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1. PROVIDING A PROPER ENVIRONMENT FOR ANIMALS AND
WORKERS

This is one of three handbooks on ventilation for
livestock housing published by the Midwest Plan
Service:

« Mechanical Ventilating Systems for Livestock

Housing, MWPS-32.

- Natural Ventilating Systems for Livestock Hous-

ing, MWPS-33.

« Heating, Cooling and Tempering Air for Live-

stock Housing, MWPS-34.

Mechanically ventilate where careful control of
the environment is needed, as for young and smaller
animals. See MWPS-32, Mechanical Ventilating Sys-
tems for Livestock Housing. Mature, "finishing”, or
large animals are often in naturally ventilated build-
ings. They are discussed in MWPS-33, Natural Ven-
tilating Systems for Livestock Housing.

Heating and cooling are sometimes needed to
maintain the desired environment. Young animals
often need additional heat and breeding stock may
require summer cooling. This book discusses adding
supplemental heating and cooling to the ventilating
system and changing room air temperature during
the ventilating process in livestock housing. It helps
evaluate existing systems and examines alternatives
for new systems. Ventilating system type and desired
inside environment depend on animsal species and
management system. Systems to satisfy the require-
ments of different livestock are shown.

Retaining animal body heat in a building is impor-
tant in cold weather to maintain desired room
temperature and to evaporate excess moisture. A
chapter on selection and use of building insulation to
reduce heat loss is included., Contact your state’s
Extension Agricultural Engineer for these and other
Midwest Plan Service publications.

Ventilating Process

Ventilation in livestock shelters is a process for
controlling several environmental factors by diluting
inside air with fresh outside air. Ventilating systems
affect:

- Air temperature.

- Moisture level.

+ Moisture condensation on surfaces.

« Air temperature uniformity.

- Air speed across animals.

« Odor and gas concentrations.

. Airborne dust and disease organism levels.

« Combustion fumes from nnvented heaters.

As the ventilating system exchanges air, it brings
in oxygen to sustain life. It removes and dilutes

harmful dust and gases, undesirable odors, and air-
borne disease organisms and moisture,

Experience has shown that if a system moderates
summer temperature extremes and controls winter
moisture buildup, the ventilating rate is sufficient to
provide for most other needs. High odor levels from
under-floor manure storage may require higher air
exchange rates. .

A basic ventilating process is shown in Fig 1, A
properly operating ventilating system:

1. Brings fresh air into the building through
planned openings.

2. Thoroughly mixes outside and inside air,
picks up heat, moisture, and air con-
taminants, and lowers temperature,
humidity, and contamination levels.

3. Exhausts moist, contaminated air from the
building.

Failure to provide for any step of this process
results in inadequate ventilation.

Stale Air
Qut
L‘m

Maisture —
Fresh z Mixing Stale

Air L Alr
In e A Y Out
T Dust Pathogéns Heat

Fig 1. A basic ventilating process.

Ventilating Systems

Ventilating systems for livestock buildings are
mechanical, natural, or a combination of the two.
Mechanical systems force air through buildings with
fans, while natural systems depend on wind and
thermal buoyancy. Ventilating systems require care-
fully designed air inlets and outlets for proper air
mixing and circulation inside the building,

Mechanical ventilating systems are negative
pressure, positive pressure, or neutral pressure.
Negative pressure systems force air from the struc-
ture with fans; the reduced pressure sucks air in
through inlets. Positive pressure systems force air
into the structure with fans; the increased pressure
forces inside air out through outlets. Neutral systems
use fans to force air both into and out of a building,
50 room air pressure is the same as outdoors. Heat
exchangers and "push-pull” systems are examples.



2. AIR REQUIREMENTS

ig 78% nitrogen, 21% oxygen,
carbon dioxide, and smaller
ses. Air composition is changed
ngs, Breathing uses oxygen and
de. Air oxygen content less than
rt; less than 10% is dangerous.
off from respiration, animals’
ure. Anaerobic decomposition of
litional noxious gases. Without
xic gases and dust in enclosed
an harm animals and operators.
ick buildings that may affect
are ammonia, carbon dioxide,
ydrogen sulfide, and methane.

nits and effects of noxious gases.
ans. The effects of two or more gases lend to be addifive.

See Table 1 for human responses to these gases.
Decomposing wastes give off odorous gases such as
amines, amides, mercaptans, sulfides, and disulfides.
More details on these gases, their effects, and their
controls are in other haoks in this series—MWPS-32,
Mechanical Ventilating Systems for Livestock Hous-
ing, MWPS-33, Natural Ventilating Systems for Live-
stock Housing, and MWPS-18, Livestock Waste
Facilities Handbook.

Ventilating system failure can cause death by
asphyxiation from lack of oxygen and increased carb-
on dioxide, by heat prostration, by poisoning from
other gases, or some combination. These effects can
gccur in minutes or hours, depending on outside
conditions, animal density, etc. Post warning signsin
worker lounges, on buildings with manure storages,

Threshold limit value Concentration effects
Time-weighted Short term Exposure
Qdor average exposure Level period,
threshold, ppm  (8-10hr)ppm {15 min) ppm ppm min Physiclogical effecls
(a) (b) (o) d) (e) .
Asphyxiant
— 5,000 30,000 20,000 — Safe
30,000 - Increased breathing
40,000 = Drowsiness, headaches
60,000 30 Heavy, asphyxiating
breathin
300,000 30 Could be ?atal
frritant
5 25 35 400 — Throat irritant
700 - Eye irritant
1,700 — Coughing and frothing
3,000 a0 Asphyxiating
5,000 40 Could be fatal
Poison
4 07 10 15 100 Several  Eyeand nose
hours irrtant
g 200 60 Headaches, dizziness
500 o Nausea, excitement,
insomnia
1,000 — Unconsciousness, death
[ Asphyxiant
— — 30,000 500,000 — Headache, nontoxic
Poisan
— 50 200 500 60 No effect
1,000 B0 Unpleasant, but
not dangerous
2,000 60 Dangerous
4,000 60+ Fatal

y at which odoris detacted.

weighted average exposure concentrailon for a normal 8 to 10 hr workday. (Source: 1989 Guide to QOccupational Exposure Values, American

dustrial Hygienists, Cincinatli, Ohio.)

Tin fime-weighted average exposure limit for any time during a workday even if the 8-hr threshold fimit value is within limils. {Scurce: 1989 Guide
23, American Conferenca of Governmental Industrial Hygienists, Cincinattl, Ohio.)

arls of almaspheric air, Divide by 10,000 far % by valume. Example: 20,000 ppm -+ 10,000 =2% by velume,

ion o the gas.

oxygen and 3% methane. This value for methane was not obtained from the American Conlerence of Governmental Industrial Hygienists. Methane

15%-15%.

on manure spreaders, etc. Teach workers of the risks
and dangers involved. For automatically controlled
systems, provide alarms to alert the manager in case
of system malfunction.

Agitation of liquid manure releases large quan-
tities of noxious gases and creates possible lethal
conditions. Remove worlkers and, if possible, animals
before agitation. If not possible to remove animals,
check them frequently from a window or doorway. If
manure under slotted floors must be agitated with
animals in a building, choose a mild day and ventilate
at maximum capacity. Stop agitation immediately if
problems cccur and ventilate well before entering a
building.

Entering a manure storage pit can cause
death from hydrogen sulfide or lack of oxygen.
Enter a manure storage or transfer pit only after it
has been well ventilated, wear self-contained breath-
ing tanks, and have an attached safety rope with at
least two people standing by who are able to pull you
out at the first sign of dizziness.

Methane can accumulate in unvented covered
manure storages and cause an explosion with a flame
or spark. Ventilate the pit thoroughly.

Animal Heat Loss

A ventilating system is used to control the en-
vironment. Ventilating capacity is based primarily on
the amount of air exchange needed to remove mois-
ture in winter and excess heat in summer.

Farm animals try to maintain a constant body
temperature, so they either lose metabolic heat to
their surroundings at the rate it is produced, or their
body temperature changes. An animal overheats ifit
cannot lose heat fast enough and chills if it loses heat
too fast. Heat loss rate depends considerably on the
environment. Air and room surface temperatures,
relative humidity, air velocify, and solar radiation
are important factors of animal heat loss. These fac-
tors combine into an effective temperature. At air
temperatures below pig body temperature, increas-
ing air velocity past a pig from 0-90 ft/min can
decrease the effective temperature about 13 F. This
effect is the wind chill factor.

How heat is lost is important. With an under-
standing of the different methods of heat loss, proper
corrective measures can be taken. Animals lose heat
by conduction, thermal radiation, convection, and
evaporation. Conduction transfers heat from a
warmer to a cooler body through a contacting surface.
Thermal radiation moves energy by electromagnetic
waves. A moving fluid such as air transfers heat by
convection. Evaporation of moisture requires heat.
Natural evaporative heat loss is largely from the
upper respiratory tract and little is from the skin of
most farm animals, Sweating and skin evaporative
heatloss are small with horses and cattle but areeven
less with swine. Conduction, thermal radiation, and
convection are sensible heat losses; evaporation is
latent heat loss. Fig 2 shows that temperature af-

fects what portion of a pig’s heat loss is from each of
the four methods. Fig 3 shows that increasing air
velocity changes how pigs lose heat.

Totol Haat Loss

100
80
80
0
60
50
40
30
20
1Y

Convection
=

Radiation

Percent of Tolal Heat Loss, %

0
40 30 60 70 80 90 100

Temperaiure, F
Fig 2. Temperature affects how pigs lose heat.
g 100 Tolal Heat Loss
s N
g 80 P e e —, 300ipm
= 0 35fpm
- B0+
s 50 A Conveclion + Evaporotion
E 0 Radiation
- 40 - Q Conduclion
o OF D\ﬂ-\{]
= - 35ipm
800 Eeemmeepm o —C 300bm
v T (e e e 2
o 0 CP-' - 30&?}}“'
40 50 60 70 80 a0 100
Temperature, F

Fig 3. Air velocity affects pig heat loss.
Air velocily in feet per minute (fpm). 35 fpm is nearly still air (0.4 mphy; 300 fpmis
about 3.4 mph.

As air temperature increases, an animal cannot
lose as much sensible heat, so it pants and sweats to
increase evaporation and latent heat loss, Fig 4. As
the temperature increases, even more moisture is
produced. As relative humidity rises, an animal loses
less heat by evaporation. If temperature and relative
humidity are both high, the animal becomes heat
stressed. See Table 20 in the Appendix for animal
heat and moisture production rates.

60C — Sensible 0.4 E
‘_3:‘ Heat Loss /ﬁ T_ 4];‘:-
A = I~ 7 [
E) A 93 3
& 400 | B
& ]
3 u - ~02 g
- e .-
- &7 Moisture | 5
£ 900 b Froductien E
w 041 &
= _ or
2 1 &

YN VRN RN VUM TR DU SO A R -2

0 0o 2

40 50 50 70 80 90 =
Temperature, F

Fig 4. Heat and moisture loss vary with air temperature.
Typical sensible heat loss and maisture loss of a 175 |b pig.
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Heat Balance

To maintain constant room temperature, heat
produced by animals and heaters has to equal heat
lost through building walls, windows and doors, ceil-
ing/roofs, and ventilation. If heat loss exceeds animal
heat production, provide supplemental heat. If heat
production exceeds heat loss, increase the ventilating
rate or use other cooling methods. Incoming air that
is warmer than room air cannot cool or effectively dry
inside condifions.

When ventilating air entering a building is cooler
than inside air, it removes heat from the building.
Estimate the rate (Btwhr) of heat removed by ven-
tilating air with Eq 1.

VHL = c¢fm, x 1.1 x (t; - t,) Eq1.
VHL = Heat loss rate by ventilation air, Btu/hr
¢fm, = Cold weather ventilating rate, cfm
(ft3min)
1.1 = Conversion factor, a constant, Bfu-
min/hr-fi*-F
t; = Indoor temperature, F
t, = Outdoor temperature, F
Example 1:

A building is ventilated at 1,000 cfm. The inside
temperature is 70 F and outside temperature is 20 F.
Determine the heat removal rate.

Solution:
Using Eq 1, find the heat remaoval rate.

efm, = 1,000 cfm
t,= 20F
t;= 70F

VHL = 1,000 x 1.1 x (70 — 20) = 55,000 Btwhr

How Much Air

Airflow requirements vary with animal size and
outside environmental conditions. Ideally, ventilat-
ing air must vary from just encugh air to maintain
air quality during very cold weather, up to a maxi-
mum rate to prevent heat stress during hot weather.

Design the system to provide at least three
seasonal ventilating rates—cold, mild, and hot
weather.

Cold weather ventilation provides oxygen and
removes moisture. When supplemental heaters are
running, do not exceed the cold weather rate. Supply-
ing heat at higher ventilating rates wastes fuel.
Protect pipes from freezing or provide an alarm and
a safety thermostat to shut off cold weather fans if
the building temperature drops to near freezing. See
"Alarm" section in Chapter 7, MWPS-32, Mechanical
Ventilating Systems for Livestock Housing.

Mild weather ventilation modifies tempera-
ture and removes moisture. Fans to provide this

additional air are usually turned on by thermostats
when building temperature exceeds a desired level.

Hot weather ventilation reduces heat buildup
and increases air velocity in the building. Thermo-
stats turn on maximum rate fans when the indoor
temperature exceeds a set level.

Table 2 gives recommended ventilating rates for
several types of livestock.

Example 2:
Determine the required cold, mild, and hot
weather ventilating rates for a 1,200 1b dairy cow.

Solution:
From Table 2, the recommended ventilating rates

for a 1,000 1b cow are:
Cold weather = 36 ¢fm
Mild weather =120 cfm
Hot weather = 335 cfm
To calculate ventilating rates for a 1,200 1b cow:

Cold weather = (36 ¢fm/1,0001b) x 1,200 1b =43

cfm

Mild weather = (120 ¢fm/1,000 1b) x 1,200 tb =
144 cfm

Hot weather = (335 ¢fm/1,000 1b) x 1,200 1b =
402 cfm

Provide a cold weather fan rated at 43 cfm/cow, a
mild weather fan to add about 101 efm/cow, and hot
weather fans to provide another 258 cfm/cow.

Ventilating rates that are based on building air
changes per hour neglect variation in animal heat
and moisture production for different housing den-
sities. Base ventilating rates on animal numbers or
weight to eliminate animal density as a factor in
ventilating system perfoermance. For example, 10,000
hens in cages need a different ventilating rate than
turkeys on floor litter in the same building.

The hot weather rates in Table 2 maintain room
air temperature within a few degrees of the outdoors
and provide high air velocities past the animals.
Room air temperature can be lower than outdoor
temperature due to evaporative cooling and thermal
lag of building materials.

Table 2. Recommended mechanical ventilating rates.
The rate lor each season s the total capacity needed. For saw and liiter: 20 efm/unit

{cold weather) + 60 cim/unit = 80 clm/unil (mild weather}; add 420 cim/unit for 503
cfm/unit iolal hot weather rate.

