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INTRODUCTION

With the rumor of energy crisis, people
are more and more concerned when using
energy. For the pig growers with
environment-controlled buildings, the ef
ficient use of energy means that ventila
tion and heating must be done with
minimum losses.

Swine are homeothermic animals and a

thermal environment exists for them in

which maximum productivity occurs. The
optimum temperature of interest for the
farmer, however, is not always the
optimum in the physiological sense but
rather in an engineering sense for
profitable production. Good swine
growth and efficiency occur in a broad
range of temperatures (5). Growing-
finishing pigs perform about equally well
in a range of air temperatures from 50 to
75°F (10 to 23.9°C) (9,4). Daily cycling
temperatures, over a range of 20° F
(11°C) produce approximately the same
effects on production and efficiency as
would be expected from maintaining the
mean temperature of the cycle (1,6).

A relatively constant thermal environ
ment for housed pigs is obtained today
by some type of variable-rate air-
exchange (ventilation) system. Problems
with air movement and control in swine

houses using a variable rate ventilation
system appear in the literature several
times. The on-off ventilation control

system causes variations in air flow which
create changes in the convective heat loss.
Poorer animal performances and chilling
can be expected.* With variable-speed
exhaust fans, the velocity of the incoming

a Vergel, M.M. and T.E. Hazen. 1972, Air
velocity effect on heat produced by growing
pigs. Paper No. 72-416, Amer. Soc. Agric.
Eng. Summer meeting, St. Joseph, Michigan.
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air would also vary unless some type of
automatic motorized slot inlets were
used.

The authors (8)D presented another
alternative for ventilation of swine
houses, the constant-rate ventilation
system. With this system, smooth varia
tions in the inside temperature are
allowed. Computer programs were devel
oped for comparing the constant-rate
system with the on-off variable-rate
system.

Computer programs and theoretical
models are effective instruments. It is,
however, easier to estimate how effective
they are if some type of experimental
data are related to them. Actual field
tests of ventilation of livestock involve
many variables and are usually not
achieved in a short period of time.
Experimental simulation without animals,
on the other hand, permits the rapid
study of many variables or different
systems of ventilation.

This article presents the simulation of
constant-rate ventilation and on-off vari
able-rate ventilation systems for growing-
finishing swine. The experimental simula
tion is compared to a computer simula
tion.

The primary objective of the tests was
to verify how closely the theoretical
model was representative of the physical
situation. The tests should also show the
importance of the damping created on
temperature and relative humidity by the
building and equipment.

This research was done in the Agricul
tural Engineering Department of Purdue
University at West Lafayette, Indiana.

Hinkle, C.N. and A. Marquis. 1972.
Constant rate ventilation for swine houses.
Paper No. 72-419, American Soc. Agric.
Eng. Summer meeting, St. Joseph, Michigan.

MATHEMATICAL MODEL

The necessary information for 'a
computer model of livestock housing
consists of psychrometrics, heat transfer
characteristics of various building materi
als, air exchange system and the response
of livestock to the environment.

Heat and moisture production by
swine depends on several factors, but
temperature is the primary environmental
factor. The ability of the animal itself to
produce more or less heat and moisture is
correlated to its weight. Bond et al. (2)
give expressions to represent the heat and
moisture production of pigs raised on
solid concrete floors. These expressions
have been used for the development of
the model.

The familiar expression for one-
dimensional steady state heat transfer
through the various components of the
building is:

QC = UA(TI-TO)

where

(1)

QC = heat transfer (Btu/h);
U = overall heat transfer coefficient

(Btu/h-F-sq ft);
A = area (sq ft);
77 = temperature inside the building

(F);
TO = temperature outside the build

ing (F);

The normalization of the heat transfer
through the building is often done by the
introduction of the exposure factor:

EF=UA

N

where

EF

N

(2)

exposure factor (Btu/h - F -
animal);
number of animals;

On a per pig basis, the heat transfer
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equation (1), independently of the type
and size of building, becomes:

QC=EF(TI- TO) (3)

The portion of heat transferred by
ventilation requires a knowledge of the
properties of the air entering and leaving
the building. Given an air flow rate, and
assuming constant specific heat of air, the
heat entering the system is given by:

QO =MO[XO(1061 +0.444 TO) +CP.TO]
(4)

where

QO =

MO =

XO =

CP =

heat content of the outside air

entering the building by ventila
tion (Btu/h);
mass flow rate of outside air

entering the building (lb/h);
specific humidity of outside air
entering the building (lb water/
lb dry air);
specific heat of air (Btu/lb - F).

