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ABSTRACT. TWO unique models, the Lam-Bremhorst low Reynolds number turbulence model (LBLR) and a multiple 
airflow regions model (MARM), were compared in describing the distribution of carbon dioxide (CO2) in a simulated 
swine grower pen used in a previous experimental study (Brannigan and McQuitty, 1971), The results from this 
comparative study indicate that the LBLR model's ability to predict airflow patterns greatly enhanced prediction of 
carbon dioxide distribution. The MARM and LBLR models predicted normalized CO2 levels within 4% of each other in 
airflow regions composed mainly of the ventilating air jet (the primary zone), but were in disagreement by as much as 48% 
in regions furthest removed from the air jet. In a region defined as the general building air zone, differences in predicted 
normalized CO2 between models ranged from 0 to 50%, The MARM model requires a prescribed airflow pattern and a 
detailed knowledge of entrainment ratios that reduced the predictive ability of overall contaminant dispersion. 
Keywords. Turbulence, Dispersion, Modeling, Air quality. 

The ventilation system in livestock facilities is 
expected to simultaneously achieve many 
objectives. Animal-level airspeeds and 
temperatures are expected to be optimal 

throughout seasonal variations in weather. Simultaneously 
the ventilation system must maintain airborne contaminants 
at levels that are acceptable for the animal and workers. 

The Occupational Health and Safety Administration 
(OSHA) governs air quality issues for all U.S. workers. 
New guidelines focused on livestock facilities are currently 
pending. These guidelines are intended to limit the 
concentrations of airborne gases and particulates in 
livestock facilities. To meet this need, engineers must 
ensure that building design, manure management practices, 
feeding system, and ventilation system interact to provide 
an environment within these guidelines. 

LITERATURE REVIEW 
Mathematically describing spatial distribution of air 

contaminants in livestock facilities have concentrated in 
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 in 
describing the desorption rates of H2S and NH3 from 
anaerobically stored slurry. Second, models describing the 
air-exchange between pit-area and building space have 
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been developed (Anderson et al., 1987; Bundy et al., 1990; 
Yu et al., 1991). Primary emphasis has been on defining the 
pit-exchange to building exchange rates. The attempt was 
to define the relation between actual gas desorption rate 
and the rate at which this gas enters the building. Models 
describing the airflow patterns and convection-diffusion 
distribution of a contaminant in livestock buildings have 
been developed (Choi et al., 1987; Bundy et al., 1990; Hoff 
and Bundy, 1992; Maghirang and Manbeck, 1993). 
Primary emphasis has been to relate gas release into the 
building and its movement relative to the building airflow 
patterns. 

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 very 
reasonable agreements with experimental results. Hoff 
et al. (1992) numerically investigated the three-
dimensional buoyancy affected airflow in slot-ventilated 
systems using a low Reynold's number turbulence model. 
Airspeed and temperature distributions and overall airflow 
patterns were found to be in reasonable agreement with 
measured results from a scaled enclosure. 

De Praetere and Van Der Biest (1990) investigated the 
influence of airflow patterns on NH3 distributions in a 
swine facility. They compared NH3 distributions 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. 

The purpose of this project was to compare two unique 
mathematical models for describing the movement of 
carbon dioxide in a simulated swine grower pen. The 
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models tested were the Lam-Bremhorst low Reynolds 
number (LBLR) turbulence model (Lam and Bremhorst, 
1981) and the multiple airflow regions model (MARM) 
(Liao, 1989). Model performance was compared using a 
previously defined experimental set-up (Brannigan and 
McQuitty, 1971). Successes and failures of each model are 
identified and areas of further research are discussed. 

COMPARATIVE EXPERIMENTAL STUDY 
Brannigan and McQuitty (1971) experimentally 

investigated the distribution of ammonia (NH3) and carbon 
dioxide (CO2) in a simulated swine grower pen (fig. 1). 
Work reported with this research compares the MARM 
results from Liao (1989) and the LBLR model using the 
experimental set-up defined by Brannigan and McQuitty 
(1971). Figure 1 outlines the experimental apparatus used 
by Brannigan and McQuitty (1971). Air entered the 
chamber through a 51 x 2 364 mm rectangular slot located 
1.92 m from the floor and exited at one of two possible 
exhaust ports—0.48 and 1.92 m from the floor. Carbon 
dioxide was released into the chamber at a rate of 480 L/h 
evenly dispersed along the discharge lines shown in 
figure 1. 