Cold Mild Hot
weatiher weather waatrher

Animal Weight Unit  rate rate jate
. -b- e clmfunit - - -- - - -
Swine
Saw and litter 400 hd 20 B0 500
Prenursery pig 12-30 hd 2 10 25
Nursery pig 30-75 hd 3 15 35
Growing pig 75-450  hd 7 24 73
Finishing plg 150-220  hd 10 35 120
Gestating sow 325 hd i2 40 150,
Boar/Breeding sow 400 hd 14 50 300
Beet
0-2 mo td 15 50 100
2-12 mo A hd 20 80 130
12-24 mo hd 30 80 180 ,
Mature cow 1,000b 386 120 335
Veal call 1001b 10 20 50
Dairy
0-2 hd 15 50 100
2-12 mo hd 20 60 130
12-24 mo hd ao 80 180
Mature cow 1,000 36 120 3355
Horse, controlled- d
environment barn 1000b 25 100 335
Poultry
Brailer
0-7 day hd 0.04 0.2 0.4
over 7 day b 0.1 0.5 1.0
Layers Ib 0.1 0.5 1-15
Turkers
Poulis hd 0.2 0.7 1-4
Growers ol 0.08 0.35 0.8
Breeders 20-30 b 0.05 0.15 0.5
Rabbits b 0.1 0.5 1.0
Sheep, controlled-
environment barn 1,000b 25 100 335

“Whera unvenled heaters are used, provide at [zasl an addifional 215 cfmconinuous
gentilaling capacity per 1,000 Btu/hr of heater capacity.

il machanical, earth tempered, or wet-skin cooling is provided for mature animals,
the hot weather rale may be reduced. See Chapler 6.
€400 cfm/1,000 I cow is recommendad in the mid-Atlanlic and southeaslemn states.
9 air circulation fans are provided, hot wealher ventilating rales can be reduced up
lo 40%.



3. HEATING
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to reduce drafts in cold weather,
11 animals.

protection, e.g. solid wall pens,
and/or solid floors.

» Increase air temperature with air heaters.

. Provide radiant or floor heaters to warm the
animals.

« Provide deep bedding so animals can nestle.

——1 Temperature Control Ventilation

— - —2 Moisture Control Ventilation

———3 Minimum Cold Weather
Ventilation for Cdor Conliral

% Supplemenial Heat Reguired

Practical Ventilotion Curve
Combines 1 ond 3

Ventilating Rale

1 1 | | 1 1 |
~10 0 10 20 30 40 50 60
Qutside Temperature, F

Fig 7. Ventilation curves.

Venlilation curves shown are for a specific building. Higher building insulation levels
lower the Intersection point of the temperature and moisture control curves; lower
insulation levels raise it. Increasing the cold weather ventilating rate above the
moisture conlral curve improves air quality and distribution but alse increases operat-
ing cosls,

Table 3. Temperatures for livestack housing.

Optimum tempsrature depends on air velocity, humidity, floor type, insulalion level,
and outdoor temperature, The temperatures listed assume reasonable hurmidity
conlral.

f N Pen Partition

Fig 8. Hovers over animal resting areas.

Table 4, Sizing supplemental heaters.

Usa these peak loads only for rough estimales and only where winter degres days
are greater than 5,000. Reter {o Chapter 9 {or a design procedure. These values are
based on the minimum outdoor design temperature and twice the cold weather
ventifating rata In & moderately walt insulated buitding with typical slecking densities.
The supplementa) heat recommended provides reserve heater capacily to handle
heaiing needs whan only a few animals are present. Addifional zona heat may be
neaded for young animals.

Example: A 20-sow farrowing house kept at 80 F requires about 20 x 4,000 = 80,000
Blufr healing capacity.

Supplemental heat/

Desirable
Animai lemperature, F
Lactaling sow 50-70
Litter-newbarm 90-85
Litter 3 weeks old 75-85
Pre-nurse ‘512-30 Ib) 75-85
Nursery (30-30 b 70-80
Nursery (50-75[b 60-70
Growing-finishing {75-220 [b) 50-70
Gestating sows 50-70
Boars 50-70
Dairy cows 40-80
Calves, floor level, bedded 40-60
Calves, raised stalls 60-70
Beef cows 40-60
Horses 50-70
Rabbils 40-60
Layers 55-70

Broilers and turkeys
Brooding {to 4-5 weeks) 95 hrooder; 70 room
Growers 65-70

animal unit
) Bedded/
Inside Slotted scraped
temperature, F floor floor
) ~ = - - Bturfunit - - - -
Swine
Sow and fiter 80 4,000 —
70 3,000 —_
60 — 3,500
Prenursery pig {12-30 [b) 85 350 —
Nursery pig (30-75 Ib) 75 350 —
Growing fnising 6 0 o
rowing-finishing pi -
(75-240 [b) P
Gestating sowboar 60 1,000 —
Dai
Calf ousin% 1,000 Btufhr/ealf
Double 4-HB parlor 50,000 Total Biwhr
6- or 8-HB parlor 70,000 Total Biushr
Milkhouse 10,000 Total Btu/hr
Sheep, lambing 400 Btu/hriewe
Plus heat lamps

Horse, warm bamn 5,000 Blu/hr/stall

Heaters

Heating systems include radiant, floor, unit
space, and air make-up heaters. Space heaters heat
room air and maintain room temperature. Radiant
and floor heat provides localized animal comfort.
Table 4 gives supplemental heat requirements for
typical livestock housing in the North Central U.S.

Radiant Heaters

Radiant heaters work well for zone heating of
young animals. Animals find comfort by moving
closer to or farther from the heater. Energy from a
radiant heater passes through air without warming
it. When the energy strikes an animal or other sur-

face, it is absorbed and the object warms. The warmed
object then warms the air around it.

Infrared heaters produce radiant heat from
natural gas, propane, or electricity. Available types
range from heat lamps for zone heating to fan-driven
pipe units for providing heat in an entire building.

With floor heat in a farrowing creep area, provide
a 250 watt (852 Btuw/hr) overhead heat lamp for the
first few days after farrowing. If ne floor heat is used,
provide 2,200 Btw/hr of overhead radiant heat per
litter (especially in cold climates, a heat lamp may
not be enough),

Heat lamps are a potential fire hazard. Suspend
them on chains and make the lamp cord 1' shorter
than the floor-to-ceiling height, so it unplugs before
the lamp hits the floor. For pigs, mount lamps at least
30" above pen floors and 18" above creep floors. Place
no more than seven 250 watt heat lamps on one 20
amp circuit. Consider manual or automatic voltage
controllers to regulate heat lamps when full wattage
is not required.

Gas catalytic radiant heaters are flameless and
have relatively low surface temperatures. Catalytic
heaters are usually not thermostatically controlled,
which makes them less efficient. They require no
chimney in a properly ventilated building. Radiating
surfaces of catalytic heaters must be kept clean to
maintain heating efficiency.

Unvented gas heaters are not recommended. If
they must be used, increase the ventilating rate by
2.5 ¢fm/1,000 Btu-hr of heater capacity to prevent
buildup of moisture and poisonous combustion gases.
When vented heaters are used with negative pres-
sure ventilation systems, use vent dampers and a fan
powered vent.

Floor Heat

Floor heat is used primarily for localized heating.
Possible uses of floor heat are in farm shops or small
animal housing, pit in the milking parlor pit, and
other heated work areas.

Common floor heaters are electric resistance
cables or hot water pipes buried in concrete, Figs 9
and 10, or electric heating coils in fiberglass pads
placed over an existing floor. Arrange resting areas,
waterers, and dunging areas so the heated area is
seldom wet. Floor heat evaporates liquid from the
floor, which uses heat and increases the building
relative humidity.

Too much heated area wastes heat; too little en-
courages animals to pile, Table 5. Use waterproof
insulation under a heated floor but do not lay heating
elements directly on plastic insulation. Perimeter
insulation is especially important if the heated slab
is near an outside wall. Uniform concrete thickness
above hot water pipes or electric heat cables prevents
hot spots.

Thermaostat

Locate the temperature sensing bulb about 1"
below the heated floor surface and 4"-6” from a heat



electric heat cable. Install the
‘bulb and connecting tubeinal”
pe so they can be removed for
large radius bend in the conduit
in be inserted easily, Fig 9.

tions.

Te check the thermostat, which controls internal
instead of surface slab temperature, use a ther-
mometer or other temperature sensor laid on the
floor. Adjust to obtain desired environmental condi-
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Do not heat the floor under sows in farrowing
bmldmgs Floor heat is occasionally installed in
swine nursery buildings and naturally ventilated

growing-finishing buildings.

Warm a concrete floor at least 2 days before use.
Do not use insulation or excessive bedding on top of
heated areas. Floor heat alone seldom provides the

total heat requirements of a building.

Table 5. Heated floor design criteria for swine.
For swine farrowing bulldings, provide 95 F slab surlace temperature at farrowing.
Graduatly lower to B5 F when pigs are 3weeks old. Alsa provide heat lamps or hovers

for 310 5 days after farrowing.

Hot water pipe

Pig‘ Heated fl'_por Floor surface
weight, Ib space, #t

spacing, in.
temperature, F  Plastic

lron

Elegtric heat

Wi

Blu/hr-

Birth-30  &-15/litler 8505  Bes Fgg 3040 102-136

30-75  1-2ipig 70-85 20 9530 85-102
75150 2-3/pi 60-70 10 20 2530 85-102
150-220  3-31/pig 50-60 12 24 2025 6885
Hot water floor heat

Hot water floor heat uses wrought iron, black iron,
or high temperature (180 F) plastic pipe. Do not use
galvanized steel or cold water plastic pipe, Fig 9.

Plastic pipe can supply 35 Btu/hr for each foot of
pipe at an inlet water temperature of150 F—iron can
supply 70 Btu/hr-ft. Multiply the linear feet of pipe
times these values to get the required output of a
water heater, Use rated boiler output or multiply the
rated input capacity of gas heaters by 0.75 to ap-
proximate actual heat output.

Space pipes per Table 5. Place pipes within 6" of
the concrete slab edge. If a heated pipe passes under
a sow, insulate between the sow and pipe. Pressurize
the pipes with water to check for leaks before placing
concrete. Cover the pipes with 214"-3" of concrete.
Contact an experienced plumbing contractor to plan
and install hot water systems to allow for pipe expan-
sion, vents, etc.

Electric heating cable

Electric heating cable usually has a lower instal-
lation cost than hot water pipes, avoids freezing
problems, and permits individual control for each pen
or stall. :

Use heating cable approved for use in concrete.
The most common type of heating cable is covered
with polyvinylchloride (PVC) and is rated from 2-7
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Fig 10. Electric floor heat.



it. Prefabricated pads have cables
mesh to simplify installation.

r the heating cable in place, per-
:st to ensure the cable will operate,
Lo"-2" into the concrete and space
ire it is completely surrounded by
t burnout. Use a thermostat for
talls. Protect wiring and thermo-
1buse. A fused switch on each pen
sconnecting them when they are
tray voltages, electrically ground
vaterers to an equipotential plane,
rcement in concrete floors. Electri-
aforcement and ground it to the
1e entrance panel. See MWPS-28,
iring Handbook, for more details,

it pads

¢ heat pads offer an alternative to
They can be placed on top of an
otted floor and are removable for
2 available in sizes suitable for
irsery decks, and larger animals.
7ith a factory set heat level while
armostat to permit changes in pad
'e. Protect the electrical cable from
a rigid conduit at animal level.
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or heat with sand mass.

Fioor Heat with Sand for Heat Storage

Sand under concrete floors can store heat from
animals, solar heated air, hot water pipes, or off-peak
electricity to reduce floor surface temperature flue-
tuations. Hot water pipes placed in sand, rather than
concrete, are less likely to be damaged by shifting
concrete.

Advantages include:

+ Heat system and concrete can be installed

separately.

« Less surface temperature fluctuation.

« Reduced heating system damage from cracking
or shifting concrete.

« Full pressure test of water pipes can be done
before concrete is installed.

Design and installation of hot water floor heating
with storage is similar to one without storage. Dif-
ferences are:

« Place insulation and a vapor barrier around the
sand to reduce heat loss. 2" waterproof foam
insulation is effective.

- Place 4"-8" of sand below the floor.

» Place hot water pipes in the sand about 2" above
the bottom insulation, Fig1l. Place sand around
the pipes so there are no air pockets.

. See Table 6 for recommended watt per ft* (W/ft%)
for floor heat with storage systems in swine
nursery buildings. Hot water pipes spaced 10"-
12" apart provide about 10 W/ft* of heat in the
floor.

Table 6. Floor heating levels with sand mass.
Continuous floorheating levels canuse as much energy as higher electricfloor heating
levels, butimpose a lower peak load.

HUOE’I airtemperature, F; 60 85 75 85
WS 8 811 0-4 0

Warm air floor heat with storage works with solar
systems for heating swine nursery facilities. Con-
sider this system in sunny areas where solar heat
may be an economical heat source. Air ducts for
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58’

heat with sand mass.

1eeded air rale against a pressure drop of about 0.2" of waler calumn, which is typical with these systems.

2
id
por

transferring heated air from a solar collector to the
heat-storage sand can be concrete blocks laid on edge,
Fig 12. Cover the top of the blocks with polyethylene
plastic and 4"-8" of sand. A 6" deep sand layer causes
about a 12 hr thermal lag between maximum solar
air temperature and maximum floor surface
temperature. The time lag keeps the floor surface
warm until early morning, when pigs need the heat
most. Each additional inch of sand increases the lag
about 134 hr, so the time of maximum floor surface
temperature can be controlled.

The heated floor area is typically 6>-8" wide (five
8" concrete blocks). Air velocity through the cores is
90-180 fpm. A smaller nursery requires less solar
collector length and less airflow, so fewer blocks are
needed to maintain the air velocity in the cores.
Therefore, block arrangement depends on the num-
ber of nursery pigs, Fig 12.
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Unit Space Heaters

Unit space heaters are common and relatively
inexpensive for supplemental heat, They heat room
air directly and recirculate it. Room air containing
dust, moisture, and corrosive gases, often increase
fan maintenance. Clean and lubricate unit heaters
once a month during the heating season and more
often in a very dusty environment such as a growing-
finishing building. Make sure gas orifices are clean.
Unvented heaters are not recommended. If they
must be used, increase the cold weather ventilating
rate by 2.5 cfin/1,000 Btu-hr of heater capacity, With
1 heater in a room, locate it under an air inlet so it
blows along the inlet. With more than 1 heater,
arrange them to create a circular air pattern within
the room. See Fig 13 for recommended space heater
location. '
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13d. Buildings 36’48’ wide.

Fig 13. Inlet, heater, and exhaust fan locations.



4. TEMPERING

15 or cools ventilating air before
oom. Tempering systems include
;, air blending systems, heat ex-
sctors, earth tubes (Chapter 5),
olers (Chapter 6). Warmed-air
help most in small animal hous-
luce drafts by improving air dis-
higher temperature ventilating
warm and cold air blending.
1pering also simplifies air inlet
pered air is warmer and less
‘arther into a room, mixes better
¢ entering the animal zone, and
ough some tempered air systems
sometimes cooling requirements,
stify their purchase on energy

ed air systems usually provide
ition. Use a conventional ventilat-
d and hot weather ventilation.
ed to ontside air when the outside
high enough sc animals are not

duct can deliver tempered air in
conventional slot inlets with ex-
3 in mild and hot weather.

orce air into the building with 1
r from the building with ancther
sure systems are discussed in
ical Ventilating Systems for Live-
1e system only supplies incoming
*h as most solar and earth tube
ather exhaust fan is needed in the
cold weather fan capacity to pro-
cold weather airflow rate.

rs

raters are unvented and heat in-
air. They require less service than
late room air. When exposed to
mditions, controls may malfunc-

2 is usually constant and fuel flow
ries to maintain room inlet air
ieated air is usually blown directly
lepends on room air circulation for
ot install ducts on the heater ex-
julting the manufacturer.

heater airflow capacity smaller
ither exhaust fan. If the heater
1an the cold weather ventilating
Iriven into the attic where it con-
and drips on the insulation. Back-
ilets from the attic help reduce this

2-up heaters exhaust combustion
building, which seems more effi-

cientt than vented heaters, but is not recommended.
Water vapor is one of the gases emitted (about 1 1b
water/lb propane burned), so increase the ventilating
rate to remove this extra moisture, which tends to
offset the initial efficiency gain. Add an extra 2.5 cfm
to the cold weather ventilating rate for each 1,000
Btu/hr of heater capacity.

