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ABSTRACT. Gas dispersion from shallow manure storage pits was experimentally measured and mathematically modeled 
in a l:6-scale ventilation chamber. The chamber represents a geometrically scaled model of a production swine grower 
facility. Gas injection was simulated from shallow pits using carbon dioxide (CO2). The results indicate significant 
differences in gas concentration between the animal-occupied zone (AOZ) and human-occupied zones (HOZ), especially 
at ventilation rates representative of mild weather conditions. AOZ CO2 concentrations were 12 times higher than HOZ 
during minimum ventilation conditions and six times higher during mild weather ventilation conditions. Large variations 
in normalized CO2 concentration were found as a function of both vertical location from the floor and horizontal location 
from the inlet, especially at vertical locations representative of the AOZ. Rectangular obstructions, physically 
representing the overall size of 60 kg pigs, did significantly (p < 0.01) affect gas dispersion at high ventilation rates, but 
did not significantly (p > 0.05) affect gas dispersion at low ventilation rates, implying that airflow patterns near the AOZ 
were significantly affected by the presence of rectangular obstructions at high ventilation rates. The mathematical model 
provided excellent prediction of the measured results. Vertical profiles were closely predicted with large gradients near 
the floor, in agreement with the measured results. Keywords. Swine building. Ventilation, Carbon dioxide. Modeling. 

The Occupational Safety and Health Administration 
(OSHA) governs air quality issues for all U.S. 
workers. New regulations for livestock facilities 
are currently pending. These regulations are 

intended to limit the level of airborne gases and 
particulates in livestock facilities. To meet this need, 
engineers and facility managers must ensure that building 
design, manure management practices, feeding systems, 
and ventilation systems interact to provide an acceptable 
indoor air quality. 

Modeling air contaminants in livestock facilities have 
concentrated on three major areas. First, models describing 
gas release rates from manure have been developed 
(Steenhuis et al., 1979; Zhang et al., 1992). Primary 
emphasis has been on the desorption rates of hydrogen 
sulfide (H2S) and ammonia (NH3) from anaerobically 
stored slurry. Second, models describing the air exchange 
between pit area and building space have been developed 
(Anderson et al., 1987; Bundy et al., 1990; Yu et al., 1991), 
which primarily define the pit-to-building exchange rates. 
They attempted to define the relationship between the 
actual gas desorption rate and the rate at which this gas 
enters the building. Third, models describing airflow 
patterns and the convection-diffusion distribution of a 
contaminant in livestock buildings have been developed 
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(Choi et al., 1987; Bundy et al., 1990; Maghirang et al., 
1990; Hoff and Bundy, 1992; Hoff and Bundy, 1993). 
These models relate gas release into the building and its 
movement relative to building airflow patterns. 

De Praetere and Van Der Biest (1990) experimentally 
investigated the influence of airflow patterns on NH3 
distribution in a swine facility. They compared NH3 
distribution by using a conventional slotted inlet system 
and a slatted floor inlet system. For both arrangements, 
they measured NH3 distributions consistent with the 
observed airflow pattern. In regions immediately impacted 
by fresh-air injection into the building, NH3 concentrations 
were significantly less than in regions removed from the 
fresh-air intake. These results indicate the importance of 
generating desirable airflow patterns in the building and the 
relative location of occupants to the predominant airflow 
pattern. 

Mathematical models have been applied to simulate 
airflow in livestock facilities. Timmons et al. (1980) 
applied an inviscid two-dimensional model to a slot-
ventilated livestock facility. Janssen and Krause (1988) 
applied a two-dimensional model that described velocity, 
temperature, and contaminant distributions in slot-
ventilated livestock facilities. The model used an 
augmented laminar viscosity to account for turbulence 
effects in the building. Choi et al. (1987, 1988, 1990) 
applied the isothermal fully turbulent k-e model to a two-
dimensional slot-ventilated enclosure. They investigated 
the distributions of velocity and contaminants with and 
without obstructions and found reasonable agreements with 
experimental results. Hoff et al. (1992) numerically 
investigated the three-dimensional buoyancy-affected 
airflow in slot-ventilated systems by using a low Reynold's 
Number turbulence model. Airspeed and temperature 
distributions and overall airflow patterns were found to be 
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in reasonable agreement with measured results from a 
scaled enclosure. 

The objective of this research project was to 
experimentally measure and mathematically model gas 
dispersion into the animal and human occupied zones as 
affected by ventilation rate and the presence or absence of 
rectangular obstructions, and to use the experimentally 
measured results to assess the adequacy of a low Reynolds 
Number turbulence model. 

MATERIALS AND METHOD 
The Iowa State University (ISU) Airflow Simulation 

Chamber (ASC) was used to simulate the relation between 
ventilation rate, rectangular obstructions to airflow, and 
CO2 dispersion in the animal-occupied zone (AOZ) and the 
human-occupied zone (HOZ). The ASC is a geometrically 
similar 1:6 scale model of the swine grower unit at the ISU 
Swine Nutrition and Management Research Center. The 
ASC simulated the ventilation system and manure storage 
locations in the full-scale production facility (fig. 1). 

Ventilation air entered the chamber through continuous 
slots that direct air along the ceiling. The slot-height (h) 
was fixed at 6.4 mm. Fans were simulated with 7.62-cm-

diameter PVC tubes centrally positioned along both side 
walls. Isothermal conditions were maintained by placing 
the ASC in a room maintained at 22° C and using this air 
for ventilation through the ASC. A central blower (model 
K8L; Kanalflakt, Inc.) pulled air from the ASC at 
adjustable rates. Airflow through the chamber was 
measured with a venturi tube transducer (model 2017L-V; 
TSI, Inc.) with an accuracy of ±2% of reading. Two 
airflow rates, 0.019 and 0.056 m^/s, were investigated 
resulting in a chamber momentum ratio (Rm; Adre and 
Albright, 1994) of 0.004 m^/s^ and 0.037 m^/s^, 
respectively (table 1). The ASC has been shown to provide 
stable rotary airflow for momentum ratios at and above 
0.010 m^/s^ resulting in a maximum jet penetration 
distance (Lp/L) of 0.41 (Yu and Hoff, 1994). Airflow 
patterns were visualized using titanium tetrachloride 
(E. Vernon Hill, Inc.). A hght box was constructed and used 
to illuminate the vertical midplane of the ASC. 