Brannigan and McQuitty (1971) tested three ventilation 
rates (0.26, 0.12, 0.08 m^/s), two exhaust port locations 
(0.48 and 1.92 m from floor), and two heating conditions 
(isothermal and nonisothermal). For this comparative 
study, one exhaust port location (y = 1.92 m) and three 
isothermal ventilation conditions were compared as 
outlined in table 1. Table 1 outlines the ventilating 
conditions, air exchange rates, inlet momentum ratio (R^), 
jet momentum number (J), and Reynold's number based on 
inlet slot height (Rcj,) for future comparative studies. 
Brannigan and McQuitty (1971) performed a very useful 
experimental study for botih carbon dioxide and ammonia 
dispersion in a simulated pen for both isothermal and 
nonisothermal airflow. However, they did not present 
individual experimental treatments and thus their work 
could not be used for direct comparison with the MARM 
and LBLR model results. 
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Table 1. Ventilating conditions from experimental study of 
Brannigan and McQuitty (1971) and corresponding conditions 

mathematically modeled (outlet and inlet heights 
fixed at 1.92 m from floor*) 

Run 

1 
2 
3 

Q 
(m3/s) 

0.259 
0.123 
0.078 

ACH 
(h-i) 

25.8 
12.3 
7.8 

Inlet Velocity Rmt 
U (m/s) (m/s)2 

2.15 0.0280 
1.02 0.0063 
0.65 0.0026 

Jt 
1.45x10-4 
3.60x10-4 

15.97 X 10-4 

Rent 
2113 
3315 
6989 

* Inlet slot width fixed at 51 mm. 
t Rn, -Uh/(L + H) 

-U(0.051)/(5.97 + 2.44) 
J - UQ/(gV) 

-UQ/[(9.81)(35.54)] 
RCh -Uh/ \ ) 

»U(0.051)/15.7xlO-6 

DESCRIPTION OF MODELS INVESTIGATED 
The LBLR turbulence model (Lam and Bremhorst, 

1981) and the MARM developed and tested for a previous 
research project (Liao, 1989) are discussed below. 

LAM-BREMHORST Low REYNOLDS NUMBER MODEL 
Lam and Bremhorst (1981) developed a low Reynolds 

number turbulence model applicable to near-wall 
boundaries. The LBLR model was previously investigated 
for three-dimensional nonisothermal flow in a ceiling slot-
ventilated chamber (Hoff et al., 1992). The following 
describes the main features of the turbulence model 
incorporated for this research project. References are given 
for those interested in a more complete discussion. 

GOVERNING DIFFERENTIAL EQUATIONS 
All equations solved for this research project were cast 

into partial differential equations of the form: 

a ( p u i ^ 

3xi 3xi m + ŝ  (1) 

Figure l-Experimental set-up used in Brannigan and McQuitty 
(1971) and used for comparison with the LBLR and MARM models. 

Each transport equation (mass or momentum) is 
characterized by the scalar quantity of interest, <!), 
a diffusion coefficient F ,̂ and the expression for the source 
terms, S .̂ Equation 1 represents the generalized steady-
state form of the defining relation used for the numerical 
technique developed by Patankar and Spalding (1972). All 
differential equations involving convective and diffusive 
transport processes can be cast into equation 1. 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 phenomena, 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, e, on turbulent transport. The LBLR 
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model combines these parameters to define an effective 
viscosity, as (Chen et al., 1990): 

^^eff = 

1.2 
(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 and momentum 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 and momentum equations 
solved were the same as reported previously (Hoff et al., 
1992). The additional equation solved was that for the 
transport of carbon dioxide which is discussed below. 