Air Preheating Rooms

Ventilating air can be heated in a separate room
or hallway before entering animal rooms, Fig 14.
Qutside air is brought into the preheating room or
hallway, heated to a preset temperature, and dis-
tributed to the animal rooms. Keep the preheating
room temperature lower than the desired animal
room temperature because animals and equipment
also provide heat. Set the preheating room tempera-
ture at or below the balance point temperature of the
animal room. See the section on calculating heat loss
through building surfaces in Chapter 2 to determine
balance point temperatures, If the preheating room
supplies animal rooms with different temperatures
(e.g. swine farrowing and nursery rooms), base the
preheating room temperature on the balance point
temperature, Fig 7, of the coolest animal room. Install
a supplemental heater in the warmer room to main-
tain the desired temperature. In practice, airisusual-
ly preheated in the preheating alley or room to within
20 F-30 F of the desired room temperature. The
ventilating rate is often increased to about 50% above
the recommended cold weather minimum rate.

Animat Room Inlake Shutter

fAir Distrizution Duct
1

Air Preheating ~<1</1 I ]
Room and rllllll
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Fig 14. Air preheating rooms.

Reusing Exhaust Air

Do not reuse exhaust air from one livestock room
or building to ventilate an adjacent one. Unless the
first building is overventilated, its exhaust air is
nearly saturated with water and has little capacity to
remove moisture from the second building. Overven-
tilating creates drafts and wastes fuel. Veterinarians
and animal scientists discourage reusing ventilating
air because of increased possibility of spreading dis-
ease, particularly for young animals.

Air Blending

Air blending systems mix some of the room air
with incoming ventilating air to temper the air before
entering the animal room, Fig 15. The following are
advantages of mixing room air with incoming ven-
tilating air:

. Cold incoming air blends quickly with inside air

for more uniform air temperatures.

« Room air mixes more thoroughly to reduce
temperature stratification.

Disadvantages include:

. Possible drafts from higher air velocity in cold
weather.

+ If not enough units are installed, incomplete
blending occurs and air distribution in the build-
ing may not be uniform.

+ Recirculation ducts accumulate dust, which is
not desirable for all-in/all-out production sys-
tems.

Airblending systems are sometimes advertised as
heat exchangers but are not, unless exhaust air
transfers heat across some surface to incoming air
without mixing. See "Heat Exchangers" section.

Some circulation systems allow air mixing with
the option tototally close off incoming fresh air. These
systems pose more danger of malfunction or mis-
management than ventilation providing fresh air.

Air-to-Air Heat Exchangers

Heat exchangers:

- Can save energy.

- Allow higher cold weather ventilating rates to
dry a building without an increase in heating
fuel costs.

. Provide higher inlet temperatures so there are
fewer drafts.

Traditional ventilating systems remove moisture
by exhausting warm stale air directly outside. About
70%-90% of heat loss from animal confinement build-
ings during winter is lost through the ventilating
system.

Warm air exhausted through a heat exchanger
transfers some of’its heat to cold incoming ventilating
air. The air entering the building is preheated by the
heat exchanger to reduce supplemental heafing re-
quirements. The amount of heat saved depends on
the heat exchanger efficiency.
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Fig 15. Air blending systems.

Heat exchanger efficiency

The following factors affect heat exchanger ef-

ficiency:

. Airflow pattern through the heat exchanger.

« Thermal conductivity of the material between
the warm and cold air—the metal or plastic and,
more importantly, the air film and dirt on the
surfaces.

« Ratio of exhaust air velume to intake air volume.

 Difference between inside and outside air
temperatures. The greater the temperature dif-
ference, the greater the efficiency. Outside air
temperature varies, so heat exchanger efficiency
also varies.

+ Length of defrost cycle.
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; can help with cold weather ven-
for young animals, but not with
sr ventilation. Integrate an ex-
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proper environment throughout the year. Most heat
exchangers operate at neutral pressure, so it is not
necessary to tightly seal other air inlets in the build-
ing. Malke sure inlets from the attic have antiback-
draft baffles or curtains to keep warm muoist air from
entering the attic.

Some safeguards are needed. Wire mild weather
fans to cycle on and off for minimum ventilation if the
heat exchanger breaks down. Air for emergency
operation of mild weather fans can come through
antiback-draft curtains on conventional slot inlets
that are left slightly open during cald weather. Some
air can come in through the heat exchanger itself.

To reduce heating costs, size the heat exchanger
to supply fresh air at the cold weather ventilating
rate. However, for improved room air quality during
cold weather, heat exchanger airflow capacity can be
greater than the cold weather rate without higher
heating costs than a conventional ventilating system.
Many manufacturers of variable flowrate heat ex-
changers recommend that the exchanger provide
50%-100% more ventilation than the minimum cold
weather rate. Table 7 shows possible increases in
ventilating rates with a heat exchanger at about the
same heating cost as a conventional ventilating sys-
tem.

Condensation and dust

Condensation within a heat exchanger increases
efficiency, but dust accumulation can decrease heat
transfer and increase pressure loss. So, the effects of
condensation and dust tend to offset each other. How-
ever, if condensation freezes, it can plug the heat
exchanger, increase pressure loss, and require a
defrosting cycle. Defrosting time decreases energy
savings. Frequent cleaning is necessary for efficient
operation. Manure gases and moisture are very cor-
rosive. Select a corrosion resistant heat exchanger
that is easy to clean.

Table 7. Ventilating rate increases possible with heat

exchangers.

With a heat exchanger, venlilating rates can be Increased above cold weather
ventilafing rates withou! increasing heating cosls. Neulral pressura is assumed and
latent heat is ignored In the ealcutations, Typical seasonal heat exchange efficiency
i5 40%-50%.

Heat exchanger Possible ventilating
efficiency, % rate increase, %
10 10
20 25
a0 45
40 65
50 100
60 150
70 230

Cold duct surfaces during winter create large
amounts of condensation on the duct surface and floor
below. Locate ducts away from tethered animals or
animals in stalls. If possible, locate ducts over a
gutter or slotted floor where wet floors are not a
problem.

Solar Heat

Solar heat can be cost effective. There are two
types of solar collection systems:

- Passive systems have transparent or trans-
lucent panels that allow the sun to shine directly
into the building.

» Active systems transport heat in air or water
from a solar collector tothe animal environment.

Passive gystems are relatively inexpensive, but
have high heat losses and moisture can condense on
poorly insulated solar panels. Active systems are
more expensive to build, but operate more effectively.

A masonry wall collector combines hoth energy
collection and storage. Paint a seuth-facing concrete
masonry wall black to collect and store solar heat.
Draw ventilating air past or through the sun-heated
blocks to preheat air before entering the building, Fig
18.

"There are many variations of air-type solar collec-
tors for new or retrofit building construction and for
freestanding and portable units. Refer to MWPS-23,
Solar Livestock Housing Handbook, for more infor-
mation.
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Controls

This section is a summary of a more complete
discussion of controls in Chapter 7, MWPS-32,
Mechanical Ventilating Systems for Livestock Hous-
ing. See that handbook for wiring circuits and alarm
systems.

Controls automatically adjust fans, heaters, inlet
baffles, and vent doors to maintain desired environ-
mental conditions. Ventilating equipmentis adjusted
according to temperature, humidity, static pressure,
and time. Ammonia concentration can also be
monitored. .

Some systems have manual switches to override
automatic controls. Be careful to keep environmental
conditions within acceptable limits when using
manual overrides.

Thermostats sense air temperature and help con-
trol heaters, fans, and vent doors. Humidistats sense
air moisture level (humidity), but are not common in
livestock buildings because they become inaccurate
after exposure to dust and gases. Static pressure
sensors automatically control inlet baffles and vent
doors. Timers turn fans on and off and are common
for controlliing fans to remove moisture in winter.
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as for cold, mild, and hot weather

room temperature is 75 F. As-
age for each thermostat.

stat for each fan and the heater.
t Tuns continuously; provide only
set at 45 F to shut off the fan to

1g.

hermostat at 71 F. The heater
smperature drops below 71 F and
s raised the room temperature to

Set the mild weather fan thermostat o the heafer
and mild weather fan do not run at the same time.
Set the mild weather fan at 79 F, With a 4 F on-off
range, the fan turns on at 83 ¥ and off at 79 F.

Set the hot weather fan at 83 F sc it comes on at
87 F and shuts off at 83 F.

Example 4:

Determine the control settings for a heated room
maintained at 75 F. One 3-speed fan and one single
speed fan provide ventilation. Assume the thermo-
stat on-off range is 4 F.

Solution:

The 3-speed fan is for cold and mild weather
ventilation. Provide a safety thermostat to shut off
the low speed at 45 F' to prevent excess cooling.

Set the heater thermostat at 71 F to turn the
heater on when the air temperature drops below 71
F and shuts off at 75 F.

Set multi-speed fan thermostat to switch to mid-
dle speed at 81 F and back to low speed at 77 F. Switch
the multi-speed fan to high speed at 85 F. Witha 4 F
on-off range the multi-speed fan switches back to the
middle speed at 81 F.

Provide a thermostat set at 87 F on the single-
speed fan to provide hot weather ventilation. The fan
comes on at 87 F' and shuts off at 83 F.

Example 5:

Determine the control setup for a heated room
maintained at 75 F. One variable speed fan is used
for cold and mild weather ventilation. One single-
speed fan is used for hot weather ventilation. Assume
the thermostat on-off rangeis 4 F.

Solution:

Provide a safety thermostat set to shut off the
variable speed fan at 45 F.

Set heating unit thermostat at 71 F. The heater
comes on when the air temperature drops below 71 F
and shuts off at 756 F.

Use a manual variable speed controller to change
fan speed. Gradually increase fan speed at 79 ¥ and
continue increasing to maximum speed at 85 F.

Provide a thermostat set at 87 F on the single-
speed fan to provide hot weather ventilation. The fan
comes on at 87 F and shuts off at 83 F.
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5. EARTH TUBE HEAT EXCHANGERS

Some livestock producers pass ventilating air
through buried plastic tubing to temper inlet air.
Average soil temperatures 6-12’ below grade are
higher than the average air temperature in winter
and lower in summer. Therefore, earth tube systems
remove heat from the soil in winter to heat ventilat-
ing air and deliver heat to the soil in summer to cool
ventilating air.

Benefits

The benefits of earth tubes cannot be accurately
predicted. Earth tube performance varies with soil
type, depth, soil moisture content, airflow, climate,
etc. Table 8 has example systems based on computer
simulations and field studies to give an idea of their
performance. Specific systems may vary considerably
from these values.

On warmer days, earth tubes may collect more
energy than is needed so some energy is wasted. Only
the heat that reduces fuel consumption saves money.

To get the most benefit from a system, use it for
summer cooling and winter heating and always
operate it at full capacity. Instead of reducing airflow
through the tubes between mild and cold weather,
ventilate an adjoining building with the extra air
capacity. For example, if 1,000 cfm were needed in
mild weather but only 400 ¢fm in cold weather, the
extra 600 cfm of tube capacity in cold weather could
ventilate another building.

Barth tube systems are usually designed to supply
only part of the supplemental heating needs of a
building. It may be relatively inexpensive to
eliminate 60% of a building’s supplemental heat
needs, but costly to eliminate the last 40%.

Whether an earth tube system should be installed
depends on the size and shape of the available land,
whether summer cooling is beneficial, and installa-
tion costs.

Table 8. Example benefits from earth tube systems.

Principles

The soil temperature 6°-12’ below the ground sur-
face does not vary much throughout the year, Fig 20.
The amount of air temperature medification from
earth tubes is directly affected by soil temperature
variations. From Table 9, the deeper the tube is
placed, the smaller the annual temperature varia-
tion, and therefore the better the tube performance,
At 6' deep, yearly variation is about 11 F above o 11
F below mean soil temperature at that depth for an
average soil; total variationis about 22 ¥. At 12’ deep,
the variation is only 26 F or a total of 12 F.

BO — Average Annuadl Average Caily
Seil Surface Surfoce

. Temperature Temperature

0 |—

6 Deep

w50l L] 12 Deep
ar
=R N //' .
3 50
5
= 6] 1.5 mo

40 |- i

- 12%13 mo Lag

20 I | | | | f | |

0 50 100 150 200 250 300 350 Doy
FOlFIM]AiM]dlatalslo]lN]|D M

Time

Fig 20. Soil temperature variation.

The deeper the soil, 1he less ils temperature varies over tha year. Maximum and
minimum sofl temperatures lag about 1% months behind surface temperatures tora
&' depth and aboul 3 months behind for a 12' depth. Temperalures shown are {or
Burlinglon, IA.

Table values are based on compuler simulations and field sludies. Combustion efficiency for gas fumacas assumad to he 8%, The data ara all for farrowing houses.

Ener%y saved per
Tube Airflow Number Tube heating season

dia., rate of Ienﬂth, Million Gal of
System in cfm/tube tubes Btu LP gas
20 sows, 26 clm/crate 6 53 10 100-130 16 215
Depth = about &' g 106 5 130-165 15 202
Soil = silty clay loam 10 177 3 165-200 13 175
Location =0hio 12 265 2 200-250 12 161
30 sows, 31 cim/crate 12 184 5 260 70 941
Depth = 10° Cooling capacity = 16,000 Btu/hr =4.7 kW
Soil =silt loam
Location = llinois
32 sows, 22 cim/crate 12 200 4 200 4 551
Depth=11"

Soll =silty clay leam
Location = [llinois




:mperature variatigr] with depih, Seal any joints (e.g. tubing-to-air inlet) according to
the yearly lemperature variation. the manufacturer’s recommendations and place con-
Typicat annual crete around the joints. Drain tubing to a sump.

temperature change Air-tube parameters include diameter, length,
Erom mean Total depth, spacing, and airflow rate. Nonperforated cor-
degrees F degrees F rugated plastic tubing is readily available and rela-
tively inexpensive. The corrugations increase
gg gg strength and air turbulence. Air turbulence increases
11 50 heat transfer slightly, but also increases airflow
resistance.
+9 18
+6 12 Layouts
4 8 An earth tube system has several lines of tubing
buried 6-12’ below grade, usually with one tube per
average annual soil temperature trench. Tubes run horizontally from vertical inlet
, 1s 54 F, so the soil temperature pipes to a collection sump. Air is drawn down the

(54 —11)=43 Fto (b4 +11)=65 inlets, through herizontal tubes to a collection sump,
2’ deep, soil temperature varies and distributed in the livestock building, Figs 21 and

to (54 + 6)=60 F over a year. 22.

riations at a 6-12' depth lag 1-3 Radial tube layouts are common but have these
ace temperatures in a silty clay disadvantages:

peratures are warmestin failand . The arc of inlet pipes can obstruct farmstead
Fhis lag increases the system'’s traffic.

ability. . Excavation near the collection sump can he dif-
rmance is affected by zoil charac- ficult.

« The number of possible tubes is limited due to
istics include soil type, soil mois- space constraints at the central hub.

vater table elevation. Generally, Lateral patterns are rectangular and may fit bet-
ter the soil, the better the system terin limited space. Inletsin a straight line are easier

)¢ parameters.

drv sand do not store or transfer to locate out of the way. Lateral systems usually cost
void these soils. If tubes must be more because they require large manifolds to carry
wly soil, increase tube lengths or air from the individual lines to the collection sump.

ee "Barth Tube System Design” Wide trenches may have several tubes each. Ex-
cavate like a strip mine, using earth from one trench
Ie is at or above the earth tubes, to fill the previous trench, Fig 23. Save the topsoil for
the tubes and block airflow. In a the final covering for each trench. This method is
seal joints carefully or consider usually more economical and faster to install than

1ts—some come in 300" lengths. individual trenches. However, tubes in wide trenches

— Fan to Draw Air ; Alr Distribution
“-~..“"Ihrough Earlh Tubes Duct

Ky
i
Eal
.
X
.

ilding, insulated‘:*.}\
R=1%9 =

—— . 1 f*ifColiection Sump tU . ZNonperforated
D L with Pump, insulate .. 1, Buried Plastic Pipe
L to at least R=19 “..*.1' Sloped to Sump
L

s
T

stem with radial pattern.

carry more soil weight. Place air tubes carefully to
avoid settling. Trapped water can restrict airflow and
can damage the tubes. Backfill carefully so tubes are
not damaged or pushed out of line.