Simulating gas dispersion from manure pits was 
accomplished by injecting CO2 independently into each of 
the four shallow pits shown in figure 1. Four identical 
rotameters (model 062-01C; Aalborg Instruments & 
Controls, Inc.) calibrated for CO2 ensured that equal 
amounts of CO2 entered each of the four manure storage 
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Figure l~Experimental test chamber and experimental measuring points relative to inlet and rectangular obstructions. 
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Table 1. Ventilating conditions modeled and experimental runs used to validate model* 

Case Qm(m^/s) OBST Uti (m/s) ACH^Ch"^) ^^mt Rm J (m^/s') pRe (m'/s) Q ^ (m'/s) ACHp,Re(h'') ACHp^^di"^) 

lUN 0.019 
lOB 0.019 
2UN 0.056 
20B 0.056 

no 
yes 
no 
yes 

1.20 
1.20 
3.60 
3.60 

72.0 
72.0 

216.0 
216.0 

485.7 
485.7 

1457.0 
1457.0 

0.004 
0.004 
0.037 
0.037 

0.114 
0.114 
0.336 
0.336 

0.684 
0.684 
2.016 
2.016 

1.9 
1.9 
5.6 
5.6 

11.4 
11.4 
33.6 
33.6 

The last two columns represent the air exchange rate (h~ ) in a prototype assuming either Reynold's Number similarity (ACHpj^g) or 
Momentum Ratio similarity (ACHp RJU). Slot-inlet height (h) was fixed at 6.4 mm. 
Calculated average inlet velocity. 

(M/p)= 15.69 X 10"^ m^/s. 

§ Lm-1.78 m; Hm = 0.46 m. 

locations. Carbon dioxide was injected to each pit area at a 
rate of 8.71 x 10-6 kgcos/s. 

Each of the four simulated manure pit areas was 
constructed as shown in figure 2. Three injection tubes 
(1.91 cm inside diameter), equally spaced, were placed into 
each of the four simulated manure storage areas allowing 
CO2 to enter the cavity of each pit area at three equally 
spaced locations. From the cavity of the simulated manure 
storage pit, CO2 was allowed to disperse into the occupied 
zone of the chamber through a medium composed of wire 
mesh, furnace filter, and perforated plexiglass (fig. 2). The 
plexiglass was perforated using 6.0-mm-diameter holes 
spaced 1.3 cm on-center. The perforated plexiglass top was 
level with the solid portion of the chamber floor. The 
arrangement shown provided excellent uniformity of gas 
release into the airspace. 

Twelve gas sampling probes were constructed using 
2.0-mm-diameter glass tubes and were used to draw air 
samples at selected locations within the ASC. Sampled air 
was collected using a manually controlled manifold for 
selecting each of the 12 measuring locations independently. 
A vacuum pump (model 501; DeVilbiss, Inc.) was 
connected in series with the 12-point manifold arrangement 
and the measuring sensor. Carbon dioxide concentration 

was measured using a nondispersive infrared detector 
(NDIR) (model 2080; Valtronics, Inc.) with an accuracy of 
±60 ppm. The vacuum pump was used to evacuate a sealed 
glass container storing the CO2 sensor. With an evacuated 
container, sampled air from the chamber was drawn into 
the sealed container through the 12-point manifold 
arrangement allowing the sampled air to come in contact 
with the NDIR sensor. The sealed glass container was 
evacuated for 120 s between sampling points to prevent 
cross-contamination. 

For each measuring point, CO2 was monitored for 180 s 
and the maximum CO2 concentration was stored for 
analysis. All CO2 data was automatically recorded with a 
remote data acquisition system (model MT-1000; 
Measurement Techniques, Inc.) and the results were stored 
for later analysis. Carbon dioxide concentration profiles 
were collected at the vertical midplane of the ASC. Data 
was collected nonuniformly at 12 axial locations between 
x/L = 0.50 and x/L = 1.00 and four horizontal lines 
between y/H = 0.03 and y/H = 0.66 (fig. 1). The four 
horizontal lines were located at y/H = 0.03, 0.11, 0.22, and 
0.66 above the floor (fig. 1). These levels geometrically 
represent 7.3, 26.8, 53.7, and 161.0 cm above the floor in 
the full-scale prototype. The horizontal line associated with 
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Figure 2-Details of the simulated pit and animal obstruction areas. 
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y/H =0.11 was defined as the AOZ and y/H = 0.66 was 
defined as the HOZ. 

Within each ventilation rate, CO2 concentration profiles 
were evaluated with and without the presence of 
rectangular obstructions. Figures 1 and 2 indicate the 
relative size and location of rectangular obstructions. The 
obstructions were geometrically scaled to represent the 
physical size of 60-kg pigs and were placed on the solid 
portion of the simulated pen area. Swine body dimensions 
summarized in Midwest Plan Service (MWPS) (1987) 
formed the basis for the obstruction dimensions shown in 
figure 2. A 60-kg pig has an average length of 100 cm, an 
average floor-to-top of back height of 60 cm, and an 
average trunk dimension of 30 cm. For the l:6-scale ASC, 
these dimensions became 16.7, 10.0, and 5.0 cm, 
respectively. The obstructions were designed to simulate 
two pigs standing side-by-side (D = 2 x 5.0 = 10 cm; H = 
10.0 cm) with some pigs lying on the floor. Therefore, the 
open area below the trunk of a single standing pig was not 
simulated. 

