUTIDN OF DARRY COWS JAN, 1929
With Hospack mlergtn gsuh!i Parrad

Dawry Area. ___. ansasase

Fiopne 4.—Mup showing zoning of the Tnited Skntes with respeet to toewperature
ik baern giays ared tle privcipal deiey neea, the loention of which mnkes evident
the neetd of comfortalde shelier for dalry cows

CLIMATIC CONDITIONS AFFECTING CONSTRUCTION

Variations in climatic conditions in different localities affect the
requivements of a ventilation system. The probability of low tem-
peratures and the range of the expected temperatures determine the
need and amount of insulation necessary to the maintenance of de-
sirable stable temperatures under given local conditions. The ae-
companying map, Figure 4, and Tables 6 and 7 are of value in
choosing the constriction best adapted to a particular locality. The
averaze temperatures for the months of January and February over
u period of 30 years at 100 selected stations were used in defermining
the boundaries of the several zonwes shown on the map.
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Avcording to Tuble 7 the temperature al 8 a, mi. was below 0" F.
during 72.9 per cent of the year in the first zone, 61.6 per cent in the
second zone and 2.9 per cent in the thied zone. This makes clear the
vetative importance of the tewmperature factor in barn ventilation in
the various zones and the number of days that the full capacity of
the ventilation system will be required. Ik also shows that about 58
per cent of the average number of duys, on which the temperature
was below 507, were below freezing during the night in the first zone,
48 per cent in the second zone and 33 per cent in the third zone, and
that of the number of duys below freezing in the first szone 52 per
cent were below 80°. These average temperatures should be consid-
ered in determining the amount of insulation required in a given
locality and the capacity of the ventilation system best suited to the
contitions.

LENGTH OF STAELING SEASON

The map also shows the length of the stabling season in the north-
ern zones. Beeause of the variable conditions this factor is omitted
in the southern zones. Tables § und 7 muy be used to supplement the
map,  The number of days that cows ave kept in the barn varies
widelv in different scctions of the country becanse of differences in
practice, In most parts of Maine the cows are kept in the barn nearly
every night, whereas in the semiarid regions. where the same tem-
perature prevails, cows nre permitted to run out.

Available information indieates that milke vields arve affected by
temperatures below 80° . Turner, us quoted by Hays {I8) con-
cludes that temperature is a major factor in the seasonal variation
of the percentage of fat in cow’s mitk, In most sections it is desir-
able to house the cows at night when temperatures below 50° arve ex-
pected.  This temperature may ihen be used as a basis for the
determination of tfw number of duys during which ventilation will
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be required. When the outside temperature is above freezing the
windows and doors may be kept open a greater purt of the time. At
such times the amount of ventiiation obtained is not solely aependent
upon the flues. When the temperature drops below freczing the
doors and windows should be closed and the ventilation system op-
erated at full capacity. It is scldom necessary, under average con-
ditions, to restrict the ventilation until the outside temperature drops
below 20°, With goud construction this point may be lowered con-
siderably. Windows, as aids to ventilation, may be used in sections
where the temperature Is above 32° on a lavge percentage of the days
on which venlilation is neeessary. Inm sections where the temperature
on a large number of days is below 20°, ereater atlention must be
given to insulation and to the design of the ventilation system in
order that the maximum use may be made of the system.

Although it is recognized that there ure many factors which may
affect the unnual number of days that the stock is housed in a par-
ticulnr loenlity. nevertheless these data, which are bused upon the
hest information available, arc thought to be representative of
average conditions Tor duiry cattle nnd ave valuable in coordinating
the several fuctors affecting the destgn of o ventilation system.

VOLUME OF AR SPACE PER HEAD OF STOCK
RELATION OF VOLUME TO PURITY OF AR

Purity of stable air is not dependent upon a large volume of air
space, The sir within a barn is vitiated by emanations from the
stock, particularly the products of respiration. Expirved air does
not necessarily mix with the whole air of the room even with mod-
erate cireulation. If the ventilation is bad because of either poor
circulation or distribution, diffusion will not be uniform and theo-
retically there is no limit, except that of saturction. to the extent
of contamination that may exist at a given point within the stable,
however large the air space. :

Repeated analyses (23, 29) have shown that bacteria in the stable
air have relatively small effect upon the hacteria count in the milk.
Milk readily absorbs odors from the stable air, and if certain of
the common feeds ave present at milking time the milk may become
unfit for sale or use as food. The flavor and odor of such plants
as garlic, cabbnge, turnips, green cowpeas. and silage, if fed before
milking, may be detected in the milk. Garlic may be detected in
milk 1 minute after feeding or in 2 minutes after the milk is drawn
when the cow has been permitted to inhale the garlic odor for 10
minutes (4). Contamination can best be avoided by removal of the
source of odor and by providing for adequate ventilation and the
removal of milk from the stable #s soon as drawn. If feeds having
odors that affect the milk are given after milking, the effects of
their ingestion and the odor-laden stable sir will have been removed
by the time of the next mitking.

In a stable having the largest practical unit of volume per head
and with no ventilation, the air is contaminated {assuming com-
plete diffusion} beyond the point of desirable purity within a
few minutes. ‘The standard developed by King (29) requirves that
the degree of purity of air in the stable should not be lower than
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96.7 per cout, 1. e, that the air in the stable shall not contain more
than 3.3 per cent of nir once breathed. On this basis 8,542 cubic fest
ot air per hour is required for the average cow. The amount of air
spaee 18 of great importance in controlling stable temperatures and
in cconomy of construetion, but as previously stated u large volume
per hend gives ne assurance of pure stuble nir.  In the ventilation
of buarns the degree of contamination of the air is dependent upon
the rate of production and the rate of removal of the units of con-
tuminntion and not upon the unit volume of air spuce. Hence ven-
tilation must be a continvous process when the animals are in tho
barn.

Thut the statement regarding the relation of volume to air purity
holds true in practice as well us theory is shown by analyses of air
i stables wherein the volunie of air space per heud differed widely.
Io wiele (79) after more than 200 analyses of stable air found
thay _here was no relation of air space to carbon dioxide content
and that high CO, content was usually associated with the higher
stahle tempoeratures and humidities. Comparing the samples taken
at approximately the same stable temperatures, he found 4 to 41
parts of CO, in 10,000 in a stable having 510 cubic feet of air space
per head. In = stable with 1,148 cubic feet per head he found i
to -9 parts and in another, having 2,578 cubic feet per head, 14 to 16
parts.

Regrulutions of & number of cities specify a certain amount of air
space Tor each animal.  The successful laws or regulations of one
section are often adopted verbatim in others without consideration
of the climatic conditions and this often leads to the adoption of

rules which are not applicable, and which are frequently Iimpractical,

NETERMEINATION OF YUILUME DPEY HEAD

In designing a burn for a given locality the three factors which
have the greatest bearing on the determinntion of the air space to
be provided are (1}, the desirability of confrolling stable tempera-
ture; {2). economy of construction; and {3), convenience and
economy in caring for the stock,

The volume of air space generally may be approximated as the
product of the Jengih, width. and height—usually at the platform—
divided by the number of head. But this method should not be used
in a ventilation test where greater aceuracy is necessary. Heat pro-
duction and losses arve often of more importance than cireulation
of air, and in an investigation involving a large number of tests
these factors can not be compared unless the space per head has
been accurately determined. It is advisable that deductions be made
for large columns, girders, and joists where the stable is not ceiled.
The height of the ceiling as measured at the feed und 1ltter alleys
must sometimes be considered separately and not averaged as is often
done,

The physical comfort of confined animals is dependent upon the
three factors of temperature, humidity, and air circulation. Lipp
{30) in discussing experiments states that—

It was observed that after the stnll temperature had reached 80° F. there

wis an whndstakable evidence of discomfort. When the temperuture had
climbed to 80° ¥, the discsufort Wnd increpsed to actual distress and at 50° P,
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there was dunger of eollupge and deach, * When the air of the unventilated
stall wis suddenly cooled and its moigture content lewered, alter having
reached 90° 10, and fuil saturation respectively, all symptoms of collapse and
distross disappewred in a very ghorg time,

Since excessive stuble temperature and humidity interfere with
elimination of heat from the body and water from the respiratory
organs, the Impoertance of temperature coutrol 1s obvicus. Theoreti-
cally 1t is possible to provide sufficient insulation to save all the heat,
but practically the cost would not be wuarranted. Hence, in deter-
mining the proper volume ot air space per hend, the comfort of the
unimal at lenst cost must be sought,

In o warm barn ghere is more heat avuilable for inducing ventila-
tion and cireudation of air with the resultant elimination or reduc-
tion of eodors and excess moisture. Many farmers provide warm
barns to prevent freezing of drinking cups, but fail to ventilate
properly.  Comfortable stable temuperaturcs and ventilation are
separable and the one must follow the other.

If the temperature of a stable is to be kept comfortable a suf-
ficient number of cows must be provided to heat the air space. An
800-pound cow has approximately 48 square feet of radiating surface
and one weighing 1,200 pounds, 61 squarve feet (3, 44). Since their
body temperatures are the sane and their capacity of heat pradue-
tion varies according to their weight, it is obvious that the smaller
cow can not heab or maintain the temperature of as large a volume
of air space as the larger cow. Hence the size of the cows must be
considered in determining the proper volume of space per head.

The amount of heat produced bears a definite relation to the
weight of the steck and in turn to the amount of ventilation required.
This relationship permits of tests being comnpared on a basis of heat
production of the actual stock in terms of an equivalent number of
avernpe size as described on page 3. In this manner the several
frctors nre made proportional to the size of the individual equiva-
lent animal, and proper credit may be given fo each according to its
cupaueity. This method also permits of the comparison of bavns full
of stock with those that are but partly filled. Many ventilation
installations huave been unjustly eriticized because of lack of con-
sideration of this factor. Stable temperature depends upon the
mmount of animal heat produced and that saved. If a barn is
designed for 20 head, allowing a space of 600 cubic feet per head,
and if there ave but 15 head in the barn, the actual volume per head
is 800 cubic feet. In the northern zones this may be the limit of the
heating capacity of the animal.

Yapp (47) has found that the volume of air space occupied by
cattle 1s approximately 29 cubic inches per pound of live weight.
On this basis a cow weighing 1,200 pounds and allotted 1,000 cubic
feet of space cceupies approximately 20 cubic feet, or 2 per cent,
of the space. On the same basis an 800-pound cow would need but
about 670 cubic feel in order that she might occupy propertionately
the same nmount of space as the larger cow. But the heating capac-
ities of cows vary us the two-thirds power of their weights, and hence
the smaller cow may be ullowed a somewhat larger space than that
given above. This relationship is given consideration in the formnula
found on puge 206,
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The volume of air space in well-designed barns is seldom less than
500 or more than 1,000 cubic fect per head. The average cow re-

nives o stall 8.5 feet widle and in addition an allowanee must be made
tor cross ulleys. The necessary clearance for litter carriers fixes the
minimum height of ceiling at a little less than 8 feet, and to secure
1,000 cubic feet per head in a 2-story barn would require an unnec-
essary expenditure of money in the colder sections.s

COMPARISON WITID TEST DATA

A study of available data shows that under average conditions
the volume per head is not important when the outsie temperature
Is above 32° I, At 20° conscrvation of lieat is important, and vol-
ume per head is a factor to be considered. As the temperature de-
creases the importance of volume per head increases.” Hence the
proper allowance of volume per head will be relatively greater in
the first and second zones than in the third. The data from tests in
Tuble 8 show what may be accomplished under average working
conditions. The tuble atfords o comparison of the stable tempera-
tures, with a given volume per head, with outside temperatures of
0°, 10°, 20°, 32°; also the minimum outside temperatures at which
stable temperatures above 82° were maintained, The table also
serves as a valuable check on the practicability of the formula, given
subscquently, page 20,

TanLy 8.—Comporison of volume per hovd gnd observed stable ond ountside
tem perutires
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It has been shown how the several factors affect the selection of the
volume of air space per head. Cost of construction, available heat,
expected temperatures, and convenience in handling the stock are
factors which must be considered in choosing the proper volume of
air space for each cow. The following empirical formula.” which
serves as a check in determining the desirable air space per ¢ow in
various localities, takes into consiceration the two most important
factors aflecting the design of a barn for cold sections, namely, heat
production and its relation to expected temperatures.

From Figure 4 the average annua: number of days that the cow
may be kept in the barn in a given locality is obtained (27). This

S A Barn bousing 20 cows in bwo rows of 3.5-font stalls with one 5-Toot cross alley would
be 40 feet long. “If the harn s 80 fert wide, which is rccommended practice, it would
require o height of npproximately 14 feot to provide 1000 cuble feot per head.  Thig is
POnecessvily vastly gond impenetlenl tn o Zestory barn, It might be bractical {n n 1-story
baru, or a J-story pen barn, or one Lk partly filled willh stovk,
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bears a divect relation to the expected temperatures for the locality
and makes it possible, as shown in the following paragraph, to intro-
duce the temperature factor into the formula indirctly. In the

Xk . .
formula, T-’=-lzp—;b, I represents the heat in British thermal unifs

per hour produced by an animal equal in size to the average of those
within the barn.  The constant % has a value of 60 for the dulry cow
kept under average conditions in a well-built barn. Where it
iz certain that the barn will always be filled with mature stock dur-
ing cold weather, which is seldom the case, a constant of 70 may be
used. /) represents the average annual number of days that the cows
are kept it the barn. ¥ is the desirable allowance of cubic feet of air
space per head. If more space than that obtained from this formula
is allowed greater consideration must be given fo insulation.

There are muny stations within a zone which have mean tem-
peratures above or below the average for the zone. It has been
found that the factor /7 may be expressed in terms of approximate
outside temperature by the quantity {800—357") in which 7' represents
the mean temperature for the month of January. Results which are
compatible with good practice are obtained when the proper values
for this expression are substituted in the above formula. When air-
space volumes obtained by use of the formula are used, the heat
nvailuble is suflicient to permit an average of 8.5 dilutions of air per
hour when the ocutside temperature is at zero or above. Hence the
formuls provides a practical rule for the determination of the desir-
able volume per head in a dairy barn, either by reference to the mean
temperature for January or to the number of barn days.