Likewise, heat being exhausted from the
building is:

QI =MI [X/(1061 +0.444 77) +CP.77]
.(5)

where

QI

MI =

XI =

heat content of the inside air

leaving the building by ventila
tion (Btu/h);
mass- flow rate of inside air

leaving the building (Ib/h);
specific humidity of inside air
leaving the building (lb water/lb
dry air).

The net heat transfer is the algebraic
sum of the two. Conservation of mass
requires that

MI=MO=M (6)

where

M = mass flow rate of air (Lb/h).

Therefore

QNET =M [ CP(TI - TO) + 1061 (XI - XO) +
0A44 (XLTI- XO.TO)] (7)

where

QNET= net heat change in the building
(Btu/h).

The moisture removed through ventila
tion is analogous to heat flow

XV=M{XI-XO) (8)

The psychrometric relations presented
by Brooker (3), especially the equations
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concerning the vapor pressure, moisture
content, specific volume and latent heat
of vaporization, are used in the computer
program.

The following assumptions were made
in the development of the computer
program:

(1) Complete mixing of the air takes
place in the building.

(2) Conditions do not change during one
time increment. All changes take
place at the end of each period.

(3) Air velocity in the building is
negligible.

(4) Perfect gas relations can be applied.

(5) The total pressure is always equal to
standard atmospheric pressure.

(6) Dry air is considered as one indepen
dent component and water vapor as
another.

The proper variables were logically
grouped together in a digital computer
form. The ventilation capacity needed
and the maximum supplemental heat
required for different sizes of pigs and
different exposure factors were deter
mined. This was done for outside
temperatures varying between 0 and 40°F
(-17.7 to 4.4°C) and the two systems of
ventilation mentioned:

(1) Constant-rate system with variable
temperature:

TI-50 + TO/2F (9)

(2) Variable-rate system with constant
temperature of 60°F (15.5°C).

Illustrative values were presented, for
different sizes of pigs on a solid concrete
floor, in Tables I and II.

EXPERIMENTAL PROCEDURES

Physical tests were conducted in an
environmental chamber where five 100-lb

(45-kg) pigs were simulated. For design
considerations, the important responses
of pigs to surrounding conditions are heat
and moisture productions. They are
affected primarily by the environmental
temperature. In order to simulate pigs,
heat and moisture were supplied in the
chamber equivalent to the rate that
would be supplied by live pigs. A steam
humidifier produced the moisture. The
heat production of the pigs was replaced
by electric heat plus the heat gained by
conduction into the system rather than
out of the system as normally happens in
swine houses under winter conditions.

The moisture production of the pigs
was simulated by a steam humidifier
operated by a proportional thermostat.
The steam was injected in the center of
the environmental chamber. The energy
of the steam could not be directly
measured because the temperature, as
well as the quality of the steam, was not
known. To determine the enthalpy of the
steam, air was circulated in the chamber
at a measured rate. The total change in
enthalpy of the air was then computed.
The heat gained by conduction and
produced by electric equipment in the
chamber was subtracted from this total

TABLE I VENTILATION CAPACITY NEEDED (CFM/PIG) FOR BOTH CONSTANT-RATE
AND VARIABLE-RATE SYSTEMS FOR SEVERAL COMBINATIONS OF
CONDITIONS

Size of pigs (lb)

o
o

%

EF

50

Const,
vent.

4.8

4.8

4.8

4.8

4.8

Var.

vent.

3.8*
9.5

3.8

8.5

3.8

7.6

3.8

6.7

3.8

6.7

100

Const,

vent.

6.7

5.9

5.7

5.7

5.7

Var.

vent.

4.6

13.2

4.6

12.3

4.6

11.4

4.6
10.5

4.6

9.6

3.8 cfm for 0°F; 9.5 cfm for 40°F.
Constant-rate ventilation: r/ ~ 50 + t0/2°F.
Variable-rate ventilation: f/ = 60°F.

150

Const,

vent.

8.2

7.3

6.8

6.6

6.6

Var.

vent.

5.5

16.3

5.3

15.4

5.3

14.5

5.3

13.6

5.3

12.7

200

Const,

vent.

9.7

8.8

8.1

7.6

7.5

Var.

vent.

6.4

19.2

6.0
18.3

6.0

17.4

6.0

16.4

6.0

15.5
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TABLE II MAXIMUM SUPPLEMENTAL HEAT REQUIRED (BTU/H-PIG) FOR BOTH
CONSTANT-RATE AND VARIABLE-RATE SYSTEMS FOR SEVERAL COM

BINATIONS OF CONDITIONS AT t0 =0°F.