Four ventilation cases were analyzed and are 
summarized in table 1. The experimental procedure 
consisted of a random selection of ventilation 
rate/obstruction treatment combination and then once 
selected, gas samples were collected in order between 
x/L = 0.50 and x/L = 1.00 beginning with y/H = 0.03 and 
commencing until each of the four horizontal lines were 
collected. Thus, a total of 48 points were collected for each 
treatment combination, corresponding to the 12 axial and 
4 horizontal positions. Two replications were completed for 
each ventilation rate/obstruction treatment combination. 
The average value across replication was used for 
mathematical model comparisons. 

The major assumption with this experimental procedure 
was that CO2 will behave similarly to NH4 in relative 
concentration levels within the occupied zones of the 
chamber. This assumption was based on previous work 
conducted by Brannigan and McQuitty (1971). Brannigan 
and McQuitty (1971) showed that the dispersion of gases 
in livestock facilities was not affected by the density of gas 
incorporated. Conclusions based on ammonia dispersion 
related well to the dispersion of carbon dioxide. Their 
results implied that molecular diffusion of gases was an 
insignificant component to gas dispersion, and that 
dispersion will be dependent upon convective transport and 
turbulent diffusion. It is hypothesized that the conclusions 
from this study, based on the dispersion of carbon dioxide, 
will relate equally to ammonia dispersion. This argument 
will not, however, apply to the headspace region between 
the floor and the manure surface. In this region, small 
convective currents relative to the occupied zone will be 
present resulting in a larger percentage of gas being 
dispersed by molecular diffusion which is gas-dependent. 
For this study, gas dispersion was limited to the occupied 
zone. 

DESCRIPTION OF MATHEMATICAL MODEL 
Lam and Bremhorst (1981) developed a low Reynolds 

Number (LBLR) turbulence model applicable to near-wall 
boundaries. The LBLR model was previously investigated 
for buoyancy-affected, three-dimensional airflow in a 
ceiling slot-ventilated chamber (Hoff et al., 1992). The 

following describes the main features of the turbulence 
model. References have been given for those interested in a 
more complete discussion. 

GOVERNING DIFFERENTIAL EQUATIONS 

All equations solved for this research project were cast 
into: 

3(pu-(|))_ 3 
3x; 3x. 

r,|^ks (1) 

Each transport equation was characterized by the scalar 
quantity of interest, (j), a diffusion coefficient, F̂ i,, and the 
expression for the source terms, Ŝ j,. Equation 1 represents 
the generalized steady-state form of the defining relation 
used for the numerical technique developed by Patankar 
and Spalding (1972). The major features of the model and 
required auxiliary relations are outlined below. Interested 
readers are referred to Patel et al. (1985) and Chen et al. 
(1990) for a more detailed description. 

EFFECTIVE VISCOSITY 

Turbulent flow is characterized by random, chaotic fluid 
motion at any given point over time. Numerically modeling 
this behavior would require a very fine grid to resolve the 
transport of scalar components from point-to-point. To 
accommodate this phenomenon, relatively coarse grids are 
used in conjunction with additional transport equations to 
account for the turbulent distributions of scalar quantities. 
In particular, an equation describing the kinetic energy of 
turbulence, k, is incorporated along with an estimate of 
viscous dissipation, 8, on turbulent transport. The LBLR 
model combines these parameters to define an effective 
viscosity, as (Chen et al., 1990): 

^,ff=^,+ pc^f^- (2) 

The factor, c^, is a constant of 0.09 and f̂  is a damping 
function that depresses the effect of turbulence near a solid 
boundary. The governing differential equations for k and e 
are solved with the mass, momentum, and energy 
equations, which in turn are used to calculate the effective 
viscosity. The process evolves in an iterative fashion until 
convergence is attained. The specific mass, momentum, 
and energy equations solved were the same as reported 
previously (Hoff et al., 1992). The additional equation 
solved was for the transport of carbon dioxide, discussed 
below. 

CARBON DIOXIDE (CO2) DISTRIBUTION 

Carbon dioxide dispersion was calculated by using: 

3(pu^mco J _ a 

ax; ax; ^t/ ax, 
+s< VOo (3) 

Equation 3 assumes that CO2 is chemically unreactive 
and describes the mass fraction of CO2 in the air 
(kgcoi/kgmixture) ^̂  ^^y location within the building. The 
diffusion coefficient (D) was set equal to 1.64 x 10"^ m^/s 
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(Holman, 1981). The turbulent portion of mass diffusion 
([ii/o^) will be, in general, much larger than the laminar 
component and hence will govern the diffusion of CO2 in 
the building except near solid boundaries where viscous 
damping will govern. 

Tlie solution of equation 3 required a known flow-field 
and known turbulence levels throughout the solution 
domain. Equations describing continuity, momentum, 
turbulent kinetic energy, and viscous dissipation of 
turbulent kinetic energy were solved to convergence before 
equation 3 was solved. The source term {SQQ^; eq. 3) 
included the constant discharge of CO2 from each 
simulated manure pit. 

INLET CONDITIONS AND NUMERICAL GRID 
The turbulent kinetic energy was set equal to zero at all 

solid boundaries, and the gradient perpendicular to a solid 
surface was set equal to zero for viscous dissipation. These 
boundary conditions are consistent with past practices 
(Patel et al., 1985). The mass fraction of carbon dioxide at 
the inlet (nico2,in) ^^^ ^^^ equal to 4.76 x 
lO""̂  kgco2/^Smixture (^^^ PP^^)- Th^ i^l^t conditions for 
turbulent kinetic energy (k) and the viscous dissipation of 
turbulent kinetic energy (e) were set according to the 
following equations: 

^inlet = 0.0005 xu? inlet 

"inlet = 0.1 x k 3/2 
inlet 

(4) 

(5) 

Carbon dioxide gradients at each solid boundary of the 
chamber were set equal to zero. 