WALL CONSTRUCTION AND INSULATION

The comfortable housing of stock is of interest to all stockmen but
especially to dairymen since the majority of the milk cows of the
United States are found in the colder sections. (Fig. 4.} The
farmer desirves a comfortable barn for four reasons: {1) Comfort of
the stock with consequent saving of feed; (2) comfort of the work-
men; (8) prevention of the freezing of water pipes; and (4) preven-
tion of dampness in the barn.

Experience has shown that it pays to keep cows comfortable.
There is little information with regard to the physiological reaction
of cows to low environmental temperatures and the consequent sav-
ing of feed. However,the Institute of Animal Nutrition of Pennsyl-
vanig {73} found that under the usual conditions of intensive cattle
feeding, for each degree that the temperature falls below the point at
which the animal begins to feal cold, the cost of maintenance increases
1.4 per cent.

Feeding, milking, and other routine operations are more efficiently
accomplished in a barn of comfortable temperature than under con-
ditions that arouse an instinctive desire on the part of the workmen
to slight the work in order to get it done quickly.

Water systems with individual drinking cups have been installed
in many barns in order to save labor as well as te provide the stock
with ready access to water. Warm structures are necessary to pre-
vent the freezing of water pipes and the consequent inconvenience in
caring for the stock, '
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FUNCTION OF INSULATION

The function of insulation in barn walls is to retard the flow of
heat. Heat is transmitted in three ways: (1) By radiation from
& warm to a colder body, (2) by conduction from one molecule to
another, or (3) by convection currents passing over a warm surface.
The eifect of wind is to incremse both conduction and convection
losses,

Insulation provided to insure warm structures lessens the likeli-
hood of condensation of moisture and cousequent dum[) walls, As
stuted elsewhere o damp barn may be the result of luck of ventila-
tion, lack of production of heat, or lack of conservation of heat.
The last is generally the result of insafficient use of insulation ma-
terials.  Whenever burn walls ave tightly built to save heat, ventila-
tion becomes necessary as the lenkage through walls and windows is
not suflicient for the nir requirements of the animals.

The muintenance of a comfortable temperature within the stable,
when the outside temperature is low, depends upon the amount of
heat given ofl by the animals and the total heat lost. It is evident
that after the temperature in the burn has reached the desived point,
the mmount of heat added per unit of time must equal the amount
of heat lost in order to maintain that temperature. Until the de-
sired temperature is reached, there must be generated sufficient heat
not only to raise the temperature of the air within the barn but to
replace the Lieat lost by radistion, conduction, and convection to tho
walls und contents of the stuble. The amount of hent absorbed
depends upon the specific heut of the building materials and the
contents of the building.  Since the heat produced by the animal
can be controlied only to a limited extent, it is evident that more
insulation is required in the cold sections than in warmer regions in
order to conserve the heat produced. The amount of insulation
required for a given locality must be proportioned to the expected
temperature.

In & structure heated by conl it is possible, within a Iimit, to
raise the room temperature by heavier firing of the furnace, and
to ameasure the suving of fuel effected by the application of differ-
ent amounts of insulation. In a barn more heat can be obtained to o
limited cxtent from the animals by hewvier feeding. but it is more
difficult to estimate the saving in feed due to added insulation since
Iittle is known about the physiological reaction of the cow to low
temperature, & factor which has a bearing on the economics of insula-
tion. Increasing the stable temperature by means of expensive feeds
is uneconomical it the extra annual feed cost exceeds the investment
charges incident to the added insulation.

SELECTION OF MATERIALS

In selecting an insulating material snitable for barn construction
consideration must be given to the following points: Its cificiency
as an insulator, whether or not it will retain its efficiency indefinitely,
its steuctural strength, the effect of moisture on the maferial, harbor-
age afforded redents and vermin, whether it is fire retardent, the cost
of the material, and the cost of installation and upkeep.

Next to a perfect vacuum the most effective insulation against the
flow of heat is air confined in minute spaces. Becanse of this prop-
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erty of air, there is 2 common miseconception with respect fo the in-
sulaling value of so-called dend-air space, and its practical value is
often exaggerated.  Diead air is almost unknown in gtructures exeept
in porous nuaterinls where the uir cells or spaces are microscopic.
It s this entrapped air which adds insulating value to porous ma-
terinls

The air space Letween studs does not possess Lhe insulating prop-
erties commonly attributed 1o it.  The air currents rise on the warm
side and descend on the cold side, thus transmitting heat from one
surface to the other. It is not until the spuce is broleen at short
intervals by headers that it becomes at all effective.  Stud spuees are
sometimes filled with commercial insulaling materials, pucled mill
shavings, sawdust, gravel. or even straw, all ot which are effective if
kept dry. Sawdust and straw are apt to deteriorate and settle down
in the wall, Gravel, in Hgelf o fuir comductor of heat, would be
effective beeause of its value in breaking up the conveetion circalation
within the wall but is not desirable because of its weight.

Melal conduets heat quite rapidly, even more rapidly than the sur-
rounding nir ean absorb it provided the aiv is still. Tence any air
current or wind blowing against the surtuce will inerease the rate
of heat loss. Furm structures in which the walls and roof ave built
of metul will be cofd in winter and warn in summer, unless the wetal
is combined with other matevinks having insulating properties.

Masonry walls are sometimes preferred for barn construction be-
cause of their qualitics of fire resistunce, durability, low cost of
upkeep, and structural strength, but their use in northern sections
has been abjected to as they lacke insulnting value. There is greater
loss of heat and more frost and dampness in masonry barns than in
comparable frame structurves. QOne-half inch of wood insulating
material added to a masonry wall may decrease the heat loss by as
mueh as 50 per cent.  Although costing constderably less, this amount
of insulution may be equivalent in insulating value to 8 or 10 inches
of concrete or brick. A combinution of masenry and insulating ma-
terials, which are now available in most sections at reasonable cost,
will often produce o more economical, stronger, more dursble and
warnter structure than if a single material were used. One barn
tosted (pl. 6, B) had a double wall constructed of air-cell concrete
blocks, 4 und 8 inches thick with a 2-inch air space between. This
construction did not afford insulation sufficient to prevent deposition
of moisture on the wall at temperatures near zero. Another barn
wall {pl. 8, A} constructed of 8-inch blocks of the sume kind with
ane-halt inch ‘of good nsulating material showed no moisture at
subzero temperatures.  The two walls are of similar outward appear-
ance but under like conditions of construction the latter and better
wall probably could be erected at less cost.

Next in imporlance to the selection of materials is the way they
are assembled In the wall. Fach new surfuce that is placed in the
path of heat flow offers considernble resistance not only beeause it
brenks the continuity of heat flow but also because it holds confined
a thin film of air. Two 14-inch luyers of a material therefore have
grenter heat resistance fhan a I-inch layer of the same materiel.
Insulation placed on the inner or warm side of the barn wall is more
efficient than if placed on the outer side. The object in the use of
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insulation is to stop the Dow of Lent outward, as hent flows from the
wiarmer to the colder object or surface, and the sooner the heat How
15 stopped the greater the conservation. Since heated air tends to
rise and barn ceilings gencrally ofler less resistance to heat flow
than do the walls, insulation placed on the ceiling is more eftective
In maintaining stuble temperature than is the same amount placed
In the walls, This is especially true in a L-story barn, since in o
2-story structure the hay in the mow above affords very good insula-
tion. When part ot the mow is anpty the floor should not be
allowed to become bare as frost and moisture iy collect on the
cetling below. Less heat will be lost throush the ceiling if G to 8
inches of hay or chaff are left on the mow fluor during the cold
wonths. Molsture on the stable ceiling s sometimes caused by the
cireulntion of cold air Letween the joists.  Precautions should be
taken to prevent this,
AIR-TIGHTNESS

Air-tirhiness in construction helps Lo cut down heat losses. There
is always some lenkage of air through the walls themselves, through
crucks. mortar joints. efe,, the amount varyinge with the permenbility
of material and quality of workmanship.” Whenever g strong wind
blows ngainst the surface this leakage is inereased. Building paper,
plaster, and even paint are of value in reducing air leakage through
wills.  Revent tests (27) of o brick wall 814 inches thick show that
infiltration of more than 9 cubie feet per hour per square foot of
surface may be obtuined with a pressure against the wall equivalent
to n 15-mile wind. Other tests show that infiltration losses nceount

for as much as 25 per cent of the heat supplied in dwellings of
avernge construetion. It is therefore evident that air tightness of
construction is cesential to the conservation of leat in barns,

A study of the relationship of back drafting in outtskes to wind
direction and velocity shows that infiltration was probably a con-
tributing cause of back drafting in the fues of one barn,

AMOUNT OF INSULATION

Tle heat coeflicients of insulating materials are expressed in
various wauys, but most commenly in British thermal units per square
foot per inch of thickness per hour per deuree difference in tempera-
ture. It is sometimes expressed in duily loss instead of hourly.
Tables ot coeflicients of heat losses for different materials are found
in standard handbooks. Most of the data available are from labora-
Lory tests, very few tests having been made of the common types
of construction under field conditions, In making use of tables of
coeflicients consideration shonld be given to the conditions under
which the data were obtainedl.

Insulation is cmployed for the conservation of heat given off by
the stock and the prevention of damp walls and ceiling. The limita-
tion of its use for the first purpose is the economic relation between
the cost of construction and the amount ot heat saving necessary to
the maintenance of the temperature desired. The extent of jts use
Tor the second purpose is determined by the temperature and relative
humidity that it is desired to maintain since these factors detormine
the number of degrees drop in temperature that nust take place
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before the dew point is reached (p.4). The latter is the more Im-
portant consideration in the determination of insulation require-
ments for barns.  Although at times it may not be suflicient to insure
as high o temperature as desired, the insulation necessary to prevent
coendensation under normal conditions will usually be economiecslly
justified and witl serve 2s & measure of the minimum requirements
for local conditions.

The curve in Figure 5 suggests the minimum insulation for different
localities. The coeflicients of heat transmission are used as ordinates
and indirvectly represent the amount of insulation required to prevent
damnp walls under average conditions of weather and good ventila-
tion. The abscissas are the mean temperatures for the month of
January., This curve is a great convenience in determining the
smount. of insulation required in a given locality when the mean
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January temperature is known, Kunowing the amount required, one
is nble to choose from a number of available materials the most
desirable construction.

The heat saving effected by an insulating material is in proportion
to the difference between the heat transter coefiicients of the insulated
and uninsulated construction. The suving of heat by good insula-
tion is continuous and is reflected in decressed annual cost of feed
and in the comfort of the animal with the consequent greater pro-
duction.

The selection of an insulating material will depend upon consid-
erabion of the characteristics previously mentioned and to a large
extent upon the cost and uvailability. It may be more economieal
to use fwice the nmount of o material locally available but of low
insulnting value, than a more efficient insulating material shipped
from n distance. The nmount of insulation required will vary with
the normul temperature expected. The coldest months of the year
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are January and Iebruary, and temperatures for these months may
be used in determining insulation requirements for a given locality.
Average conditions mey be obtained by referring to the zone map,
Figure 4 or Tables 6 and 7, or for more detailed information, to
Weather Bureau data.

STORM SASH AND VESTIBULES

Infiltration of cold air through cracks sround doors and windows
is an important consideration espectally in windy sections, Tests
have shown that there may be a lenknge of air around a window, as
ordinarily fitted, nmounting to as much us 2 culic feet per hour for
cach lineal foot of crack for ench mile per hour of wind velocity,
The use of storm windows and storm doors helps to reduce such heat
losses,

The disadvantages and limitations of windows for ventilation
purposes are cxplained elsewhere. Their relation to heat loss is
also of importance. Glass surfaces radinte heat rapidly. A single
thickness of glass offers little resistance to the transmission of heat
and, since it is desirable that there Le approximately 4 square feel
of glass for each cow, the total heat loss through the glass alone
may be very great in some barns. The use of double or triple sash,
or even double-glazed sash, deereases the heat loss through windows,
If frost collects’on the windows, the light is retarded, and any con-
densed moisture running down the sash hastens deterioration of
the sush, sills, and other woodwork. Sunlight on the stable floor
is a_sanitation requisite, and it also adds many heat units to the
stable nir. An illustration of the value of storm sash in preventing
frost formation is presented in Plate 2, C. Plate 3, A, is a view
of windows without storm sashes. During zero weather frost formed
on these windows to a depth of 1 inch.

Separate storm sash outsice of the regular sash are preferable
to single, double-glazed sash. The joss by breakage is usually less,
and the glass can be more ensily cleaned. When the putty of a
double-glazed sash becomes loose, dirt sifts in between the panes
and the glass can not be cleancd without removal. Ajr leakage
around a stationary storm sash can be more effectively stopped than
that around u sliding or hinged sash that is used the year around.
Observations huve shown that there is less tendency to frost forma-
tion where sepacate storm sashes ave used than where single, double-
glazed sashes are installed.

Sliding burn doors are a great convenience, but it is difficult to
keep them tight enough to prevent leakage of air. If provided with
hooks they may be drawn close to the frume. Hinged doors can be
closed move tightly. Because the leakage around barn doors is apt to
be very large, storm doors are often desirable. They may be in-
stalled in one of severnl ways, but most commonly they are placed
on the inside and hinged. The presence of a litter-carrier track
often determines the type of door construction, A vestibule entrance
decreases heat losses through and around barn doors. Such a vesti-
bule is illustrated in Plate 3, B,

Vestibules ure no doubt an advantage in regions where deep snow
is frequent, but it is believed that greater warmth can be provided
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and more economically by a judicious use of storm doors and storm
cush. 'The vestibule shown 1 Plate 3, B. covered almost one-half
the end of the first story of the barn. During the test made in
this barn, the vestibule temperatures were found to be from 2° to
4° higher than the outside temperatures.

