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INTRODUCTION

Moisture as water vapor is generated
within total confinement livestock build
ings by evaporation from lungs and skin
of the animals, floor surfaces, waterers,
and animal wastes. Aeration of liquid
wastes also may contribute to the total
moisture production (5).

The control of this moisture in the

atmosphere of a livestock building is a
primary function of ventilation. Mois
ture production values for various classes
of livestock for ventilation design pur
poses are available (1, 2). Such design
criteria, however, do not indicate the
extent to which values are influenced by
the system of housing selected or by the
manure-handling method chosen. The
importance of such factors has been
demonstrated by Harman et al. (4) with
regard to pig housing but whether these
factors are also significant in total con
finement beef units does not appear to
have been investigated.

The main objective of the study
reported here was to ascertain the
effects on moisture removal of two such

housing systems, viz, fully slatted and
straw-bedded systems. Also included in
the study was an investigation into the
effects on the moisture removal rate of

removing the exhaust air at high and
low levels for each system and of opera
ting aeration rotors below the slatted
floor.

EXPERIMENTAL FACILITIES

The study was conducted during the
period from December 1, 1970 to April
30, 1971, in the Livestock Environ
mental Engineering Laboratory located
on the Agricultural Engineering Research
Farm. This 100 X 40-ft (30.5 X 12.2-m)
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Figure 1. Floor plan of the pen layout within the two housing systems. *Number of animals in
each pen.

insulated facility has been described by
McQuitty et al. (7). The 80 X 40-ft
(24.4 X 12.2-m) livestock area is fully
slatted with 10-ft (3.05-m) wide storage
pits running across the building.

For the purposes of this study, the
livestock area was divided equally be
tween the two housing systems (Figure
1). Plywood sheeting was placed over
the existing slats in one compartment to
form a solid base for the manure pack
in the straw-bedded treatment. The

other half or compartment constituted
the slatted-floor treatment. Three aera

tion rotors were installed in two of the

four pits below the slatted floor, two
being located in one pit and one in
another. These 30-inch (76.2-cm) long,
toothed rotors had been designed and
used in the same facility in an earlier
study reported by Aasen et al.a; the two
pits have been modified as oxidation
ditches.

a Aasen, A.K., J.B. McQuitty, and P.H.
Bouthillier. 1971. Storage of beef cattle
wastes under aerobic and anaerobic condi

tions. Paper No. 71-202 presented at Can.
Soc. Agr. Eng. Conference, Lethbridge,
Alberta.

Ventilation was by means of a pres
surized system consisting of a duct run
ning from each gable along the center-
line towards the midpoint of the
livestock area at a height of 11 ft (3.35
m) above floor level. The two halves of
the system were identical and incorpor
ated a centrifugal fan and an in-duct gas
heater. Air was distributed through an
equal number of diffusers in each duct.
Exhaust air left the building through
slots located along both external walls
of the livestock area immediately below
slat level. A feed room and a weigh room,
located at opposite ends of the building,
were heated and ventilated separately.

To facilitate monitoring of exhaust
air at two levels within each housing
treatment, two separate duct systems
were constructed for each compartment
(Figure 2). The upper exhaust ducts re
moved air 6.5 ft (1.92 m) above floor
level. The lower ducts collected the ex

haust air through adapters from the slots
in the pit walls below slat level (Figure
3). As the manure pack in the straw-
bedded area would otherwise cut off

downward air movement to these out

lets, a continuous opening was left
against the external walls using planking
and spacers to manure pack height.
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Figure 2. Location of inlet and exhaust duct systems for the two housingsystems.

Figure 3. Insulated external ducts used to collect exhaust air below slat level returning into
building to connect with main outlet ducts.

4 X 18-inch (10.16 X 45.72-cm) open
ings to each duct. Duct sizing was de
signed for an air velocity of 500-1,000
ft/min (152-305 m/min).