Size of pigs (lb)

50 100 150 200

Const. Var. Const. Var. Const. var. Const. Var.

EF vent. vent. vent. vent. vent. vent. vent. vent.

»H 0 23 42 0 10 0 0 0 0

O 1 74 102 32 70 0 50 0 30

2 124 162 89 130 63 110 31 90

*o 3 175 222 141 190 122 170 97 150
CO 4 226 282 192 250 174 230 153 210

Constant-rate ventilation: f/ ~50 + f0/2°F.
Variable-rate ventilation: f/ =60°F.

TABLE III HEAT AND MOISTURE PRODUCED BY PIGS OF 100 LBS

Enthalpy Heat left Moisture

Inside Moisture at Total heat to be for

temp. produced humidifier loss/pig added 5 pigs

<°F) (lb/h-pig) (Btu/h) (Btu/h-pig) (Btu/h-pig) (lb/h)

50 0.15 176 516 340 0.75

55 0.16 186 490 304 0.80

60 0.17 201 469 268 0.85

65 0.19 220 452 232 0.95

70 0.21 245 440 195 1.05

TABLE IV SIMULATION OF

VENTILATION

Outisde

temp.

<°F)

Inside

temp.

(°F)

HEAT PRODUCED BY PIGS WITH CONSTANT-RATE

Heat gain by
conduction/pig

(Btu/h-pig)

Heat left

to be added

(Btu/h-pig)

Heat left

to be added

for 5 pigs
(Btu/h)

0 50 304 36 180

10 55 256 48 240

20 60 270 61 305

30 65 158 74 370

40 70 110 85 425

TABLE V SIMULATION OF HEAT PRODUCED BY PIGS WITH VARIABLE-RATE

VENTILATION

Outside

temp.

<°F)

Inside

temp.

<°F)

Heat gain by
conduction/pig

(Btu/h-pig)

Heat left

to be added

(Btu/h-pig)

Heat left

to be added

for 5 pigs
(Btu/h)

0 60 256 12 60

10 60 231 37 185

20 60 207 61 305

30 60 183 85 425

40 60 158 110 550

change. The remainder
from the steam.

was the energy Table III, are from the expression
developed by Bond et al. (2). The heat
conduction through the components of
the chamber was impossible to estimate
unless both the inside temperature and
the laboratory temperature were known.
But this last parameter was changing
during an actual test and there was no

available way to correct for the fluctua
ting laboratory temperature. The assumed
laboratory temperature was 75°F. It was
possible to take into account the
difference between this temperature and
actual temperature when analyzing the
data. Tables IV and V show how the heat

conduction enters into the simulation of

the heat production by the pigs for
constant-rate and variable-rate ventilation

systems, respectively. They also show the
heat needed after subtraction of the heat

gained by conduction. The estimated
mean quantity of heat needed when
running a test was supplied by an electric
lamp.

Because the weather conditions in

Indiana do not always provide low
temperatures, winter conditions were also
simulated. An environmental control unit

that supplied air at the desired dry-bulb
and dew-point temperatures was used for
this purpose. Air needed for ventilation
was obtained with adjustable dampers
controlling the quantity of air delivered
to the environmental chamber where the

pigs were simulated.

A constant-rate ventilation system
with variable temperature and an on-off
variable-rate ventilation system with ap
proximately constant 60°F (15.5°C)
temperature were tested. The mass air
flow was adjusted according to the
theoretical analysis. The on-off system
was thermostatically controlled. When
the temperature lowered to the set point,
two dampers closed and one opened,
bypassing the ventilation air around the
environmental chamber. If the tempera
ture went up again by 2 to 3° (1.1 to
1.6°C), the dampers repositioned and
ventilation into the environmental cham

ber started again. Figure 1 is a schematic
of the operation. The supplemental
heating system turned on whenever the
relative humidity was above 80%. It also
started when the temperature was less
than 59°F (15°C) with the on-off system.
This system was designed for the
maximum quantity of heat needed as
given in Table II. This occurs with the
smallest size of pig (50 lb (23 kg)).