In one of fhe barns tested, n feed room across the north end
reduced Lhe exposure of the stable wall from 3 to 10 degrees. Table 2
of selected rendings is interesting, as it shows the protection afltorded
by n feed room to prevent rapid fluctuations ol temperature, These
dutn show that the feed roam provided a very cffective protection
to the stable on the north.  The variation in stable temperature was
small, whereas. that in the outside temperature was very marked.
The temperature in the feed room was slow to respond to the increase
or decrense of autside temperature,

TanLe Q—Comperison of oplside, feed room, and stalde femperittinres
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Windbreaks and tight board fences around the barn lot aftord
protection to the barn and help to decrease the heuwt losses incident
to strong winds.

REPRESENTATIVE TEST

DESCRIPTION OF PHYSICAL CONDITIONS

The limited space precludes the presentation in this bulletin of
all the data of the many tests made. A single representative test
is reported with such data as is necessary to the cliscussion, in
order that the nature of the studies and the method employed may
be botter understaml. This test. continuous for almost 200 howrs,
wis selected beenuse of its length, and becuause 1t was made under
n wide mnge of weather conditions. It is of particular value in
studving the eflects of weather on the ventilation of barns. It
chows the effect of some factors that were not evident in other
tests and afforded opportunity for studying some that could not
be nnalyzed. to the same extent in shorter tests.

The barn in which the test wns made in located in Piscataquis
County. Mc., and is one of the few madern barns in that section.
Tt is an example of what may be accomplished in designing barns
<uited to local climatic conditions. DIlate 3. C, is an exterior view
of the structure, the arrangement being shown in Figure 6.

Thirty-six head of stock were housed 10 the stable, which was not
filled to copacity ws will be seen by reference to the floor plan.
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The stocl consisted of I bull, 4 calves, 10 heifers, and 21 cows
which, upon the basis of the aggregate heat production of the
individuals, were equivelent to 34.6 avernge-size nnimals. The vol-
ume of wnir space per animal was 838 cubic feet. Had the barn
been filled there would have been approximately 600 cubic feet
per head,
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Fuivae 6 —Floer plan of fesl barn 11

The mow floor was double-boarded and was well covered with hay.
The stable was cetled with matched lumber. The walls were of
beveled siding and sheathing, with paper between, on the outside
of 2 by 6 studs and paper with ¢-inch Hooring on the inside. "The
hay chutes were closed with doors of I-inch boards which were too
thin to prevent frost from collecting on
them at times.

The windows were tightly fitted and pro-
vided with storm sashes. The doors to the
pens were provided with storm doors and
were never opened during the test.

The ridge of the roof was 33 feet above
the stuble floor., There were six metal out-
tulte flues insulated with one-half inch of
commercial insulation. A pair of flues
entered each ventilator at the ridge.

The ventilators were closed at the base. ELEVATION
The flues were fitted with a metal eollur .
which closed one half of the base, while OO"’“"“‘"
the other half was closed by menns of two )
hinged doors operated by means of ropes RS -
and pulleys, (Fig 7.) = =

PLANM
DESCRIPTION OF TEST

Flovwe 7—Dingrrmn  showlng
Trials were made with the ventilation ccpntaon ot dvory i
system wide open, partly open, zud closed ;
with cealing openings and floor openings; and with the ventilator
base open and closed. Altogether 11 different combinations of intako
and outtake adjustiments were used during the test with seven
changes in the setting of the outtakes. It was planned to make as
few adjustments as possible in ovder that the effects of climstic
changes upon the ventilation might be studied,

107343°—30—-3
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ADJUSTAENT OF OUTTAKES

At the first reading all outtakes except B were open and the damper
in D was half closed. (Figs. 6, 7, and 8.) Outtakes B and D were
opened after the first reading and remained open until reading 1la,
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FIGThE 5.—Summuerization of nveragoq ventilation drta obteined with different sot-

tiegs ol intakes nud outtakes in Lest bara

when they were closed and remained so until reading 3la. After
reading 32 the doors in the ventilator base were opened and remained
open until reading 50a. After rending 42 the dampers in the out-
take flues were closed, and the hewt doors at the ceiling were opened,
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remaining so until rending 53u. The entire ventilation system was
closed at 3.30 2. m., after reading 54 and remained closed until 7.45
n. m. at reading 58a during which time the stable zir developed con-
siderable odor and scemed stufly., Flue A was closed at reading 56
amd remained closed to the end of the test,

ARUSTMENT 8 IXNTANES

The intake openings ut the Arst reading varied from 1 to 43
inches. After the first or preliminury reading all the intakes were
adjusted to n 3-inch opening, this setting being maintained until
alter reading 9 when all the intakes were changed to 2 inches.  After
reading 11, intakes Nos. 3, 8, and 12 were closed and all others re-
duced to Ha-inch openings. This setting was used until afler read-
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tng 31, when all the intakes were closed and remained so until after
reading 35, After reading 35 all the intakes were opened 114 inches
excepl: Nos. 3, 8, and 12 and no further change was made until after
reading 54 when all intukes were closed. After reading 55a all the
infakes were opened to 1 ineh with the exception of No. 3. Intake
No. 12 was closed after reading 57, After reading 62 all the intakes
except Nos. 3 and 12 were opened to 2 inches and remained in this
position,
AMOUNT OF VENTILATION

During most of the time the ventilation in this barn was very
satisfactory. There was an uverage of 5.5 dilutions per hour for
the entire test although at reading 64 there were 12.1 dilutions per
hour. Table 10 compures the amounts of ventilation obtained with
different settings of intakes and outtakes, The readings for the
snume seftings of intakes and outtakes are averaged nnd arranged ac-
cording Lo sequence of decreasing winounts of ventilution. In Fig.
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ures 8 and 9 the averaged results are shown graphically in the se-
quence of the test. '

Tame W—Average dmonnt of vonfilation oblained wilh differen! settings of
futakes end owtiekes in test bern T°
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At reading 54 when the outside temperature was —222° F. with
72 dilutions per hour. the stable tempernture was 31°. This is
more than twice as great a circulation of air as wis necessary for
good ventiletion, und had it been desirved to keep the stable wurmer
1t could casily have been accomplished by restricting the ventilation,
This was not done as the object was to study the eftect of low out-
side temperatures on the ventilation and to determine how much
it would lower the stable temperature. The data show that it is
possible to keep the ventilation system open even at low temperatures
it the barn is property insulated. While the system was closed be-
tween readings 54 and 535, the temperature rose from 31° to 41.6°,
indicating that there was sufficient heat available for wurming the
stable although it was but partly filled.

When the doors at the base of the ventilators were open the sue-
tion on the flues was decreased, a smaller amount of air being with-
drawn from the stable while air was withdrawn from the mow also.
When they were closed after reading 50 air was removed from the
stable only. A comparison of individual readings shows that clos-
ing the mow opening at the bottom of the ventilator apparently in-
crensed the amount of air leaving the stable about 10 per cent.

At reading 32 the uir movement through flue A was ncutral and
from reading 32 to 38, inclusive, back drafting was observed. Flue
A probably would have baclk drafted after reading 56 had it re-
mained open as this flue was lecated in an empty pen {Fig. 6), and
the reversed action in the outtake was undoubtedly caused by the
lack of heat.

The effeet that the various changes in the ventilation system had
on the amount of ventilation can be readily seen by reference to
Tigure 8 which shows the average conditions resulting from the
different adjustments.
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One of the important developments of this test is the relation-
ship of the cutside temperature to the amount of ventilation obtained
{p. 48). It is importsnt in its relation to the design of the ventila-
tion system. From data presented herein (Fig. 4) one may learn
what the expected outside {empersture may be in the locality under
consideration wnd. knowing the relation ot the outside temperature
to the ventilation which may be obtained, he may design the sys-
tem accordingly. Heretvfore designs have been based on an as-
sumed difference between the inside and outside temperatures be-
cause definite information as to the ditlerence that might be main-
tuined under ordinary conditions has not been available {p. 64).

The relationship of ventilaiion to the temperature cdiffevence is
closer in this test than in others because for the most part no attempt
was wade to keep the stable temperature high, it being permitted to
ftuctuate with the atmosphorie conditions.  However, the stable
temperalure was satisTactory except ab a few periods.

The greatest awount of veulilation ut any individual reading
(121 dihwtions per hour) vevurred at the sixty-fourth, when there
was alimosi the least temperature diflference of the test (15.1°) and
the least temperaturve difference (9.1°) occurred at the sixtieth
reading, when the ventilation was almost 5 dilutions per hour.
With wide variations in temperature dilference almost the same
amount of veatilation was obtained. This with the results of other
tests is evidence that low outside temperature is nore effective
than high outside temperature with the same temperature difference.
In the past, tetaperature difference only has been considered whereas
the amount ol ventilation produced is dependent upon the weights of
the warm and cold columns of air (p. 48).

COMPARISON OF CEILING AND FLOOR QUTLETS

The efleet of the use of ceiling outlets is shown by data given
in Table 10. By comparing No. 12 with No. 13 it is seen that the
stable temperature in the former is bigher than in the latter, yet
the ventilution is about the same and the wind velocity is practically
the sume. The intake flue areas were the same in each case. The
outtulke area in No. 13 is that of the heat doors at the ceiling and
waus gpproximately 50 per cent of the eross-sectional area of the
flue when the floor openings were used in No. 12, If the outside
temperature in No. 13 had been the same as in No. 12 the stable -
temperature in the former possibly would have been equal to that
in No. 12, but the ventilation would have been less.

If these were the only data available to show the advantage
of floor outlets in securing higher stable temperatures with equal
ventilation, the evidence would not be conclusive. The readings
of No. 5 and No. 14 may also be compared. In the first the outside
temperature is much lower and the stable temperature is also lower,
but there was almost three times as mueh ventilation as in No. 14.
By restricting the ventilation, the stable temperature in No. 5 could
epsily have been raised to a point more comparable with that of
No. 14 und wilth a lower outside temperature, Again, No. 14 shows
lower stable temperature and with less ventilution than does No, 12,
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The latter comparison is more typicel of conditions found in other
tests,

In these comparisons the avea of the intakes was the same in each
case while the arven of the outtukes in the one was 9.97 and in
the other (ceiling openings) 5.94 square feet. There was very little
change in the wind velocily. The velocity of the incoming air
decreased inunediately when the heat doors were opened aod in-
creasec after they were closed. Because the total arvea of intake
openings in square fect was small (Table 10} the change in volume
of incoming air was not great. When the heat doors were opened
there was o reduction of almost one-half in the outtake avea and
a proportienate reduction in the volume of outgoing air. From the
results of this test it doos not appenr that ceiling openings are more
effective in producing ventilution than floor openings of equal area.

The control of the stable temperature is important, and it is
inferesting to note what occarred in this barn when ceiling openings
were used as compared with floor openings.

Tanes 11.—Comparison of elable fomperabures, huncidities, and vent lation.
in test born 1
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Table 11 shows temperature, humidity, number of dilutions, and
wind velocity. Reading 42 was tuken just before, and 42a immedi-
ately after, the change from floor to ceiling outlets. The table shows
that hetween the two readings, that is, within one-half hour, the
temperature rose 8 little less than 1°-—the increase was uniform at
all stations—and the stable humidity Inereased 17 per cent and at.the
same time the amount of ventilation was reduced more than one-half,
The heat doors wers closed and the dampers opened after reading
53, the effect being a slightly lowered temperature with doubled
ventilation. Simdlar effects have been observed in other barps.
Adfter the heat doors were opened the air became noticeably warm
and oppressively stagnant, a condition attributable to increased
relative hwnidity and slight increase in temperature, because of
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restricted ventilution and slowing up of circulation incident to
change in direction of air currents. This condition prevailed for
approximately one-halt hour, after which the effect passed off. The
slight incrcase of temperature must be attributed to the decrease in
the amotnt of ventilation as the outside temperature fell at this
time.

The difference between the relative humidity at the ceiling and
at the floor remained practically the sume regardiess of whether
the floor outlets or ceiling outlets were used. The velative humidity
subsequent to the opening of the heat doors was not excessively
high although the lower humidity would be preferable as the stable
temperature could then drop about 8° more before the dew point
would be reached.

It is desivable to secure the greatest amount of ventilation com-
patible with the maintenance of a high stable temperature and a low
refative humidity. This test (Table 11} shows that approximately
50 per cent more ventilation may be maintained with floor outlets
than with cciling outlets with approximately the same stable tem-
perature. These results agree with those of other tests and show that
floor outlets are a decided advantage in the colder sections,

DRIP AND CONDENSATION

The objectionable drip from outtake flues appears to have some
relationship to the amount of ventilation, outside temperatures, the
sun, and the wind, or to a combination of any of these factors, but
the main cause is not made sufliciently clear by the date obtained to

warrant a definite conclusion,

No prectical means of preventing the formation of frost in flues is
lnown. Small outtake flues have been froven solid with ice. The
probability of this happening may be lessened by the use of outtake
flues more than 12 inches in diameter,

Advoeates of wood flues contend that where they are used there is
less drip, but there is no comparative data available. Plate 4, B,
shows evidence that wood flues are not free from condensation. Al-
ternate wetting and drying causes the wood to rot quickly. This
condition is more ﬁ)revaleut in cold sections, particularly where the
voof sheathing and shingles are permitted to form one side of the
flue. Flues should be well insulated in order to minimize condensa-
tion. Iflues other than of wood should be of rust-resisting metal or
waterproof material. Black iron rusts out quickly when exposed to
moisture, _

Condensation of moisture on the ceiling of the stable was observed
at severul periods. The mow floor was donble and the joists were
ceiled on the underside, but there were no headers or air stoppings
between the joists at the studding line. This omission permitted
lealmge of cold air between the joists which chilled the ceiling surface
and caused the deposition of moisture. When strong wind aug-
mented this lenkage theve was an appreciable difference in the amount
of moisture deposited on the ceiling,

It is common practice to make the girders under the mow contin-
uous from one end of the barn to the other and to support the joists
above them. Structurally this method has advantages, but in this
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barn an air pocket was formed between the girders where moisture
nppeared to gather more readily than it would have gathered had
the air circulation been free to sweep the entire ceiling. This condi-
tion could have been improved by making the ceiling flush with the
bottom of the girders or providing coved corners between ceiling and
girder.