CARBON DIOXIDE (CO2) DISTRIBUTION 
The equation used for this research to describe the 

distribution of CO2 was cast into equation 1 as: 

3X; 3X; 
Dp + 1 ^ \ ^ ^ ^ 

ax; 
+ s CPz (3) 

Equation 3 assumes that CO2 is chemically unreactive 
and describes the mass fraction of CO2 in the air 
(kgcOî ^Smixture) ^̂  ^ y location within the building. The 
diffusion coefficient (D) was set equal to 1.64 x 10"̂  m /̂s 
(Holman, 1981). The turbulent portion of mass diffusion 
(\ix/o^) will be, in general, much larger than the laminar 
component and hence will govern the diffusion of CO2 in 
the building. 

The solution of equation 3 requires a known flow field 
and 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 used in Brannigan and McQuitty (1971). 
This level was held constant at 480 L/h; 120 L/h along 
each of the four gas diffusion units shown in figure 1. 

BOUNDARY 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 (mco2 in.) ^^^ ^̂ ^ equal to 4.76 x 
10"̂  kgcoo/kgmixture (̂ ^̂  PP̂ )̂- Th^ î l̂̂ t conditions for 
turbulent kinetic energy (k) and the viscous dissipation of 
turbulent kinetic energy (e) were set according to the 
following equations: 

kinlet-0.0005 xu?„i,, 

ei^let-0.1X(ki,iet)^/2 

(4) 

(5) 

spaced evenly, while grid points in the x (axial) and y 
(vertical) 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). For example, with the inlet 
located at y = 1.92 m, seven grid points were used between 
y = 1.68 and 2.40 m (the ceiling). Near the floor, seven grid 
points were used between y = 0 and 0.71 m. Gas emission 
entered at the floor (y ^ 0) at axial locations of x = 1.28, 
2.33,3.37, and 4.69 m from the inlet end-wall. 

MULTIPLE AIRFLOW REGIONS MODEL (MARM) 
The MARM uses a series of adjacent control volumes to 

assess the movement of air between regions of the 
ventilated space. Paramount to the success of this model is 
the ability to predict entrainment ratios between adjacent 
cells. Liao (1989) developed this model to describe the 
movement of CO2 in a simulated swine grower pen similar 
to the one used by Brannigan and McQuitty (1971). Further 
refinements to the MARM model for describing dust 
concentrations in livestock facilities can be found in Liao 
and Feddes (1990), Liao and Feddes (1992), and Gao and 
Feddes (1993). 

The MARM model assumes three general airflow 
regions exist in the ventilated space. The primary air zone 
is the zone immediately affected by the incoming fresh-air 
jet, the general building air zone encompasses the central 
portion of the building, and the stagnant zone is assumed to 
exist near the floor of the building. Figure 2a identifies the 
primary air zone ("A") and the general building air zone 
("B"). The MARM model used by Liao (1989) assumes 
that the stagnant zone is negligible and thus is deleted from 
the analysis. The MARM model incorporates a series of 
horizontal layers linked together with a prescribed 
entrainment ratio. The entrainment ratio was preset to 5.8 

(a) 

- W = Bm 

1 1 

1 5 

2 1 

1 2 

1 7 

2 2 

1 3 

2 3 

1 4 

1 9 

2 4 

5 

1 0 

1 5 

2 0 

2 5 

~l 

A 
(b) 

CO2 gradients at all solid boundaries of the chamber 
were set equal to zero. The numerical grid used was a 25 x 
18 X 15 grid for the x, y, and z directions, respectively. 
Grid points in the z direction (transverse to air jet) were 

Figure 2-(a) Airflow patterns and (b) control volumes used in the 
multiple airflow regions model of Liao (1989). Recirculation from 
region B, the general building air motion zone; into region A, the 
primary air zone defined by rQ, where r is the entrainment ratio for 
infinitely long slots (- 5.8) and Q is the building ventilation rate. 
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(Liao, 1989) based on theoretical relations for infinitely 
long rectangular slot diffusers (ASHRAE, 1993). 

The primary air zone and the building air zone are 
assumed to exist in parallel layers with the direction of the 
incoming jet. That is, the primary air zone assumes that the 
incoming jet remains parallel with the inlet air direction 
along the entire lengtii of the building. This can be a 
serious drawback especially for inlet jets lacking sufficient 
inlet momentum or jets which are affected by buoyant 
forces since in these cases the jet will not remain parallel to 
the inlet direction. This effect will be demonstrated in the 
results section. 