Instrumentation

A hot-wire anemometer equipped with
a temperature compensated probe was
used for air velocity measurement. The
instrument was calibrated by the
company (Thermo-Systems, Inc.) and has
a velocity range from 0 to 30 ft/sec (0 to
9.1 m/sec) with an accurancy of 3%. The
non-linear bridge output ranges from 0 to
10 volts and a polynomial regression
equation was developed to convert volts
to velocity. This equipment measured the
incoming ventilation air velocity in a

The energy and moisture balances for
the simulation of five 100-lb (45-kg) pigs
in a swine house perfectly insulated is
given in tabular form. The total heat loss
and moisture production, presented in
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AIR ENTRANCE

NORMALLY OPEN DAMPER A-

f X\ I"^VENTILATION AIR
V # A

NORMALLY CLOSE DAMPER-

BYPASS DUCT-

ENVIRONMENTAL

CHAMBER

(111.5x64.5x84 IN.)CONTROL UNIT

L.
RETURN AIR

NORMALLY OPEN DAMPER

AIR EXHAUST

a DAMPERS ARE CONTROLLED WITH THERMOSTAT INSIDE THE CHAMBER

Figure 1. Ventilation control system.

5-inch (12.7-cm) diameter pipe.

Copper-constantan thermocouples
were used for temperature measurement.
The wires were twisted to reduce

electromagnetic noise pick-up. There
were nine thermocouples (two of them
consisted of two sets of five thermo
couples in parallel; one was in the
incoming air duct and the. other one
measured the leaving air temperature)
connected to a high-precision amplifier
with a gain of 1,000. The reference
junction was located in an ice bath and all
the thermocouples had a common con-
stantan junction. The expected accuracy
with this equipment was ±1°F (±0.6°C).

Relative humidity was determined
from measured dew-point, dry-bulb tem
peratures. The incoming air dew-point
temperature was recorded on the circle
charts of the Honeywell dew-point
controller of the environmental control

unit. At low temperatures, an accuracy of
±2°F (±1.1°C) was expected. The dry-
bulb temperature was recorded using a
thermocouple. For the leaving air, wet-
bulb and dry-bulb temperatures were
measured with thermocouples.

Electric power was measured with a
wattmeter to an expected accuracy of ±5
W. A thermocouple was placed under
neath the radiant heat lamp used as a
heating device to indicate if the system
was on or off.

The control unit was equipped with
two Honeywell-temperature-controllers,
one for dry-bulb and the other for
dew-point temperature. An attempt was
made to simulate sinusoidal temperature
patterns with a period of 1 d, but due to
technical limitations of the environmental

control unit, it was impossible to get
perfect sinusoidal temperature distribu
tion. One of these limitations was that
the steam heating coil in the machine was
frozen at low temperatures and dry-bulb
control was not possible.

Velocity profiles in the 5-inch
(12.7-cm) duct carrying incoming ventila
tion air in the chamber needed to be

known for different maximum velocities.
The maximum velocity was measured in
the center of the duct during actual tests.
Six different velocity profiles with a
maximum velocity varying from 1.9 to
30.8 ft/sec (0.6 to 9.4 m/sec) were
measured.

A coefficient of 0.94 ± 0.03 relates the

mean velocity to the maximum velocity
as

^=0.97 Vmax

This was consistent with the six

profiles studied.

Ten measurements of nine tempera
tures, with thermocouples, and of the
ventilation air velocity, with a hot wire
anemometer, were taken automatically
every 2 min. Their outputs were connect
ed to a stepping switch, which in turn was
connected to a hybrid computer. All the
voltages from the amplifier and the
hot-wire anemometer were digitized and
recorded on paper tape. The data on the
paper tape was converted to cards with a
digital computer at the computer center
of Purdue University.

The overall heat transfer coefficient
for the chamber area was determined by
placing a measured heat source in the
chamber and waiting for thermal equili
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brium. At equilibrium there was a
difference between the temperature in
the chamber and the temperature in the
laboratory from which the overall heat
transfer coefficient was found.

The energy and moisture balances for
the simulation of five 100-lb (45-kg) pigs
in a swine house perfectly insulated is
given in tabular form. The total heat loss
and moisture production, presented in
Table III, are from the expression
developed by Bond et al. (2). The heat
conduction through the components of
the chamber was impossible to estimate
unless both the inside temperature and
the laboratory temperature were known.
But this last parameter was changing
during an actual test and there was no
available way to correct for the fluctua
ting laboratory temperature. The assumed
laboratory temperature was 75°F
(23.9°C). It was possible to take into
account the difference between this
temperature and actual temperature when
analyzing the data. Tables IV and V show
how the heat conduction enters into the
simulation of the heat production by the
pigs for constant-rate and variable-rate
ventilation systems, respectively. They
also show the heat needed after subtrac

tion of the heat gained by conduction.
The estimated mean quantity of heat
needed when running a test was supplied
by an electric lamp.

Tests Conducted

It was anticipated that the following
test patterns would give a reasonably
good idea of how the physical and
theoretical models were related.