WIND EFFECTS

The wind velocities varied during this test from a calm to more
than 26 miles per hour, the highest wind occurring near the end of
the test.

" This and other tests made under field conditions show that the
wind has little effect on the amount of ventilation at velocities below
4 miles per hour and that
it is not often a dominant
factor until it exceeds 10
miles. At velocities greater
than this the eflect is no-
ticeable, but its full effect
is seldom obtnined in field
tests during cold weather,
ag the ventilation is then
venerally restricted as the
velocity of the wind in-
creases. The maintenance
Fraope 10.—Influence of winid direction on the of wventilatien durine pe-
veloelty of ale passiag theough intakey. The : . =
figures are velocitles in feet per minute }'10(15 of calm is of greater
importance.

The weather conditions were so variable that opportunity was
afforded for s study of the effect of the direction of the wind on
flue velocities, especially with respect to the velocity of incoming
air. A study of the effect of wind divection is valuable because of its
relationship to flue velocities and its influence on the location of
intnkes with respect to corners and adjacent buildings. It is diffi-
cult to trace the effect of wind direction on the passage of ar
through outtakes, but that there is an appreciable effect 1s evident
from the data.

Table 12 and the chart (fig. 10) show the influence of wind
direction on the velocity of air passing through the intakes as
observed over a continuous period ot eight days.

MARLE 12 —TInftuence of wind direction on infake elocitios in test darn T
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Tuble 12 shows that the velocity of the Incoming air was the same
on both sides of the Larn when not influenced by wind. The in-
tuke velocity at the first reading (664) is high as compnred with
the other readings, since the ventilation system was wide open
at the time. The wind was almost directiy against the side of the
barn at the first and second readings, hence hish intake readings
on the windward side were to be expected. It will be observed that
there was not much variation in the readings on the leeward side.
The circular dotted line in Figure 10 represents the average intake
velocities for the entire test,

HEAT BALANCE

The nmount of heat produced must bulanee the smount of heat
lost through walls, ete., plus the amount used in producing ventila-
tivn. There is no direct measure of the heat produced within the
barn so that the amount produced aund the amount lost can only
be estimated. The total estimated heat produced by the 36 head
of stock in this barn was 103.830 B. t. u. per hour which is equiva-
lent to that given off by 846 nverage-size animals. It should be
rementbered that the Darn was not filled with stock. In Figure 9
the estimated amount of hert produced and the estimated total heat
lost nre shown, the stable temperatures being shown in TFigure 8.
When the estimnted heat lost wus greater than the estimuted heat
produced the stable temperature decrensed and vice versn. Since
the hent lost can not exceed thut produced, it is evident that the
estimates of production and losses are at fault or that the stock
responded to the lowering of the stable temperature by giving off
more than the average amount of heat. In other tests the tendency
of the cows to do this wus observed {p.43). There is need
of research in the methods of estimating or determining heat pro-
duction and loss.

The cows in this barn were large producers and were fed in
proportion to their milking capacity., The stable temperature was
slightly higher in those sections of the barn where the cows were
on the heaviest feed. This, to a certain extent, offsets the lack of
heat in unoecupied sections. Consideration of this factor should be
made in planning the arvangement of the barn.

An outside temperature of approximately 20° appears to be the
peint below which the conservation of heat becones necessary. The
possibility of raising the stable temperature by closing the system
Tor a short time is clearly shown Ly Table 10, Nos. 5 (open} and
15 (closed), and Figuves 8 and 9.

During this tost there appeared to be sufficient hesat given off by
the animals to maintuin ¢ stable temperature of approximately 44°
under normal conditious with good ventilation. During the in-
terval between readings 2 to 9 (Table 10, No. 1}, the ventilation
uppeured to be a little too liberal for the maintenance of 2 warm
stable with the low temperature ovuteide. The ventilation could
have been restricted by partly closing the intakes, resulting in u
higher stable temperature with ample ventilation.

This test also afforded evidence that the milk production varies
with the stable temperature, but the length of ‘the test was too
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short to warrant a quantitative analysis. The eight cows which
were millked mive about 400 pounds of milk daily, seven of them
being milked four times and one twice o day. The variations in
milk vield followed fluctuations in the night temperatures more
closely than those of the day. Variations in the morning tempera-
tures appeared to have the least effect. This emphasizes the -
portance of controlling stable temperatures at night. The results
of thi)s test are in nccord with data of other investigators (22, 18,
28, 41). '

FACTORS AFFECTING OPERATION OF VENTILATION SYSTEBM

Progress has been made in the development of partly automatic
systems, but no mechunical devices yet offered can entively replace
personal attention und the exercise of common seuse and guod
jndgment.

MAINTENANCE OF STABLE TEMPERATURE

Briefly, the maintenance of the desired temperature involves con-
sideration of the insulation, the amount of which will vary accord-
ing to the temperatures to be expected in different sections of the
country; the eflicioncy of the materials available; the amount of
air space that the animals must heat; the nmount of ventilation de-
sired; and the methed of securing it. Tightness of construction
is necessary to prevent excessive leakage of air.  The actual amount
and choice of insulating material will depend upon the relative
efficiency and cost of the various kinds available.

Hirh temperature is not necessary for comfort. It is sug-
rested that a temperature between 40° and 43° F. is satisfactory
for the average dairy barn in the northern sections of the country,
while from 45° to 50° may be easily abtained in the central sections.
In barns where the hind quarters of the cows are washed before
milking a temperature of from 53° to 60° may be desirable.

The desirability of maintaining a relatively high stable tempera-
ture is shown by comparison of the moisture-holding capacity of
air at two ordinary stable temperatures, 48° and 44° F. If air satur-
nted at 44° be raised to 48° it would have n relative humidity of
86.7 per cent. If 800 cubic feet of air, a common velume of air
space per cow, ot 48° and & relative humidity of 100 per cent is re-
duced to n temperature of 44°, it would require 923 cubic fect of air
to hold the same amount of moisture without deposition. If it is
desired to obtain a relative humidity of 86.7 per cent, with the same
amount of moisture nnd at a temperature of 44°, 1.004 cubic feet
would be required. As the volume can not be changed the mainte-
nance of the higher temperature is desirable as it permits of & greater
drop in temperature before the dew point is reached.

The tests under discussion were made under a range of outside
temperatures of from 45° to —40° F. The greatest diffcrence be-
tween inside and outside temperature was 71°. It was found that
even with extreme variations n satisfactory temperature may be
maintained in a well-built stable if the ventuation system is intelli-
wently operated.

The temperature in o stable filled with stock or where the volume
per head is not excessive cun be controlled by temporurily or parti-




VENTILATION OF FARM BARNS 43

nlly closing the ventilation system, Tightness of construction per-
mits of the control of stable temperature by proper operation, but
ventilation is necessary in barns so constructed. The curves from
two tests shown in Figure 11 illustrate the possibility of control
in n well-constructed barn and lack of control where there was ex-
cessive lenkage.

Figure 11, A, represents stable and ountside temperatures in a well-
built barn where the ventilation system wus operated so as to main-
tain o uniform stable temperature. This barn was not entirely
filled, there being 832 cubic feet of air space per head. The stable
temperature was o little subnormal, but the ventilation wus more
than was necessary to sceure good air condition, heing slightly more
than six dilutivns per hour,

In the second stable, Figure 11, B, there were approximately eight
dilutions of air per howr. Although there were only 713 cubic
feet per head it was impossible to control the stable temperature.

T 1 nde Reading Pericds
BRea‘;:imgj Per;od.a . 7 % o 0’
i i I

e

1
e HTOM

.
—

7
~Ufsiqa

moCrs fure A Femooralore

gide —
st

<
L
H
£
Y
&

I )...,::-".'ffé'_i_d“ J—

7
]
g

14
Barn U

Figoug 11.—Conteolled (AY versus ucon- Fiagre 12 —8timulating inMuence
Lealed (I vencllation of Jow tewperatures on lieat
production

Because of excessive leakage the stable temperature dropped below
freezing when the outside temperature was about —12° ¥, In an-
other barn (fig. 6) it was possible to keep the stable temperiture
above {reezing with nn outside temperature of —20° and with seven
dilutions of air per hour.

Since the ventilation of dairy barns during cold weather is of
major importance, heat losses should be reduced to o minimum in
order that as much as possible of the heat generated may be avail-
able for producing the maximum amount of ventilation. This is
best accomplished by tightness of construction and the use of the
maxinium zmount ol insulation that can be economically provided.

That low temperature stimulates metabolism of cows i1s apparent in
the duta from two tests. It appeavs that the stock resisted the tend-
eney of the stable temperature to drop below freezing by incrensed
metabolism.  But food energy which is used in keeping the body
warin and in warming the stable is not available for milk production.
Figure 12 illustrates instances in which the maintenance of a fairly
even stable temperature was obviously caused by increased heat
production, since no change was made in the ventilating system
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although there was a wide variation in outside temperature. In barn
G an expected drop in stable temperature was apparently counter-
uctedd by an increase in the heat production of the animals. In barn
U the sae ctfect was observed, it being evident that as the outside
temperature rose the production of heat returned to normal.

In barn (G, although the stable temperature approsched freezing,
the decrease in stable temperature was not proportional to the de-
crease in the outside temperature which fell to —15° F, Had the
heat production renmined constant therve would have been a closer
relationship Letween the inside and outside temperature drop.

In barn U7 there appeared to be an inerease of almost 28 per cent
in the heat production of the stock above that oceurring under aver-
age conditions. The volume of air space per head, 944 cubic feet, was
so lurge that a comfortable stable temperature was not to be ex-
pected.  Yet it is apparent that more than the average amount of
heat was generated, or the stable temperaturve would have dropped
when the tempernture cutside wus as much as —5° It

Stable temperatures, within certain limits, appear to affect milk
production in both quantity and quality (73, 15, 18, 22, 4I).
Investigations * tend to show that increased milk production in the
spring is not caused by pasture feed but by optimum environmental
femperatures ranging from 50° to 80° . When the temperature
excecds the upper lhnit milk yields tend to decrense. In these tests
stable temperatures of approximately 32° appenred to stimulate the
metnbolism of the animal.

The wrex of intake openings has an important bearing upon the
maintenance of stable temperature. It was found possible to con-
trol the temperature by varying the amount of intzke aven, a redue-
tion in area resulting in n decrease of the amount of outgoing airv
but not always in the same praportion.

In these tests, with a fow exceptions in which conditions were
unusual, the amount of measured outgoing air was greater than that
of the incoming air, the difference being due to leakage. In one
barn, when the outside temperature was —11° F., the intales and
the dampers in the outtakes were closed, yet there was a measured
leaknge around the dampers sufficient to produce 1.4 dilutions of air
per hour. In another test, with the system wicde open, there was less
than 1 measured dilution per hour. In these tests the number of
dilutiens of air ranged from ¢ to 13 per hour, and in several barns
the full capacity of the system was not used.

The outtake arca has usually & greater influence on the amount of
ventilation secured than the intake area, and Hoor outtakes are mors
favorable to the maintenance of stable temperature than ceiling
openings. This was found to be especially trne during cold weather.
Reduction of the outtale area appenred to produce a proportional
decrense in the amount of ventilation. In one test, by temporarily
closing the systemn it was possible to raise the stable temperature 10°
during a period of unusually low outside temperature.

EFFECT OF CHANGES IN INTAKES AND OUTTAKES

There are many factors which affect the amount of ventilation
obtained by varying the effective avea of intakes and outtakes. It is

s "opublished data of department of anlwal fodustry, University of Maine,
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impossible under practical working conditions to isolate these factors
so that their individual eflects may be determined. However, the
experience afforded by a large number of tests and the method of
antlysis employed makes it possible to partly determine the effects
and the natural tendencies of muny of these factors.

In the test of one barn the largest amount of ventilation was
obtained during the tirst two groups of readings {(Table 10, and fig. 8)
when the intales were open approximately 3 inches (readings 2 to 9)
and 2 inches (readings 9a to 11}, The data show that with an out-
side temperature of approximately 0° F. it was possible to keep the
temperature in the stable above freezing and still have a very large
vircutation of air {eight dilutions per hour) within the barn, This
is much greater than necessary for maintaining the standard mini-
mum puty of air,

The data also show that a reduction of approximately one-third
in the inteke nrea offset the eflect on ventilation that would be ex-
pected of a more than doubled wind veloeity. The eflect on the
nmount of ventilation of closing the intakes is uncertain because of
the leslerge, but the possibility of compensating for the cffect of
wind by decreasing the intake openings 1s evident. The velocity of
the ncoming air increased but that of the outgoing air decreased
swhich would indicate that the reducton in intake area did have an
apprecinble effect. Tt is interesting to note what happened when
the intales were closed.  (Table 10, Nos. 10 and 11.) The data
show that ample ventilation was secured with the intakes closed and
with an effective wind velocity. In No. 4, with smail intake ares,
low outside temperature, and no cilective wind more than ample
ventilution was obtained.