EXPERIMENTAL PROCEDURES AND

EQUIPMENT

For the purposes of the project, the
capacities of the two fans in the ventila
tion system were adjusted by means of
manually controlled dampering devices
to deliver 3,000 ft3/min (5,097 m3/h).
Measurement of fan output was carried

out using the method described by
Jorgensen (6). A 25-point traverse of
velocity pressures was taken in the inlet
duct of each housing treatment using a
pitot static tube and manometer. This
procedure was carried out before and
after each trial run to determine an
average air flow for this period. Fan
capacity was found to vary to some ex
tent as wind velocity and direction
changed. Occasional frosting-up of the
bird screens upstream from the fans also
caused variations.

Twelve copper-constantan thermo
couples were used for temperature
measurements within the facility. A dry
and a wet bulb thermocouple were placed
in each main outlet duct and in each
inlet duct downstream from the in-duct
heater units. One dry bulb thermocouple
was located upstream from each fan to
measure outside air temperature. The
remaining two thermocouples were used
to measure ambient dry bulb tempera
ture in the two compartments. Prelim
inary investigations indicated that wet
bulb temperature error was relatively
small if the wicks were kept clean. Con
sequently, these were serviced at 10-d
intervals in inlet ducts and daily in out
let ducts where dusty conditions pre
vailed.

Thermocouples were wired into a
Honeywell 24-point temperature record
er located centrally in the building.
Temperatures were recorded for 20 min
in each hour by means of a time clock
connected to the recorder. Temperature
data were extracted from the readings
recorded at 2-h intervals for analysis
purposes as little fluctuation was found
to occur over a several-hour period.

Every effort was made to seal each
housing compartment and duct effec
tively not only to minimize air move
ment from one compartment to the
other but to ensure that air exchange in
each compartment was in fact the result
of the ventilation system. Of necessity,
connecting doors had to be opened to
facilitate movement of feed and of

animals for weighing purposes. These
were closed as soon as possible and seals
checked regularly.

The water vapor removal rates were
calculated by use of the following equa
tions:

e=Pw- (B - Pw) (td - tw) (1)
2800- 1.3 tw

where

e = partial pressure of vapor in air, inches
of Hg;

The two exhaust ducts for each ex

haust level in a housing treatment were
brought together in a common duct
that, in turn, delivered the air into a
main outlet duct (Figure 2). The air was
monitored in these main ducts before

escaping to the outside atmosphere via
10-ft (3.05-m) insulated stacks (Figure
4). To permit switching from one ex
haust level to the other, sealed adjust
able plates were installed at the
junctions of the exhaust ducts and the
common ducts. All exhaust ducts were

equal in size and number of openings to
the exhaust slots in the pit walls, i.e., 20
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B = barometric pressure, inches of Hg;
Pw = vapor pressure of water at the wet

bulb temperature, inches of Hg;
trf = dry bulb temperature, F;and
tw = wetbulb temperature,°F.

W = 4360P
w (2)

B

where

W = grains of moisture per lb dry air.

(td + 459.7) ,, , w
V = 0.754-

T (1+4360} (3)

where

V = specific volume of 1 lb of air, ft /lb
dry air.

Barometric pressures were obtained
from Edmonton International Airport,
the altitude of which is comparable to
that of the research farm. The two loca

tions are less than 10 miles (16.09 km)
apart.

In addition to determining the mois
ture removed by ventilation, the other
parameters involved in the moisture
balance for each housing treatment were
determined or measured routinely during
the course of the project. The feed con
sumed during each trial run was weighed
and sampled for purposes of moisture
determination. Water meters measured

water consumption.

The moisture accumulation in the

manure pack during each trial run was
determined by dividing each of the three
pens into a grid of nine equal rectangles,
and measuring the depth of the manure
at the center of each to obtain an aver

age depth for each pen. Core samples
were taken from three locations in each

pen for moisture content determination.
Using this procedure at the beginning
and end of each trial run permitted cal
culation of moisture accumulation for

that period. In the slatted-floor treat
ment, the moisture accumulation in each
pit was determined by taking depth
measurements before and after each trial

run. Moisture content of the liquid
wastes also was determined.

