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INTRODUCTION

Early systems of controlling the
environment in livestock buildings
used a safe carbon dioxide (C02)
concentration in the atmosphere as
the criterion for defining minimum
ventilation rates. Subsequently, as
physiological data on moisture output
from livestock became available, these
minimum rates have been based on
the control of moisture within the buil
ding. Refinements to this method have
been added over the years to take into
account evaporated moisture from
within the building. However, water
vapour is not the only contaminant
found in the atmosphere of a livestock
building and the minimum ventilation
rate criterion of moisture removal may
not be valid in all cases. Other con
taminants which may create problems
are dust, bacteria and noxious gases.

The increase in problems of
noxious gas contamination of farm
buildings in recent years has been
associated mainly with the practice
of storing animal wastes in pits either
beneath slatted floors or adjacent to
livestock buildings. Storage condi
tions in these pits are normally
anaerobic, and, as a consequence,
relatively large quantities of C02,
ammonia (NH3), hydrogen sulphide
(H2S) and methane (CH4) are produced
as a by-product of the anaerobic de
composition of the slurry.

The release of these noxious
gases creates a potential health
hazard. Agitation of slurry beneath
slatted floors or in pits adjacent to
the building has resulted in fatalities
to both humans and livestock. Lethal
levels of gases have been recorded
(8, 9, 11). Little is known of the effect
on animal performance and health of
sub-lethal concentrations of noxious
gases when they are subjected to
either continuous or intermittant expo
sure (6). With poultry, it has been
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shown, for example, that birds ex
posed to NH3 concentrations vary
ing from 20-100 ppm suffer loss of
production and damage to the eyes and
respiratory tract (3, 7). There is
evidence0 that the presence of a
combination of certain gases such as
NH3 and H2S is more hazardous than
H2S alone.

Precautions against the accumu
lation of gases were recommended
many years ago. The King system of
natural ventilation, as described by
Woo ley (15), incorporated floor level
outlets for the removal of C02. More
recently, the Cornell ventilation sys
tem for laying birds (13) provides
facilities for low level extraction to
remove the excess C02 (heavier than
air) during winter and high level extrac
tion for the removal of NH3 (lighter
than air) during the summer. Taiga-
nides and White (14), in reviewing
the properties of the various gases
found in farm buildings, state that
C02 and H2S, being heavier than air,
would tend to accumulate near floor
level, while NH3 and CH4, being
lighter than air, would tend to move
upwards from the point of generation.
Berglund (4) stressed the danger that
existed for pigs lying on slatted floors
near the slurry level.

Noren et al (12) on the other hand
carried out a study of noxious gas
concentrations in a number of dairy
and pig facilities. They discounted
the theory that gases tend to accu
mulate in the atmosphere'at different
levels depending on their relative
densities. The concept of stratifica
tion of gases is also not in accord
with Fick's Law of Gaseous Diffusion
which states that, in a binary gas
mixture, the presence of a concentra
tion gradient gives rise to molecular

0 Hogsved, O. and P. Holtenius. 1968.
Liquid manure gas poisoning. Paper
presented at World Veterinary Confe
rence. Opatija, Yugoslavia.
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diffusion (2). Thus, accumulation of
gases should not occur at any point
apart from the source of production.
In addition to molecular diffusion,
gases will be distributed from their
site of production by air currents
(eddy diffusivity).

No information seems to be avail
able as to the effects of different
ventilation parameters on the distri
bution and dispersal of gases under
controlled conditions. This project
was initiated to study a number of
factors affecting the concentrations
and horizontal and vertical distribu
tions of heavy and light gaseous con
taminants under such conditions.

EXPERIMENTAL PROCEDURE

AND EQUIPMENT

The study was carried out in an
environmental chamber(5). The dimen
sions and general outline are given
in Figure 1. The dimensions were such
as to simulate one pen of a piggery.
Estimated capacity of a pen of this
size is 20 pigs, each weighing appro
ximately 120 lb (54.4 kg). Air entered
the plenum from the room through slots
near the floor. An air-conditioner was
installed in the plenum to provide cool
air when required. Air entered the
chamber from the plenum through a 7
ft.9 in. x 2 in. (2364 mm x 51 mm)
slot inlet

A 12 in. (305 mm) diameter centri
fugal fan was used for extracting air
from the chamber. There was a choice
of two extract points located 19 inches
(483 mm) and 75.5 inches (1917 mm)
from floor level measured to the centre
of the outlet. Measurement of fan out
put was carried out using the method
described by Jorgensen (10). A hori
zontal and vertical traverse of velocity
pressures was measured at point A on
the calibration duct using a pitot sta
tic tube and micromanometer. Adjust
ment of ventilation rates was achieved
by moving the cone at the end of the
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Figure 1 A section and plan of the environmental chamber with exhaust fan and
calibration duct. Air velocity pressures were measured at A.

duct. Ventilation rates calculated for
three settings of the cone were 165,
261 and 549 cfm (280,443 and 932 ms
per hour). Assuming a chamber capa
city of 20 pigs, these three rates were
equivalent to 8. 13 and 27 cfm per pig
(14,22 and 47 m3 per hour per pig). The
three ventilation levels correspond to
air-change rates per hour of 7.8,12.3
and 25.8 respectively.