No. 15 of Table 10 presents data obtained with the ventilation
system closed and shows the effect and the value of insulation in
obtaining a stable temperature above 41° with an outside temperature
of —14° a difference of more than 55°, The data in Nos. 1 to 5
inclusive, taken during low outside temperntures, show the possibility
of maintaining the stable temperature above freezing in s well-insu-
lated Larn together with an abundance of ventilntion. It is believed
that ventiluting systems ave often closed down more than is necessary
when low outside temperatures are unticipated. In this connection
the tempernture existing prior to an anticipated drop must be taken
into consideration. If, during a prolonged period of Jow tempera-
ture, it is found that the stable temperature drops too low, the system
can be closed temporarily and reopened when the temperature has
been raised. In one test, with an outside temperature of —22°, the
stable temperature was raised more than 10° in less than three hours
by closing the system. In another test the temperature of the barn
was raised from 40° to 50° with an outside temperature of from
—12° to —15°.

In reducing the amount of ventilation in ovder to raise the tempera-
ture, it is better to entirely close one or more of the outtakes rather
than to partly close all.  Partial closing reduces the velocity of the
outgoing air which may become chilled, thus increasing the tendency
to condensation and drip.
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CEILING AND FLOOR OUTTAKES

Ventilation may be obtained with either the ceiling or floor type
of outtake. TFuch has its advantages and limitations which vary ac-
cording to local conditions und resuits desired.

The following comparison is based upon data obtained in a number
of tests made under widely varying conditions. In some cases the
comparison was made between permanent hent doors and floor out-
lets and in others between existing ceiling outlets and temporary
Hoor flues that were built for the purpese.” This method was used
so as to limit the number of varvinbles that would be encountered in
comparing iwo different barns.  Some of these tests were continuous
for 300 hours; hence it is impractical {o present much of the test data.
Representative data ave included, and the discussion is based on the
summation of all doata available.

In these tests the dillerence between floor and ceiling temperatures
ranged from less than 1° to 10°. In the barn used in the tests the
average ceiling tempernture was 46° dry bulb and 41° F. wet bulb,
and the floor temperature was 41° dry bulb and 36° wet bulb, a condi-
tion which is common. The ceiling air contained 158 B. t. u. per
pound of dry air and the floor 13.5 B. t. u., or a difference of 2.8
B. t. u. Hence the ceiling nir in cooling to the floor temperature
gave up 2.3 B. t. w. per pound of air which were available for warm-
g 123 cubie feet of air 1° at stable temperature. It is obvious that
air withdrawn at the floor will remove less heat from the stable,
other conditions being equal.

In all localities there are a number of warm days during the
stabling season.  Hence all floor flues should be provided with heat
doors of npproxiumately the same effective area as thut of the flue—
auxiliary or secondary ceiling openings nre sometimes used. The
heat doors should be placed near the ceiling and operated in accord-
ance with the temperature conditions. When the outside tempera-
ture is 32° I, or more it 15 udvantageous to open the heat doors for
the ready removal of heat from the stable. Practical experience
and rvesults obtained from the tests show that under ordinary con-
ditions it is desirnble to close these doors when the outside tem-
perature drops to approximately 20°. This peint will be somewhat
affectecdd by the velocity and direction of the wind. Hence the
extent of the use of heat doors in o given locality will vary according
to the frequency of warm days. In sections having a large number
of warm days ceiling openings only may be used.

Other conditions being comparagle, o larger circulation of air may
be maintained with floor outlets than with ceiling outlets with equal
resultant stable temperatures, In Table 13, which gives data from one
of these tests, the stuble temperatures are practically the same in both
cases, but there is & much larger amount of ventilation with the floor
outlets.
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At the same outside temperature the stuble temperature will be
fower when the heat doors or cetling outlels are open.  Figure 13
vepresenls o hygrometer chart obtained during one of the tests. It
1s of parlicoler interest in that it shows the drop in stable temperu-
ture wtter the heat doors were opened. This change was made at
245 a. m., as shown on the chart at point A. It will also be noticed
that the difference Letween the wet-bulb and dry-bulb temperatures
was less, indicating a
higher percentage of rel-
utive humidity.

The difference in the
relative humidities at the
eoiling ond floor was
praetically the same when
the floor outlets were used
as when the ceiling outlets
were open. (Tuble 13.)
The readings at the dif-
ferent stations in this barn
reveal no signifieant dif-
ference at any point for
the twe conditions, At the
sume  stable tempersture
the relative humidity of : -
the stable wuas alimmost 10 : (=
per cent higher when the '
ceiling outlets were used.

In neither case was the TPiovns 13— Eygrometer chart showing effect of the
relative humi dit}" RRrmn- :‘:ga"lliﬁzm?(lntl;rmt deors upon swable temperature
fuily high. However, the

lowsr relative humidity was te be preferred as the stable fempera-
ture could have dropped about 3° lower before the dew peint weould
have been reached.

A comparison of the actual amounts of meisture in the stable and
in the outside air under the two conditions given in Table 13 shows
that the gir removed at the ceiling contained 2.787 graing of moisture
per cubie foot, while that removed at the floor contained 2491 grains,
However, more moisture was removed from the stable through the
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floor openings because of the larger circulation of air, notwithstand-
ing the fact thut the entering air was of a higher moisture content.
The stable temperature being practically the same in hoth cases. the
higher stable humidity was largely due to decreased air cireulation.

With equal amounts of ventilation, other conditions being com-
parable, a higher stuble temperature may be obtained with floor out-
lets than with ceiling outlets, and the floor outlets may be kept open
nt a lower outside temperature without unduly lowering the stable
lemperature. Reference to Table 10 shows that the floor outlets were
open when the average outside temperature was —20.1° F. (No. 5).
and the stable temperature approached freezing, and that the heat
doors were open at —9.7° (No. 13} with an average stable {iempera-
ture of 39.4° but with less than half as much air circulation as in the
former case. Had the amount of ventilation been decreased in the
first case, a higher stable temperature would have resulfed.

On the basis of approximutely equal stable temperature, the venti-
lation was approximately 50 per cent less and the humidity was
higher when ceiling outlets were used, the latter being the natural
consequence of restricted ventilation. Tt is then apparent that in
order to maintain the same stable temperature with ceiling outlets as
may be had with floor outlets there must be less ventilation. In order
to obtain with open ceiling outlets stable temperatures comparable
wifh those obtained with open floor cutlets, the ceiling flues wounld
need to be reduced in size, but while smaller flues may provide suffi-
cient ventilation during c¢old weather, in warm periods when abun-
dant ventilation is desired, the small flues would not have the desired
capreity.

EFFECTS OF OUTSIDE TEMPERATURES

Temperatures have an important bearing on the adjustment of
the ventilation system. The outside temperature is usually the most
dominant of the factors producing variations in outtake flue veloci-
ties at all temperntures below 20° F. Under average conditions of
barn ventilation low outside temperature has o greater influence on
Hlue velocities than has the difference between the stable and outside
temnperatures. When the outside temperature falls or rises the sys-
tem 1s adjusted to control the amount of ventilation. The adjustment
of the ventilation system cuuses a variation in flue velocities propor-
tionute to the increase or decresse in resistance of air circulation
but not necessarily to the change in the ares of the intake openings
because of the lealage that usually exists. Without regard to the
wind, the passage of air through the flue is dependent on the differ-
ence in weights of the column of air in the flue and the outside air.
The weight of air is determined by the smount of moisture it con-
taing as well as by the temperature and presswre. The lower the
outside tempernture, the drier and hesvier the air. The rate of
change in the weight of air is more rapid at low temperatures than
at high temperatures, as will be seen by reference to Tuble 14.
Under average conditions of barn ventilation, the effect of a given
difference between inside and outside air temperatures on flue veloei-
ties will vary with the cutside temperature—the lower the tempera-
ture, the greater the influence.
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A study of available data shows that there is a close relationship
between temperature difforence and flue velocities when the venti-
fution is unrestricted amd unaflected by the wind, but when the
ventilation is restricted and other variable factors are introduced
there may be wide varinnce in this relationship. ‘Test duta, taken
ut random and presented in Tuble 15, illustrate this relationship,
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The _meager data do not represent average conditions, but they
do indicate variations that are common. The first two readings
were taken when the ventilation was free, the last two when the
ventilation system was purtly closed. The temperatare difference
in the first two readings is the same, yet there is an apprecisble dif-
ference between the flue velocities and there is a considerable Qif-
ference in the outside temperatures. The lower outside temperature
18 coineident with the higher flue velocity which is in aceord with
the tendency shown by existing data. In the second and third read-
ings the outside temperatures are the smne, the temperature differ-
ence 1s greater in the third reading and the flue velocity is greater
 the sccond reading. The greater flue velocity of the second
reading is but partly accounted for by the higher wind velocity.
The higher stable temperature of the third reading was because of
the restricted ventilation. ¥ad the system been fully open a
smaller temperature difference and s greater flue velocity would
have been expected. This agnin shows that temperature difference
zlone has less effect un flue velocities than low outside temperatures
have,

Flue velocities vary with the difference between the weights of the
air within and without the flue. These weights are affected princi-
pully by change in tempersture, the low temperatures being most,
effective as will be scen by reference to Tuble 14. A decreuse of 4°

107348° —30——
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in air temperature produces & change in weight of 10, 11, 12, and 13
rams per cubic meter, respectively, at temperatures of 48°, 24°, 4°,
and —16° F.  With these outside temperatures and an assumed sta-
ble temperature of 48°, the respective differences in weight of the air
in the stable and outside would be 0, 62. 119, and 181 grams per
cubic meter. With a constant difference between inside and outside
tempernture of 20°, o difference commouly assumed in ventilation
design, there would be 2 difference in weight of 52 grams af 48°
stable tempernture, 53 grams at 40°, 58 grams at 20° and 93 grams
at 0°,

The two curves shown in Figure 14 represent the nvernge vesults
of test data relating to flue heights that are commonly used in barn
ventilation. The straight line 1s the result of the ussumption of a
unifprin rate of increase or decrease in the variables throughout the
range this s more nearly true when the flue velocities nre compared
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on the basis of outside temperature than when compared with tem-
pernture difference. The assumption introduces no error of conse-

quence and may be used within the range of temperatures herein
considered.
STABLE HUMIDITY

The temperature of, and percentage of moisture in, the outside
nir have o great influence upen the percentuge of moisture in the
stable air, greater perhaps, in the average farm born that is not
well insulated than that cue to restriction of the ventiluting system.

The optimumm percentage of humidity in stable air has not been
determined. There are so many variable factors that must be teken
into consideration that it is difficult to set a standard, but it is
suggested that at n stable temperature of 45 F. an average relative
humidity of 80 per cent is satisfactory. The tests show that it is
not -lificult to obtuin this degree of moisture when other conditions
are favorable., In the majority of the tests the relative humidity
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at the cciling was less than that near the floor. In one stable a
relative humidity as low as 61 per cent was recorded.

Theoretically the actual amount of moisture, or the absolute
humidity, of the stable rir should vary in proportion to the amount
of ventilation and production of moisture.” In a tightly constructed
barn this relationship can be obtained by intelligent operation of
the ventilation system as will be shown by reference to Figure 15.

Reading Perioda
15 0 25 ao a5 &0 L) B0 60

[ .nji'. P N e B A 'a\:-n.. - R :ﬂ

<)

- |

! Dilytions nir ]
- |
|

P

[

Dilutions
e
a

AMMINT OF VENTILAT

1L

o =l

n

Groina par cu
[=]

in

Quiside

t

ABSOLUTE HUMINTY

w
=

o
=3

-
o

o
=

afsido

oy
¢
Y
$

S0

D
3
$
<
!
!
3
&

b
=)

™
Q

&

[
=,

na
B'

Zomperarure (9}

l‘
!

TEMPERATURES (F"), ROCMW anc QUTSIOE
Figrne 14.—Htelarlon of nbaniute humidity to veatilntlon ln test born T

The chart shows the amount of ventilation as measured in dilutions
per hour, the absolute and relative humidity of stable and outside
air, and the temperature of stable air. That there was considerable
variation in the temperature of outside air may be seen by referring
to Figure 8 or Tuhlle 10. In actual practive there will not always
be u close relationship between the moisture in the stable air and
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the amount of measured ventilation because of the varying and
unaccountable leakage in most barns, ’

Figure 15 shows that with but few . exceptions, mainly at read-
ings 9 te 11 and 62 to 64, an increase in the ventilation preduced a
decrease in the smount of moisture in the stable air. 1n the first
instance the condition may have been because of some temperature
effect as the stable temperature was but little above freezing. There
muy have been more moisture condensed on the stable walls and
also o change in the moisture production owing to environmental
infiuence on the metabolism of the animals. The moisture content
of the outside air was never very high. It was very low after the
fiftieth reading, when the temperature ranged from —1° to —20°
F., and remained exceptionally low until the last of the test. Not-
withstanding this condition the moisture in the stable air increased
unaccountably,

Further, it is evident that a high relative humidity outside does
not necessarily mean a high relative humidity in the stable or vice
versa. The data show that, although the air outside is saturated,
it may be possible to use it in removing moisture from the stable if
its temperature is lower than the stable temperature.

WasLE 16.—Tnfuence of teaperature on the menner of deily heet 1058 from lwe
sfuers i
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Variations in aiv temperature affect the amount of moisture pro-
duced by the average cow kept under ordinary stable conditions.
Table 16 which presents data obtained by calorimeter test on two
steers (13) affords evidence of this and indicates the meed for
data obtained under temperatures more comparable to those of a
stable and for much lower temperatures. The higher the tempera-
ture the greater the loss of heat by evaporation, and the smaller the
loss by radiation and conduction. With both steers a decrease in
the heat lost by radiation and conduction was accompanied by an
incresse in the heat lost by evaporation of water and vice versa.

A pronounced difference is noticeable in the response of the two
steers to similar temperatures. The steer having a full coat gave
off 25.6 per cent to 44.2 per cent of the heat production as latent
heat of water vapor, whereas the shorn steer eliminated but 17.3
per cent to 26.5 per cent of the heat in this manner.
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The production of heat and of carbon dioxide are directly re-
lated under all conditions of production, but this is not necessarily
true with respect to moisture, which varies according to environ-
mental conditions. The loss of heat by evaporation is also influenced
by the relative humidity of the air. Hence animal comfort is de-
pendent upon a combination of temperature, relative” humidity, and
air circulation as evaporation increases with an increase in movement
of air currents. Thus ventilstion may not only affect the rate of
removal of moisture from the air but also its rate of production.