Anocther installation option is to use a shaliower
wide trench with two layers of tubes. Place the top
layer of tubes in the shallow trench and a second layer
of tubes in 3-4’ deep narrow trenches excavated in
the bottom of the wide trench, Fig 24. Separate all
pipes at least 4’ (6 is better) to maintain satisfactory
system performance.

Do not confuse this method with that shown in Fig
25 where many closely spaced small diameter tubes
replace one large tube in an individual trench.

Make the air inlets high enough so they are visible
above surrounding vegetation and snow—usually 3'-
4'. Risers are often PVC pipe because it is rigid,
durable, and visible.

Earth Tube System Design

This procedure sizes tubes for 2.5 times the cold
weather ventilation rate. Therefore, heat will be ade-
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gquate for milder weather and for improved cold
weather room environment.

Design Praocedure and Example
Example 6:
Design an earth tube system for a 20-sow farrow-
ing building.
Solution:

Step 1:
Determine the maximum airflow rate through
the earth tube system.

Swine: (Maximum airflow rate, c¢fm) = (Num-
ber of animals) x (Values from Table 10)
QOther animals: (Maximum airflow rate, cfm)
= (Number of animals) x (Cold weather ven-

tilating rate, cfm) x 2.5

From Table 10, the airflow rate/animal is 50
cfm/sow. (Maximum airflow rate, cfm) = 20 sows x 50
cfm/sow =1,000 cfm.

Fan to Draw Air
through Earih Tubes

Duct to Building,
insulated to at
feast R=19

Screaned Air
Inlets

2134 /100" Do o o n

|1\T il
At Least B8 -x,__\-‘ EE

Airflow —

& Slope to Sump B '.’\\——- —— Collection Sump with Pump,

- Air Distribution

Building Exhaust Fans

1.\\\;\. insulate to at least R=109

Nonperforated Buried
Plastic Pipe Sloped to
Sump

\/‘J’/v

H O . 0 o o o o o o d D
11 4"~8" dia Tubes, 4' o.c,

Fig 23. Strip trench installation.



o0.c. min

3'—4" min
- !
~|6"-8" Wide Trenches
p trench system.
Grade
he Earth Tube

Trench

o

dia Tube, 4 — B" din Tubes,
¥ long 200'-250" long

arge tube with smaller ones,

1mber of 4"-6" diamster tubes in one trench in place of
gh smaller tubes o aboul equal the alrflow capacity
er {uba. For example, the capacily of four 6" fubes Is:

ube at 450 cfm. Make the 6" lubes the same length
: 200250

design airflow rates,
size the earth tubes at 2.5 times their cold weather

Airflow rate
cfm/hd

number of tubes for three tube
um airflow/tube is in Table 11.
have 8"-12" diameter tubes for the
tubes for manifolds. The 4"-6"
: seldom economical with only one
rumber of 4"-68" tubes in one trench
one larger tube, Figs 23, 24, and

Table 11. Earth tube dimensions and capacities.

These values are based on an econcmic analysis by The Ohio State University and
field iriais by the University of [linais. Airflows are based cn a tube air velocity of
500-60C1/min. Thelengthranges are based on anaircontact {heal exchange) surfaca
of about 1.3 1o 1.8 ft* lube surlace/cim air, assuming smoofh pipe. Relafive cost is
initial cost of one foot of installed tube, 1984 prices.

. Maximum Tube Relative
Tube alﬂlowcagacny Ien%lh, cost*
dia,, in. cfmiuba S/t
4 50 65-85 0.25
5 80 80-105 0.35
6 110 100-130 0.55
B 200 130170 0.0
10 300 160-210 1.85
12 450 200-250 2.30
15 700 250-320 3.80
18 1,000 300-380 6.30
24 1,800 400-500 14.40

*Initial cost of instaliad ubs per foot of [ength. 1984 prices.

Up to a point, adding extra tubes or making them
longer reduces airflow/tube, which increases
temperature modification. See Figs 26 and 27.

By using fewer tubes than recommended, operat-
ing costs are increased. For example, with only V3 of
the original number of tubes, air velocity increases by
three times and fan operating costs increase about 27
times.

Divide the maximum airflow rate by the maxi-
mum airflow/tube to get the required number of
tubes.

For 8"-12" tube diameters, determine the maxi-
mum airflow per tube from Table 11. Divide the
maximum system airflow by the airflow/tube to get
the required number of tubes.

Maximum
airflow/tube
Tube (from Table 11} Required number of tubes
dia, in, cfm {maximum airilow rate=1,000 cfm)
B 200 1,000 ctm/200 ¢fm =5
10 300 1,000 ¢lm/300 ¢fm=3.33 or 4
12 450 1,000 cfm/d480 ¢fm=2.22 or 3

Step 3:

Determine the required tube lengths from Table
11. Tube length partly depends on soil type. The
shorter length is for wet clay soil; the longer length
is for dry sand. Another option for dry sand is to use
more, but shorter, tubes. Make all the tubes the same
Ieril)gth to help assure equal airflow through each
tube.

Itis not economical toincrease tube length beyond
the range recommended in Table 11.

Tube dia.,, in. Tube length, ft
8 130-170
10 160-210
12 200-250
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60 - Temperature Increases from
Added Tubes:
[]312 cfm x 1 twbe = 312 cfm
2] 208 ofm » 1 tube = 208
50 - 7771104 cfm x 2 tubes = 208
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Fig 26. Airflow/tube affects thermal performance.

Alrflow/lube rates other than those in Table 11 are genarally not economical. Adding
tubes reduces airflow/tube which increases temperalurs medification, butaltera pain!
theadded banefitdoes notpay for ihe added cost. Inthis case, decreasing airflow/lube
from 208 cim to 104 cfm by doubling the number of tubes added only 1 F-6 F.
Decreasing airflow from 104 cim to 26 cim with four imes as many tubes (eight times
enough for 208 cfm) increases tamperature coly 1 F-2 F. Increasing airflow in one
fube by 50% {208-312 cim) reduced lemperature rise 1 F-5F and also increased fan
energy requirements, Source: Compuler analysis of a 20-sow larrowing building in
Ohio for 8"x164' tubing about 6' daap.

Step 4:
Select the best tube diameter for your system
based on installation costs and space constraints.

Step 5:

Determine tube depth. The minimum recom-
mended depth is 6, but depths down to 12’ perform
better. The best thermal performance may not be at
the most economical depth. The most economical
depth depends on trencher type, geographic location,
and soil type.

Trenching costs may increase dramatically from
one depth io another. For example, a modified
trencher may reach 8, but a more expensive backhoe
may be required if the tubes should be deeper. With
higher installation costs for greater depths, less
depth may give a better economic return, In northern
latitudes, you can afford to pay more to bury the tubes
deeper. See "Tube Installation” section for a safety
warning.

Fig 27. Tube length affects thermal performance.

In this case, four timas as much length (33'-131') doubled air heating and 12 times as
much length (33-394'} did not triple heating. Making tubes longer than recommended
adds anly a few degrees of temparature and is seldom economical.

Source: Computer analysis of a 20-sow famowing building in Ohio for 87x184' ubing
abaut & deep.

Step 6:

Determine tube spacing. Space radial tubes as
far apart as possible. Space lateral tubes at least 4’
apart to ease installation and improve soil heat
storage. Smaller diameter tubes replacing one larger
tube in a trench, Fig 25, can be close together.

Tube spacing can vary and the tubes can be curved
somewhat, but avoid abrupt turns.

Step7:

For lateral tube systems, determine manifold
sizes. Size manifolds to carry the combined airflow
of all the tubes that connect to them. See Table 11.

If five 8" diameter tubes are installed as in Fig 22,
with one tube entering the sump directly, two
manifolds carry a maximum airflow of:

2 tubes x 200 cfm/tube = 400 cfm

From Table 11, select a 12" manifold to carry 400
c¢fm and 8" to carry the 200 cfm to the outermost
tubes.



p. Build the sump from large
culverts, reinforced concrete, or
w for connecting all the tubes to
1mp cross-sectional area to keep
00 fpm:

stional area, ft* = airflow, cfm =

sides, and bottom of the sump
sof insulation to at least R=19.
n with a rodentproof liner.
mp cross-sectional area for1,000

) fpm = 3.33 ft*

1p-to-building duect. Insulate
R=19. Make the duct’s cross-sec-
as big as the sump’s. Make all
and duct airtight to prevent
fthe air.

fan. Do not depend on negative
1ilding’s exhaust fans to pull air
round tubes. Install the tube fan
-building duct connects fo the
¢ through the tubes and blow it
is fan must deliver the maximum
tic pressure.

flow rates, the earth tube system
he cold weather rate. To get the
e earth tube system, try to run it
v rate even during cold weather.
another room or building during
additional air capacity cannot be
speed tube fan. Try to get a fan
it the cold weather rate (Table 2)
at the tube design rate (Table 10

farrowing building, the tube
nilated earlier at 1,000 ¢fm. The

fm/sow (Table 2} =400 cfm
:1,000 cfm; low volume = 400 cfm

ing’s air distribution duct. Use
1¢ air distribution duct for the
rate. The duct may be slightly
ler. Insulate the duct to at least
nsation on the outside ofthe duct.
be design rate of 1,000 c¢fm and

size is 16"x16", 8"x30", or 18"

Table 12. Ventilating duct sizes.
Based on a duct air velocity of 600 fpm,

--------- Minimum duct size«v=v----

Airflow Areg ----- Inside dimensiong=«----
rate, cfm in WxH, in. WxH, in. Dia., in.
200 48 BxB 4x12 8
250 60 8x8 6x10 g
300 72 Bx9 6x12 10
350 84 9x10 Gx14 11
400 a6 10x10 6x16 12
500 120 10x12 6x20 13
600 144 12512 6x24 14
700 168 12x14 8x22 15
800 192 14x14 8x24 16
S00 216 14x16 8x28 17
1,000 240 16x16 8x30 18
1,250 300 18xi8 10x30 20
1,500 360 18x20 12x30 22
2,000 480 20x24 14%38 25
2,500 600 24%26 16x38 28
3,000 720 24x30 18x40 3
3,500 840 28x32 18x48 33
4,000 960 30x32 20x48 35
5,000 1,200 34x36 24350 39
5,000 1,440 36x40 24%60 43
7,000 1,680 40x42 28x60 47
8,000 1,920 4dxd4 32x60 50
9,000 2,160 46x48 36x60 53
10,000 2400 48x50 40x80 56
12,000 2,880 54x54 48x60 61
15,000 3,600 60x60 50x72 68
Step 12:

Design the building’s ventilating system. The
amount of air moved through the building by the
ventilating system varies with outside temperature,
so Table 2 gives three rates: cold, mild, and hot
weather rates. At the cold weather rate, pass all the
inlet air through the earth tubes and distribute it in
the building through a zone cocling system, Fig 34.

Atthe mild weather rate, pass most of the building
inlet air through the earth tubes at the tube design
rate, Table 10. Distribute the earth tube air to the
animats through a zone cooling system. Bring the
remaining inlet air in through conventional ventilat-
ing inlets.

At the hot weather rate, pass some of the building
inlet air through the earth tubes at the tube design
rate, Table 10. Distribute this air through a zone
cooling system. The tube design airflow rate for each
sow 15 50 cfm. From Table 13, the required downspout
sizeis 3"x3" or 4" diameter. Bring the remaining inlet
airinto the building through conventional ventilating
inlets.

From Table 2, the ventilating rates for a 20-sow
farrowing building with a zone cooling system are:

Cold weatherrate: 20 sows x 20 c¢fi/sow =400
cfm
Pass all 400 cfm of the inlet air through the

earth tubes and distribute the air
throughout the room,

Mild weather rate: 20 sows X 80 cfm/sow =
1,600 cfm
Pass 1,000 cfm of the inlet air through the
earth tubes and distribute it in the building
through the zone cooling system. Bring the
remaining 600 cfm of inlet air in through
conventional ventilating inlets and control
with thermostats.

Hot weather rate: Because a zone cooling
system is used, the hot weather rate can be
halved:

20 sows x 500 cfm/sow x 14 = 5,000 ¢fm

Pass 1,000 efm of the inlet air through the earth
tube and distribute it in the building through the zone
cooling system. Bring the remaining 4,000 cfm of inlet
air in through conventional ventilating inlets and
control with thermostats.

Table 13. Downspouts for zone cooling.
Sized for 803 ipm air velocity.

Airflow AreE Inside dimensions
cfm in WxH, in, Dia., in.
10 1.8 Taxits fla
15 27 FETYE 2
20 3.6 x2 214
25 45 2x2% 2%
30 54 2%2% 3
35 6.3 2x3% 3
40 7.2 2%3% 3
45 8.1 321 4
50 8.0 x3 4
55 a9 I 4
60 10.8 3x3% 4
65 1.7 3x4 4
70 12.6 Ixdyy 4
75 13.5 3xdvs 4
100 18.0 Ax4ys 6
125 22.5 4x5% 8
150 21.0 4x6y 6
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Tube Installation

Slope tubes 3"/100" toward a sump at the building.
Drain the sump with a pump—usually a typical base-
ment sump pump. In field tests, about 5 gal water/hr
were removed from a 1,000 cfm nonperforated tube
system. The tubes can be sloped away from the build-
ing and drained by gravity if there is a natural
drainageway nearby. Install a pipe to drain water
from the bottom of the air inlet end of the tube to the
natural drainageway. Form a "U" trap in the
drainage pipe near the outlet to prevent animals and
air from entering..

Constant slope is critical because any dips in the
tube could fill with water and reduce or block airflow.
Small diameter tubes are more susceptible to this
than thelarger ones. Carefully check the slope of each
line before baclfilling.

Trenchers equipped with laser plane grade guides
ensure a constant slope. Most trenchers are
restricted to depths ofless than 6, but some trenchers
have been modified to reach an 8-10° depth., If
modified trenchers are not available, remove a few
feet of topsoil before trenching to allow the trencher
to reach depths greater than 6’. However, this addi-
tional cost reduces the economic benefit. Larger back-
hoes are normally more expensive but can, with care,
maintain a constant slope at depths down to 12’

Caution: trenches deeper than 4’ pose a potential hazard
from the collapse of the earth walls on workers. Use wall
sharing where danger of collapse exists.

Occasionally, the tubes or the T-connectors on the
manifold collapse during backfilling, making the en-
tire tube useless. Round the botfom of the trench to
fit the tubing. Install the tubing according to ASTM
F449 specifications. You can obtain a copy from the
American Society for Testing and Materials, 1916
Race St., Philadelphia, PA 19103. Before backfilling,
check the inteprity of all tube couplings. Consider
covering the T-connectors with concrete and letting
the concrete set before backfilling.



6. COOLING
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Air Circulation

During summer, air circulation helps distribute
inlet air and provide higher air velocities past
animals. In naturally ventilated buildings, circula-
tion fans can help on still days. .