The numerical model required a specified inlet velocity 
at the ceiling slot inlet. The inlet velocity specified for the 
numerical model was set according to the vena contractu 
velocity assuming a discharge coefficient {C^) of 0.65 
resulting in: 

U. 
C,h{2L) 

(6) 

The numerical model thus incorporated an inlet slot-height 
that was equal to Ĉ j x h with a specified inlet velocity 
given by equation 6. This technique was verified with a 
previous research project resulting in excellent agreement 
between predicted axial velocity decay and those measured 
from the ASC (Hoff, 1995). 

The numerical grid used was 25 x 18 x 15 for the x, y, 
and z-directions, respectively. Grid points in the z-direction 
were spaced evenly throughout, while grid points in the x 
and y directions were nonuniform. In the y direction, grid 
points were concentrated near the inlet-slot region and near 
the floor region. The nonuniform grid spacing in the x and 
y directions concentrated the grid near regions where large 
gradients were expected (i.e., inlet-jet profile, CO2 mass 
fraction profiles), which resulted in an efficient use of a 
limited grid (Patankar, 1980). The grid chosen was 
relatively coarse, but has been shown to provide excellent 
agreement with measured velocity profiles in the jet-
affected region (Hoff, 1995). The governing differential 

equations were solved using SIMPLER (Patankar, 1980) on 
a DEC5000PXG workstation (Digital Equipment, Inc.). In 
general, 3,000 iterations were required to solve each of the 
four ventilating cases shown in table 1. 

SOLID BOUNDARY TREATMENT 
The manure storage area was not simulated in depth, 

rather it was simulated as an interfacial gas release at the 
floor boundary (fig. 2). Further refinement to the model 
would include the airflow interface below the slotted floor 
area. Gas injection into each of the four simulated manure 
pits was set equal to 8.71 x 10"^ \igQ(y^l^. This rate was 
supplied to the numerical model as a source term on a per 
unit control-volume basis QLgQQ^Im^-s). 

The rectangular obstructions used to simulate animal 
presence required special boundary conditions for both the 
flow field and CO2 dispersion calculations. The x, y, and z-
direction velocities and the turbulent kinetic energy (k) 
were set equal to zero within all control volumes associated 
with the rectangular obstructions. The dissipation rate (e) 
and the CO2 mass concentration (kgcoi'̂ ^Smlxture) ^̂  ^̂ ^ 
rectangular obstruction was set equal to the adjacent grid 
point located within the unobstructed flow field. 

RESULTS AND DISCUSSION 
The following results compare CO2 concentration 

profiles measured in the ASC for each of the four 
ventilating cases listed in table 1. For brevity, each case is 
denoted by ventilation rate (low = 1; high = 2) and 
obstruction condition (unobstructed = UN; obstructed = 
OB). All results were normalized by using the following 
equation: 

7 7 _ ( C 0 2 , n . a x - C O , m ) 

c = 
C02,in 

(7) 

where CO2 in was the incoming carbon dioxide 
concentration, and C02niax ^^^ ^̂ ^ maximum concen
tration recorded in a 186-s sample time. No attempt was 
made to measure the exhaust CO2 concentration and thus a 
quantifiable measure of building leakage rate was not 
available. 

EXPERIMENTAL RESULTS 
The experimental results were grouped by obstruction 

case and tested for the main effects associated with axial 
location (X), vertical location (Y), and ventilation rate (Q), 
and all possible interactions. The analysis of variance 
(ANOVA; Minitab, Inc., 1993) indicated that vertical 
location (Y), ventilation rate (Q), and the interaction Y x Q 
were very large contributors to the variance in the data for 
both the obstructed and unobstructed data sets. The data, 
however, was not normally distributed and thus further 
analysis using an ANOVA was not attempted. Therefore, 
the experimental results were analyzed using descriptive 
and nonparametric techniques. 

Clear differences were found between the overall 
average gas concentration for the four ventilation cases as 
shown in figure 3a. The average values given in figure 3a 
represent the average normalized concentrations for die 
measuring grid shown in figure 1, and thus do not represent 
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Figure 3-(a) Effect of ventilation rate and rectangular obstructions 
on the overall average building concentration and (b) on the 
concentration levels at three horizontal locations from the inlet for 
each of the four ventilation cases shown in table. 1. Zones A, B, and C 
(fig. 1) defined at x/L = 0.60,0.82, and 0.93, respectively. 

the overall building average. Low ventilation rate cases 
(lUN, lOB) resulted in average gas concentration levels 
that were four to seven times higher than high ventilation 
rate cases (2UN, 20B). If a dense grid spaced evenly 
throughout the building had been used, then building 
averages between ventilation rate, with and without the 
presence of rectangular obstructions, should be identical 
since the obstructions provide neither a source or sink for 
the contaminant gas. However, for the measuring grid used, 
a nonparametric analysis (Mann-Whitney test; Minitab, 
Inc.) of the overall average concentrations for each of the 
four ventilation cases showed that the presence of 
rectangular obstructions significantly affected (p < 0.01) 
the average concentration for the high ventilation rate cases 
(2UN vs. 20B), but did not significantly affect (p > 0.05) 
average concentration for the low ventilation rate cases 
(lUN vs. lOB). This result implies that at high ventilation 
rates, the presence of rectangular obstructions significantly 
affected airflow patterns surrounding the obstructions 
altering the overall distribution of gas in the measuring grid 
used for this experiment. All pairwise comparisons across 
ventilation rate (lOB vs. 20B, lOB vs. 2UN, lUN vs. 

20B, lUN vs. 2UN) showed significant differences 
(p < 0.01) as one would expect. 

