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The model of the thermal environment within total confinement livestock housing developed in this project achieves
the accuracy, flexibility and adaptability necessary for systems analysis of environmental control alternatives in total
confinement. This model is an effective tool for studies concerned with the dynamic behavior of the thermal environment
in such units. The algorithms included in the model give the accuracy and sophistication required to model the dynamic
thermal environment that exists in commercial livestock housing. The model also provides the desired flexibility for
incorporation of future developments as they may arise. The detailed documentation (Barlott and McQuitty 1974) should
assist interested persons to use the model with no serious difficulties. The validation of the model indicates that the model
cycles and effectively predicts the dynamic nature of the thermal environment within total confinement. However, the
predictions are very sensitive to the accuracy of the input data.

INTRODUCTION

In the past decade, many techniques
of systems analysis including mathe
matical modelling and computer simula
tion have been applied to the analysis and
solution of environmental control prob
lems. Many of these models require major
revisions before they may be used to
evaluate all design and management
factors that influence the environment
within total confinement. Only after
models have been developed that incor
porate the sophistication necessary for
systems analysis can they be integrated
into an overall agricultural model and
applied in the process of farm rationaliza
tion.

A more sophisticated model to deter
mine thermal characteristics of a livestock

unit was developed and described by
Feddes et al. (1973). They indicated that
experience and modification were re
quired to fully evaluate the limitations of
the model.

The Feddes model was modified to
permit prediction of temperatures and
humidities as well as interior and exterior

surface temperatures as a function of
external environment, type of construc
tion and management practices. The
revised model then was validated by a
comparison between specific measure
ments recorded in a typical commercial
total confinement unit and predicted
values generated by the model.

MODELLING PROCEDURE

The flow diagram presented in Figure
1 represents the simulation sequence for
the revised model of the thermal

environment in total confinement live

stock housing (referred to subsequently
as "the model"). The model is similar to
the Feddes model except that accuracy,
flexibility and adaptability have been
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improved. A comprehensive documenta
tion of the computer program was
prepared to allow use of the model with
no serious difficulties. This documenta
tion (Barlott and McQuitty 1974) con
sists of a detailed explanation of the
program, flow diagrams and output
formats.

Two major modifications were made
to the earlier model. The first was the
incorporation of a program documented
by Mitalas and Arseneault (1972) to
calculate the z-transfer functions
(Stephenson and Mitalas 1971) for the
calculation of transient heat transfer
through walls and roofs. The second was
made to permit prediction of interior
temperatures and humidities as a function
of external environment, type of con
struction, ventilation and air-conditioning
criteria and management practices.

VALIDATION OF THE MODEL

Confirmation of the model through
comparisons with experimentally derived
data was essential to assess its reliability.
A swine finishing barn, located at the
University of Alberta, Faculty of Agricul
ture and Forestry, Edmonton Research
Station, Edmonton, and representing a
typical swine unit, was used for verifica
tion purposes. This facility was construct
ed in the early 1950's by a local
prefabrication company for research
activities of the Department of Animal
Science.

The building was 68 ft 2 in long by 36
ft 8 in wide by 6 ft 4 in to the eaves (20.8
X 11.2 X 1.9 m) and orientated with its
long axis running north-south. The frame
walls were constructed of aluminum

exterior siding and two 3/8-inch
(9.5-mm) plywood sheathing skins with
2-inch (50.8-mm) batt insulation. The
gable roof consisted of a 3/8-inch
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Figure 1. Simplified flow diagram.

(9.5-mm) plywood ceiling supporting
2-inch (5.1-cm) batt insulation, attic
space, and 3/8-inch (9.5-mm) plywood
roof decking with asphalt shingles.
Double-glazed windows located in the
east and west walls involved 41 ft2 (3.8
m2) in each case. The door located on the
north gable-end of the unit and consisting
of two 3/8-inch (9.5-mm) plywood
sheathing skins with 1-1/2-inch (3.8-cm)
batt insulation, involved 24 ft2 (2.2 m2);
doors located on the south gable-end of
the unit involved 99 ft2 (9.2 m2) of
similar construction.

This study was conducted from
0700h, 10 September 1973 to 1000 h, 12
September 1973, to determine the
parameters required as input into the
computer model, as well as to determine
certain parameters necessary for evalua-
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tion of the accuracy of the prediction
model.

The ventilation system for the swine
unit comprised two constant-speed ex
haust fans, one 12-inch (30.5-cm) and
one 16-inch (40.6-cm), in the east wall.
The incoming air was drawn through the
attic space by means of ceiling slots
adjacent to the east and west walls.