Research has shown no improvement in milk
production with high air velocities (790 ft/mi_n) past
cows at 65 F and 80 F. At 95 F, milk production was
higher with high air velocity than with low air
velocity (about 300 ft/min). In growing swine, in-
creased air velocity does not improve productivity.
For young pigs, it may decrease rate of gain. _How-
ever, mature pigs benefit from high air velocity at
temperatures above 85 F. Pouliry appear to benefit
from high air velocity, especially broilers. L

Air circulation cannot replace a good ventilating
system. Before installing air circulating fans,
evaluate the ventilating system.

If air circulation fans or ducts are provided, hot
weather ventilating rates in Table 2 can be reduced
as much as 40% for boars, breeding sows, mature
dairy and beef cows, horses, and sheep. _

Circulate air with axial fiow fans to circulate air
horizontally or paddle fans to direct air either up or
down across animals, Locate axial flow fans within
the building to create a rotational "racetrack” airflow
pattern, Fig 28. Direct airflow down toward the
animals in summer and upward in winter. Space
circulation fans no more than 25 fan diameters apart.
For example, space 24" fans no more than 50’ apart.
Circulation fans can be rated for free air and should
have sealed motors. Unit heater fans can be run
continuously to help improve circulation.

.
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Fig 28. Circulating fans.

Large diameter paddle fans can direct air
downward or upward across animals, Fig 29. The
greatest influence is directly below the fan. Follow
manufacturer’s recommendations for fan spacing. If
this information is not available, space fans 25" apart.

With some breeds of poultry, slow moving
shadows created by lights near paddle fans are inter-
preted as flying predators. Enclosed fan blade ho:us-
ings are recommended. Contact your extension
poultry specialist for more information.

Fig 29. Large diameter paddie fan.

A negative pressure with recirculation duet sys-
tem can provide air mixing and increased velocity
past animals.

Water Cooling

Wetting an animal’s skin and allowing the mois-
ture to evaporate can provide substantial cooling, A
slight breeze or forced air movement increases the
evaporation rate and improves cooling.

Pasture wallows provide good wet-skin cooling for
swine. Shade wallows to reduce solar heat, maintain
cooler water temperatures, and improve effective-
ness. Do not sprinkle water on concrete without a
shade or swine may sunburn. Provide drainage away
from concrete in a dirt lot to avoid creating a mud hole
next to the concrete,

Sprinkler cooling

The best sprinkler cocling systems wet the
animal, then allow moisture to evaporate. For swine,
athermostat connected in series with a timer-control-
led solenoid provides automatic wetting. Adjust the
time interval and nozzle size to deliver 1 gal of
water/hr/10 pigs. Start sprinkling when temperature
reaches 85 F and sprinkle long enough to wet all the
swine. Knowledge of the water system flowrate and
pressure is necessary to size nozzles and water lines.
Tables 14 and 15 give example water nozzle and line
sizes. Select non-corrosive nozzles designed to pro-
vide a solid cone of water droplets, not a fog. A fogger
cools the air; a sprinkler directly cools the animal.

Holding and feeding areas for dairy cattle can be
effectively cooled by spraying from above. Usge either
sprinklers or misters with droplets large enough to
wet cows’ skin. Use sprinklers in windy or high air
velocity situations. Sprinklers and misters are
preferred because they wet the animal more than
foggers. If possible, shade the sprayed area. Open the
sprayed area to prevailing breezes to improve
evaporative cooling. Use circulating fans where
natural breezes are not sufficient. Allow animals to
circulate freely between sprinkled areas and dry
areas,

Size sprinkler nozzles and water lines for 0.5
gal/min, Locate sprinlkiers 10’ above the ground and
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10’ 0.c. Operate sprinklers when the air temperature
is above 80 F. If possible, direct the spray toward the
middle of the cow’s back. Control the sprinkler on-off
cycle with a timer.

Do not spray dairy cattle in free stalls, alleys
directly adjacent to free stalls, and loafing areas.
Spraying in these areas can cause wet conditions in
the cow resting area which can increase mastitis
problems,

Sprinkling beef cattle in feedlots to suppress dust
and heat is practical when it is dry and hot. The
optimum effect is obtained when air temperature is
above 80 I and relative humidities below 40%. When
relative humidities are above 40%, the effectiveness
is reduced but some cooling is still accomplished.
Operate sprinklers when the air temperature is 85
F-90 F and control the sprinkler on-off cycle with a

timer. The recommended cycle is on for 2-3 min. every
15-20 min.
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Fig 30. Sprinkler with solenoid vaive control.
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Fig 31. Sprinkler with float valve control.

Use this system where the rate of water supply is limited. The water supply fills tha
fank almes! continuously while the large capacity sprinkler runs intervittently. Selest
a sump pump for at least 30 psi pressure,

Drip cooling of swine

Drip cooling systems emit small water droplets
directly on the neck and shoulders of farrowing sows.
This area has a high blood flow which enhances heat
transfer from the skin. Only a small portion of the



yzzles for swine groups.

zzle per pen at least 6' above fioor, centered over the
provide a solid cone, low drift, and farge droplets. For
5 min. out of each hour. In larger syslems, flowrate
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0.40
.60
2 nozzles at 0.40
2 nozzles at 0.50

i lines for sprinklers.
I maximum pressure drop and 4 fU/second maximum

Maxirmum flow
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T supply pipe, 1" polyethylene,
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15 boar pens. Locate the nozzle in
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-Rubber or Plastic Mat

T i

ows in farrowing stalls.

Evaporative Cooling

Principles

Evaporative coolers use heat from air to vaporize
water. This lowers the air temperature, but increases
the relative humidity.

Lower relative humidity of incoming air to in-
crease the effectiveness of the evaporative cooling
process. Evaporative coolers are more effective in dry
western states but can be helpful in the Midwest
during the hottest part of the day by providing up to
20 F of cooling.

Evaporative coolers

Commercial evaporative coolers are available for
livestock buildings. Air is drawn through wet pads or
foggers into the animal area. Most units pump water
from a sump to a fibrous pad. One commercial unit
rotates a drum-mounted pad through a pan of water.
Pads can be mounted on the sidewalls, endwalls, or
roof. Wall-mounted units are easier to maintain than
roof units.

Provide airflow through the evaporative unit at
the hot weather ventilating rate given in Table 2. For
boars, breeding sows, mature dairy and beef cows,
horses, and sheep, airflow rates in Table 2 can be
reduced up to 40% because of evaporative cooling. On
hot, humid days evaporative cooling is not as effec-
tive, If the hot weather ventilating rate is reduced,
install circulation fans to help coal animals. If the
pads do not cover the full length of the building, use
circulation fans to distribute the cooled air. See the
"Circulating Fans" section.
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Design

Table 16 gives pad size and water requirements
for a wall evaporative cooler, Fig 33. Cover pads with
insulated doors during winter.

Supply water to the pads with a water sump and
overhead distribution system. Rigid plastic pipes or
open rain gutters with evenly spaced holes allow
water to drip uniformly over the pads. Pipe size, hole
size, and spacing depend on water flowrate and are
sized for each system, For best evaporative efficiency,
more water is supplied than is evaporated. To con-
serve unevaporated water, provide a return to the
sump. A sloped gutter below the pads collects and
conveys unevaporated water back to the sump. Con-
trol make-up water line with a shut-off float valve.

Protect the water distribution system from insects
and debris. Screen recirculated water before it
returns to the sump. Algo, install a filter between the
pump and the distribution pipe or gutter.

Control the system with a thermostat set to begin
wetting pads at about 78 F. To reduce algae growth
on the pad, stop the pump several minutes before the
fans to dry pads after each use.

Example 7:

Size the pads, sump tank, and pumps for a 24’x54’
building housing 48 gestating sows. Aspen pads will
be placed along one sidewall as shown in Fig 33.

Solution:

The hot weather ventilating rate cannot be
reduced 40% for gestating sows, Size the pad for the
hot weather ventilating rate in Table 2.

Total airflow: 48 sows x 150 efm/sow =7,200 cfm

Required pad area is: 7,200 ¢fm x 6.67 £t* (Table
16) + 1,000 cfm = 48 ft*

Required pad length, assuming 2’ high pads: 48
ft? = 2'= 24

Use four 6’ long pads spaced evenly along the
sidewall opposite the fans. Block off the area between
the pads and other inlets so all the incoming air
passes through the pad. Install circulation fans in the
building to distribute the cooled air.

Sump tank size: 48 ft® x 0.5 gal/ft® of pad (Table
16) =24 gal

Table 16. Evaporative cooling design criteria.
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Pad water pump capacity: 24’ long x 0.33
gal/linear ft of pad (Table 16) = 8 gpm

Maximum rate for make-up water on a hot, dry
day: 48 ft*x 1 gpm + 100 fi? (Table 16)=0.48
gpm

Maintenance

Evaporative cooling systems require regular
maintenance for proper operation. Develop a main-
tenance schedule from the following guidelines:

- Replace woven aspen fibers annually.

- Cellulose pads have a life of about five years.
Replace within five years.

» If the pad settles, add more pad material so air
does not short-circuit.

- Hose pads off at least once every two months to
wash away dust and sediment.

» Control algae buildup with a copper sulfate solu-
tion in the water. Light-tight enclosures around
pads and water sump also help control algae.

- As water evaporates, salts and other impurities
buildup. Bleed off 5%-10% of the water con-
tinuously to remove salts or flush the entire
system every month. Caution, bleed off water
can be toxic--dispose of properly.

Air Conditioning Systems

Corrosive gases and dust in livestock environ-
ments do not allow cooled air to be reused. Livestock
building air conditioners must continually cool hot air
in a one pass process. Livestock buildings are seldom
air conditioned because of cost. Air conditioning sys-
tems are sometimes used to cool expensive breeding
animals such as Al boars and bulls,

Zone Cooling

In hot weather, most animals lose 60%-70% of
their heat through evaporation from the respiratory
tract. Zone cooling the area around the head helps
improve cooling. Zone cooling is generally used for
stall- or tether-restrained animals and occasionally
for animals in individual pens. In swine farrowing
buildings, zone cooling makes the sow more comfort-
able while allowing higher temperatures in the pig
creep.

Air for zone cooling can be unconditioned outside
air, mechanically conditioned air, or earth tube
tempered air, Use only fresh air. Do not use evapora-
tively cooled air with a relative humidity above 80%
for snout cooling—mechanical cooling warks best be-

Maximum make-up

Fig 33. Evaporative cooling system.

Veniilating exhausi fans pull hot air {hrough wet iber pads. Air heat evapoerates the
waler and lowars air temparaluras.

ad area Sump tanlg size Pad purap capacity* water rate,
Pad type 11,000 cfm galft gpmilinear ft opm/100 ft
Aspen 6.67 0.50 0.33 1
Callulose 4.00 0.75 0.50 1

*Maximum height of 6",
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Table 17. Swine zone cooling airflows.

With non-mechanically conditioned air (i.e. earth tubes), ventilate the room al the hat
weather rate from Table 2 in addition to zone cocling. With mechanically conditioned
or cooled air, no additionat hot weather ventilaion is required bacause air is cocled
and dehumidified in one pass.

Non-mechanically
conditionad air

Mechanically
conditionad air

Swine lype Zone Room Zone

---------- cimfanimal - ---------
Farrowing sow 70 500 40
Gestating sow 35 150 20
Boar 55 300 30
Example 8:

Determine the airflow and duct size requirements
of a zone cooling system for a 20-sow farrowing build-
ing. Use non-mechanically conditioned air.

Solution:

Step 1:

Determine recommended downspout and main
duct airflow. From Table 17, 70 cfm/downspout is
required. Main duct airflow is 1,400 cfm (70 cfm/sow
% 20 sows).

Step 2:
Determine size of downspout from Table 13. Use
a 4" diameter downspout.

Step 3:

From Table 12, size the main duct. A 12"x30"
plywood duct (interior dimensions) is adequate for
1,500 c¢fm if insulation is ouiside the duct. Increase

duct’s dimension to allow for insulation placed inside
of the duct.

Step 4:

In addition to zone cooling, ventilate the room
with a conventional ventilating system. Provide the
hot weather ventilating rate from Table 2. Total
ventilating capacity is 10,000 cfim (500 cfm/sow x 20
SOWS).

7. INSULATION

Ingsulation is any material that reduces heat
transfer from one area to another. The resistance of
a material to heat flow is indicated by its R-value.
Good insulators have high R-values, Table 18.

During cold weather, insulation conserves heat,
reduces supplemental heat required, maintains
warmer ingide surface temperatures, and reduces
condensation and radiant heat loss.

During warm summer months, insulation reduces
heat gain, improving comfort and reducing cooling
costs. The temperature of the walls and roofs of
buildings exposed to direct sunlight can be as much
as 50 F above air temperature.

In a poorly insulated building, inside ceiling and
wall surfaces become cold in winter. If the surface
temperature is below the dew point temperature, air
next to the surface becomes saturated and moisture
condenses, Fig 35. If the surface temperatureis below
freezing, frost occurs.

Five common forms of insulation are:

1. Batt and blanket. The most common.

2. Loose-fill. Good for ceilings of existing build-
ings and can be blown into the stud spaces of
exigting walls. Ifimproperly installed, insula-
tion can settle in walls, leaving the top inade-
quately insulated.

3. Rigid imsulations. Provide rigidity and
strength that other insulation types do not.

4. Foam or foamed-in-place insulation.

5. Reflective materials. Like aluminum foil,
reflect most of the radiant heat that strikes it
if an air space is provided. Radiant heat loss
is a small part of the total heat loss. Several
air spaces are needed to resist heat flow by
conduction and convection. Dust and cor-
rosion greatly reduce reflective insulation
values.

Insulating effectiveness of an air space depends
on its position, and thickness. A ¥4"-4" thick non-
reflective dead air space has a maximum R-value of
about R=0.9. See Table 18 for R-value of reflective air
space.

Where 1o Insulate

Use insulation in all spaces that are heated in
winter or cooled in summer. In addition to walls,
ceilings, and foundation perimeters, consider insulat-
ing:
Under metal roof surfaces in cold housing where
winter or summer weather conditions are severe, to
reduce radiant heat gain and moisture condensation.

« Under heated floors.

» Heating or ventilating ducts passing through

unheated spaces.
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Fig 36. Warm, properly insulated wall surfaces.
The warmer the surface, the less Ekely it will have condensation.

» Raised floors with an unheated space below.

- In winter, windows and summer ventilating fan

openings,

Insulation Levels

The amount of insulation needed in farm build-

ings depends on factors such as expected outside
temperature, length and severity of heating season
(degree days), number and size of animals housed,
desired inside temperature, and economics.

Cold buildingsusually do not require insulation.
However, in severe climates, insulation can be in-
stalled in the roof of cold buildings to reduce solar
heat gain in summer and condensation in winter.
Examples are cold free stall barns and open-front
livestock buildings. Compare the benefits and cost of
providing properly protected insulation.
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Modified environment buildings rely on
animal heat and controlled natural ventilation to
remove moisture and maintain desired inside
temperatures. Insulation is required to conserve heat
and control condensation. Examples are warm free
gtall barns, poultry production buildings, and swine
finishing units.

Supplementally heated buildings require
extra heat to maintain the desired inside tempera-
ture. Examples include farrowing buildings, farm
ghops, and offices. Cold and modified environment
buildings requiring supplemental heat in a small
area, such as brooders in an open-front building, are
not classified as supplementally heated.

Recommended minimum insulation levels for de-
gree-day zones are in Table 19. More insulation may
be justified with increasing energy costs in sup-
plementally heated buildings.

Fig 37. Heating degree days.
These values can vary considerably in mauntainous areas. Check local records.