Details of the gas diffusion units
are shown in Figure 2. Gas entered
each unit at both ends and diffused to
the chamber atmosphere through a
0.014 inch (0.356 mm) diameter hole
situated centrally in each section of
the acrylic piping. Rotameters were
used to measure gas flow rate. The
decreasing bore of the pipe from out
side to centre helped to maintain
pressure in the full length of the pipe,
thus giving a fairly even flow from
each hole. In addition to facilities for
diffusing gas into the atmosphere,
each of these units had 11 feet of
mickel-chromium heating elements.
Each of these heating elements had a
calculated heat output of 1285 BTU
per hour (325 kcal), which is approxi
mately equivalent to the sensibleheat
output of five 1201b. (54.4 kgm) pigs.
Thus, using four of these units, it
was possible to simulate gas produc
tion and the sensible heat output of
twenty 120 lb (54.4 kgm) pigs.
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Figure 2 Details of a gas diffusion unit.

Use of the heating elements would
have resulted in high temperatures in
the chamber as the air temperature in
the laboratory was 70°F (21°C). High
temperatures were prevented by use of
the air-conditioner to cool the incoming
air in the plenum. The effect of the
heating elements in conjunction with
the air-conditioner was determined by
comparing it with isothermal condi
tions. Thus, gas concentrations were
compared at two heat conditions
(isothermal and non-isothermal).

The variables studied were con
centrations of NH3 in Experiment 1

and Concentration of C02 in Experi
ment 2. Carbon dioxide and NH3 were
used in these experiments principally
because they were representative of
heavy and light gases respectively.
Carbon dioxide was used at a rate of
24 litres per pig per hour (i.e. a total
of 480 litres per hour), this being
approximately equivalent to the C02
production of a 120 lb. (54.4kg) pigk.
No comparable figures were available
for NH3 as it is produced primarily
from decomposing waste. To ensure
concentrations within the range of
the ammonia analyzer used (0-300
ppm) and to provide concentrations
comparable to what might be found in
practice, the total rate of NH3 diffu
sion was fixed at 27 litres per hour.

Measurements of gas concentra
tions were made using two Beckman
Model 315A non-dispersive infra-red
analyzers, one for C02 and the other
for NH3. Sampling was carried out
using a four foot (1219 mm) length of
1/4 inch (6.4 mm) O.D. copper piping
which was connected by plastic tubing
to a pump. This pump drew air from
the end of the copper pipe and deli
vered it via a filter to the analyzer
(Figure 3).

Preliminary studies indicated
that there was very little difference
in concentrations across the chamber.
This was to be expected as the main
components of air velocity would be
either in a longitudinal or a vertical
direction. To detect concentration
variations in both longitudinal and
vertical directions, sampling was
carried out in one plane three feet
(914 mm) from one side wall. In all,
55 sampling points were chosen in
such a way that the areas over and in
between the units were sampled. The
layout of the sampling points is shown
in Figure 4. The copper piping was
inserted three feet (914 mm) horizon
tally into the chamber through sampling
holes. Before and after sampling, the
holes were closed with a rubber stop
per, A combination of ventilation rate,
height of outlet and heat condition
was chosen at random. The environ
mental conditions in the chamber were
then allowed to equilibrate. Equili
bration was assumed to have occurred

ten minutes after a constant gas con
centration was reached in the exhaust
air. In addition, the air entering the
chamber was sampled and analyzed
for C02 during Experiment 2, this
value being subtracted from the con
centrations measured at each sampling
point prior to statistical analysis.

From data provided by Dr. A.J.F.
Webster, Animal Physiologist, Dept.
of Animal Science, University of
Alberta.
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Figure 3 A non-dispersive infra-red gas analyser and sampling pump used in the
experiment.

TABLE I. LIST OF VARIABLES, THEIR CODES, AND
THE LEVELS OF EACH USED.