Airflow patterns near the floor will be affected by the 
presence of obstructions. Physically, this result can be 
explained using airflow separation theory. As air flows over 
a blunt object, such as a rectangular obstruction, the ability 
of this air to conform to the object decreases as airflow rate 
increases. With increasing airflow, separation and hence 
airflow pattern deflection will exist. With the configuration 
shown in figure 1, it is believed that the predominant 
airflow patterns will be elevated above the floor region, 
ultimately resulting in stagnation zones near the side-wall 
pen area and hence higher concentration levels. If airflow 
rate increases, while holding the inlet slot height constant, 
the inlet jet momentum will increase. As inlet jet 
momentum increases, near-floor airspeeds will increase 
(Jin and Ogilvie, 1992). With increasing near-floor 
airspeeds, the deflection of airflow due to blunt 
obstructions will increase as well, removing primary 
ventilation air from the near-floor region. 

One concern with slot-ventilated buildings, designed as 
shown in figure 1, is that dual environmental conditions are 
created between the center-pen and side-wall pen regions, 
and between locations representative of the AOZ and HOZ. 
To assess these differences, the experimental results were 
grouped according to the four vertical locations above the 
floor, and average concentrations for the 12 axial 
measuring locations were investigated for each of the four 
cases identified in table 1. The results are shown in table 2. 
Average gas concentrations were largest near the floor 
(y/H = 0.03) and decreased as the height above the floor 
increased. TTiis decreasing trend with increasing distance 
from the floor was consistent for all four ventilation cases. 
Differences with vertical location were especially large for 
the low ventilation rate cases (lUN, lOB). Near the floor 
(y/H = 0.03), and comparing with the HOZ (y/H = 0.66), 
gas concentration levels were five times higher for lUN 
and 5.5 times higher for lOB. Large variations were 
measured very near the floor as shown in table 2, 
independent of ventilation rate and obstruction condition. 
This was most likely due to nonuniformity of the 
contaminant source located at floor level. 

Vertical stratification in gas concentration was evaluated 
at axial locations (x/L) of 0.60, 0.82, and 0.93, 
representing the center pen (location A; fig. 1), hallway 
(location B), and side-wall pen (location C) regions, 
respectively. As shown in table 3 and figure 3b, large 
differences in gas concentration were measured between 
center pen, hallway, and side-wall pen regions. The overall 
largest concentrations were found near the side-wall pen 
region, a finding that was consistent for all four ventilation 
cases. At low ventilation rates, side-wall pen averages were 

Dable 2. Average axial normalized CO2 concentration for each of the 
four horizontal locations (y/H) measured* 

Vertical 

Location 
(y/H) 

0.03 
0.11 
0.22 
0.66 

Average Horizontal Normalized CO2 Concentration 

lUN 

13.4(11.3) 
5.9 (4.7) 
4.0 (2.0) 
2.7 (0.7) 

lOB 

10.3 (8.2) 
4.5(1.3) 
3.3 (0.8) 
1.9(0.6) 

2UN 

1.4(1.3) 
0.8 (0.5) 
0.5 (0.2) 
0.2 (0.2) 

20B 

2.2 (2.4) 
1.5(1.3) 
1.2(0.8) 
0.8 (0.2) 

* Standard deviation shown in parentheses. 
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Table 3. Average vertical normalized CO2 concentration at three axial 
locations (x/L) representative of the center pen (location A; fig. 1), 

hallway (location B), and side-wall pen (location C) regions* 

Axial 
Location 

(x/L) 

0.60 
0.82 
0.93 

Average 

lUN 

2.4(0.7) 
4.4(2.1) 

n . 1(9.4) 

Vertical Normalized CO2 Concentration 

lOB 

3.8 (2.6) 
2.1 (0.5) 
9.1 (10.5) 

2UN 

0.4(0.3) 
0.2(0.1) 
1.7(2.1) 

20B 

0.6(0.1) 
0.8 (0.2) 
3.0 (2.0) 

* Standard deviation shown in parentheses. 

4.7 times higher than center pen averages for case lUN and 
2.4 times higher for case lOB. At high ventilation rate 
cases, the differences were 4.2 times and 4.9 times for 
cases 2UN and 20B, respectively. 

Table 4 summarizes average gas concentrations grouped 
by building region. Twelve regions were defined consisting 
of the four horizontal measuring hnes and three axial 
regions grouped by measuring location. Axial measuring 
points 1 to 6 were grouped and defined as the center-pen 
region, axial point 7 was grouped and defined as the 
hallway region, and measuring points 8 to 12 were grouped 
and defined as the side-wall pen region (fig. 1). The largest 
normalized CO2 concentration for all four ventilation cases 
consistently occurred in the side-wall pen region near the 
floor (y/H = 0.03). Concentrations varied from a low of 1.9 
(2UN) to a high of 26.4 (lUN). Averaging concentrations 
with vertical location from the floor resulted in the highest 
concentrations at the side-wall pen region. Concentrations 
ranged from a low of 0.9 (2UN) to a high of 11.4 (lUN). 
The largest variance was always measured in the side-wall 
pen region implying that large horizontal and vertical 
concentration gradients existed in this region of the 
building. Figure 4 summarizes the experimental results 
using contour plots for each of the four ventilating cases 
shown in table 1. Clearly, the highest concentrations 
measured were in the side-wall pen regions, and near the 
floor, irrespective of the ventilation case. 

The above results identified the large variations in gas 
concentrations that can be expected in slot-ventilated 
livestock facilities. These variations were the result of non

uniform contaminant gas source locations, as shown in 
figure 1, and the airflow pattern characteristics of slot-
ventilated enclosures. With fresh air directed along the 
ceiling, the near-floor (y/H = 0.03) building region 
receiving the freshest air for diluting contaminants will be 
the center-pen regions, provided the inlet jet has sufficient 
penetration to accommodate the building width. As airflow 
patterns establish, reverse flow near the floor will 
convectively transport contaminant gas to the side-wall pen 
regions, resulting in a general increase in gas concentration 
from the center-pen to the side-wall pen tegions, as the 
above analysis showed. Airflow visualization can help 
describe this feature as shown in figure 5. Figure 5a 
represents ventilation case lUN and figure 5b represents 
ventilation case 2UN. The overall reverse circulatory 
pattern near the floor is clearly identified, especially for 
ventilation case 2UN (fig. 5b). 