Table 19. Minimum insulation levels for animal buildings.
R-values are for building sections, In cold barns wilk mature animals, no insufalion s
neededinihewalls o rool. Insevere climates, insulalion {R=5}inthe root helps control
condensation and frosting and reduces summe heat load,

Recommended minimum R-values

Modified Supplementally
Heating environment heated
degree days Walls Roof Walls Ceiling
2,500 or less 6 14 14 22
2,501-6,000 12 14 i4 25
6,001 or more i2 25 20 33

Moisture Probiems

Most building materials are highly permeable and
are not good vapor barriers. Prevent moisture
problems in building sections by installing a vapor
barrier on the warm side of all insulated walls, ceil-
ings, and roofs.

One of the best vapor barrier materials for farm
structures is polyethylene film. It is low cost, easily
installed, and not affected by corrosive agents nor-
mally found in farm building environments. A 4-mil
(0.004") thickness is commonly used, but 6-mil
(0.006") is easier to handle without tearing.
Aluminum foil can also act as a vapor barrier.

Roofing

3 1/2" Blanket
Insulation, R = 13

Yapor Retarder

Purling

Siding

Ryay = 1447

L 3/8" CDX Plywood,

R = 047

31/2" Boll

Insulation, R = 13

UUUL WU

Vapor Retarder

1/2" Plywood,
R =082

RRDG[ = 14.32

Fig 38. Modified environment building insulation,
R-valuss of batt instlation can vary-—check the label.

Metal Roofing

Insulation Slop

Purlins

9" Loose Fill.
. Insulation,
R =250

[=><]

3/4% x 3/4"
Hardware Cloth

Vopor Harvrier
[ﬂ Celling

3/8" CDX Piywood,
R = 0.47

Metal Siding

Rugy = 1432

%

3 1/2" Blanket
Insufation, R = 13

Roper = 2583

Fig 39. Supplementally heated building insulation.

For areas where winter degree days are less than 6,000. R-values of batt insulation

can vary—check the label.
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Use vapor barriers with sheet metal ceilings and
walls. Although metal is a good vapor barrier, joints
and screw holes create many openings for moisture
to pass through. With rigid board insulation, moist
air passes through board joints and condenses. Fol-
low manufacturer’s instructions for sealing board
joints.

Vapor barriers are interrupted by joints, holes for
electric boxes, windows, augers, nail holes, ete. Min-
imize interruptions by taping joints and sealing other
interruptions to reduce moisture movement,

Fire Resistance’

Many plastic foam insulations have high flame
spread rates. Insulation in farm buildings that have
high flame spread rates must be protected from
potential fire. If plastic foam insulations are not
protected from potential fire, your insurance com-
pany may refuse to cover the structure.

To reduce risk, protect plastic foam insulation
with fire-resistant coatings. Do not use fire rated
gypsum board (sheet rock) in high moisture environ-
ments such as animal housing. Materials that pro-
vide satisfactory protection include:

» Iire rated 14" exterior plywood.

-« 14" thick cement plaster.

« 14" thick sprayed-on magnesium oxychloride (60

1b/ft?) or 12" of the lighter, foam material.

Birds and Rodents

Protect insulation from bird and rodent damage
with an inside liner. An aluminum foil covering is not
sufficient protection.

Cover exposed perimeter insulation with a protec-
tive liner and maintain a rodent control program.
High density fiberglass reinforced plastic is
preferred. Foundation grade plywood, 33", resists
physical and moisture damage but is not rodentproof,
Seal holes and cracks in walls and ceilings to limit
rodent access. Screen eave vent openings with 34"
hardware cloth to exclude birds.
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The treatment-hospital area is usually a separate
room with its own mechanical or natural ventilating
system. Design the system to accommeodate varying
animal densities. If water freezing or worker comfort
is a concern, consider an individual space heater,
central heating system, or heating tape on pipes. A
frost proof water system allows this area to be un-
heated when not in use.

= = b
5 =
5 5 Hloes  ef
& &
O (=3
= =
= E %
é
2
Winter ¢
Heat In :
40a. Winter. 40b. Summer.

Fig 40. Using compressor heat.

Relain compressor heat in cold weather and remove it in warm weather. Size tha
cross-sectional area of all air passages al lsast 1% fimes the condenser area.
Conslder ducting utility room heat 1o milking parfor during cold weather,

Milking parlor

Exhaust fans remove excess heat and moisture,
circulating fans move air in the operator pit, and a
heater controls temperature.

Parlor heating can be radiant, floor, unit space, or
central heating systems. Consider total milking cen-
ter heating needs when selecting the parlor heating
system.

Hang radiant heaters to direct heat toward the
cow’s udder and the milker's hands. Turn on radiant
heaters with a manual switch during milking.

Electric heating cable or hot water pipe is some-
times used in the milker’'s pit floor and on cow ramps
where ice and snow are a problem. With heafing
cable, provide 20-30 W/ft* capacity on a manual
switch.

A central forced air system is shown in Fig 41. A
central hot water system can heat each room with
convectors, Fig 42, which allow for individual

temperature control in each room. Local regulations
may not allow this system if the same heat exchanger
is used in preheating the washwater.

With a central forced air system, use a down draft
furnace with easily changeable filters. Use an in-
duced draft or powered vent furnace to force exhaust
gases out powered dampers. Duct hot air into the
milker’s pit about 8" above the floor; direct air toward
the floor, Locate cold air returns high on the wall.

Install at least 50,000 Btu/hr (15 kW) for a double
4 herringbone and 70,000 Btu/hr (20 kW) for a double
6 or 8 herringhone milking parlor, Table 4. In north-
ern states these heat capacities may need to be
doubled for existing lightly insulated millking parlors.
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Fig 41. Forced air central heating system.
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Fig 42. Hot water central heating system.

33

Milk room

This room requires good environmental control
and cleanliness for milk storage, equipment cleaning,
and equipment storage. Supplemental heat may be
needed to prevent freezing.

Draw clean air into a positive pressure ventilating
system; put filters on fan inlets. A 600-800 c¢fm fan is
usually sufficient, except consider a larger fan if
compressors are in the milk room,

Heat the milk room with a unit heater or central
heating system to prevent freezing. Do not use a
forced air system that mixes return air from the
parlor, treatment area, etc. with air blown into the
milkk room because it can be contaminated. Central
hot water heating systems do not have this problem.
Set thermostats high enough to prevent freezing,
except when higher temperatures are needed for
chores.

Other areas

Use an individual heater separate from the milk-
ing parlor to heat the office and toilet. Heater size
depends on building size and insulation levels and
winter design temperatures. Install a small exhaust
fan in the toilet room and extra summer ventilation
or air conditioning in the office.

Maintain a storage room between 40 F-80 F.
Freezing can damage medical supplies, while high
temperatures can accelerate rubber component
deterioration. Maintain safe storage temperatures
with a supplemental heater or duct from a central
heating system. Do not use air exhausted from the
utility room or that room may get too cold.

In an interior space with all surrounding walls
insulated, additional heat may not be needed. Heat
from refrigerators used to store rubber products and
pharmaceuticals helps keep the space warm. Provide
fresh air and a thermostatically controlled exhaust
fan to control temperature rise. Do not bring air from
dusty driveways or animal housing into the storage,

Locate the compressor, vacuum pump, water
heater, and furnace in a utility room kept above
freezing with equipment heat.

Ventilate for efficient equipment operation. Pro-
vide a thermostatically controlled exhaust fan to con-
trol temperature rise. Size the fan for one air ex-
change per minute. Provide 1 ft* air inlet/600 cfm fan
capacity. Cover air inlets with gravity or motorized
louvers that open when the fan turns on. In winter,
move excess heat to other rooms with a fan and duct.
During summer, exhaust excess heat outside, Fig 40.

Dairy Design Example

Example 9:

Design warm housing ventilation for 16 calves
(0-2 mo.) near Madison, Wisconsin for the youngstock
barn of Fig 43. Calves are in 2'x4’ elevated crates;
young heifers are on bedded pack.
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ate: 15 ¢fm/hd x 16 hd =240 e¢fm
ate: 50 c¢fm/hd x 16 hd = 800 efm
ite: 100 cfm x 16 hd = 1,600 ¢fm

mtinuous cold weather fan; 560
1 (800 efm-240 cfm); 800 cfm hot
fm-800 cfm).

Jne is not needed for the con-
the other two fans with thermo-
veather fan thermostat at about
ather one at about 70 F.

1eat: Provide supplemental heat
, about 60 F. Estimate the sup-
ze from Table 4, Chapter 3. For
Btu/hr-hd, estimated heater is
nlate heater size more precisely
it procedure includes conduction
wilding parts, ventilation heat
ion heat loss, as well as heat

rmostat has an on-off range of 4
yom temperature is 60 F, set the

» R=20 and the ceiling to R=33.
vapor barrier.

usually in 2’x5’ elevated wooden
;week of age (1001b). Start calves
the temperaturel F every 3 days
re reaches 50 I.

iir relative humidity at 50%-60%
40%-50% for smaller calves.

tther fans. The lower capacity fan
ventilation when calves weigh
‘her capacity fan for winter ven-

tilation for 400 Ib calves. Increase airflow with a
timer as calves grow. Operate the lower capacity fan
continuously.

Draft control is important for veal calves. In cold
weather, temper ventilating air before it enters the
calf room. Locate and design inlets to minimize high
air velocities around calves.

Air tempering

Temper ventilating air with furnaces in a heated
corridor, air-to-air heat exchangers, earth tube heat
exchangers, solar collectors, or a combination system.

Size tempering heaters to warm ventilating air to
40 F. Do not heat the air to 50 F, the desired room
temperature, because calf heat helps warm the room.
A gas valve modulating type furnace maintains con-
stant temperature in air tempering corridors or use
multiple farnaces with thermostats set to control
furnaces based on heating needs.

Supplemental heat is needed to maintain desired
room temperature, Size heaters as in Chapter 9 and
Example 10.

In hot weather, sprinkie walkways for cooling.
Room heat evaporates water from the floor and cools
TOOm air.

Veal Calf Design Example

Example 10:

Design the ventilating system for a four room veal
barn with 100 calves per room in southern Wisconsin.
The building is 50'x264’ with a side air tempering
corridor, Fig 44. Ceiling height is 9.

Solution:

Ventilate each room by drawing air from the cor-
ridor through a slot inlet.

Ventilating rates for each room:

Cold weather, 100 1b calves:
10 efm/100 1b x 100 calves x 100 lb/calf =
1,000 cfm

Cold weather, 400 1b calves:
10 cfm/100 1b x 100 calves x 400 1b = 4,000
cfm

Mild weather:
20 cfm/100 1b x 100 calves x 400 1b = 8,000
cfm

Hot weather:
50 ¢fin/100 1b x 100 ealves x 400 1b = 20,000
cfm

Cold weather fan: 1,000 cfm continuous fan.
Install a second fan for minimum ventilation for
larger calves: 3,000 cfm (4,000 c¢fm - 1,000 cfm).
Install a timer on this fan to adjust as calves grow.

Mild weather fan: 4,000 cfm (8,000 cfm - 4,000
cfm) fan on a thermostat set at 77 F.

Hot weather fan: 12,000 ¢fm (20,000 ¢fm — 8,000
cfm) on a thermostat set at B2 F.

Locate exhaust fans in the outside wall opposite
the corridor. Cover and insulate the hot weather fan

during winter to reduce drafts. See MWPS-32,
Mechanical Ventilating Systems for Livestock Hous-
ing, for inlet design.

Corridorinlets: Box inletsin the corridor ceiling
bring air from the attic. Provide 16-2’x2’ area inlets
evenly spaced along the corridor. A slot at least 6"
wide is needed for enough outlet area. Open windows
or doors in the outside wall of the corridor for more
summer ventilating inlet areas.

Corridor furnace: Fans can deliver air about
50"; space four furnaces uniformly in the corridor.
Run furnace fans continuously in winter. The fur-
naces must heat air from -10 F to 40 F. Size furnaces
for the maximum cold weather ventilating rate of
4,000 cfm/room.

Heating capacity: 4,000 cfm/room x 4 rooms x
1.1 Btu-min/F-hr-ft* x (40 F - (-10 F)) = 880,000
Btu/hr.

Use four 200,000 Btu/hr heaters (880,000 Btuwhr
+4). Set heater thermostats at 38 F. Vent furnaces or
increase ventilating rate by 3,200 cfm (2% cfm/1,000
Btu-hr).

Calf room heaters: Size room heaters to main-
tain desired room temperature when calves are first
put in the room. Determine the heat losses due to
evaporation, ventilation, and through building sur-
faces and heat produced by animals to determine
furnace size. Use the minimum cold weather ventilat-
ing rate of 1,000 cfm/room.

Determine building surface heat loss with Eq 2,
Appendix.

Ceiling heat loss + wall heat loss =building heat
loss
2,640 ft? x (70 - (-10)F + (33 Btw/hr-ft>-F) +
954 fi* x (70 — (-10)F + 20 Btw/hr-ft*F =
10,216 Btu/hr

Heat loss from water evaporation is about 83,000
Btwhr for this problem. Check with your state exten-
ston agricultural engineer for help with calculations
for your situation,
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Determine heat loss through ventilating air with

Fq1l. Minimum cold weather ventilating rateis 1,000
cfm.

1,000 efm x 1.1 Btu-min/hr-ft*-F x (70 — 40)F =
33,000 Btwhr

Determine heat produced by the animals. From
Tabie 20, a 100 1b Ayrshire calf produces 310 Btw'hr
with 73 F room temperature,

100 hd x 310 Btu/hr/hd = 31,000 Btwhr

_ Balance heatlosses and production to find furnace
size,

Furnace heat = Building loss + Evaporative loss
+ Ventilation loss — Animal heat production

Furnace heat =10,216 Btuw/hr + 83,000 Btw/hr +
33,000 Btwhr — 31,000 Btu/hr = 95,216
Btuw/hr

Note that about 65% of the total heat loss is to
evaporate moisture in the room. With vented heaters
additional ventilation capacity is not needed. Use two
50,000 Btu/hr heaters in each room. Operate heater
fans continuously to improve air circulation.

If heater thermostats have a 4 F on-off range, set
at 68 F for a 70 F room temperature. Set cooling fan
thermostats to turn on fans at 5 F (1.e. 77 F) above
the furnace shut off temperature.

Horses

General

In mild or moderate climates, horses can be in
uninsulated, naturally ventilated buildings. Horses
conditioned to cold weather with. long hair coats can
withstand temperatures below 0 F with adequate
shelter and nutrition. Show horses can maintain a

Furnace 2'x2" Area Inlet, 17'0.c.
/ Air Tempering Summer Venf
Corridor ; Intake
=t o= o= D=
=i = o o ) o o ul o a o O o o O ]
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— 23 2'«5' Pens
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Fig 44. Veal calf barn, Example 10.
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: continuous fan for minimuem
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‘alley, the animals provide only
+1,000 Ib, which is much lower
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seratures: First 3 to 7 days—85
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r hovers. With brooders, room
ibout 10 F cooler than brooding

Provide the following tempera-
—90F, second week—85 F, and
rooder hovers can provide zone

wyers, and turkeys: Minimum
For poultry, maintain air rela-
»-70% to control litter moisture
wet basis). At higher relative
is and other disease outbreaks

can occur. Lower humidities can cause dusty litter.
Short periods of up to 90% humidity can be tolerated.

In warmer climates, consider rigid insulation (up
to R=10) in the roof and walls and fibrous insulation
above a flat ceiling. Install a vapor barrier to control
moisture migration.

Ventilation

Poultry buildings are often mechanically venti-
lated. Provide one continuous fan for minimum
winter ventilation and additional fans on thermo-
stats for mild and hot weather.

Supplemental Heat

Open flame, non-vented natural gas or propane
heaters with metal hovers {brooders) are common for
supplemental heat. The hover promotes radiant heat
transfer to chicks. A whole room or air makeup heater
can blow warm air into the brooding area. These units
add fresh air to the brooding room, so adjust ventilat-
ing rates.