(1) Five 100-lb (45-kg) pigs in a swine
house were the exposure factor,
EF = 0.0.

(2) Three different winter temperature
conditions with approximately
sinusoidal distribution and period of
1 d:

(a) 0 - 20°F (-17.7 to - 6.6°C);
(b) 20 - 40°F (-6.6 to 4.4°C);
(c) 0-40°F(-17.7to4.4°C).

(3) Two inside conditions:
(a) Constant rate-ventilation with

variable temperature;
(b) Variable rate-ventilation with

on-off thermostat and tempera
ture around 60°F (15.5°C).

Six tests were conducted. Before each

test, about 3 h were allowed to let the
conditions in the chamber reach equili
brium. Two tests were shorter than 24 h
because of problems with the environ
mental control unit. The error analysis
depending on one or more measurements
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Figure 3. Illustrative results of a variable-rate
ventilation test.

was done using the method described by
Kline and McClintock (7).

RESULTS AND DISCUSSION

Illustrative results are presented in
Figures 2 and 3. The dynamic computer
simulation results are presented with solid
lines. The experimental simulation re
sults, when different from the computer
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results, are shown with dots. Ventilation
rate, outside temperature and outside
relative humidity (the outside relative
humidity is not shown on Figures) from
the experimental simulation were data
input for the computer simulation.

Figure 2 shows 1 h of illustrative
results from an approximately constant-
rate ventilation test. It is, in principle, a
constant-rate ventilation test; the varia
tions came from the control unit. The air
velocity changes due to the formation of
ice on the refrigeration coil which
increased the friction losses. The inside
temperatures found experimentally and
derived from the computer analysis were
practically identical. The inside relative
humidities followed approximately the
same path, although there were some
deviations that were well within the
possible deviation due to experimental
error (8%).

Figure 3 represents 1 h of illustrative
results from an on-off variable-rate
ventilation test. Again the inside tempera
tures were almost identical. The inside

relative humidities showed visible differ

ences. The patterns followed were,
however, similar. The experimentally
simulated inside relative humidity lagged
the computer results by about 2 min. The
damping and time constant of the system
and measuring devices were responsible
for this lag of time. For 24-h tests, the
means of the relative humidities from the

experimental and computer simulation
never deviated by more than a few
percent, always less than the estimated
experimental error.

The good agreement in temperature in
Figures 2 and 3 was obtained by adding
some kind of heat capacity to the energy
equation used in the dynamic simulation.
The best results were obtained if the heat

capacity was expressed as:

HC = 10 77

where

HC = heat capacity in Btu/°F
TI = inside temperature in °F.

The heat capacity in actual swine
buildings depends on many variables such
as components of the walls, ceiling and
floor, feeding equipment, partitions be
tween pens, etc. It is dangerous to assume
a value, since no experimental informa
tion has been found on the subject to use
as a guide. The assumption that the
environmental chamber, with the equip
ment inside, had a heat capacity similar
to a real swine building was probably the
best estimate.

For 100-lb pigs housed in perfectly
insulated, solid concrete floor buildings,
the theoretical and experimental results
were similar. This agreement between
theoretical and experimental results vali
dates the generalization of computer
program results.

The comparison of constant-rate venti
lation with variable-rate ventilation, in
this project, showed clearly some environ
mental advantages of the former. The
inside temperature changed smoothly.
There were variations in the inside
relative humidity, but oscillations were of
lower amplitude than with variable-rate
ventilation and also, the air entering into
the system was continuous rather than
intermittent.

Actual field tests of these systems are
planned and will be reported in a later
presentation.

SUMMARY

The experimental and dynamic com
puter simulations of constant-rate winter
ventilation were compared to the simula
tions of on-off variable-rate winter
ventilation for growing-finishing swine.
Six tests simulating pigs of 100 pounds
(45 kilograms) were conducted in an
environmental chamber. The conditions
inside the chamber found experimentally
and by the use of the dynamic computer
simulation were analyzed and compared.

Illustrative results of the computer and
experimental simulation were presented
in graphic form. Good agreement, in the
conditions inside the chamber, was found
between the experimental and computer
results if some heat capacity equal to 10
times the inside temperature is added to
the energy equation of the computer
simulation. This agreement between the
two types of simulation validated the
generalization of computer program re
sults. Environmental advantages of the
constant rate winter ventilation were:
(1) smooth changes in the inside tempera
ture; (2) less violent oscillations in the
inside relative humidity; and (3) the air
entering into the system was continuous
rather than intermittent.
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