Discharge ducts with suitable calming
lengths and straighteners (Jorgenson
1961) were constructed to stabilize the
velocity pattern. By means of two
Hastings velocity meters and a mano
meter connected to a pitot static tube,
the constant ventilation rate delivered by
the two fans was determined to be 3,000
ft3/min(5,097m3/h),±3%.

A total of 102 copper-constantan
thermocouples were used for temperature
measurements. Some of the thermo

couples were wired directly into a
Honeywell 24-point temperature record
er, while others were connected in
parallel into the recorder to obtain mean
temperature values.

Where ambient temperatures were
required for the inside, outside and attic
conditions, the thermocouples were
located in wet-bulb and dry-bulb pairs.
The wet-bulb thermocouple lead was
covered with a wet wick which extended

into a water bath.

Both inside and outside surface tem

peratures were recorded for the four
walls, as well as the inside surface
temperature of the ceiling and the outside
surface of the east and west sloped
portions of the roof. Each of the surface
temperatures was measured by six
thermocouples connected in parallel to
give the overall average surface tempera
ture of the component. These thermo
couples were attached by means of
waterproof tape whose color was chosen
to match the color of the surface as
closely as possible (American Society of
Heating, Refrigerating and Air-Condition
ing Engineers (ASHRAE) 1972).

Additional weather data were obtained
from the local weather office located at
the Edmonton Industrial Airport,
Edmonton, Alberta, for each hour from
10 September 1973 to 12 September
1973. The data included barometric
pressure, wind direction, wind speed,
station pressure, cloud type and total
cloud amount.

To estimate the heat and moisture
output of the animals and surroundings,
the 99 swine were weighed as required for
the applicable regression equations. The
physical data required as input for the
model included thickness, conductivity,
density, specific heat and resistance of
the radiation path whenever applicable
(thermal resistance when there was
negligible heat storage) for all layers of
each structural component. The data for

each layer of each structural component
were obtained from several references
(ASHRAE 1971, 1972; Jorgenson 1961).
In all cases, the individual layers were
inspected and a value that would best
represent the material was assumed.

Several reference sources (ASHRAE
1971, 1972; Jorgenson 1961) were used
to determine other values such as

emissivity and absorptivity factors, heat
transfer coefficients, shading coefficents
and ground reflectivity. In addition to
these assumed parameters, the intensity
of solar radiation was measured by a pair
of pyrheliometers; one measured the
direct radiation normal to the sun's rays,
while the other measured the total

horizontal radiation.

Most of the work involved with the

computer was performed in the conversa
tional mode from an IBM Model 2741

communication terminal using disk file
and magnetic tape. The program was
processed using a Fortran G compiler on
an IBM System 360 Model 67 dual-
processor computer using Virtual Mem
ory facilities and the Michigan Terminal
System at the University of Alberta
Computing Centre. The total cost for one
3-day simulation was $18.60.

DISCUSSION OF THE

VALIDATION RESULTS

Initial Validation

Sample outputs from the model are
not presented here, as they are similar to
those presented by Feddes et al. (1973).
The output gives four basic sets of
information: the component numerical
data, solar parameters and thermal
properties, heat transfer through the
structural components and the ventilation
criteria.

The simulation of the sun's movement

and related solar radiation on each

surface were found to be realistic. The
solar data were compared with data
presented by two sources (ASHRAE
1972; Stephenson 1967) as well as with
experimentally determined data. From
these comparisons, the solar calculations
were observed to follow expected trends
with a high degree of accuracy. These
values then could be used successfully to
calculate the dynamic thermal character
istics within the total confinement unit.

The thermal properties included, for
analysis purposes, the inside dry-bulb
temperature, the inside relative
humidity, the outside surface tempera
ture and the inside surface temperature.
The data were analyzed to find the
correlation between observed and pre
dicted values by finding the coefficient of
simple correlation and, to test for the
similarity of means, by utilizing the
paired two-tailed t test for significance.
The differences or residuals also are
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Figure 2. Inside room dry-bulb temperature.

discussed subsequently for some of the
variables where differences in the ob
served and predicted value occurred.

The inside room dry-bulb temperature
predicted by the model is illustrated in
Figure 2, together with the observed
inside dry-bulb temperature for the 50-h
monitoring period. Statistical analysis
indicated that the model accurately
predicted the cycling nature of inside
room dry-bulb temperature (simple corre
lation coefficient of 0.97). However, the t
value of the model and observed was
-13.58. The hypothesis that the differ
ence between the means of each popula
tion is zero was rejected at the 99%
confidence level.