FACTORS AFFECTING EFFICIENCY OF SYSTEM
HEIGHT AND CONSTRUCTION OF FLUE

Much of the foregoiny discussion has been based on the assump-
tion that the ventilation system has been properly designed for
the local conditions and that it has been properly installed. It
has been shown that a change in the air conditions or setting of
the outtakes or intakes may vary the amount of ventilation obtained.
These factors have but a temporary effect on the amount of venti-
lation secured. There are many construction features that may per-
manently affect the efficiency of the ventilation system.

The design and position of flues affect their efficiency. Intake
and outtake flues should be so placed as to provide for the best distri-
bution and circulation of air within the stable. In order that a
desired amount of ventilation may be obtained it is necessary that
those factors thut affect the amount of outgoing air be known so that
flue areas may be made suflicient to permit the passage of the required
amount of awr. Flue area will vary with the temperatures expected .
and with the height of the flue, as expinined later. Under the
same conditions of temperature and vertical height one flue mey be
less efficient than another. Florizontal or inclined runs add resistance
without Increasing vertical height; crooked flues and abrupt turns
also add to the frictional air resistance. Abrupt turns may decrease
the efficiency of the flue by more than 30 per cent.

Figure 16 presents the floor plan of the barn shown in Plate 4, A,in
which there is 2 rather unusual and inefficient arrangement of flues.
The ventilator shown by dotted lines on the floor plan, in the cross-
drive alley, is on the higher part of the barn. By tracing the path
of the air through this ventilator, it will be seen that the air left the
stable through ceiling openings A and B, passed to the right and left
bétween the joists, turned at right angles for another herizental run
of about 4 feet, then up through the risers A and B following the
roof line to the ventilator. The risers A and B were separated so as
to give clear floor space in the mow and not interfere with hay
stornge. These flues would have been more efficient had the openings
been directly below the risers, and the cost of construction would
have been less. These flues were found to be less efficient than those
in another barn in which the conditions were comparable.

There are also horizontal runs in flues C and D with connecting
flues from floor openings. The latter are offset (pl. 4, B) in order
to avold the windows. The dark streaks on the flue show incipient
rot caused by condensation of moisture inside the flue,
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Froune 16.—Floor plan of test burn O

An instance of unnecessarily
long, inclined flues with high fric-
tional resistance is shown in Fig-
ure 17 which represents the floor
\)Ian of a 1-story barn 136 feet in
ength with but two ventilutors.
Three could have been used to ad-
vantage and would have decreased
the length of the connecting flues.
Lfliciency was sacrificed in this
case for the sake of appearance.

Ventilating flues and ducts, in
the conventional arrangement, are

fuced so that the fresh nir enters
in {ront of the cows and 15 removed
at the rear. Wilth cows facing
in, the outénkes would be placed
next to the outer wall and the in-
lnke openings at the center feed
alley. When the cows face out the
position of outtnkes and intakes
are usnally reversed. However, it
is sometimes difficult and incon-
venlent, especially in long barns
with the cows facing out, to obtzin
this arrangement. In such cases
the arrangement commeonly used
when the cows face in may be em-
ployed. Tests in several barns
showed that such an arrangement
was satisfactory with respect to
the ventilation secured.

For best results intales and out-
takes should not both be placed on
the outer wall. Plate 5, A, illus-
trates one example wherein the in-
taltes and outtakes were adjacent
and, during the time that the heat
door was open as shown in the cut,
the air came in through the intake
and passed out through the out-
take, mixing but little with the
stable air,

When it is possible without the
sacrifice of tno much space in the
alleys, outtakes should be kept
away from the outer wall, that 1s,
they should not be built between
the studs. If they are built be-
{ween the studs, without proper
insulation of the outward side, the
paint is apt to peel off the barn
siding next to the flue because of
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the condensation of moeisture. When flues are placed between the
studs or vatfters, ag shown in Plate i, B, the exposure 1s greater and
there is more heat loss. The flues shown 1n this picture were built
between the studs down to the mow floor then, in order to avoid the
stone wall in the stable below, they were offset horizontally 1 foot.
These flues were mueh less efficient than the two neighboring flues
which were straight at this point. The two right-angle turns could
easily have been avoided,

Plate 6, A, shows the construction of an outtake flue opening into
the feed alley of a hog house. It was found that beveling the
bottom of the flue added to its efficiency and provided more room in
the pen with less need for pratection against injury than would be
required had the flue been extended squarely to the floor.

Insulation aud wir-lightness are requisites of greatest flue effi-
cieniey.  The drop in temperature of the guses during their passage
from the bottom to the top muy be but 1° or 2° in a properly in-
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mMeune 37, —Floor plan of test barn I3

sulated flue, whereas in one lacking in insulation this may be more
than five or six times as much. This factor has an important benr-
ing on the amount of moisture that will be removed from the
stuble.  (Tnble 5 and p.18.) Oune instailation was found where
the leakage of air was so great that it was impossible to detect
any circulation of air through the flue except at high wind velocities.

Laclk of insulation may cuuse a large amount of troublesome
drip.  There does not zt this time appear fo be any means of alto-
gether overcoming this condition in the colder sections. All flues
should be air-tight, and insulation is necessary particularly on
metal flues. This is of greater relative importance in the colder
sections. In one test it wuas evident that, while there were several
contributing factors which must be considered in the prevention of
drip, proper insulation of the flues wag most important.

énnside ation should be given to the probability of drip in locat-
ing the outtalke flues. Installations were found where the flue open-
ing was directly over a cow stall and the drip fell on the cow’s
back. In the better installations of metal fives a small trough with
o drainoge pipe 1s provided.
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The chimney flue shown in Plate 6, B, was made of 4-inch concrete
block, which did not afford sullicient insulation to prevent u rapid
cooling of the outgving air. The blocks were made by the dry-mix
method and were more or less porous. The pore lealage through
these blocks was considerable, especially under high wind pressure.
The ventilutor shown on the top of the flue was homemnde and very
ineflicient. A wire screen of 14-inch mesh wus used to pravent
entrance of birds through the ventilator—a uscless precaution, as
they usunlly find other entrances. Smuwlt-mesh wire should not be
usecl in au ventifator us the openings scon become stopped by ice or
trash us in the case of the one illustrated. Plate 6, C, 1s w view of o
section of this ventilntor and shows how the ice formed on the sereen
and greatly reduced the nir eirculation.

EFFECT OF OI'EN YVENTILATOR BASE

It is generally considered best to place the ventilator at the highest
point, usually the ridge of the roof, but there has been some question
us to whether the base of the ventilator should be closed at the ridge
as shown in Figure 7 and Plate 7, A, or left open as shown in Plate
7, B.  Both methods have been used for n number of years.

When the base of the ventilator is open at the ridge, part of the eir
passing through the ventilutor head is withdrawn from the mow
and part from the stable.  When the base is closed the entire pressure
head is utitized in removing nir from the stable. Results of tests
show that the opening of the ventilator base may reduce the amount
withdrawn from the stable by from 10 to 30 per cent.

If the question is considered solely with respect to the ventilation
of the stuble, the ventilator buse should be closed.  However, ventila-
tion of the hay mow during the warm summer months and just atter
the crop is stored is desirable and if the ventilator is open to the mow
it provides u ready exit for the mow gases. During the winter
months ventilation of the inow is not necessary and, if the ventilator
base is left open during cold weather, eddy currents, formed by the
warn air coming through the stable outtake and the colder air from
the mow, may cause formation of frost on tlie roof timbers around
the buse of the ventilator and shorten the life of the roof timbers.
(PL 7,C.) It is believed that the open base tends to produce greater
condensation in the flues since the cold uir from the mow meets the
warm air coming through the Hue and chills it. It was also noted
during the tests that strong winds had less effect on the amount of
stable ventilation when the ventilator base was apen. If doors with
convenient means of operation were provided it would be possible,
without closing the outtakes at the lower end, to counteract the
effects of high wind velocitics which otherwise would cause too
ntuch ventilation and u consequent lowering of stable temperature.
One attempt to provide this convenience is illustrated in Figure 7.
There is opporunity for improvement in the construction and opera-
tion of such u device,

WINDDWS AS INTAKES

The amount of incoming air is affected by several factors which
vary according to the type of intake used. The three principal
types of intukes are windows, wall ducts, and automatic intakes. The
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Limitations of window intakes are clearly shown by tests made in
this investigntion, but that they are not widely kiown is evident
from the frequent use of windows in unsuitable places. It is not
the intention to imply that ventilation throngh window openings is
impossible, nor to advise angainst their use in mild weather or in
southern zones, Windows may be used when the outside temperature
is above freezing and when the cireuluation of a large quantity of
air does not cause harmful drafts on the animals; but their use
should be restricted during cold weather, since it is obviously im-
possible to supply suflicient fresh air to remote sections of the barn
without chilling the animals near the windows. Although windows,
when provided with side shiclds, direet the incoming air toward the
ceiling, the currents of uir drop almost immediately und under
most temperature conditions reach the floor within 6 fect of the wall.
These currents are also aflected by the wind pressure.

If windows are used as intakes the formation of frost can not
be aveided during cold weather, and if the temperature is not quite
low enough to form frost the mois-
ture thut condenses ou the panes runs Reading Perloda
down the sash, rusts bottom hinges, P2 3 a4 s & 7 @
and rotls the sills and frames. Under ---'*-4;,—1;1%,%.1

] . Il . 0
such conditions the sush itself swells o HEM(IE

and sticks in the frame. and often 0t
panes are broken in altempting to =
open the windows. In one barn the
sash swelled to such an extent that the
muntins were broken out.

The most serious objection to the use
of windows us intukes is that it is
difficult to control the temperature
and the amount of ventilation becanyse
of the variation in the direction ol the rs
wind, which makes frequent adjust- ° N
ment of the windows necessury, Ficere 18, —Efeet of window In-

Partieularly during periods of high e dieoiist barn O. Arrows
wind velecity, the volume of nir puss-
mg outward through the windows was more than twice that through
the regular outlets, the air taking the path of least resistance.
At such times the air is apt to come in at high velocity on the wind-
ward side and, practically unchecled, pass out on the leeward side.
The motive power furnished by the difference in the temperatures
of the inside and outside air in a well-designed system is sufficient
in cool wenther to induce ample cireulation without the aid of
strong wind. Although undesirable as intakes in cold sections win-
dows are an advantage during mild weather, as they provide a large
area of opening.

Figures 18 and 19 represent duta taken from two tests during
parts of which windaws were used. TFloor plans of these two barns
are shown in Figures 16 and 17, the windows being numbered for
convenience in reference. The data, presented mraphically, show the
total area of window openings, those portions of the windows that
were used for entering air and the portions used as outlets. There
1s considerable variation in the effectiveness of the openings at the
different periods. During the tests both stalle and outside tempeta-
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tures varied less than 5°. The stable temperature in the first barn
was 48° I°, with an outside temperature of 30°. The average stuble
and outside temperatures in the second test were 55° and 43°, respec-
tively. In the first test the average wind velocity wus a little more
thun § miles per hour, although the velocity reached a maximum of
20 miles per hour as shown in Figure 18, In the second test the
average velocity was a little over 6 miles per hour. In both tests
the ventilation was satislnctory.

The varintion in the stuble temperature was greater when windows
were used than when wall intakes were emploved. In baurn O

the stable temperature dropped to almost 40°

Beading Periods  |' | potwithstanding the fact that the outside

TS temperature wag not lower than 27°, which

— tliustrates the difficuity of maintaining stable
tempernture with window inlakes,

In barn R, 13 (ilutions of air per hour were
obtained at n peried when the wind was com-
paratively low and the vutside temperature was
above 43° I, showing the value of window
intnkes during mild weather,

At the begiuning of the test in barn O (fig.
16} all add-numbered windows on the east side
and all even numbered on the west side. except
No. 30, were opened. The greater part of the
ventilation was through windows on the east
side. There was no cirenlation of air through
No, 18 at any point of the opening. and very
little air entered the other windows on that
side of the barn. At the second reading the
veloeity of the incoming air through the win-
dows on the east side increased but the air
movement in No. 16 varied in and out as did
that in No. 28, Windows Nos. 11, 18 29, and
22 back drafted, while No. 24 was neutral.
After the serond reading all windows on the
east side were closed and the odd-numbered
windows on the west side were opened, no
further changes being made.

Window No. 20 back drafted at the third
reacding and Nos. 28 and 29 were neutral. At
Fraune 10.—Efect of win-  the following reading the air movement through

{ow Intikes In test bus2 - NG, 04 wag first in and then out; Nos. 22, 28,

and 29 were neutrai: the circulation of air
through Nos. 23, 26, and 27 was barely detectable, while No. 30 back
drafted. At the fifth reading the circulation of air through Nos.
25 to 30 waus alternately in and out; similar conditions were recorded
at the sixth reacling. At the seventh reading the movement through
Nos. 28 nud 29 was aiternately in and out, while in the others there
was positive action. Nos. 16, 28, and 30 were recorded as in and oub
at the eighth reading. This shows the effects of wind currents upon
the entering air and the variability of air circulation.

The sane effect was recorded in the second test in barn R. The
efliciency of the various openings is apparent in Table 17 and Figure
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19 which show that thers was considerable variation in the mmount
of effeetive intake aren during the time window intakes were used,

The [ifth reading showed the greatest wmount of effective nre
at the eighth reading the elfective nrea was equal to the area wherein
ne cirelidion of air was detectable. Although the wind was never
high its elfvet was noticeable.  Back dratting was obtained in some
of these windows ot 2 wind veloeity of less than 1 mile per hour.
From tho data the influence of wind velocity and direction could
be treced,
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The stable temperature and the amount of ventilation were very
salislnctory throughout this test. Under the conditions existing
at the time the varialions in the nir circulation through the windows
coultd not. be considered objectionuble, but they make npparent the
impussibility of controlling ventilntion and stable temperature when
window intakes nie used.