The near-floor side-wall pen region consistently was 
subjected to the highest average concentration. Abrupt 
increases in gas concentrations were measured in this 
region as shown in figures 6 and 7. This trend was 
especially evident for the near-floor (y/H = 0.03) region. In 
the near-floor region, gas concentrations were roughly five 
to six times higher near the outer side wall as ventilation 
rate decreased. Comparing lOB and lUN, gas 
concentration near the outer side wall was roughly three to 
five times higher than the building center. It is interesting 
to note that near the floor (y/H = 0.03), the presence of 
obstructions did change the overall trend in gas 
concentration across the building. For obstructed airflow, 
the lowest concentration was measured in the hallway 
region (x/L = 0.76) with the concentration levels near the 
center-pen approximately 8 times higher and the 
concentration near the side-wall pens as much as 15 times 
higher. The momentum ratio for this ventilating case (Rm = 
0.004 m^/s^) was lower than what has been proven (Yu and 
Hoff, 1994) to provide stable rotary airflow in the ASC, 
implying that the jet penetration was less than maximum. 
The end result, as shown in figure 5a, was a jet that 
prematurely dropped to the floor nearer the building 
hallway (x/L = 0.76), thus providing this region with the 
highest diluting potential air, resulting in the lowest gas 

Table 4. Average normalized CO2 concentrations for selected axial locations from the inlet and at each of the four horizontal measuring lines* 

y/H 

With Obstructions 

Axial Measuring Points for Ventilating Case 1 OB Axial Measuring Points for Ventilating Case 20B 

1-6 7 8-12 Mean 1-6 7 8-12 Mean 

0.03 
0.11 
0.22 
0.66 

Mean 

8.3 (3.9)t 
4.9(1.2) 
3.0(0.6) 
1.5(0.2) 
4.4(3.2) 

2.1 (0.1) 
2.6 (0.3) 
2.1 (0.1) 
1.5(0.2) 
2.1 (0.5) 

14.2(10.8) 
4.4(1.2) 
3.9 (0.8) 
2.4 (0.5) 
6.2(7.1) 

10.3 (8.2) 
4.5(1.3) 
3.3 (0.8) 
1.9(0.6) 
5.0(5.2)$ 

0.7 (0.2) 
0.6(0.1) 
0.8 (0.2) 
0.7 (0.2) 
0.7 (0.2) 

0.7 (0.3) 
0.6(0.1) 
0.8 (0.2) 
0.9(0.1) 
0.8 (0.2) 

4.4 (2.4) 
2.7(1.2) 
1.8(0.9) 
0.9 (0.3) 
2.4(1.9) 

2.2 (2.4) 
1.5(1.3) 
1.2(0.8) 
0.8 (0.2) 
1.4(1.5)1: 

Without Obstructions 

Axial Measuring Points for Ventilating Case lUN Axial Measuring Points for Ventilating Case 2UN 

y/H 

0.03 
0.11 
0.22 
0.66 

Mean 

1-6 

3.7 (0.7) 
3.0(0.5) 
2.4(0.4) 
2.1 (0.2) 
2.8 (0.8) 

7 

6.6 (3.0) 
5.1 (0.5) 
3.1 (1.2) 
2.6 (0.3) 
4.4(2.1) 

8-12 

26.4(1.9) 
9.7 (5.4) 
6.1(1.4) 
3.4(0.5) 

11.4(9.5) 

Mean 

13.4(11.3) 
5.9(4.7) 
4.0(2.0) 
2.7 (0.7) 
6.5 (7.4)$ 

1-6 

1.2(0.8) 
0.8 (0.4) 
0.4(0.2) 
0.2 (0.2) 
0.7 (0.6) 

7 

0.2 (0.3) 
0.2(0.1) 
0.2(0.1) 
0.1 (0.1) 
0.2(0.1) 

8-12 

1.9(1.7) 
0.8 (0.5) 
0.6 (0.2) 
0.2(0.1) 
0.9(1.1) 

Mean 

1.4(1.3) 
0.8 (0.5) 
0.5 (0.2) 
0.2 (0.2) 
0.7 (0.8)$ 

* Figure 1 identifies the measuring points and relative location of the measuring point to the inlet and rectangular obstructions. 
t Standard deviation shown in parendiesis. 
t Values represent the overall average and standard deviation for each ventilation case. 
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Low Ventilation Rate Cases 

Without Obstructions With Obstructions 

0.50 x/L 

Without Obstructions 

1.00 

High Ventilation Rate Cases 

With Obstructions 

Figure 4~Experimentally measured COj concentration contours for both ventilation rates with and without the presence of rectangular 
obstructions. Contours presented are at 0.20 normalized increments. 

concentration. This clearly identifies the importance of 
airflow pattern establishment and the ultimate influence on 
gas concentration variations in the building. 