Buildings with only makeup heaters have higher
building heat loss than those with brooders because
the whole room is maintained at the brooding
temperature. With a brooder, the room temperature
can he cooler to conserve energy.

For caged layer or turkey growout, consider
makeup heaters to maintain minimum room
temperatures during extremely cold weather.

Cooling

Cooling is often required in poultry buildings,
especially in the southeast U.S. Maintain adequate
air velocities in and around the birds to promote
cooling.

Evaporative pad cooling and fogging are two com-
mon mechanical cooling methods. Both systems con-
vert sensible heat in the air to latent heat.

Use evaporative pad cooling only with mechani-
cally ventilated housing. Pull all incoming air
through the wetted pads. Operate at or above hot
weather ventilating rates to achieve the greatest
production benefits. Pad systems operating at 80%
evaporative efficiency can give up to 20 F sensible
cooling in humid climates. Pad systems usually cool
breeding and egg laying birds but also ccol commer-
cial broilers subject to extreme heat stress.

High pressure foggers create a very fine smoke-
like fog with excellent distribution with line water
pressures up to 600 psi. Cooling capacity is about half
of pad systems at about half the cost. Fogging is
applicable to naturally ventilated broiler houses. Low
pressure fogging is not recommended because of
limited effectiveness and problems with wet litter.

Example 11:

Design the ventilating system and building to
house 20,000 broilers to be marketed at 4 lh. Building
is located in central Missouri. Bird density is 0.8
ft*/bird.

Solution:

A mechanically ventilated building with brooders
is needed.

Building dimensions: Determine house dimen-
sions to maintain a bird density of 0.8 ft%bird. Re-
quired area is 16,000 ft* (20,000 birds x 0.8 ft*/bird).
Use a 40’ wide house because wider houses are dif-
ficult to ventilate. Required house dimensions are
40'x400° (16,000 ft* + 40’). Provide 10’ ceiling
clearance for broiler loading near the house center.

Ventilation: Orient the house east-west to mini-
mize summer heat gain. Install 3’ wide continuous
sidewall curtains on each side of the building for
natural summer ventilation. Install solid walls 8 on
each side of any exhaust fans. Control curtains auto-
matically with a single power winch on each sidewall.

Base ventilation rate on maximum bird size, i.e. 4
1b.

Cold weather rate {Table 2):

20,000 birds x 0.1 ¢fm/1b x 4 1b = 8,000 cfm
Mild weather rate:

20,000 birds x 0.5 cfm/1b x 4 1b = 40,000 cfm
Hot weather rate:

20,000 birds x 1.0 ¢fm/lb x 4 1b = 80,000 cfm

(Up te 1.5 cfm/lb may be desirable.)

Cold weather fans: Place an 8,000 cfm fan on
the brooder end of the building for cold weather
ventilation. This fan runs continuously so a thermo-
stat is not needed. Install a timer control to reduce
the cold weather rate when smaller birds are in the
building. Consider using circulation fans to reduce
temperature and moisture stratification.

Mild weather fans: Select three fans at about
10,500 cfm each for mild weather (40,000 cfm — 8,000
¢fm). Set thermostats at 70 F.

Hot weather fans: Use two 20,000 cfm fans for
hot weather (80,000 cfm — 40,000 cfm). Set thermo-
stats at 76 F.

Wire controls so fans shut off when curtains are
Open.

Inlets: Install a permanent inlet 24" above floor
level on the wall opposite the fans. An inlet 24" above
the floor maximizes air velocity on the birds and
allows using evaporative cooling. Total inlet length is
400

Supplemental heat: Install about 24 brooders,
preferably with electronic ignition, in the brooding
end of the building. Maintain chick hovers at 85 F, 80
F, 75 F for the first, second, and third weeks. Install
4 to 6 additional brooders in the non-brooding end for
cold weather after brooding.

Adjust the fan thermostat in the brooding end as
bird size and/or weather changes.

Cooling: After brooding, open sidewall curtains
and shut off fans. Maintain temperatures around 70
F with thermostatically controlled curtains. When
inside temperature rises above 80 F, close the cur-
tains and mechanically ventilate until temperatures
are below 80 F.
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Install high pressure misting along the con-
tinuous inlet. Run the misting system as needed, but
only while mechanically ventilating. Use a cycle
timer to mist for no more than 50% of the time, e.g. 5
min. on, 5 min. off, with a 10 min. cycle timer, Higher
rates can cause wet litter,

Rabbits

General

Cold, naturally ventilated housing is adequate for
mature rabbits, provided there are few drafts. Sup-
plemental heat can minimize frozen water lines and
appliances in winter.

Temperature for optimum feed conversion for rab-
bits is about 55 F. Most systems maintain minimum
winter temperature at 40 P-45 F.

Summer heat stress is a severe problem with
rabbits. Exposure to continuous temperatures of 85
F or more for 4 to 5 consecutive days can cause
sterility for up to 60 days in mature bucks. Tem-
porary heat relief for breeding bucks ean be wet cloths
in their eages and crushed ice in their drinking cups,
Remove cloths and clean daily to prevent build up of
manure and urine. All rabbits are subject to heat
prostration when cage temperatures exceed 92 F.

Relative humidities below 35% dry the
respiratory tract which can lead to serious
respiratory problems.

Insulate to moderate summer temperatures and
reduce winter supplemental heat costs, Table 19.

Body heat production for rabbits is about 8§ Btu/hr-
1b of live weight.

Ventilation

Young rabbit housing is typically mechanically
ventilated, Table 2. Relatively low animal density
(frequently 1 Ib/ft” or less) makes it difficult to control
cold weather rates without drafis. Many producers
use negative pressure with recirculation for a more
uniform environment. An air tempering system may
have merit in rabbit housing.

Periodically remove rabbit hair from cages be-
cause it restricts airflow.

Consider evaporative cooling in climates that
regularly have damaging high temperatures.

Sheep

General

Ewes and feeder lambs are usually in cold hous-
ing, Warm buildings are used for lambing in cold
climates. Design and operate ventilation to maintain
room air at 40%-70% relative humidity.

Insulate cold buildings as recommended in Chap-
ter 7 and warm buildings as in Table 19.

Ventilation and Heat

Naturally ventilated buildings are discussed in
MWPS-33, Natural Ventilating Systems for Livestock



ildings often have mechanical
jee Table 2. Circulation fans in-
v animals and reduce summer
) to 40%. Consider evaporative

eai (400 Btuwhr/ewe) may be
1 heat lamps for mothering pens.
ze pen partitions solid or provide
afts and install 250 watt heat

ew-born pig requires 90 ¥.95 ¥
1ys, but a sow wants 50 F-70 F.
1 keeping the farrowing room at
‘supplemental heat in creeps for
week after farrowing. Room
50 F if bedding is used.
week-old pigs in a prenursery,
evel for the first few days after
temperature 3 F/week to about
gs. Warm the floor with infrared
s, or floor heat. With only space
arm floors with higher thermo-
‘enursery, consider pre-heating
uce chilling drafts.

sow-pig nursery, keep the room
ipplemental heat in the creeps.
irs, room temperature can be 60

tishing: For growing and finish-
i recommended.

tion: Temperatures ahove 85 F
reduce fertility of boars, sows,

and gilts. Maintain the room below 85 F for sows
during the first 2 or 3 weeks of gestation for maxi-
mum litter size and during the last 2 or 3 weeks to
reduce stillborns and abortions. Keep the room at 60
¥ or warmer for sows or gilts in crates or tethers or
on total siotted floors. If the floor is partly slotted and
if sows are in groups that can huddle together,
temperature can be down to 50 F. Colder tempera-
tures can be tolerated with bedding, but freezing
temperatures with wind can be a problem.
Keep relative humidity at about 40%-60%.

Insulation: Install minimum insulation in open
front buildings and single sow farrowing huts: have
indoor temperatures only slightly higher than out-
side conditions,

Modified environment buildings rely on animal
heat and controlled, natural ventilation to remove
moisture and maintain inside temperatures. Ex-
amples are gestation and growing-finishing units.

Environment-controlled buildings require sup-
plemental heat to maintain desired temperatures.
Examples are farrowing, nursery, and some breed-
ing-gestation buildings.

Perimeter insulation is highly recommended for
modified environment and heated buildings.

Draft control: Solid pen partitions arcund
animal sleeping areas reduce drafts.

Hovers reduce vertical drafts better than boards
placed over slotted floors. Hovers can be tempered
hardboard, sheet metal, or exterior plywood at no
more than twice the animal height. Heavy clear plas-
tic on a frame lets you observe the animals.

Provide hover space for all animalsin a pen at one
time—about half of a farrowing creep area or a third
of a nursery pen area.

I
i
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Animal Heat and Moisture Production

9. APPENDIX

Table 20. Moisture and sensible heat from livestock.
For animals at weights not listed in the table, multiply the animal weighls times the values in the per Ib animal weight columa. Unknown values shown as "—",

Molsture praduction

Molsture praduction

Bullding ib water/ Sensible hest loss Bullding Ib water! Sensible heat loss
{emperature lbwaterr  hr-1001b Btu/hr-ib tempearature lbwatery  hr-1001b Btu/hr-lb

Animal F hr-hd weight  Biufhr-hd  apimal Animal F hr-hd weight  Biuhr-hd  animal

Cattle: BG 0.2 0.36 g2 .93

Dairy cow y
1,100 1b 30 085 0.08 3,200 28 130 Ib 40 0.16 g.12 510 3.8
1,100 b 50 1,10 0.10 2,550 23 50 0.17 013 405 34
1,100 b 60 143 0.13 2,050 1.8 80 0.19 0.14 345 28
1,100 1b 70 143 0.43 1,875 1.7 68 022 017 285 20
1,100 1b 80 1.98 0.18 1,025 0.3 77 0.26 0.20 200 15

BB 0.36 .27 100 077
Beaf catlle
1,1001b 40 2.75 0.25 2,550 2.3 175 1b 40 0.19 0.1 600 34
50 0.8 0.11 490 2.8
Calves: 60 021 0.12 405 2.3
Agrshire male £8 025 0.14 330 19
5lb 37 0.060 0.07 330 39 I 0.30 0.7 230 1.3
1001 37 0.070 0.07 400 4.0 B6 0.39 0.22 133 0.76
851b 73 0.060 0.07 265 31
100 b 73 Q.070 007 3o 34 220 b 40 0.21 0.094 682 34
50 0.22 010 550 2.5

Brown Swiss 60 0.24 on 440 20
16 wk 80 e .20 36 68 0.26 0.12 375 1.7
32wk 50 — 0.12 - 23 77 0N 0.14 270 1.2
48 wk 50 — 0.10 — 23 86 0.40 018 167 0.76
16 wk 80 — 0.30 — 23 Gilts, sows, and boars
2wk 80 e 0.22 — 1.7 ] 40 0.24 0.079 850 2.8
48 wk 80 — 0.19 1.5 50 0.24 0.079 710 23

60 0.25 0.084 570 19

Jarsey 68 0.28 0.093 475 1.5
16wk 50 0.24 -_— 3.8 77 0.34 0.11 65 1.2
32wk 50 — 0.15 - 2.8 86 040 0.13 255 0.B4
48 wk 50 — 0.13 — 25

4001 40 0.25 0.054 1,040 2.6

16 wk &0 — 0.38 —_ 2.2 80 0.25 0.063 880 2.2
2wk 80 e 0.25 — 15 80 0.26 0.065 740 1.9
48 wk 80 0.23 — 1.2 8 0.28 0.070 600 1.5
7 0.32 0.080 490 1.2

Sherthom 86 0.38 0.006 380 0.98

Hrahman

Santa Gerlrudis Sheep
25wk 50 0.15 — 2.2 13016
40 wk 50 - 0.1 — 1.5 Fleece length;

53 wk 50 — 010 - 15 Maintenance diel)

hom 46 0.044 0.033 480 3.7
25 wk 80 s 0.2 — 1.1 68 0.053 0.040 a05 23
40wk 80 — 0.2 — 0.77 80 010 0.074 165 1.3
55 wk 80 —_ 0,18 — 0.77

1" 46 0.045 0.034 245 19

Swine: €8 0.069 0.052 195 1.5

Sow and litter 90 017 013 92 0.70
380 (b (0 wk 60-80 0.70 0.18 785 20
400 Ib 2 wk 60-80 0.96 0.24 1,050 28 au" 48 0,053 0.040 205 1.5
410 b (4 wk 60-80 1.07 0.26 1,080 26 68 0.10 0.076 140 i1
440 [b (6 wk 60-80 1.1% 0.27 1,160 26 o0 0.19 0.14 60 0.45
500 (b {8 wk 60-80 1.30 0.26 1,630 33 ) )

(1.3 x maintenance diet)

Nursery pigs 44" 55 0.13 0.10 170 1.3
itb 85 0.017 0.17 34 3.4 73 0.20 0.15 110 0.84
20(b 75 0044 0.22 9% 48
3o 65 0.066 Q.22 162 5.4 Pouttry:

Layerr(T.eghorn}
Growing-finishing plgs 48 — 0.21 - 70
b 40 011 0.25 290 6.5 54 - 0.28 -_— 8.2
50 012 0.27 275 6.2 64 —_ 0.29 —_ 6.0
60 014 0.3 205 48 g2 — 0.38 — 5.0
68 0.16 0.37 160 3.8 .

77 0.21 0.47 110 25 Broilers
85 0.28 0.63 40 0.93 0.25 b B85 0.00088 0.40 41 18.8
1.5k BS 0.015 1.0 14.3 9.3
b 40 0.13 015 410 48 77 0.0046 0.30 16.7 10.8
50 0.14 0.16 345 39 80 0.011 0.70 14.3 9.3
60 Q.17 0.19 275 3.1 25 85 0,024 1.0 150 6.2
68 0.19 0.22 220 2.5 65 0.0044 0.18 26.3 10.8
7 .25 0.28 165 18 60} 0.011 0.45 13.5 5.8




1 sensible heat {(continued).

Aoisture production
Ib water/ Sensible heat loss

ywater!  hr-1001h Btu/hr-lh
hr-hd weight  Biuwhrhd  animal
10071 0.20 34 8.8
1.0062 0.14 328 74
1.0034 1.56 208 94
1.0043 0.98 430 98
10084 0.72 7.37 B4
1.0054 041 12.08 9.1
10053 0.24 21.50 g8
10562 017 56.32 17
10253 0.4 39.19 2.2
2.031 0.16 729 3.7
2038 0.20 51.6 2.8
).014 0.14 36.0 37
1037 (.38 15.0 1.5
1013 0,035 110.3 29
1020 0.053 98.5 26
1025 0.066 92.8 25
103 0.088 8.9 23
1041 an 47.0 13
1053 015 24.0 0.68
2.0067 0.07 70.2 33
2016 0.075 61.6 29
2.015 0.070 51.9 25
2.017 0.083 47.8 23
3020 0.10 KIN| 1.5
2.028 013 19.0 0.99

t Loss Through Building

te through each building surface
i area and the difference between
temperatures. The rate of heat
ned by the total heat resistance
ilding surface; the higher the Rt
2 heat flow rate. Heat loss from
e, BBL, is given by:

9] Eq2.

5 rate through a surface, Btu/hr
area, ft? (i.e. wall area)

wsistance of the surface to heat
1*-hr/Btu

amperature,

temperature, F

38 from a building, add the losses
ng surface.

'h the floor perimeter is a special
ea, A, in Eq 2, is replaced by the

length {perimeter) of the exterior wall. The Rr value
in Table 18 is given per foot of length.

Building heat loss through all surfaces, BHL, can
be expressed as the sum of all surface area/resistance
ratios (A/R) times inside-outside temperature dif-
ference (At).