Seventy-six steers were allocated to
the project in October 1970. After being
weighed, the animals were ranked from
the heaviest to the lightest to permit
allocation to groups of similar initial
liveweights within the two housing treat
ments. The 38 steers on the slatted floor

averaged 25 ft2 (2.3 m2) of space per
head in four pens (Figure 2) with the
same number in the straw-bedded

system divided into three pens at a den
sity of 36 ft2 (3.3 m2) per head. One
animal died from bloat prior to the start

Figure 4. An exhaust stack used to minimize recirculation into the hooded inlet.

of the trials, leaving 37 animals in the
straw-bedded area.

Four treatments were considered in

the slatted-floor system, including three,
two, one, and no rotors operating. The
three-rotor treatment was run simulta

neously with the straw-bedded system.
The two, one, and no rotor treatments
were carried out following the three-
rotor treatment, as using a reverse order
would have involved the risk of hydro
gen sulfide poisoning. During this same
period, the ventilation rate in the straw-
bedded system was increased from 3,000
ft3/min (5,097 m3/h) to 3,730 ft3/min
(6,335 m3/h) to ascertain the effect on
moisture removal for each exhaust level

of the higher ventilation rate.

The duration of each trial run was 48

h. Each trial run with each treatment

consisted of either upper or lower level
exhausting. In each treatment, the water
vapor removal rate (WVRR) was the
parameter upon which the statistical
analysis was based. This rate was the
difference between the water vapor
exhausted and that present in the in
coming air in pounds per hour. The
removal rates were calculated from the
data collected every 2 h and averaged
for each trial run. As the treatments
considered were not studied at the same
interval within the course of the experi
ment, liveweights were not constant,
and as the ventilation rates differed

for each exhaust level and each

housing system due to external influ
ences, the WVRR were expressed in
terms of pounds of water per hour per
1,000 ft3/min (1,699 m3/h) and 10,000
lb (4,536 kg) animal liveweight.

The steers were weighed at 28-d
intervals during the duration of the
experiment. Regression analysis was used
to extrapolate these Uveweight data for
each trial run.

ANALYSIS AND RESULTS

The data were analyzed on the basis
of a split-plot design with a 2 X 2 latin
square within the whole plots. An anal
ysis of variance was applied to the
means of treatments for the three oper
ating rotors in the slatted-floor system
and the lower ventilation rate in the
straw-bedded system. A second analysis
involved treatment means for the two
ventilation rates in the straw-bedded
system, and a third considered the
means of all treatments in the experi
ment including those for two, one, and
no rotors operating in addition to those
noted above. The reason for using this
approach was the fact that not all treat
ments were for the same time duration.
In the third analysis of variance, the
replicates of the three-rotor and ventila
tion rate treatments were considered as
individual treatments along with the
other rotor treatments. This third anal

ysis involved use of Duncan's new
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multiple range test (8) to determine the
degree of consistency existing between
the treatment means of the replicates in
the three-rotor and ventilation rate treat

ments and to determine the level of

significance of the differences between
the 12 treatment means.

Calculated F values for the analysis
of variance for the WVRR within the

housing systems, the three rotors oper
ating in the slatted-floor system, indi
cated that the overall differences due to

housing were not significant (P < 0.05).
Differences due to the exhaust levels

were highly significant (P < 0.01). The
interaction between exhaust levels and

housing was significant (P < 0.05) and
of considerable interest. The WVRR was
higher for the slatted-floor than for the
straw-bedded system, whereas a higher
WVRR occurred for the lower exhaust

level in both housing systems (Figure 5).

The effects on overall mean WVRR
values of ventilation rates and exhaust

levels in the straw-bedded system are
illustrated in Figure 6. The WVRR for
the lower ventilation rate as anticipated
was higher than that for the higher ven
tilation rate. The WVRR for the two

exhaust levels followed the same trend

as that for the two housing systems in
that the WVRR was lower for the upper
exhaust level. The effect of ventilation

rate was highly significant (P < 0.01)
but differences between exhaust levels

and the interaction between ventilation

rate and exhaust levels were not signifi
cant (P < 0.05) in either case. The fact
that significant differences (P < 0.01) in
WVRR were found for the exhaust

levels in the housing system comparison
indicated that the differences in WVRR

for the two exhaust levels within the

straw-bedded system were not signifi
cantly different, whereas those for the
two exhaust levels within the slatted-

floor system were significantly different.