BACHK DRAFTING

Buele deafting in outtakes is usu
the position of the ventilator on the

wlly because of poor design or of
roof; in one outteke it was caused
by the luek of heat in 2 portion of the stable (p.36). Back draft-
g ceeurs in intake ducts installed in the wall but with less fre-

queney than in the case of windows. Increasing the length of the
intake ducts tends to decrense buels drafting, but structural consid-
erations do not permit suflicient length entirely to prevent its oc-
currence.  Plate 2, A, shows an extension. built on the outside wall,
that was elfeetive to a certain degree in reducing tlie amount of bael
drafting.  Back action at a velocity of more than 1,8G0 feet per
minute, the highest noted during the series of tests, was recorded
in intake No. 9. Figure 1. during a wind of 17 miles per hour.
There are o number of records of back drafting at velocities between
400 and 600 feet per minute, but in most instances the velocity was
between 130 and 00 Teet per minute. _

It is natural to expevt that the velocity of the air would be greater
through the intakes most exposed to the wind. In some of the tests
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the velocity of the air through intakes on the windward side was
four times that on the leeward side. As the wind increases the
velocity of the air entering on the leeward side gradually decreases
and, if the wind is high enough, back drafting may occur. In one
barn back drefting occurred in a wall intake at the center of the
leeward side with a wind blowing from the opposite side at a velocity
of 16 miles an hour. Back drafting is common at corners (pl. 8, A},
and where milk houses. silos, or other near-by buildings deflect the
currents of nir. When whirls are formed the aiv sometimes goes in
and sometimes out, and this reversal may take place very quickly.

The tendency to back

Reading Perlods drafting and the ve-
E: g €Y 7 8 85 10

0o | : 11 1223 locity at which it oe-
200 oI Auarogs Velpelly, 1 —] curs depend mainly
- = upon the design and
- | e desig

190 the position of the
o intakes. The lowest
QUTTAKE D wind  velocity  that
700 —— y , - produced back draft-
- c A j ing in wall intakes
oo~ | O 1 vii = -
C S HS. 5 feet or more in
sp0 S A . lengrth, was & mules per

u - o o : )
P A SR I A hour, but bacle drutt-
L B 7 A kS ’/’\I T ingin window intakes
£ 300 . i L LN\ — occurred geveral times
T a{ Aver Velocity } /255 E -ind veloel -
2 7 . A at » wind ve ocity ot
B ; 3 wiiles per hour and
once, as previously

recorded, at a veloe-

ity ot less than 1
mile per hour.

EFFECT OF WIND ON
FLUE YELOCITY

2o I l
100 [ [ One test with win-
7 b_—-—"—Auer?i}e \:-elo:-}_-,r 53, ,—-—-—". dows us intakes and
) N ri i . : M
SUTTAKE cupola ventilators

- it Of wing solocity sod directi N showed an interesting
GURE Y0.—Elpe : olocity & . .
LItE e win “‘l'llnlvti';yj ot Jirection uponr fige I'Glﬁtlon bet ween ﬂue

velocities and  the
wind. Plate 8, B, shows an exterior view from the southwest. The
openings in the two cupolas are filled with slats spaced 21} inches apart.
The influence of wind veloeity and direction upon the tlue velocities,
and in turn upon the ventilation secured, is shown graphically in Fig-
ure 20. The velocity of the air through outtakes A and B on the lee-
wurd side of the barn was very low, and the velocity in the windward
flues was more than four times as great. At the period of greatest
wind velocity the wind pressure liad the greatest decremental in-
Huence on the (lues which was contrary to the effect produced with
obher ventilators. The wind appeared niore effective when blowing
parallel to the ridge than when at right angles to it, which is charac-
teristic of slatted cupolas. During perieds of highest wind the veloe-
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ity of air through the outtakes was lower than the average for the
test, and the velocity of the air through flues A, C, and D was lowest
at this time. The velocity of the wir through flues C and D was
high, when there was a large difference between the inside and out-
side temperatures. This would indicate that temperature was the
prineipal factor producing ventilation and that the wind impeded
rather than assisted the movement of air through these flues.

FURNACE REGISTERS

In a few of the barns tested wirm-nir furnace registers were used
in the intakes and in sone eases as heat doors in the outtakes.
They are entirely uusuited to these purposes as the slats rust, become
broken, cellect dirt and cobwebs, and, during cold wenther, collect
frost, sometimes to the extent of complete closure. The grates and
shutters vetard the free passage of air. If no better means is avail-
able, a board, hinged or sliding in u slot, is superior to the furnace
register. It is necessary to screen the outer opening in the inlet
ducts to prevent entrance of trash and vermin, but the passage of
alr through the inner epening should be unobstructed except as it
becomes necessary to restrict the amount of ventilation by partial
closing of the opening. Wire screen of less than 14-inch mesh
shoul{ not be used in a ventilator as it is ensily closed by ice or

trash,
AUTOMATIC INTAKES

Wall intake duets, having a vertical flue 5 fect or more in length
nay be installed readily in a frame structure, but when the walls
ure of musonry it is more difficult. Plate 2, A, illustrates a type of
flue in a barn having o combination frame and masonry wall. = Plate
6, B, shows intuke ducts built on the outside of the barn wall. They
are nlso sometimes built on the inside of the wall. In remodelling
old barns hiaving masonry wells the matter of intakes is often sim-
plified by the use of intuke valves (pl 3, A}, which automatically
prevent back deafting and obviate the use of a flue with a vertical leg.

Since the intakes open at the ceiling in most barns, it is obvious
that they would act as outtakes much of the time if provision were
not made to prevent it. The vertical leg of an intake duct does not
always overcome the tendency, in which case one of the auntomatic
devices now on the market ny be used. Automatic intakes were
used in three of the barns tested.

These deviees are provided with control dampers, whicl permit
regulition of the amount of air entering the stable, as well as auto-
matic valves, which prevent the escape of the warm air at the ceil-
ings; in some the two are combined, in others they are separate.
wuch intalkes should be set level and pluinb to insure balanced move-
ment of the valves, which are operated by the air currents only.
The inclosing boxes should be well insulated to prevent condensation
of moisture.  These antomatic valves operate either on a vertical or
horizontal axis ns Hiustrated in Figures 21, 22, and 23. There are
a number of styles available, the exact construction being varied

in accordunce with the need of the individual installation.
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HAY CHUTES

Open hay chutes interfere with ventilation and should not be used
as foul-nir shafts. Plate 7, C, shows how roof boards and rafters
were rotted and broken when moisture-laden air from the stable was
permitted to rise through the hay opening and to condense on the roof

Soteet

Figuas 21 —Automotie utake with verticul-axle type of velve

Fioore 233 —Automatic intake with
horizontel-axte type of vaive

Froveg 22.—Autematic 1ntake with horlzopfal-
axle type of valve

timbers. There were no ventilators in this barn. Metal cupolus
were installed on the roofs of a number of barns visited, but no speeial
ventilation flues were provided. The roof sheathing boards were
found to be dripping with meisture, and the hay around the opening
was damyp and unfit for food. .
It is obvious that the bottom of hay chutes can not be left open if
the foul-2ix flues are to function properly. Air will seek the easiest
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passage, and a large opening in the mow floor provides s means of
quick exit for the warm stable air. “These openings should be closed
by means of easily operated hinged or sliding doors.

Two of the barns tested had hay chutes built on the outside wall,
as shown in Plate 8, C, & very convenient arrangement, saving labor
and providing storage for the daily supply of hay. Covered passage-
ways or doots over stairways should be well insulated to minimize
condensation. The temperature in most mows is usnally not more
thanr 1° or 2° above the outside temperature, '

DETERMINATION OF FLUE SIZES
CONSIDERATION OF BASIC FACTORS

The capacity of the ventilation system is determined by the amount
of heat renerated, the average mean ouiside temperature, and the size
of outtakes and intakes. The total aren of the intakes is usnally the
same as that of the outtakes, but they are of smaller size and greater
number, It is important to so distribute the intakes as to insure a
good circulation of aiv in all parts of the stable. The full capacity
of the intakes will not be needed during cold weather. In cold
climates thervefore the total intake area may be made 10 per cent or
more less than the total outtake area by reducing the size of each
intake or the number of intakes. There is little economy with respect
to cost in redneing the size of the intukes, and on the other hand it
is often difficult to obtain good distribution if the spacing is in excess
of 12 feet. There are many days when the larger area would be
desirable,

The direction of the wind has an influence upon the amount of
ventilation. Sloping roofs, projecting walls and adjacent buildings
cause deflected air enrrents, which affect the functioning of the venti-
lators depending upon their design.

In only nine (approximately one-third) of the tests made did the
average wind velocity exceed 8.5 miles per hour, but in some sections
of the courtry the wind sttains at times such high velocities that
‘some provision must be made to offset its effect, especially during
cold weather. In such sections the wind is likely to be extremely
variable; this, and the fact that ventilation is particnlarly necessary
during periods of calm are reasons for placing no dependence upon
the wind in designing a ventilation system for & barn. In one of the
tests the wind velocity varied in 48 hours from practically no move-
ment at 2ll to 40 miles per hour. Fortunately such variations are
infrequent.

The outside temperature is usually the most dominant of the
factors affecting outtake flue velocities at all temperatures below 20°
{p.- 48). There arc but few localities in the United States where the
mean monthly temperature for January is below 0° F. When the
weather is above freezing doors and windows may be used as auxil-
inries to the ventilation system. Hence 0° and 82° would appear
to be the practical temaperature limits to be considered In the deter-
mination of the capacity requirement of the system. It is desirable
to maintain a stable temperature of not less than 45° when the out-
side temperature is 0°. In design, this stable temperature may be
telen as the lower limit and 53° as the upper limit with an outside
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temperature of 32°, assuming » variation of 1° in stable temperatire
for each 4° variation outside. Such control can be readily obtained
in goad practice of ventilution and construction.

The number of days annually when ventilation normally wiil be
required niay be obtained from Table 7. It is obvious thut greater
consideration must be given to the temperature factor in the frst

"zone, where ventilation Is required about thres-fourths of the year,
than in the third zone where ventilation by means of flues is required
but one-half the year,

DEVELOPMENT OF FORMULA

LEconomy in construction demands that design be for neither the
maxhnum nor minimum temperatures but that the capacity of the
system meet the requirements during the greater part of the stabling
peviod. In warm weather large flue ares is required, whereas during
cold weather small flues sufiice. Thus the size of flues will vary
from small to large according to the difference in climatic condi-
tions in the several zones, the smallest flues being used in the first
20N,

The quantity of air passing through the outtakes is determined
by the size of the flue and the velocity of air movement. It has been
common practice to axsume the actual velocity of air passing through
a flue as 50 per cent of the theoretical velocity. "In these tests,
made under a wide variety of conditions, it was found that this
assumption gives higher values than will be obtained in ordinary
practice.

The velocity of air passing through a flue is dependent upon the
pressure inducing flow. Air has weight and exerts pressure as
o liquids. The velocity with which a hquid will escape through
an opening in the side of a vessel, when acted upon by the weight
of the lignid alone, is expressed by the formula T'= +/2ghinwhich
17 15 the velocity of eseaping liquid in feet per second, ¢ the accelera-
tion of gravity (32.2 feet per second) and %, the height in feet of
the free surface of the liquid shove the opening, or the pressure head,
This rvelation holds true for the flow of gases. Substituting the
vilue of ¢ and expressing 17 in terms of feet per minute the equation

hecomes
V=60X+2X33.2X h=60X8.02+%
V in feet per minute =481.2+/% (1)

Also @=T 4 where @ is the volume in cubic feet of air per min-
ute, I7 velocity of flow in feet per minute and A the area of the fine
in square feet. Where the volume is expressed in cubic feet per
hour, @, the area 4, in squave inches and ¥ in feet per minute

A= N ?724 (2)

It is known that when the temperature of a given weight of gas
is maintained constant the volume and pressure vary inversely,
and that when the pressure of » given weight of gas is maintained
constant the volume increases in proportion to its change in absolute
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temperature. The absolute temperature, 77, corresponding to any
¥ahrenheit temperature, ¢, is found by adding 460 to the latter, i. e.,
=460+,

In two flues of equal cross-sectional area the weights of the nir
columns within vary in proportion to the difference in heights if the
temperatures are equal, or if the temperatures differ and the air col-
umns are of equal weight, the heights of the flues will vary in pro-
portion to the absolute temperatures. In a flue of any height, &
contrining stable air of the same composition as the outside air there
will be no movemnent when the flue temperature and the outside tem-
perature, £, are equal as the air will have the same weight,

If the air in the flues is warmed to a given temperature, &, it will
expand and an additional height of flue, A,, will be required to balance
the outside air column, assuming that the outside temperature, £,
remains the sume.  The expansion of air is in proportion to the rise
in absolute temperature. Since the height of .the flue is fixed, this
cxpansion must produce unbalanced air columns forcing air out of
the flue and thus inducing movement in the flue in proportion to the
change in temperature. This relationship may be expressed thus:

Ak =460+1£,:460+¢,
enmbining, 7al=gé%"__::°) (3)

substituting this value of %, in equation (1)

. =10 (4)
=481 0. /{11
Vel sy

This expression gives the theoretical flue velacity in a flue & feet in.
herght with a difference in temperature of {(¢.—%). But, due to
frietion and unaccountable losses, the actual velocity obtained in
practice will be less.

The coeflicient of velocity is a number by which the theoretical
velocity of flow is to be multiplied in order to obtain the actual
velocity. Thus if % be the coefficient of velocity, V' the theoretical
velocity and ¥, the actual velocity in the flue then

V.=V (5)

The values for & must be determined experimentally. A number
of tests were made under widely varying conditions and with com-
mon types of construction. The average flue veloeities obtained in
these fests are given in Table 18 for various outside temperatures
and at stable temperatures which may be obtained readily.