Variable

Ventilation

rate

Outlet

height

Heat

conditions

Sampling
height
from

floor

Distance

from

inlet

(inches)

Code Levels

H

165 cfm

261 cfm

549 cfm

19.0 inches

75.5 inches

Isothermal

Non-isothenna1

1 foot

2 feet

3 feet

5 feet

7 feet

15.0, 30.0
50.5, 71.0
91.5,112.0

132.5,153.0
173.5,196.0
218.0

Comments

Neither heating elements
nor air-conditioner in

operation.

Both the heating elements
and air-conditioner

operating.

The distances 50.5, 91.5,
132.5, 173.5 correspond
to centre lines of the

points over the gas
diffusion units.

Sampling of the 55 points was carried
out in random order. Immediately after
taking a gas sample, a thermocouple
probe was inserted to record the tem
perature of the atmosphere at this
point.

ANALYSIS AND RESULTS

The data collected were analyzed
on the basis of a split-plot design

with different combinations of venti
lation rate, outlet height and heat con
dition in the whole plots and the
distance from inlet and height from
floor in the sub-plots. The sources
of variation, their levels and the codes
used in the analysis of variance are
shown in Table I.

The overall mean values of NH3
and CO, concentrations for the three
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Figure 4 A longitudinal section of the
environmental chamber showing
the location of the sampling
points.

levels of ventilation rate followed a

similar trend (Figure 5). With both
gases, the concentrations were found
to be approximately in the ratio of
1:2:3 for ventilation rates of 549, 261
and 165 cfm (932, 443 and 280 m1 per
hour) respectively. The effect of out
let height on the mean concentrations
of NH3 and C02 (Table II) showed that
the lower outlet height resulted in a
slightly lower overall mean concen
tration of both gases.

Table III shows the effect of heat

condition on the concentrations of

COj and NH3. In both cases, the iso
thermal heat condition resulted in
lower concentrations.

The analyses of variance of the
NH3 and COa data are presented in
Table IV and V respectively. The
error terms for both of these analyses
consisted of the interactions with the
replicates plus all four- and five-factor
interactions. The three-factor interac
tions are not included in these tables
for, although a number of these inter
actions were statistically significant,
they are regarded as being of little
practical importance. The analysis
of variance for NH3 revealed that all
the main effects except heat condi
tion were significant (Table IV). All
the main effects were found to be

significant for the COj data(Table V).

E

&

2
o

eo -

70 -

60 -

50 -

40 -

30 -

20 -

10 -

0 —
100 200 300 400 500 600

VENTILATION RATE (cfm)

Figure 5 Graph illustrating the effect of
ventilation rate on ammonia and
carbon dioxide concentrations.

Some of the more interesting
interactions are plotted in Figures 6,
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TABLE II. MEAN CONCENTRATIONS OF AMMONIA AND CARBON DIOXIDE
AT BOTH LEVELS OF OUTLET HEIGHT.

Outlet Height (inches) Gas Concentration (ppm)

19.0

75.5

Ammonia

49

53

Carbon Dioxide

910

980

TABLE III. MEAN CONCENTRATIONS OF AMONIA AND

CARBON DIOXIDE AT BOTH LEVELS

OF HEAT CONDITION.

Heat Condition

Isothermal

Non-Isothermal

Gas Concentration (ppm)

Ammonia Carbon Dioxide

50

52

910

980

TABLE IV. ANALYSIS OF VARIANCE - AMMONIA

Source of

Variation

Degrees of
Freedom

Mean Squares

V (Ventilation rates) 2 443350.0 332.49**

0 (Outlet height) 1 6824.0 5.12*

H (Heat condition) 1 2736.7 2.05

VO 2 258.2 1.00

VH 2 10547.5 7.91**

OH 1 10035.0 7.50*

R (Replicates) 2 3781.2 2.83

ERROR (1) 22 1333.4

D (Distance from inlet) 10 4773.7 76.58**

J (Height from floor) 4 2991.2 47.99**

DJ 40 1006.4 16.14**

W 20 457.4 7.34**

JV 8 103.2 1.65

DO 10 276.8 4.44**

JO 4 101.9 1.63

DH 10 516.9 8.29**

JH 4 1272.9 20.42**

ERROR (2) 1604 62.3

.01 level of probability.

.05 level of probability.
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Figured Graphs illustrating the interac
tion of heat condition and outlet
height for ammonia and carbon
dioxide.

7 and 8. Figure 6 shows that the signi
ficant interaction effect of heat condi
tion x outlet height followed a similar
trend for both gases. Figures 7 and 8
do not indicate much variation between

the three ventilation rates. However,
they have been included to show the
general trend of concentration varia
tions that existed for both gases over
the range of distance-from-inlet and
height-from-floor values.