The WVRR values found for the dif

ferent numbers of rotors operating in
the slatted-floor system were compared
with the values obtained for the two

ventilation rates within the straw-bedded

system (Figure 7). At the lower exhaust
level, the WVRR values were larger than
those of the upper exhaust level with
the exception of the case when no
rotors were operating. The differences in
WVRR within the exhaust levels were

greater for the operating rotors than for
the other treatments. The WVRR was
greater for the straw-bedded than for
the slatted-floor system, indicating that
less exchange air is required to remove
the water vapor produced. The overall
mean WVRR of the lower ventilation

rate for the straw-bedded system and
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the overall mean WVRR with no rotors
operating was in the ratio of 1.00:0.69.
The WVRR for the single rotor also was
lower than the WVRR when no rotors
were operating.

The analysis of variance for the
WVRR with changing numbers of oper
ating rotors within the slatted-floor
system showed that exhaust levels dem
onstrated highly significant differences
(P < 0.01) as was the case in the
housing system comparison. Results indi
cated that one and no operating rotor
were significantly different (P < 0.05)
from two rotors, three rotors, and the
lower ventilation rate in the straw-
bedded system. The treatments con
sisting of two or three rotors and the
lower ventilation rate within the straw-
bedded system were comparable in that
the overall mean values were not signifi
cantly different (P < 0.05).

A multiple regression analysis indi
cated the difficulty in predicting a
WVRR in a dynamic environment as in
this experiment. With eight variables
changing simultaneously, the regression
equations** proved to be complex for
the most part if a good fit of the data
was to be achieved.

A moisture balance was calculated for

each rotor treatment within the slatted-

floor system and for the lower ventila
tion rate treatment within the straw-

bedded system. Values for moisture
retained by the animals were estimated
from the Uveweight data for each trial
period on the premise that the live-
weight gain of steers constitutes 70%
water (3).

The error noted for each balance

(Table I) could be due to a variety of
factors but the determination of the

moisture accumulation in the pits or
manure pack was suspected as being the
major contributor. The increase in
accumulated moisture during each trial
run was very small relative to the initial
amount present in either case. Conse
quently, the accumulated moisture for
each trial also was calculated for com

parative purposes.

DISCUSSION

Minimizing ventilation of a total con
finement livestock unit while main

taining acceptable ambient conditions

Feddes, J.J.R. 1972. Moisture and gas re
moval from beef housing. Unpublished
M.Sc. Thesis. Department of Agricultural
Engineering, University of Alberta,
Edmonton, Alberta.
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TABLE I SUMMARY DATA: MOISTURE BALANCE FOR THE TWO HOUSING SYSTEMS

Housing: Slatted-floor housing
Straw-beaaea

Treatment: 3 Rotors 2 Rotors 1 Rotor No rotors housing

Exhaust level: Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper

Avg animal wt, lb 644 644 761 761 823 823 885 885 640 640

Avg temp, F 59 59 63 62 61 61 67 68 60 60

Avg relative humidity, % 70 66 69 64 66 61 62 62 64 66

Avg ventilation rate, cfm 3032 3060 3032 3060 3032 3060 3032 3060 2943 2992

Avg ventilation rate/animal (an), cfm/an 79.8 80.5 79.8 80.5 79.8 80.5 79.8 80.5 79.5 80.9

Moisture entering, lb/an/day 28.3 32.1 32.2 31.2 34.6 36.5 46.7 47.0 29.6 32.8

Moisture exhausted, lb/an/day 68.6 66.4 74.5 66.3 68.1 63.4 79.4 81.7 64.8 66.0

Water consumed, lb/an/day 47.0 47.4 53.5 50.0 52.5 51.5 60.0 65.0 50.0 52.0

Moisture in feed, lb/an/day 7.6 7.7 5.5 5.1 4.8 5.7 5.9 5.9 7.5 7.3

Moisture retained by animal, lb/an/day 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3