By substituting these temperaturs values in equation (4), theo-
retical velocities. as in Table 18, are obtained for the given range of
temperatures. By comparing the theoretical velocities with the ac-
tual velocities obtained 1n tests it is found that the average coefficient
of velocity is slightly less than 0.4, This figure may be used in de-
termining the area of flues of heights commonly found in farm
barns.  Data permitting the determination of a coefficient for use in
the design of shorter flues are not available.

107343°—30—5
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Tapcy 18.—Cocficienls of Aue velocitios

Alr velneity in flue heights of—

Tamperalurs
2 to 48 fect (nveruge 45 faot) | 28 to 34 foot (average 31 fact)

Differ- | "Thea- Mo Coef- Then- o, Coof-
Gutside | Hiablo ence retical Tost Geient rotiesl Tust flefont

Feel per | Feqt per Faet per | Feet per
minute | wintle wiinkle | minite
1,0t 430 i K]

072 400 . 25
o8 H04 L3 310
an Wik .3 23
910 300 L3 250
87 ) LA J7i 265

T2 Pl - ak 250
77 ) . 5 sty

GBIV 170 L 253 ha 0

Substituting this value of % in equation (5) and combining with

{4)
V,=04x481.2, (Hl:—h} _ 199 5 [H{E—1)
1 4650+ 5 460 -+1,

L o
460 + ¢,
expressed in simpler form by substituting the value of & and £, as
given in Table 18, and plotting the vulues of the temperature factor,
under the radical, on the 7 axis and values of #, on the 2 axis. The
curve obtuined in this manner is se nearly a straight line that the
standard intercept form of expression may be used without introduc-
ing an appreciable error.
The general expression of the intercept forr is as follows:

It has been found that the temperature factor may be

y—p = (‘”’"—_?’ ‘) @—xz) )

m-_"'_:-vl

By substituting the intercept values in equation (7) and simplifying,
the temperature factor may be expressed as (313—.00334,) and by
substituting this value in (6) the equation Lecomes

Vi= JH({60.2—0.641,) 8

in which ¥, is the velocity in the outtake flue in feet per minute, #
the height of flue in feet, and #, the mean temperature of Junuary
for the locality. Thus is developed an expression of velocities that
rensonably may be expected under practical working conditions in
a given locality. Before substituting the value V. in equation (2},
it s necessary to determine §,, the volume of air which will be re-
quired per hour per head, in order that the size of flue necessary to
meet these requirements may be ealeulated.

The air circulation required to give the desived conditions may be
determined upon the basis of air purity (CO. production), moisture
removal, heat production, or a combination of these. In determining
the size of flue necessary to meet the King stundard (p. 22) a velocity
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equal fo 50 per cent of the theoretical flue vetocily and a temperature
difference of 20° between the stable air at 50° T, and the outside
air ot 30° was assumed, no considerstion being given the average
temperature variations in the various zones. In assuming actual
velocities to be 50 per cent of the theoretical, the values obtained are
higher than those secured in practice. The use of this standard with
its narrow limitations fails to give satisfactory results under many
conditions,

Investigations by Armsby and Kriss (2) showed that King’s
assumption of CO. production is high, and they sugrested that a
flow of 8452 cubic feet of nir pet hour per head was sufficient to
mantuin the desived purity of uir within the stable. In both of these
standards the ventilation requirements nre based upon the CO. pro-
duction, and little considerntion is given to the temperature and
moisture, factors which can not be disregarded,

The moisture content of the air varies aceording to its temperature
and relative degree of saturation, hence the air required for the
removal of the average production of meisture will vary under dif-
ferent stable conditions. The averape rate of moisture production
by a cow giving 20 pounds of mill daily is 15 pounds per day or
4.375 grains per hour (2). This amount nwust be removed hourly by
ventilation to prevent an increase in the degree of saturation within
the stable. Weather Burenn data (11) gives the relative humidity.
under average wenther conditions during January, as 85 per cent of
saturation. At a stable temperature of 45° T, the stable humidity
should not exceed 85 per cent and this percentage, or less, mav be
maintained with good ventilation. Af o stable temperature of 53°
2 relative humidity of 73 per cent is obtainable in ordinary zood
practice. These limiting valnes are used in comparing the several
standards with proportional values for the intermediate points.

By basing calenlations upon these Limits, it is found that to remave
4,375 grains per hour there would be required approximately 1,800
cubie feet of air per honr with the air entering at 0° I, temperature
and normal degree of saturation, whereas at 82° outside temperature
@ little more than 2,700 cubic feet would be required.” These data,
which are conservative, serve for the determination of flue sizes on
the basis of moisture removal.

Another common method that has been used in_estimating the ca-
pacity of the ventilation system is based upon obtaining a definite
number of dilutions of air per hour, commonly three. 1t is readily
seen that flue sizes determined upon this basis will vary widely since
the volume of air space per head varies greatly according to the con-
struction. However, it has been found that good stable femperatures
with 3.5 ditutions per hour may be maintained in a well-constructed
barn if the allowanee of cubic air space per head is in accordance
with the formula given on page 26.

No one size of flue will meet the requirements of all temperatures.
Figure 14 shows that flue velacities vary inversely with the outside
temperature. The maximum flue size need not exceed that reguired

TARE ab A%° P onug 85 prore cent relative Romiitity contning 17960 Eriing af molsture nep
cubie foot of dry mir {8) 1 ar 533 A TG per cont relntve hambdity it toids 3.3904 grilng
aud it would require abont 2,704 13T = E:L.'iiuw—l.?!!(})_::z,T:iS] cubie feet of air per
oW pur hour to remove the uverdge production of moistupe.
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ut un outside temperature of 32° I, as the barn, will seldom be closed
tightly at higher temperatures. A proportionately smaller flue will
bcfe required in the colder localities in 01‘5&1‘ to supply a given amount
of air.

It is obvious that in localitles having & mean January temperature
~of 32° F. or higher there will be a large proportion of warm days.

Hence the meximum flue size would be reguired in such localities,
and the total aren of the flues would be needed during most of the
time. In every locality there ave # number of days, varying with the
location, during which the full capacity of the system 1s needed. It
is obvious that to provide for the maximum requirements would be
uneconomical and that the size of flue should be determined upon the
Lusis of the local weather conditions. This hypothesis is the basis for
a new standard tor the determination of flue sizes.

Itigure 24 affords a means of comparing flue sizes based on the
requirements of these different standards. A fiue height of 31 feet,
the average of the most common dimensions (28 to 34 feet) is
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Flgung 2.—Comparison of flue sizes, for dairy baros, as deterimined by vurlous stnod-
urds, with Bue helghts ranging from 25 to 34 fect

used for the purpose of illustration and 'the comparison is made
upon the basis of identical outside temperatures, other conditions
being equal. The ordinates represent the flue area in square inches
per head of averagesize cow while the nbscissas represent the
mean nonthly temperature for January. The chart shows the flue
area required us determined by the various methods for given out-
side temperatures.

Curve A represents the flue size used in common practice for the
stated flue height and is based upon King’s standard of 20° dif-
ference in temperature {p.G66).* In this method no consideration
is given to variation in requirements owing to local conditions. At
low temperatures the sizes are larger than necessary while at warm
temperatures they are too small.

& The enlenlations necessary o the determination of flne sizes necarding to thia atandard
may be simplifed by the use of the formulu svggested by I. L. Struhon {§8).
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Curve B is based on velocities obtained in tests (fig. 14) and
the quantity of air (3,542 cubic feet per hour) required to remove
the average production of CO., these values being substituted in
equation %2} If 50 per cent of the theoretical velocities, us obtained
by equation (£}, and the sbove quantity of air as recommended by
King are used curve D will be obtained. i

Curve G is obtained as is curve B except that the air require-
ment suggested by Armsby, namely, 3,452 cubic feet, is used.

Curve ﬁi‘. represents the flue sizes necessary if the velocities re-
corded in tests are used and 3.5 dilutions of srir per hour are
desired, the volume per head being based upon the formula

&
on page 26.

x
D

Curve F represents the {lue sizes necessury to remove the average
moisture produation. The quantity of air required will vary be-
tweon the limits given on page 67 in accordunce with the variation
of temnperature and humidity.

Again referring to Figure 24 it will be noted that the largest flue
arens are required at 32° F. At this temperature the full capacity of
the system will be needed to remove the CO, and moisture as well as
the hent produced by the animal. A flue area of 38 square inches
will be required {o remove the CO. {curve B) and 29 inches to remove
the moisture (curve F). The larger size will meet all the require-
ments since, if the barn becomes too warm, the doors and windows
may be openecd. 1In a locality having a mean January temperature
of 32° or more the entire flue area would be required frequently,
whereas in colder sections warm days would be less frequent and a
lesser flue aren, proportioned to the lower temperatures, would be
suflicient, thus makingr for economy of construction and convenience
in regulating the system. To base the flue size upon a standard re-
quirement per head irrespective of locality is uneconomical and un-
wise since too much restriction of unnecessarily large flues would
result in inefficient operation during cold wenther.

The sizes shown in curve A satisfy the CO, requirements (curve B)
ab all temperatures below 19° F., but are too small at higher tem-
peratures. The size of flue required to remove the moisture at o tem-
perature of 82° (curve F) is 29 square inches. Curve B gives sizes
less than 29 inches at temperatures below 13°. Since periods of this
temperature occur in all localities, it would appear that the flues
should be made of sulflicient size to remove gt least the average amount
of moisture produced, one of the important functions of the ven-
tilation systemn. The dotted line at 29 inches shows the temperature
bhelow which the size of flues, determined by the severnl methods, will
not sutisfy the moisture-renioval requirements. However, this size
is too smuall at temperatures sbove 13° to remove CQ, produced and
keep the air of desired purity. In the warn: sections the fue should
be of sufficient arex to retmove the CO., and in the cold localities the
fiue should not be made so small as to prevent the removal of mois-
ture during the warm days. It appears reasonable that the flue sizes
should vary between the limits of 29 znd 38 inches per head accord-
ing to the intermediate temperutures, and these flue sizes would sat-
i1sly the requirements of CO; and moisture renmioval st all times.
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These sizes are represented by curve G and make for greater economy
1n construction than the sizes obtained by curve A, present practice,
in all localities having a mean January temperature of 9° or less. In
the warmer sections their use would result in better ventilation,

It was found by trial, using Weather Bureau temperature data for
severn! stations selected at random, that the sizes obtained trom curve
G conform to the average of the flue areas which would be used miost
frequently in a given locality. The daily outside temperatures were
studied und the flue aven for these days obtauined by curve G. When
the totul of the areas for ench day was divided by the total nuniber of
days on which the temperature was below 32° T, it was found that
the uverngze aren was nearly the same as that obtained by the use of
curve G with the average January temperature of that locality.
Hence the use of the average Janunry temperature as a basis for the
determination of flue sizes appears to be justified. It is obvious that
the fiue sizes obtained by this method would be in agreement with
average climatic conditions and would be most eflicient as they would
be proportioned to the length of ventiluting season. When these sizes
are compuared with the amount of ventilation obtained during tests
made under various wenther conditions and in accordance with com-
mon practice in operation, they are shown to be practical. They may
be varied according to the size of the animal by basing the caleula-
tions upon the requirements of the equivalent amount of stock of
nverage size.

The graphic comparison shown in Figure 24 is of value in com-
paring the different standards, and from it may be obtained flue
sizes determined by any of the methods just described. The flue sizes
may wlso be determined by means of an easily remembered formula
that for curve (v in terins of outside temperature and flue heights, has
beer. developed as follows:

The minimum flue size (4,) obtained by the new method, curve G,
is based upon the quantity of air required to remove the m_'erage
amount of moisture, or 2,700 cubic feet per hour, at 32° F. while the
maximum flue size (2l,.), is bused on the King standard for the
removil of (O, produced or 3,542 cubic feet of air per hour. By sub-
stituting these values in equations (2) and (3)

2.4 2,700%X2.4 6,480
i S A (9)

(10)

The values of 77, at « temperature of 32° F. may now be substi-
tuted in equation (8) and combined with {9) and (10), then

- 6,480 - G480 _ 6430 _ 163

TOATH60.2 — 648 ATI(60.2 — 64%32) 80.7+H A'H

. &as00 8,500 _ 5,500 214
A H(60.2 — 641 ~H(60.2 — .64x32) 30.7'H +H

4‘10 (11)

Aaa = (1
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According to the original hypothesis a flue in a locality in which
the mean Jitnuar v tuupumtme is 0° F. must be of suflicient aren to
permit removal of the molstuu, when the tompuutme warms fo 32°,

14
us the minimum and

;H and A,,= ’H

maximum flue wrens and subatltuting in (:) the expression for curve
G muy be obtained.

Then the urew, -1, for any outside temperature, 4, may be obtained
ns follows:

By using the values 4,=

(2 14 163

S A NS S —
YTy \AH VI @=0)

32—0
Simplifying
_ 163+1.6z

VH

163 +1.6%

A = o
~EH

(13}

This general expression may be used in determining flue sizes for
a ]omhtv where the mean January temperature is known. If the
mern Junuary temperature is not avuilable its upproximate value
muy be obtained from the zone mup (fig. 4) and the formula on
page 20.

Flue sizes obtained by this method wre conservative and are in
accord with the average climatic conditions and length of ventilat-
Ing season in any loc.uhty By comparing them w ith sizes tested in
practical operation under various weather conditions, they ave found
to be satistactory. Ilue sizes, based upon present practice in design,
ns vepresented in curve A, are too small in the warmer sections and
larger than neeessary in cold sections, Since it is obviously unwise
and unecononmical to provide for extreme conditions flue design
should be Lased on loeal conditions so that the farmer may obtain
the maximum eirculation of alr and at the same time maintain
comfortable conditions within the stable.
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