Sol-air temperature (ASHRAE 1972)
also was used to represent outdoor
conditions in the heat transfer equations.
The resultant correlation between the
predicted and the observed room dry-
bulb temperature was the same (simple
correlation coefficient of 0.97), while the
resultant t value was -12.55.

Figure 2 indicates that the model
predicted the inside dry-bulb temperature
accurately from hour 35 to hour 42 (the
time for most figures and graphs is given
as hours 1 to 72 inclusive, beginning at
0100 h, 10 September 1973) where the
incoming air temperature was above 60 F
(15.6°C). During the night and a cold
rainy day (12 September 1973) the
residuals (differences between the pre
dicted and the observed values) were
large. These large residuals may have been
due partially to the very wet conditions
accompanied by low temperatures. In this
case, the theoretical basis for the model
apparently was inaccurate. The heat
transfer of wet surfaces should account
for the evaporation rate of water and the
water heat storage of the water laver
(ASHRAE 1972; Mitalas 1968). Average
experimental temperatures also may have
contributed to error in validation oas
temperature gradients were large (±6 F
(±3.3°C)) from floor-to-ceiling and from
wall-to-wall as indicated by psychrometer
readings. The recorded data were the
average readings of the thermocouples
located within the facility.

32



TABLE 1 STATISTICAL ANALYSIS OF INSIDE SURFACE TEMPERATURES, MODEL
VERSUS OBSERVED

South North East West
>- •'

Statistic wall wall wall wall Ceiling
s

Correlation coefficient 0.97 0.95 0.98 0.96 0.96
X >o

/ value -8.98 -5.69 -11.59 -10.30 -10.79 ^

Mean difference (°F) -5.1 -3.6 -6.1 -5.3 -7.6 Uj 55

(predicted-observed)
Range of differences (°F) -12.7 to -11.2 to -12.9 to -11.8 to -15.5 to

(predicted-observed) 1.6 4.7 0.9 2.1 2.1 40

TABLE II STATISTICAL ANALYSIS OF OUTSIDE SURFACE TEMPERATURES, MODEL
VERSUS OBSERVED

East West

South North East West slope slope
Statistic wall wall wall wall roof roof

Correlation coefficient 0.98 0.99 0.97 0.97 0.98 0.98

t value -3.66 2.60 -0.87 -0.76 0.94 2.02

Mean difference (°F)
(predicted-observed) -1.8 0.8 0.4 -0.4 0.5 1.1

Rangeof differences (°F) -12.7 to -3.3 to -9.1 to -12.9 to -10.2 to -9.6 to

(predicted-observed) 3.1 4.5 5.5 13.2 9.4 9.6

24 36

TIME (HOURS)

Figure 3. Inside room relative humidities.

13 34

The mean difference for temperature
prediction of the model versus observed
was —8.3°F (—4.6°C) with a range of
-16.2 to -0.8°F (-9.0 to -0.4°C).
When sol-air temperature was used in the
heat transfer equations the mean differ
ence was —7.9 F (—4.4 C) with a range
of -15.9 to 0.3°F (-8.8 to 0.2°C). The
model was a satisfactory predictor of
inside temperatures with best accuracy
for the period of highest temperatures.

Figure 3 indicates that the predicted
and observed relative humidities were

well in step. However, the correlation was
not as high (simple coefficient of 0.76) as
that for temperature. The value for t for
the model versus the observed was —4.26.

The relative humidity prediction was
accurate only for the first 13 h of
validation. Where deviations occurred,
they appeared to be larger during the day
when the solar load was high. The mean
difference between the model and the

observed was —3.3% with a range —16.6
to 4.4% relative humidity. The analysis
showed that the inside relative humidity
prediction was slightly more accurate
than the inside dry-bulb temperature
prediction, but the cyclic behavior was
not predicted as well.

Figure 4 is a sample of the prediction
of inside surface temperatures. The values
for t, the correlation coefficient, the
mean differences and the range of the
differences for all inside surface tempera
tures are presented in Table I. Generally,
the residuals between the predicted and
the observed inside surface temperatures
were greatest during zero solar radiation
and during periods of precipitation.

A sample of the observed and
predicted values for the outside surface
temperatures is presented in Figure 5 and
the statistical data for all outside surface

temperature predictions are presented in
Table II. The table indicates that the

model predicted the outside surface
temperature with a higher statistically
significant degree of accuracy. The value
for t indicates that the model predicted
the outside surface temperature for all
surfaces, except the south wall, with a
highly signficant degree of accuracy,
especially during periods of low heat load
on the outer surface of the building.