BHL = (A/R) x At
Where:

BHIL = Total building heat loss
A/R = The sum of all (area/resistance) ratios of
the building, Btuw/hr-F
Ceiling (A/R) + frame wall (A/R) + con-
crete wall (A/R) + perimeter (A/R) + win-
dow (A/R) + door (A/R)
At = Difference between inside and ocutside
temperature, t; - t, (F)

Example 12:

Find the heat loss from the 24’x36’ building of Fig
45. Inside design temperature is 75 F, and outside is
0 F. The building has two 3'x7 doors, insulated with
1" of 1 pcfmolded polystyrene. There are no windows.

Solution;

Step 1:

Using the worksheet, fill in the blanks with the
length, width, wall height, and foundation height.
Calculate the perimeter, frame wall and concrete
wall area (excluding windows and doors), ceiling
area, window area, and door area. Find the insulation
R-values in Table 18. Frame wall resistance is 12.47.
The Rr for a 6" concrete wall with 2" polystyrene
insulation is 9.33. The Rt for the ceiling is 13.98 and
for the doors is 7.99. For 2"x24" polystyrene
perimeter insulation, the R value is 2.22.

Step 2:
Determine A/R for the building by adding A/R
values of each building surface. Determine building

heat loss by multiplying the temperature difference
{At) by the building A/R.

Worksheat Example

Calcuiating Heat Loss by Ventilation

Heat loss by ventilating air is proportional to the
ventilating rate and the difference between the inside
and outside temperatures, Eql presented in Chapter
2 gives the governing equation.

Annual Heating Costs

Total building heat loss is heat loss through build-
ing surfaces plus ventilating air. Eqs 1 and 2 can be

combined fo get Eq 3 for calculating total heat loss .

rate.

Worksheet: Heat Loss Through Building Surfaces

Step |

Building di : ),
Surface area (ft3)
Length (L) -
Width (W)

Frame wall height (H)
Concrete wall height (F)

Perimeter
R; values
Ceiling
Window
Door

Frame wall

Concrete wall

Perimeter
Step i
Building heat loss. g,
Ceilling qc = At x ceiling area
ceifing RT
Windows i= At x window area
" windowR
T
Doors d = At x door area
door R,
Frame walls At x frame wall area
qw =
frame wall F?T
Concrete walls _ Atx concrete wall
~ concrete wall R
Perimeter A% perimeter
@ = perimeter HT

Ceiling area

Window area

Daoor area

Frame wall area

less window & door area

Design temperatures, F

1, (outside temp.) =

4]

, 1 {inside temp.) = ,

At = .
Ax( ) -—-AtFx( e BIU/HI-F}
gc = (
. Arx( ) :A{Fx(__w___ Btu/hr-F)
qgwi = (
A x| ) = ArF X (- — Btu/hr-F)
qd = (
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£q3.

ﬁnc)(ti - tn)
te of heat loss from building,

fm,) ' Eq4.
3 factor, Btu/hr-F

g degree days from residential
:buildings, calculate the balance
b using Eq 5. It is the minimum
+ required to maintain the build-
1perature with no supplemental
nce point temperature, th, calcu-
mree days correction factor, Cg,

t, =t; - (SHL + HLF) Eq5.

t, = Balance point temperature, F
SHL = Total livestock sensible heat loss, Btu/hr.
Multiply value from Table 20 by number
of animals or total weight
HLF = From Eq4

Cy=A+ (B x (t, — 32) Eq 6.

Cy = Heating degree days correction factor
A.B = Coefficients from Table 21

The annual energy required, E, to heat a building
is determined by Eq 7. Supplemental heating re-
quirements are reduced by heat produced by livestock
or increased by high room temperatures.

E=C;x24 xHLF x HDD EqQ7.

E = Annual energy consumption, Btu/year
Cs = Heating degree days correction factor for
livestock buildings
HDD = Heating degree days, F-day, from Fig 37

Determine annual fizel cost, AFC:

AFC=(FCxE)+(EFFxV) Eq8.

AFC = Annual fuel cost, $
FC = Fuel cost, $/unit
E = Annual energy consumption, Btu/year
(Eq 7)
EFY = Efficiency of heating system, %/100
V = Fuel heat content, Table 22

Table 21. Coefficients for Eq 6.

Coefficients

State
Hiinois -0.3425 0.0440
Indiana -0.3773 0.0451
lowa -0.1545 0.0375
Kansas -0.4139 0.0462
Michigan -0.3316 0.0436
Minnesota -0.0498 0.0339
Missouri -0.4852 0.0489
Nebraska -0.1428 0.0386
Norti Dakota -0.0156 0.0316

io -0.3730 0.0449
South Dakota -0.1000 0.0354
Wisconsin -0.1271 0.0365

Table 22. Approximate fuel heat content, V.

Heat ¢entent, Blu Heating system efficiency, %

Naturalgas 1,000 Btu/it® 70-90
LP gas 93 000 Btu/gal 70-90
Fuel gil 138,000 Biu! al 50-80
Electricity 3, 413 Btu/kw hr 100

Example 13:

The 24'x36' building in Example 12 houses 200
pigs weighing 50 lb each. The building has a cold
weather ventilating rate of 600 cfm. Find the heat
loss through ventilating air at the outside design
temperature. Find annual heating cost with LP gas
at $0.70 per gallon and a 75% efficient heater. Find
furnace size. Location is Grand Island, NE,

Solution:

Step 1:
Ventilation heaf loss rate, VHL, Eq 1.

VHL = 1.1 x cfin, x (t; -t )
= 1.1 Btu-min/hr-F-ft? x 600 ¢fm x (75 F-0
) = 49,500 Btu/hr

Step 2:
Find the overall heat loss factor, HLF, using Eq 4.
From Example 12, A/R = 201.45 Btwhr-F.

HLF = A/R+1.1 xcfm,
HLF = 201.45 Btu/hr-F + 1.1 Btu-min/hr-F-ft® x
600 cfm = 861.45 Btw/hr-F

Step 3:

Determine the total sensible heat loss (SHL) by
animals. Find the sensible heat loss rate value from
Table 20. Because 50 1b is close to 45 1b, use the per-1b
value for 45 1b and multiply by 50 1b. However, you
will need to interpolate for temperature. From Table
20, a 45 1b pig loses 3.6 Btuw/hr/lb at 68 F and 2.5
Btu/hr/lb at 77 F. Interpolate to get the heat loss at
75 F.

3.6 Btu/hr-1b—[(75 - 68) F % (3.6 — 2.5) Btw/hr-lb
+ (77 - 68)F] = 2.7 Btu/hr-1b

SHL = 2.7 Btwhr-lb x 200 pigs x 50 lb/pig =
27,000 Btw/hr

Step 4:

Determine the balance point temperature, tb,
from ¥q 5.

43

b= t— (SHL + HLF)
= 75 F — (27,000 Btwhr + 861.45 Btw/hx/F)
=437F

‘When the building air temperature is above 43.7
F, the furnace will not be needed.

Step 5:

Calculate heating degree days correction factor,
Cd, using Eq 6.

Cy= [A+B x(t,—32)]
Cy= -0.1428+[0.0386/F % (43.7 - 32)F1=0.309

Determine annual heating load, E, from Eq 7.
From Fig 37, HDD is about 6,500 degree days/yr.

E= C;x24xHLF x HDD
E= 0.309 x 24 hr/day x 861.45 Btu/hr-F x
6,500 F-day/yr
= 41,525,336 Btw/yr

Step 6:
Determine annual fuel cost, AFC, from Eq 8.
AFC = (FCxE)+{(EFF xV)
AFC = (0.7 $/gal x 41,525,336 Btu/yr) + (0.75 x
93,000 Btu/gal)

Determining Furnace Size

The equation for determining furnace size balan-
ces building heat loss against animal heat produc-
tion.

FS (IHLF x AT) - SHL Eq9.

FS = Furnace size (Btu/hr)

HLF = Building heat loss factor (Btu/hr - F)
AT = ; —t, at design temperature

SHL = Sensible heat loss by animals (Btwhr)

In our example, assume t, = -10 ¥, the design
temperature for the furnace. Then At = 85 F and
furnace size becomes:

FS = 861.45 x 85 — 27,000 = 46,223 Btu/hr



10. GLOSSARY

1g: A method of filtering air and
imidity and temperature. Usually
sration equipment.

r delivery rate usunally expressed as
nute (cfm).

.emperature: Qutside temperature
losses from a building equal energy
pplemental heat.

rmal Unit, Quantity of heat energy
1 b of water by 1 F.

ation: Insulation made from organic
paper. Often used as loose-fill.

mperature scale with the freezing
t zero and the boiling point at 100,

on for cubic feet per minute, unit for
w, e.g. through ducts, tubes, fans.

Process by which a change of phase
apor to a liquid. Examples include
nulating on building surfaces in
iting dehumidifier, and moisture on
ater in summer.

Fhermal conductanceis a measure of
ity to conduct heat energy. Units are
Jonductance is the inverse of resis-
reviated C.

at transfer: Process by which heat
om one location to another in a bedy
iture gradient in the body. The ener-
s from the high-temperature region
rrature region. Two bodies in contact
ot heat. Examples include the hot
ted pan, metal heated by welding.

at transfer: Process by which heat
om a body to a fluid by passing the
1y. The fluid may or may not be forced
ig in forced or nafural convection.
le cooling a hot object by blowing air
' over it, cooling an animal by blow-

thod: Procedure for estimating ener-
. on a difference between the daily
; air temperature and the balance
ire.

wration: Ratio of the weight of water
iturated weight of water vapor per
~ at the same temperature and pres-
sed interchangeably with relative

Dewpoint temperature: Temperature at which
moisture begins to condense from air cooled at con-
stant pressure and humidity ratio.

Draft: Combination of air temperature and velocity
which causes thermal stress in livestock, Specifie
values of temperature and velocity are different for
each age and weight of animal and are not well
defined. Generally younger animals are more suscep-
tible to drafts.

Dry-bulb temperature: Temperature of air or a
body measured with a conventional thermometer.

Duet: Structure (rectangular or circular) used fo
conduct air from one place to another. Often used to
distribute air within a building or remove air from a
manure pit.

Eave opening: Opening at the eave of a building
through which ventilating air enters. Used in hoth
mechanical and natural ventilating systems.

Energy: Capacity for doing work.

Enthalpy: Heat energy content of an air-water vapor
mixture. Incorporates sensible and latent heat of
vaporization. Units are Btw/lh dry air.

Evaporate: Process of transforming a liquid to a
vapor, for example water to steam.

Evaporative heat transfer: Heat energy exchange
which oceurs during evaporation. Examples include
skin cooling during perspiration, respiratory tract
evaporation, and evaporative cooling pads.

Fahrenheit (F): Temperature scale with the freez-
ing point of water at 32 and the boiling point at 212.
Abbreviated F.

Fan: Mechanical device to move air—usually
electric.

Heat: Form of energy. Heat energy can be trans-
ferred from a body of higher temperature to cne of
lower temperature. Heat energy cannot be seen or
measured, but the effects of heat gain or loss can be
observed (i.e. evaporation, condensation, tempera-
ture rise or decline.)

Heat transfer: Process of heat energy tranqurt.
{See Conductive, Convective, Radiant, Evaporative
heat transfer, and Condensation).

Humidity: Refers to moisture contained in the air.
(See Relative humidity, Humidity ratio).

Humidity ratio: Ratio of the weight of water vapor
to dry air. Units are expressed as 1b water/lb dry air
or grains water/lb dry air (7,000 grains water/lb
water).

Inlet: Structural opening through which ventilation
air enters.

Insulation: Any material that reduces heat transfer
from one area or body to another. (See R-Value).

Latent heat: Energy absorbed or released by a
material when it changes phase with no temperature
change in the material.

Mechanical ventilation: Process of forcing air
through a building using mechanical equipment
(fans, fan controls, inlets, etc.).

Natural ventilation: Process of forcing air through
a building using thermal buoyancy of air and wind.

Open ridge: Opening in the ridge that allows warm
moist air to leave a livestock building.

Perm: Measure of permeability. One perm equals
one grain of water/hr-ft>-in of mercury pressure dif-
ference.

Permeability: Ability of a material to permit water
vapor to pass through it.

Polyisocyanurate: Plastic foam insulation. R-value
is 7.2-8.0 (ft>hr-F)/Btu per inch of thickness.

Polystyrene: Plastic foam insulation, R-value is 4-5
(ft>-hr-F)/Btu per inch of thickness. R-value is higher
for extruded (styrofoam) than molded polystyrene
(beadboard).

Polyurethane: Plastic foam insulation. R-value is 6
(ft>-hr-F)/Btu per inch of thickness (aged).

Positive pressure ventilating system: Mechani-
cal ventilating system where fans blow air into the
structure creating a positive pressure.

Radiant heat transfer: Process by which heat is
transferred from one body to another body by
electromagnetic waves when separated in space, even
in a vacuum. Examples include sun radiating to
earth, fireplace radiating to a person, animal radiat-
ing to a cold wall surface.

Relative humidity: Ratio of actual water vapor
pressure in the air to the vapor pressure at satura-

tion, at the same temperature and pressure, ex-
pressed as a percent.

R-value: Resistance value of an insulation material
to heat flow. The higher the R-value the larger the
resistance to heat flow through the material. R-
values are additive. Units are (hr-ft>-F)/Btu.

Saturated air: Condition where air can hold no
additional water vapor; 100% relative humidity.

Sensible heat: Energy absorbed or released by a
material that resuits in a temperature change. Ex-
amples inciude heating water, heating or cooling air,
animal losing heat to a cald surface with which it is
in contact.

45

Specific volume: Space occupied by a given mass of
a gas or gas mixture. In ventilation, units are ex-
pressed as ft¥/1b dry air.

Static pressure: Difference in pressure between
inside and outside of a building, ventilating fan, or
inlet. Units measured in inches of water.

Supplemental heat: Sensible or radiant heat re-
quired to keep a room at a desired temperature when
internal heat production rate is less than the heat
losses through conduction and ventilation. Sup-
plemental heat is often provided by furnaces, unit
heaters, solar ‘collectors, radiant heaters, and heat
exchangera.

Temperature: Temperature is a measure of warmth
or coldness of an object or substance with reference
to some standard value,

Thermal buoyancy: Warm air is less dense than
cold air so warmed air is buoyed up by cold air,
causing a natural circulation of air. Thermal buoyan-
cy is the term that describes this process. Examples
include hot air balloons, naturally ventilated build-
ings, chimneys.

Thermostat: Electro-mechanical device for control-
ling the operation of heating or cooling equipment to
regulate air temperature within an area.

Vaper pressure: Pressure exerted by a gas in a
given space. It is a function of the amount of gas
present and its temperature. In ventilation, water
vapor pressure is the pressure exerted by the water
vapor in a given space of air and water vapor. Units
are expressed as inches of mercury.

Vapor barrier: Material resisting vapor transfer
through a wall or ceiling. Materials below a perm
rating of 1.0 are considered good vapor barriers.

Velocity, inlet air: Speed at which air enters a
livestock room through a designed inlet. Units are
ft/min.

Ventilating doors: Doors used in naturally venti-
lated buildings to open sidewalls for summer airflow.

Ventilating rate: Airflow rate passing through a
building. Usually controlled by ventilation fans in
mechanically ventilated buildings. Units are cubic
feet per minute {cfin).

Ventilation: Process of exchanging air. In livestock
structures, air contaminants are removed from the
structure. Ventilation is used to control temperature,
moisture, odors, pathogenic organisms, and dust.

Wet-bulb temperature: Temperature measured by
a thermometer whose bulb is covered by a wet wick
and exposed to an air stream with a velocity of 1,000
ft/min. The wet-bulb temperature is a function of the
rate of water evaporation from the wet wick and its
resultant cooling which depends on the water vapor
content in the air,
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