The building airspace defined by Brannigan and 
McQuitty (1971) was divided into 25 control volumes as 
shown in figure 2b, each of equivalent volume. The top 
five cells were all assumed to encompass the primary air 
zone of the airjet, and the airflow exchanged between cells 
was defined as the inlet ventilation rate plus the inlet 
ventilation rate multiplied by the entrainment ratio [Qceii * 
Qinlet(̂  + r)]. With this knowledge, mass balances are 
conducted within each defined control volume of figure 2b, 
details of which can be found in Liao (1989). For this 
comparative study, the inlet and outlet are located 1.92 m 
from the floor of the simulated pen (fig. 1). 

The MARM model assumes no chemical reactions, 
perfect and instantaneous mixing within each defined 
control volume, and no concentration gradients exist across 
the system boundary. The inputs required include the 
airjet's entrainment ratio, the airflow matrix consisting of 
the assumed airflow pattern and the entrainment of fluid 
into each adjacent cell, and the emission rate of carbon 
dioxide. For the experimental set-up of Brannigan and 
McQuitty (1971), Liao (1989) assigned emission in control 
volumes 22,23, 24, and 25 (fig. 2b). 

SUMMARY OF MODELS 
Both models are unique but have a common goal— 

describe contaminant gas dispersion in ventilated airspaces. 
The MARM model requires a prescribed airflow pattern 
and a description of airflow exchanges between adjacent 
control volumes, that ultimately are linked to the 
entrainment ratio between the airjet region (the primary air 
zone) and the remainder of the ventilated space (general 
building air zone). The LBLR model utilizes coupled 
partial differential equations to describe mass and 
momentum transfer to determine air motion in both the 
primary and general building air zones, then uses this 
information to prescribe gas dispersion. Certainly, one 
would expect the LBLR model to yield more accurate 
information on the convective transport since air motion is 
a critical link to the problem. The purpose of testing these 
two models is to determine if the simpler MARM model, 
either as is or with modification, can adequately predict 
trends and absolute values of gas concentration in a 
ventilated livestock facility. 

RESULTS AND DISCUSSION 
MODEL COMPARISON 

Table 2 outlines the MARM and LBLR predicted 
normalized carbon dioxide distributions (CO2/CO2 exhaust) 
for the control volume cells defined in figure 2b. The 
LBLR model used 368 control volumes (23 x 16) to 

discretize the airspace whereas the MARM model used the 
25 control volumes defined in figure 2b. The LBLR model 
results nearest the center of each of the 25 control volumes 
defined in figure 2b were used for comparison. The 
MARM model results are compared with the LBLR model 
results for runs 1 and 3 (table 1). The MARM model 
assumed a set airflow pattern and entrainment ratio for all 
three runs modeled and hence the normalized 
concentrations from MARM are the same for all three runs, 
resulting in one MARM result for comparison as shown in 
table 2. 

The LBLR and MARM model results agree within 
about 4% for the predicted normalized CO2 concentration 
for run 1 and within about 9% for run 3 along the top and 
right side control volumes. This region of the ventilated 
airspace encompasses the primary air zone and thus is most 
affected by the airjet. The MARM model assumes a basic 
rotary airflow pattern and describes this region entirely 
with the airjet's entrainment ratio. The rotary airflow 
pattern assumed with MARM (fig. 2a) most closely 
represents an air jet that penetrates the entire length of the 
ventilated airspace. Therefore, as ventilation rate increases, 
one would expect that the LBLR and MARM models 
predict similar results. As shown in table 2, differences 
between predicted results were in general much lower for 
run 1 versus those for run 3, supporting this statement. 