The foregoing discussion noted that
predictions of inside conditions and
surface conditions were of the same

order, that is, when one prediction was
too low, the other was also low. This was
due to the very dynamic and interactive
dependence of surface temperature on
inside and outside conditions and vice

versa. No association could be developed
between predicted values for inside
relative humidity and predicted values for
inside dry-bulb temperature, nor could
these values be associated with outside
conditions. Some heat source was evident
during the cooling periods (evening when
no solar heat load), as actual inside
temperatures remain fairly high even
though they were predicted to be lower.

Sensitivity Analysis

As sensitivity testing is an essential
part of the validation process, certain
input parameters were tested to deter
mine their impact on the model predic-

TIME (HOURS)

Figure 4. South wall inside surface tempera
tures.
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Figure 5. South wall outside surface tempera
tures.

tion. The inside temperature was chosen
to be the most important criterion for
sensitivity analysis, and was used as a
measure of effectiveness.

The initial validation assumed the

incoming temperature as that of the
outside air. Since the air used for

ventilation purposes was drawn through
the attic space, this was not an accurate
assumption. ASHRAE (1972) gives a
general relationship for estimation of
attic temperature which neglects the
effects of any interchange of air such as
would take place through attic vents or
louvers intended to preclude attic con
densation under natural ventilation. The

same reference source indicates that test

data haVe determined that the reduction

in temperature difference between attic
air and weather is linear with mechanical

ventilation rates between 0.0 and 0.5

ft3/ft2 (0.0 - 0.15 m3/m2) of ceiling
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TABLE III STATISTICAL ANALYSIS OF INSIDE DRY-BULB TEMPERATURE RESULTING FROM SENSITIVITY ANALYSIS ON HEAT
AND MOISTURE PRODUCTION, OBSERVED VERSUS PREDICTED

Management factors
used in the model

Moisture 0.8 Sensible heat 0.8

Moisture 0.8 Sensible heat 1.0

Moisture 0.8 Sensible heat 1.2
Moisture 1.0 Sensible heat 0.8

Moisture 1.0 Sensible heat 1.0

Moisture 1.0 Sensible heat 1.2

Moisture 1.2 Sensible heat 0.8

Moisture 1.2 Sensible heat 1.0

Moisture 1.2 Sensible heat 1.2

area. The relationships for determining
attic temperature do npt consider such
factors as heat exchange within the attic,
solar radiation, naturally ventilated condi
tions and conditions where air is drawn

through this naturally ventilated attic
space, as existed within the test facility.
For these reasons, an approximation
method for determining attic tempera
ture was not used and the attic

temperatures were monitored. These
temperatures then were assumed as the
ingoing or ventilating air temperatures.

The resulting inside dry-bulb tempera
ture is presented in Figure 6 along with
the observed and that determined using
the outside temperatures as the incoming
temperatures (sol-air temperatures in heat
transfer equations). As noted previously,
the correlation coefficient for the model
and the observed was 0.97 with a value
for t of —12.55 and a mean difference of

-7.9°F (-4.4°C) with a range -15.9 to
0.3°F (-8.8 to 0.2°C). Using the attic
temperature to represent the incoming
temperature, the resulting correlation
with the observed was 0.98. The value for

t was —4.88 and the mean difference was

-3.1°F (1.7°C) with a range -8.6 to
7.4°F (-4.8 to 4.1°C). The result was a
slightly better correlation and a much
more highly significant value for t. The
difference between the means also was

reduced substantially.
These results indicate that attic tem

peratures must be considered for estimat
ing the incoming temperature, but under
naturally ventilated conditions these are
difficult to determine. In addition, the
ingoing (incoming) air may be some
combination of the outside air and attic
air depending on such weather factors as
wind speed, wind direction and baro
metric pressure as well as the location and
area of air vents and/or louvers into the
attic and from the attic to the room.

The heat and moisture production of
the confined animals are the major
constituents of the resultant heat and

moisture load on the building. As the test
facility was a swine confinement unit, the
heat and moisture production for swine

Correlation

coefficient

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

0.97

Mean difference Range of differences
t (predicted-observed) (predicted-observed)

value <°F) <°F)

-12.22 -8.4 -16.9 to 0.7
-10.74 -7.0 -15.3 to 1.5
-9.44 -5.8 -13.7 to 2.2

-13.55 -9.1 -17.5 to 0.2

-12.55 -7.9 -15.4 to 0.3
-11.33 -6.8 -14.5 to 0.8
-14.96 -9.7 -18.0 to-1.2
-14.34 -8.8 -16.6 to 0.9
-13.61 -7.8 -15.2 to 0.3

was determined by regression equations
(Bond et al. 1959) as recommended for
design purposes. The estimates of heat
and moisture lost by the swine inside the
confinement unit were probably the least
reliable of all the factors contributing to
the temperature and humidity conditions
within the unit/Harman et al. (1968)
found wide variations in heat and
moisture production within swine hous
ing whereas Wolfermann and Hornig
(1973) found that moisture and heat
dissipation with regard to modern hous
ing systems were considerably higher than
expected. The latter also noted that
research results in the U.S.S.R. were
considerably different than those of Bond
etal. (1959).