A multiple regression analysis
was carried out for each gas using
the independant variables listed in
Table I and gas concentrations as
the dependant variables. The general
model considered for the multiple
regression analysis had the following
form:

Y = A0 + AiV + AaV2 + A3D + A4J
+ AsO + AoH + A7VH + A8OH + A9DJ

where Y = dependant variable (concentra

tion of NH3 or COj)

Aq = intercept

At - Ag = multiple partial regression
coefficients

A computer programme for step-*
wise multiple regression was used to
determine the regression equations.
All of the independant variables given
in the general model, above were intro
duced to the programme. The variables
V, D, J, O and H have been defined
in Table I.

The results of the regression
analyses for both NH3 and C02 indi
cated that ventilation rate was of
prime importance in determining the

** Significant at the

* Significant at the
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TABLE V. ANALYSIS OF VARIANCE - CARBON DIOXIDE

Source of

Variation

Degrees of
Freedom

V (Ventilation rate) 2

0 (Outlet height) 1

H (Heat condition) 1

VO 2

VH 2

OH 1

R (Replicates) 2

ERROR (1) 22

D (Distance from inlet) 10

J (Height from floor) 4

DJ 40

W 20

JV 8

DO 10

JO 4

IM 10

JH 4

ERROR (2) 1604

Mean Squares

163,230,000

2,009,700

2,573,400

1,559,500

2,555,800

3,652,300

152,430

193,320

2,297,800

1,686,600

305,740

292,640

124,190

142,950

43,723

339,860

1,051,100

11,662

844.35**

10.39**

13.31**

8.06**

13.22**

18.89**

1.00

197.03**

144.62**

26.21**

25.09**

10.64**

12.25**

3.74**

29.14**

90.13**

** Significant at the .01 level of probability.
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Figure 7 Graphs illustrating the interaction of distance-from-inlet and ventilation rate
for ammonia and carbon dioxide.
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Figure 8 Graphs illustrating the interac
tion of height-from-floor and
ventilation rate for ammonia
and carbon dioxide.

gas concentration. Ventilation rate
and ventilation rate squared together
accounted for 72.4% and 73.4% of the
variation in the NH3 and C02 data res
pectively^ The other main effects and
their interactions in the model were
found to contribute approximately 10%
to the variation. The inclusion of all
these variables was found to reduce
the standard error of the estimate by'
a negligible amount. The regression
equation for NH3 was found to be:

Y = 143.503 + 0.00048V2 - 0.48035V.

The multiple correlation coeffi
cient was 0.851 and the standard error
of the estimate 13.09 ppm. The re
gression equation for COa was:

Y = 2907 + 0.01125V2 - 10.62V.

The multiple correlation coeffi
cient was 0.856 and the standard error
of the estimate 245 ppm.
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The above two equations display
the importance of ventilation rate in
determining the concentration of gases
in the atmosphere. This result is as
expected. To determine the effects of
the other four independant variables,
the data was broken down into indi

vidual ventilation rates. Multiple
regression analyses were again carried
out. All of the same variables were

used except ventilation rate which
was held constant.

The proportions of the sums of
squares reduced for both gases at the
three ventilation rates varied from 9%

to 35%. The amount of variation
accounted for using these independent
variables did not follow a consistent

pattern over the three ventilation rates
for both gases. The regression equa
tions from these analyses, therefore,
were not considered important and are
not presented here.

DISCUSSION

Although the studies of C02 and
NH3 distributions were carried out
separately, the results are similar
and therefore are discussed together.

In this experiment, an attempt
was made to simulate conditions exis
ting in one pen of a piggery. The
dimensions of the chamber were
chosen to meet this objective and the
ventilation rates used were in the
same order as found in practice. The
simulation of gas and heat production
resulted in conditions which were con
sidered to be within the range encoun
tered under practical conditions. How
ever, there are a number of factors
which mav deviate from practice. Apart
from the gas diffusion units, no obsta
cles existed to the flow of air. Thus,
there were unlikely to be areas of
sluggish air movement which might
result in accumulations of gases. Even
though the lowest ventilation rate,
165 cfm (280 ms per hour), approaches
that used under winter conditions in
Alberta, when considered on the basis
of air change per hour (7.8), it might
be considered high. This higher air
change per hour rate would cause more
turbulence within the chamber and
thus diffuse the gases more effectively
from their points of generation. Simu
lation of sensible heat production was
carried out using standard data for
pigs of this weight (1). However, these
units, which were coated with flat
black paint, may not have had the same
ratio between the modes of heat trans
fer as that of the live animal. Never
theless, temperatures measured in the
chamber were considered representa
tive of those found in practice.