In summary, large differences in normalized CO2 
concentration were found with changes in ventilation rate. 
At the high ventilation rate case, the presence of 
rectangular obstructions significantly affected average 
concentrations, a result not found at the lower ventilation 
rate. The relative axial location within the building is 
important and regions in immediate contact with the inlet 
jet (center-pen region) had lower gas concentrations than 
other regions in the building (hallway and side-wall pen 

regions). The reason for these differences can be explained 
with the predominant airflow pattern. Fresh air enters the 
ASC from the side wall and traverses along the ceiling. As 
air traverses through the building, fresh air is used to dilute 
CO2 levels, which in turn augments the concentration of 
the air, reducing the dilution capability of the air. The 
region nearest the floor and in the side-wall-pen region is 
the final region to receive the diluting capabilities of the 
incoming fresh air. Therefore, this region would be 
expected to have the highest CO2 concentration, which 
does agree with the measured results reported here and 

0.50 x/L 

(a) 

1.00 

(b) 

Figure 5-Airflow pattern visualization for ventilation cases representative of (a) 0.019 mVs and (b) 0.056 mVs, resulting in chamber 
momentum ratios of 0.004 mVs^ and 0.037 mVs^, respectively (table 1). Airflow pattern shown taken during unobstructed airflow cases. Note 
locations of simulated manure storage locations (*), 
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0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 
Axial Distance from Side-Wall (x/L) 

•^ y/H=0.03 -^ y/H=0.11 ̂  y/H=0.22 -^ y/H=0.66 

(a) 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 
Axial Distance from Side-Wall (x/L) 

-^y/H=0.03 ^ y/H=0.11 -**- y/H=0.22 -a- y/H=0.66 

(b) 

Figure 6-Axial concentration variations for ventilation cases (a) lOB 
and (b) lUN for vertical locations of y/H = 0.03,0.11,0.22, and 0.66. 

those reported elsewhere (De Praetere and Van Der Biest, 
1990). 

MODEL COMPARISON 

The measured results indicated that vertical and axial 
location from the inlet and the relative location from the 
fresh air intake were large contributors to concentration 
stratifications. The experimental results were compared 
with the model results and are shown in figures 8 and 9. 
Model comparisons were made for low ventilation (fig. 8) 
and high ventilation (fig. 9) rate cases for both 
unobstructed and obstructed airflow. Vertical profiles are 
summarized using the normalized carbon dioxide 
concentration (eq. 7). 

As shown in figure 8, large concentration gradients 
existed near the floor of the chamber where gas was 
introduced to the occupied zone. At vertical locations 
greater than y/H = 0.20, normalized gas concentrations 
were nearly constant at levels of three to five times the 
inlet concentration. Near the floor and in a region 
representative of the AOZ, concentration levels were 10 to 
45 times the inlet concentration levels. The largest AOZ 
concentration levels were predicted to occur at the side 
wall pen region with no animal obstructions (fig. 8b). The 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 
Axial Distance from Side-Wail (x/L) 

-•- y/H=0.03 -^ y/H-0.11 -^ y/H=0.22 -a- y/H=0.€ 

(a) 

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 
Axial Distance from Side-Wall (x/L) 

-*- y/H=0.03 — y/H=0.11 -**- y/H=0.22 -e- y/H=0.66 

(b) 

Figure 7-Axial concentration variations for ventilating cases (a) 20B 
and (b) 2UN for vertical locations of y/H = 0.03,0.11,0.22, and 0.66. 

overall trend in gas concentration differences measured in 
the chamber was predicted closely with the model. At a 
higher ventilation rate, large concentration gradients were 
predicted near the floor, but were much smaller than those 
at the low ventilation rate, as shown in figure 9. 
Concentrations near the floor never exceeded six times the 
inlet concentration. 

Figure 9d represents an unusual measured gas 
concentration profile that was nicely predicted with the 
model. The most plausible explanation for this occurrence 
was the effect of obstructions on the near-floor jet as was 
discussed earlier. As ventilation rate increases, while 
maintaining a constant inlet slot height, the AOZ airspeeds 
will increase due to an increased inlet jet momentum 
(Jin and Ogilvie, 1992). With increasing momentum in the 
AOZ, air flowing over a rectangular obstruction will be 
deflected upwards thus convectively transporting gas away 
from the AOZ and towards the HOZ. At lower ventilation 
rates, air flowing in the AOZ will not tend to be deflected 
nearly as much and hence would not be expected to 
significantly effect the distribution of gas. Figure 10 
outlines this behavior with isovel contours. With 
rectangular obstructions to airflow, the reverse flow regime 
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Figure 8-Vertical concentration gradients for low ventilation rate cases (a, b) without obstructions and (c, d) with obstructions. 

was elevated into the occupied zone as evidenced by the 
predicted velocity contours. The separation between 
forward and reverse flow near the floor is more clearly 
shown in figure 11. With obstructions present, the 
separation line (indicated by the bold line) was elevated 
closer to the ceiling, clearly indicating floor-jet deflection. 
The obstructions deflected the reverse flow floor jet into 
the occupied zone dispersing contaminants into this region 
as indicated by figure 9d. 

PRACTICAL RELATIONS TO THE PROTOTYPE 
One issue plaguing experimental studies gathered from 

geometrically scaled enclosures is the expected behavior in 
the full-scale prototype. It has been common to use the 
Reynold's Number (Re) to dynamically scale isothermal 
airflow (for example, Timmons, 1980). Recent research, 
focusing on ceiling slot-ventilated enclosures, has 
disproved this theory, opting instead for the Momentum 
Ratio (Rm) as the appropriate airflow pattern scaling 
criteria (Adre and Albright, 1994). Reynold's Number 
dynamic scaling requires that the model inlet Reynold's 
Number (Re^ )̂ be equivalent to the prototype (Rep). 