Considering the foregoing, the sensible
heat and moisture production each were
increased and decreased by 20% to give
all the possible combinations of these
effects. The effect on inside room
dry-bulb temperatures of varying the
management factor for sensible heat
production and maintaining the manage
ment factor for moisture production the
same as that predicted by the regression
equations (Bond 1959) is presented in
Figure 7. The statistical analysis of all
possible combinations is presented in
Table III. The analysis indicated that
decreased moisture production and in
creased sensible heat production signifi
cantly improved the accuracy of predic
tion of inside dry-bulb temperatures. This
finding stresses that accurate heat and
moisture production data for the animals
confined are of major importance. These
data may vary substantially due to
variation in such factors as animal
liveweight, ration fed, thermal stress,
housing system used, and activity levels.

The sensitivity of the model to
changes in the emissivity factor of the
outside wall surface, absorptivity factor
of the outside wall surface, emissivity
factor of outside roof surface, absorptivi
ty factor of outside roof surface, overall
heat transfer coefficient, clearness num
ber and air film conductance coefficient

was carried out on the basis of deviation

TIME (HOURS)

Figure 6. The effect on inside room dry-bulb
temperatures of changing the in
coming air temperature from that of
the outside air to that of the attic

space.

TIME (HOURS)

Figure 7. The effect on inside room dry-bulb
temperatures of varying the manage
ment factor for sensible heat produc
tion and maintaining the manage
ment factor for moisture production
at 1.00.

found in the literature (ASHRAE 1971,
1972; Jorgenson 1961). These individual
variations resulted in a maximum of
±1.5°F (±0.8°C) change in the inside
dry-bulb temperature with an average
change ±0.5°F (±0.3°C). This indicated
that the values chosen for these proper
ties do not have a great effect on the
accuracy by which the model predicts the
thermal environment. However, the addi
tive effects of several of these changes
may be significant. Furthermore, the
effect of these changes under completely
different conditions may be significant.
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SUGGESTIONS AND PRACTICAL

IMPLICATIONS

Experience with and modifications to
the model are required to define and
evaluate any imperfections and limita
tions that may exist within the model.
This model should be validated with more

data in several locations, including very
warm (summer) and very cold (winter)
conditions. Not only the similarities
between the model and the real system
should be examined, but also the
differences between the specific proper
ties of the model and the real system.

To achieve maximum accuracy, there
are a number of areas which require
further research or action to replace
assumptions with actual data and rela
tionships. Experience with the model has
indicated that such data include: heat and
moisture production of animals as they
are affected by varying conditions;
condition of the incoming air used to
ventilate the building; effects of varying
wind conditions; heat sources and sinks
such as furnishings, occupants and equip
ment in the room; effects of age,
moisture, etc. on the range of thermal
coefficients; and effect of infiltration.

The replacement of these parameters
with actual data should result in a more

realistic model. Of greatest importance is
the heat and moisture production and
condition of the incoming air drawn
through the attic space as indicated by
the sensitivity analysis. Furthermore, the
unknown heat sources (or time lag)
evident during cooling periods when
temperatures remain substantially higher
than predicted, as indicated by the initial
validation, should be investigated.

One of the major assets of a model

35

such as this is its usefulness as a tool in

the investigation of adjustable parameters
which may affect the system. A series of
simulations may be conducted to evaluate
changes in design and management
factors that might produce optimum
design. Variables that may be considered
include location, orientation, construc
tion materials, fan size, heater size and
stocking density. Sensitivity of such
factors as the effect of size, shape, color
and orientation of buildings on interior
thermal environmental conditions may be
carried out.

The most valuable application of the
model will be to serve as a stepping-stone
for future models that are more accurate

and complete; perhaps if used with other
detailed models, it might serve as a
component part of an overall model that
would allow a detailed analysis of a total
livestock production system. Computer
models such as this can be used to test

one of the many parts of a total system
more easily, more cheaply and infinitely
more quickly than could be done in an
actual field experiment.
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