Moisture accumulation, lb/an/day 21.0 26.0 20.1 23.5 31.3 29.0 30.0 40.0 30.7 25.3

Calculated accumulation, lb/an/day 12.0 18.4 14.3 17.2 28.0 27.9 30.9 34.0 20.4 23.3

Error in moisture balance, lb/an/day 9.0 7.5 6.0 6.6 3.3 0.9 -1.2 6.1 1.0 2.0

% error of total input, lb/an/day 16.5 13.6 10.2 12.0 5.7 2.0 2.0 8.6 1.7 3.4

WVRR,1* wvr/an/day 40.3 34.3 42.3 35.1 33.5 26.9 32.7 34.7 35.2 33.2

WVRR, wvr/an/h 1.67 1.43 1.76 1.46 1.39 1.12 1.36 1.44 1.46 1.38

WVRR, wvr/1,000 lb/h 2.61 2.22 2.32 1.92 1.69 1.36 1.54 1.63 2.29 2.16

% of moisture removed 73 62 72 63 58 47 49 48 61 55

Water vapor removal rate.

under severe winter conditions such as

occur across the Canadian Prairies has

obvious merits. This experiment was an
attempt to ascertain the extent to which
use of the slatted-floor beef housing
system affected the quantity of moisture
to be removed by ventilation compared
with that in the conventional straw-

bedded system. Because slatted floors
infer use of a liquid manure handling
system with associated storage of the
wastes for some period of time below
the slats, an answer was sought to the
question as to whether exhausting the
air from the building at or below floor
level is preferable in this respect to ex
hausting it at 6-7 ft (1.8-2.1 m) above
floor level as is commonly found in
practice. The fact that the facility was
already provided with aeration rotors in
two pits provided an opportunity to
investigate the extent of evaporation
resulting from pit aeration within the
building. The study deviated from com
mercial practice to some extent in that a
pressurized ventilation system was used
rather than the more common exhaust

type. However, the system used prob
ably permitted more accurate control
as infiltration would be virtually elim
inated.

The use of two or three rotors in the

slatted-floor system resulted in a signifi
cant increase in the WVRR compared
with the use of one or no rotors. The

lack of significant differences (P < 0.05)
in WVRR between two and three rotors

suggests that one rotor operating in each
pit has a comparable effect to the opera
tion of two rotors in one pit and one in

the second pit. This was probably due
to the fact that the rate of slurry circu
lation was very similar whether one or
two rotors were in operation in that pit.
From the moisture balance data (Table
I), the percentage moisture input re
moved by ventilation was similar for the
two and three operating rotor treat
ments.

If rotors are to be operated within a
building, exhausting the air below slat
level will remove more moisture from

the building (Figure 7 and Table I) than
exhausting it at the higher level. The
reason for this trend is not readily
apparent. The sources of moisture pro
duction for the two exhaust levels in

each rotor treatment remained the same

but the rate of moisture generation ob
viously increased during exhausting at
the lower level. A possible explanation
may be that, as little air exchange would
occur through the slats during upper
level exhausting, water vapor pressure
below the slats would be greater than
would be the case when air was ex

hausted below slat level. This higher
pressure would result in a decreased rate
of evaporation. From the practical
standpoint, exhausting air from below
slats would reduce the volume of wastes

to be handled, but, in certain circum
stances, this may lead to increased
handling problems.

The fact that the mean WVRR for no

rotor operating was higher than that for
one rotor was unexpected. The explana
tion may be in the fact that the mean
ambient temperature recorded during
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the no rotor trial was appreciably higher
than during the one rotor trial yet the
relative humidities were quite similar
(Table I). Because ambient conditions
prevailing during the two and one rotor
trials were similar, the differences be
tween the WVRR values for these two

treatments might be considered a more
reliable guide of the increased moisture
load resulting from use of such rotors.
Based on this premise and on overall
mean WVRR values for the two treat

ments, an increase of 5.38 lb/h per
linear ft of rotor (0.80 kg/h per 100
mm) might be anticipated.