Away from the primary air zone (region B; fig. 2a), 
large differences were found between models. The largest 
difference between models for predicted normalized CO2 
concentration occurred furthest away from the influence of 
the airjet; defined as the lower left control volume. In this 
region, a 45 and 50% difference existed between model 
predictions for runs 1 and 3, respectively. For the 
ventilation arrangement given, with contaminant gas 
originating from the floor region, one would expect that the 
highest concentration should be found at the lower left 
control volume. The LBLR model predicted this 

Table 2. Control-volume comparison between MARM results (top 
number, each cell), LBLR results for run 1 (middle number/left 

side, each cell), and LBLR results for run 3 (middle number/right 
side, each cell). Bottom number of each cell quantifies the percent 

difference between predictions relative to the LBLR results. Reported 
normalized concentrations calculated as C02yC02,exhaiist* Top-
left cell contains the inlet diffuser and the top-right cell contains 

the outlet exhaust Cells correspond to the 25 control volumes 
defined by Liao (1989) as shown in figure 2b 

0.85 
0.89 0.78 

-4.5 +9.0 

0.93 
1.30 1.72 

-28.5 -45.9 

0.99 
1.33 1.78 

-25.6 -44.4 

1.02 
1.44 1.91 

-29.2 -46.6 

1.05 
1.91 2.11 

-45.0 -50.2 

0.92 
0.94 0.921 

-2.1 0.0 

0.96 
1.22 1.461 

-21.3 -34.2 

1.00 
1.19 1.441 

-16.0 -30.6 

1.04 
1.20 1.52 

-13.3 -31.6 

1.07 
1.44 1.81 

-25.7 -40.9 

0.96 
0.95 0.93 

+ 1.1 +3.2 

0.98 
1.12 1.33 

-12.5 -26.3 

1.02 
1.14 1.31 

-10.5 -22.1 

1.05 
1.14 1.27 

-10.5 -17.3 

1.09 
1.17 1.68 

-6.8 -35.1 

0.99 
0.98 0.93 

+1.0 +6.5 

1.01 
1.03 1.15 

-1.9 -12.2 

1.03 
1.08 1.21 

-4.6 -14.9 

1.06 
1.10 1.21 

-3.6 -12.4 

1.10 
1.11 1.49 

-0.9 -26.2 

1.00 
0.99 0.97 

+1.0 +3.1 

1.01 
1.01 1.03 
0.0 -1.9 

1.04 
1.04 1.08 
0.0 -3.7 

1.07 
1.06 1.10 

+0.9 -2.7 

1.11 
1.07 1.11 

+3.7 0.0 
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occurrence for both runs 1 and 3 whereas the MARM 
model predicted that the largest concentration was located 
at the lower right control volume. 

For the ventilating arrangement modeled (fig. 1), one 
would expect a clockwise rotary airflow pattern where 
airflow near the floor would move from right to left. With a 
contaminant gas originating near the floor, concentrations 
should increase from right to left, as air entrains fluid in the 
near-floor region. The LBLR model predicts this 
expectation with the MARM model predicting the 
opposite. If contaminants in this region are convectively 
transported, then the results from MARM suggest a general 
airflow pattern near the floor from left to right, countering 
one's intuition. Clearly, in regions removed from the airjet 
region, the MARM model becomes inadequate if overall 
trends in gas dispersion are desired. In terms of 
concentration profiles and trends, the LBLR and MARM 
models agree along the left side, top, and right side control 
volumes. The internal vertical profiles agree in trend with 
concentrations varying from low to high as one moves 
from chamber top to bottom. All horizontal profiles 
predicted with MARM, with the exception of the top 
control volumes, have opposite trends. In regions defined 
as the general building air zone, differences between 

models varied between 1 and 45% for run 1 and between 
12 and 50% for run 3. 

A major advantage for the LBLR model is that airflow 
patterns are predicted and hence become an integral 
component to the distribution of CO2. In general, airflow 
patterns in livestock-ventilated spaces will define the 
concentration gradients within the building. Brannigan and 
McQuitty (1971) studied both ammonia and carbon dioxide 
and showed similar gradients and trends between ammonia 
and carbon dioxide, despite their density differences. This 
supports the fact that convective transport governs gas 
dispersion which ultimately implies that airflow patterns 
must be accurately predicted before concentration gradients 
can be accurately predicted. The MARM model did very 
well, compared to the more cumbersome LBLR model, in 
regions directly affected by the airjet which is well defined 
with an assumed trajectory. Outside of this region, 
however, the model requires a better description of overall 
air motion to accurately describe convective transport. 