Assuming fluid consistency between model and prototype 
(i.e., Bj^ = ^p) results in the requirement that: 

(UinletOm==(Ui I-

inlet ^slot/p >t/p (8 ) 

Conversely, if one adopts the Rm as the appropriate 
airflow pattern similarity variable (Adre and Albright, 
1994) results in the requirement that: 

(L + H) (L + H) 
(9) 

Equations 8 and 9 result in vastly different conclusions 
as one attempts to predict prototype behavior from model 
measurements. For example, if the 1:6 geometric scale 
model was ventilated at 0.02 m^/s, with opposing ceiling 
jets issuing from a continuous slot (\\oi) 6.4 mm in height 
(i.e., Uj = 1.29 m/s), then, based on Re similarity, the 
results from the model would be similar to a prototype 
(̂ siot ^ ^^-1 ^ ^ ) ventilated at 0.12 m^/s with an inlet 
velocity of 0.215 m/s. Using Rm to assess prototype 
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Figure 9-Vertical concentration gradients for high ventilation rate cases (a, b) without obstructions and (c, d) with obstructions. 

behavior one would conclude that the scale model results 
correspond to a prototype (\IQ^ = 38.1 mm) ventilated at 
0.72 m^/s, with an inlet velocity of 1.29 m/s. 

Adre and Albright (1994) provided strong evidence that 
a ceiling-slot ventilated prototype ventilated at similar Rm 
would behave as the model results presented here. 
Assuming Rm, the scale model results correspond to a full-
scale prototype ventilated at 11.4 and 33.6 ACH, for the 
low- and high-ventilation rate cases, respectively (table 1). 
MWPS (1987) recommends that swine facilities should be 
ventilated at roughly 4, 15, and 70 ACH for cold, mild, and 
hot weather conditions, respectively. Therefore, the scale 
model results presented here correspond to prototype air 
exchange rates at levels consistent with mild weather 
ventilation rates and between mild weather and hot weather 
ventilation rates, respectively. 

SUMMARY AND CONCLUSIONS 
Indoor air quality and its effect on humans and animals 

is an area that will require a devoted effort to meet future 

challenges in livestock ventilation systems. Models that 
can adequately predict air quality levels are needed for 
analysis of existing and new ventilation system designs. 
These models need to predict global trends without 
exceedingly complicated routines that are computationally 
restricting. 

This study attempted to incorporate some of the features 
that comprise a livestock facility. Obstructions to airflow 
exist in livestock facilities and these obstructions will 
influence the overall performance of a ventilation system 
and should be included in a working mathematical model. 
This study attempted to incorporate animal obstructions 
which are, in most cases, the predominant restriction to 
airflow near the floor. Future work will need to incorporate 
pen wall dividers, feeders, and ceiling obstruction 
placements to be fully functional. 

Based on the findings from this study, using a 1:6 
geometric scale model, the following conclusions can be 
made: 

• Ventilation rate and relative location from the inlet 
were significant contributors to gas concentration 
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Low Ventilation Rate Cases 

Without Obstructions With Obstructions 

0.50 x/L 1.00 

High Ventilation Rate Cases 

Without Obstructions With Obstructions 

Figure 10-Predicted axial velocity distribution (m/s) for both ventilation rate conditions with and without the presence of rectangular 
obstructions. Contours presented are at 0.05 m/s increments. 

variations. As ventilation rate decreased and at floor 
locations near the inlet, gas concentration levels 
increased. 

Rectangular obstructions, simulating the presence 
of animals, significantly affected average gas 
concentration levels at high ventilation rates, but 
not at low ventilation rates. The primary influence 

Low Ventilation Rate Cases 

Without Obstructions With Obstructions 

High Ventilation Rate Cases 

Without Obstructions With Obstructions 

Figure 11-Predicted axial velocity contours for low and high ventilation rate cases with and without the presence of rectangular obstructions. 
Isovels plotted at 0.05 m/s increments. Please note that only the right half of the chamber is shown (x/L = 0.50 to 1.00). Bold line represents the 
separation between positive (<-) and negative (-^) axial velocities. 
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was explained by airflow pattern deflection near the 
floor and at the obstruction. 

• Floor obstructions and their relative placement with 
the predominant airflow pattern had an accumulated 
effect on gas concentration levels. As ventilation 
rate increased, floor-jets were deflected upwards 
towards the HOZ augmenting the dispersion of gas 
into this region. 

• An isothermal low Reynold's Number turbulence 
model in conjunction with gas dispersion from 
simulated manure storage pits predicted overall 
trends and gradients in gas concentration levels. 
Large gradients near the floor region, measured in 
the chamber, were closely predicted with the model. 
The influence of rectangular obstructions on gas 
dispersion was nicely predicted. 
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N O M E N C L A T U R E 
ACH airflow changes per hour (h~i) 

constant used for turbulent viscosity (= 0.09) 
diffusion coefficient (m^/s) 
LBLR damping function for turbulent viscosity 
gravitational constant (= 9.81m/s2) 
slot inlet width (m) 
building height (m) 
Jet Momentum Number (dimensionless) 
QUi„,e,/Vg 
turbulent kinetic energy (m^/s^) 

D 

g 
h 
H 
J 
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L building length parallel to inlet air velocity (m) |LLI laminar viscosity (kg/m-s) 
Lp axial jet penetration distance from the inlet side [x^ turbulent viscosity (kg/m-s) 

wall (m) |i^^ effective viscosity (= |LII + |Lit),(kg/m-s) 
m(-02 niass fraction of carbon dioxide in air T^ generalized diffusion coefficient 

(kg C02 /kg mixture) (|) scalar quantity of interest 
Q building ventilation rate (m^/s) o^ turbulent Schmidt Number for carbon dioxide 
Re Reynold's Number (= 1.0) (dimensionless) 
Rm Momentum Ratio v kinematic viscosity (m^/s) 
SA generalized source term (per unit volume-time) 
u,v,w velocity components in x, y, and z directions SUBSCRIPTS 

(m/s) i,j,k cartesian-tensor notation (1 = x, 2 = y, and 3 = z) 
U inlet air velocity (m/s) in conditions at the slot-inlet 
V building volume (m^) m scale model 
x,y,z coordinate directions (m) p prototype 

vc vena contracta 
G R E E K SYMBOLS 

p density (kg/m^) 
£ viscous dissipation of turbulent energy (m^/s^) 
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