With no aeration of the pit contents,
the upper exhaust level achieved the
higher WVRR, suggesting that the major
portion of the moisture is produced
above slat level. From a practical stand
point, the differences in the WVRR sug
gest little advantage one way or the
other in exhaust height. In the straw-
bedded housing system, a similar situa
tion was found to exist with both upper
and lower exhaust levels removing com
parable amounts of water vapor.

The ratio of the overall mean WVRR

between the straw-bedded and slatted-

floor systems for similar ventilation rates

and no rotors operating was 1.00:0.69.
This ratio substantiates the work of

Harman et al. (4) that the ventilation
moisture load for a concrete-floored pig
barn was greater than for a barn with a
slatted floor. They found that the ratio
was 1.00:0.42. Several possibilities exist
to explain the difference in these ratios.
In this experiment, the comparison was
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between a straw bed and a slatted floor.
Also, the animal liveweights were sub
stantially higher in the slatted-floor
system than in the straw-bedded system
as the no rotor treatment was carried
out towards the end of the experiment.
Although the WVRR was expressed in
terms of Uveweight, the rate of increase
in Uveweight may not have varied
linearly with the rate of increase in
water vapor removed, thus introducing
an error into the comparison. Differ
ences in the surface areas of pig and
cattle slats and hence differences in rates
of evaporation arising from wetting also
may contribute to the ratio difference.

The moisture balance results (Table I)
indicate ventilation moisture loads that,
even in the case of the slatted-floor
system with no rotor operating, are
somewhat higher than those indicated in
standard references (1, 2). The wide
range of WVRR values obtained in this
experiment for the different treatments
illustrates the need in practice to consid
er not only the number of animals, but
also other factors such as the type of
housing and manure handling method
when designing ventilation systems. The
complexity of the regression equations
necessary for a good fit of the data
obtained, however, demonstrates the
problems of establishing ventilation
design criteria to take such factors into
account because, in reality, each situa
tion involves a dynamic environment in
which many parameters are fluctuating
and interacting.

CONCLUSIONS

On the basis of the results of this

study, the following conclusions are
drawn:

1. In total confinement beef housing,
significant differences exist between
the water vapor removal rates from
the straw-bedded system and from
the slatted-floor system with
anaerobic waste storage below the
slats. With comparable ventilation
rates, the water vapor removed from
the latter system is 0.69 of that from
the former.
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2. The location at which exhaust air is
removed from the slatted-floor

system with anaerobic waste storage
and from the straw-bedded system
has little practical effect on the mois
ture removed by ventilation.

3. The use of aeration rotors in waste
storage pits below slatted floors in
creases the moisture load and

ambient relative humidity. The in
creased moisture load may be as high
as 5.38 lb/h per linear ft of rotor
(0.80 kg/h per 100 mm).

4. Exhausting air below slatted-floor
level when rotors are used signifi
cantly increases the moisture removed
by ventilation compared with ex
hausting the air above animal level.

5. Between one-half and three-quarters
of the total moisture input into a
beef confinement unit is removed by
ventilation but predicting the water
vapor removal rate in such a dynamic
environment has practical limitations.

SUMMARY

This study investigated the influence
of slatted-floored and straw-bedded beef

housing systems on moisture removed
by ventilation. Two exhaust levels were
included within each housing system to
study the effects of outlet height on
water vapor removal rates. The effects
of operating aeration rotors in pits
below the slatted floor on the moisture
load to be removed by ventilation also
was investigated.

A moisture balance was established

for each treatment. Sampling procedures
involved monitoring wet and dry bulb
temperatures of air entering and leaving
each housing system. Moisture entering
each system via feed and water provided
for the cattle and accumulated moisture

in the manure pack and pits were mea
sured.

Results showed significant differences
between treatments with respect to
water vapor removal rates. These rates
for the straw-bedded and slatted-floor

system with no rotor were in the ratio
of 1.00:0.69 under similar ventilation
rates. Exhausting air below slat level in
creased the rate of moisture removal

when rotors were in use. In the slatted-

floor system with no rotor and in the
straw-bedded system, outlet height had
little effect on removal rates.
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