IMPROVEMENTS TO THE MARM MODEL 
The inability of the MARM model to accurately predict 

airflow patterns limits the usefulness of the model as the 
following demonstrates. Figure 3 summarizes the LBLR-
predicted axial velocity isovels (m/s) and normalized 

Figure 3-(a, b, c) Axial velocity predicted with the LBLR model for flow conditions 1, 2, and 3, respectively; and (d, e, f) normalized 
C02Concentrations (C02/C02,exhaiist) predicted. Axial velocity plotted in 0.05 m/s increments and normalized concentrations plotted in 0.10 
increments. 
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carbon dioxide distribution for runs 1 (figs. 3a, 3d), 
2 (figs. 3b, 3e), and 3 (figs, 3c, 3f). If one uses the 0.10 m/s 
isovel to assess airjet penetration, then clearly the airjet 
penetration increases as ventilation rate increases. For each 
ventilation rate, a large reverse circulation region is 
predicted (negative axial velocities) near the floor and to 
the left of the chamber. This region accumulates entrained 
gas near the floor emission locations and builds to an upper 
maximum at the lower left comer of the building. Airflow 
patterns near the floor were not specified with the MARM 
model hence resulting in the discrepancy with the LBLR 
model previously ouflined. 

An improvement to the MARM model would be to use 
our current knowledge of airflow patterns using the 
momentum ratio (R^) concept proposed by Adre and 
Albright (1994). With this knowledge, airjet paths could be 
predicted that would pre-describe a more complete airjet 
path throughout the general building air zone improving 
predicted gas dispersion trends and profiles using the 
MARM model, l i i e MARM model compared with this 
study did not attempt to predict an airjet trajectory beyond 
the region defined between the inlet and the outlet. As a 
consequence of this, expected gas dispersion trends were 
not well predicted with the MARM model. 

The MARM model could be improved by allowing the 
primary air zone to exist in areas not necessarily projected 
horizontally with the inlet airjet direction. If rules were 
established that adjusted the primary air zone consistent 
with the presumed airjet trajectory, then it is reasonable to 
expect that the MARM model would be able to predict 
trends in gas dispersion at a level competing with the more 
cumbersome LBLR model. 

SUMMARY 
This research project investigated the performance of 

two mathematical modeling approaches for describing the 
transport of a contaminant gas in livestock facilities. The 
results indicated that both the LBLR and MARM models 
predicted similar trends and normalized CO2 levels in the 
primary air zone, defined as the region immediately 
affected by the ventilating airjet. Near the floor, containing 
the gas source, profiles predicted with the LBLR model 
were as expected with those predicted by the MARM 
model in contrast to expectations. Improvements to the 
MARM model could be immediately realized by providing 
a better description of the airjet's path throughout the 
ventilated air space. 
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NOMENCLATURE 
ACH airflow changes per hour (h-^) 

constant used for turbulent viscosity (« 0.09) 
diffusion coefficient (m^/s) 
LBLR damping function for turbulent viscosity 
gravitational contant (m^/s) 
inlet slot-width (m) 
chamber height (m) 
jet momentum number (dimensionless) 
turbulent kinetic energy (m^/s^) 
building length in direction of airjet (m) 
mass fraction of carbon dioxide in air 
(kg C02/kg mixture) 
inlet volumetric airflow rate (m^/s) 
Reynolds number (dimensionless) 
parameter based on inlet slot 

g 
h 
H 
J 
k 
L 
niC02 

Q 
Re 
h 

S^ generalized source term (per unit volume-time) 
u,v,w velocity components in x, y, and z directions 

(m/s) 
U inlet velocity (m/s) 
V building volume (m^) 
x,y,z coordinate directions (m) 

GREEK SYMBOLS 
p density (kg/m^) 
£ viscous dissipation of turbulent energy (m^/s^) 
V kinematic viscosity (m^/s) 
^1 laminar viscosity (kg/m-s) 
|L4 turbulent viscosity (kg/m-s) 
m^ effective viscosity (= |LII + ii^), (kg/m-s) 
r^ generalized diffusion coefficient 
([) scalar quantity of interest 
Gt turbulent Schmidt number for carbon dioxide 

(== 1.0) (dimensionless) 

SUBSCRIPTS 
i,j,k artesian-tensor notation (1 = x, 2 = y, and 3 « z) 
c Cartesian 
h parameter based on inlet slot-width 
inlet condition evaluated at the inlet 
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