It should be noted that the con
centrations shown in the graphs and
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tables are mean values for all levels
of the other variables. However, these
mean values serve to illustrate the
general trend in concentration variation
that occurred.

One of the main objectives of this
project was to determine the distribu
tion of NH3 and C02 under different
conditions of ventilation. Inspection
of Figures 5,6,7 and 8 and Tables II
and III indicates the similarity in dis
tribution that existed between the two
gases. Ammonia and C02, being repre
sentative of light and heavy gases
respectively, have approximately the
same horizontal and vertical distri

bution patterns. Therefore, this study
would seem to substantiate the con

tention of Noren et al (12) that density
of the gas has no effect on the distri
bution of a gas in a livestock building.

The effect of distance from inlet
on the mean concentrations of C02 and
NH3 indicates that there is a gradual
increase in gas concentrations with
increasing distance from the inlet.
The peak concentrations occurred in
the vicinity of the gas diffusion unit
nearest the outlet. In a building occu
pied by livestock, the concentration
of all contaminants would most likely
increase in a similar fashion. Thus,
in a situation where the air is extrac
ted from the house by a nest of fans
situated at one point, the livestock
nearest the fans may be subjected to
stress due to high concentrations of
contaminants.

The effects of heat condition and
height from floor on the mean concen
trations were similar for both gases.
Lower mean concentrations were found
for isothermal heat conditions (Table
III) and low level outlet heights (Table
II). In both cases under the isothermal
heat conditions, the lower outlet height
resulted in lower mean concentrations.
Under non-isothermal heat conditions,
outlet height had no practical effect on
mean concentrations. It would seem,
therefore, that the lower mean concen
trations resulting fromlow outlet height
(Table II) and isothermal heat condi
tion (Table III) are explained by this
interaction effect of low outlet height
and isothermal heat condition (Figure

5).

If conditions of ventilation rate
and gas production are similar for all
runs, no difference should occur in
the 'real* mean concentration of the
gas in the chamber. It may be that,
under isothermal heat conditions and
low outlet height, higher concentra
tions occurred at levels lower than
one foot. The air flow pattern under
these conditions may have been such
as to cause a proportion of the gases
to move horizontally to the low level

outlet. Thus, the sensible heat pro
duction of livestock as simulated in
this study would appear to be a major
contributing factor in the diffusion of
gases into the general body of the
chamber.

The multiple regression analyses
indicated that only the ventilation rate
was of practical significance in deter
mining the concentration of either of
the gases and that the other indepen
dant variables studied had no prac
tical relevance. The analyses, how
ever, indicated that some variable(s)
not included in this study was affec
ting the pattern of gas concentrations.
One such variable which might be of
importance is turbulance.

CONCLUSIONS

Under the conditions of the expe
riments described, the following
conclusions are made:

1. No practical differences
existed between the distribu

tion patterns of ammonia and
carbon dioxide, thus dis
counting the theory that gases
tend to accumulate in the
atmosphere at different levels
depending on their relative
densities.

2. The height of the ventilation
outlet had a negligible effect
on the mean concentrations of
both gases under non-isother
mal conditions,

3. Lower mean concentrations of
both gases resulted from iso
thermal conditions but nearly
all of this reduction occurred
at the lower outlet height.

4. There was a general trend to
increasing concentrations of
both gases from inlet to outlet.

5. Only ventilation rate of the
independant variables was of
practical importance in de
termining the concentrations
of ammonia and c arbon dioxide.

6. The sensible heat production
of livestock, as simulated in
this study, appeared to be a
major factor in the diffusion
of both gases within the at
mosphere of the chamber.

SUMMARY

This study investigated the
effects of ventilation on the mean
concentrations and the distribution
patterns of atmospheric ammonia and
carbon dioxide in an enclosed chamber
representing a full scale section of a
pig barn. Facilities were installed in
the chamber for the simulation of sen
sible heat and eas production of twenty
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pigs. The independant variables used
were ventilation rate, outlet height,
heat condition, distance from inlet
and height from floor. The variable
heat conditions consisted of a com
parison of gas concentrations and dis
tribution patterns with and without
simulation of heat production. Sampling
procedure involved collection of gas
concentration data in a longitudinal
plane within the chamber.

Results showed no practical dif
ferences between the distribution

pattesas of ammonia and carbon dio
xide. Ventilation rate was the only
independant variable of importance in
determining the concentrations of
either gas. Under non-isothermal con
ditions, ventilation outlet height had
a negligible effect on gas concentra
tions. An increase in gas concentra
tions from inlet to outlet was observed.
The importance of sensible heat pro
duction of livestock in the diffusion
of gases in the atmosphere was
apparent.
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