DESIGN AND CALIBRATION OF CHAMBERS FOR
THE MEASUREMENT OF HOUSED DAIRY
Cow GASEOUS EMISSIONS
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ABSTRACT. The increased global demand for milk and other dairy products over the past decade has heightened concerns
about the potential for increased environmental impacts. Accurate measurement of gas emissions from dairy cows is essen-
tial to assess the effects of cow diets and other management practices on both the composition and rate of gas emissions. In
this article, methodologies are described to instrument, calibrate, and assess the uncertainty of gas emissions by cows
housed in chambers that simulate production settings. The supply and exhaust ducts of each chamber were equipped with
pitot tubes, temperature and relative humidity probes, and gas samplers to monitor airflow rates, gas composition, and gas
emission rates. A Fourier transform infrared spectroscopy (FTIR) instrument was used to quantify gaseous concentrations
in the gas samples on a semi-continuous basis. The measurement uncertainty of the rate of gaseous emission from the
chambers was quantified, and gas concentration and differential pressure, as measured by the pitot tubes, were identified
as the primary parameters contributing to gas emission uncertainties. Mass recovery tests determined that the recovery of
methane from each chamber was within 10% of the released mass. Fan operating curves were experimentally determined
to identify optimum differential chamber pressures to minimize gas leakage from the chambers. A computational fluid dy-
namics model was developed to assess air mixing patterns and define steady-state conditions. The model was validated with
experimental data of air velocity within each chamber. These procedures will facilitate accurate measurement of gas emis-

sions _from housed dairy cows and provide a laboratory to test various gas mitigation treatments.
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emand for milk and other dairy products has

been increasing worldwide as human popula-

tions increase and standards of living rise. As a

result, the environmental impact of large-scale
livestock farming has the potential to increase as farms grow
larger and increase their output. Production of ammonia and
methane from dairy cows is a concern due to the potential of
these emissions to reduce environmental quality. Ammonia
is volatilized from manure as a function of its nitrogen con-
tent, environmental conditions, and handling practices and
can lead to the formation of particulate matter, which can be
hazardous to human health (Pope et al., 2009). In addition,
ammonia can be converted to nitrous oxide, a greenhouse
gas, as part of the nitrogen cycle. Methane, a greenhouse gas,
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is produced through enteric fermentation and manure diges-
tion by specific microorganisms. Scientists and engineers
face the challenge of finding methods to mitigate the produc-
tion of these gasses while, at the same time, increasing dairy
production.

Modifying herd management practices and dairy housing
design is a common approach for reducing gaseous emis-
sions from cows. It has been established that diet modifica-
tions, such as decreasing crude protein content of cow diets
from 18% to 16.5%, reduces ammonia emissions without
impacting milk production and protein content (Aguerre et
al., 2010). In addition, environmental factors, such as tem-
perature and relative humidity, have been shown to affect
ammonia emissions from dairy operations (Powell et al.,
2008a, 2008b). Furthermore, feed management, rumen mod-
ifiers, and breeding can decrease methane emissions (Knapp
et al., 2014). However, under production settings, it can be
difficult to measure the impact that feed and other factors
may have on methane and ammonia emissions because these
compounds are volatile.

Researchers are also working to identify strategies to mit-
igate the effect of gaseous emissions through capture and
treatment of the air from animal housing. These technologies
will most likely become more economically feasible as
farms increase in size. Acid scrubbers have been deployed
in many types of animal housing to reduce odor issues from
ammonia and other compounds (Melse and Timmerman,
2009). Biological filters are capable of removing and de-
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grading many compounds, including methane, from the air
through the use of microorganisms and organic material
(Ndegwa et al., 2008; Yoon et al., 2009). In addition, re-
searchers have developed, in silico, a new material theorized
to be capable of removing methane from dilute concentration
sources such as barn air (Kim et al., 2013). The ability to test
and improve these technologies at a small scale and in con-
trolled setting would be invaluable.

Sealed environmental chambers equipped to derive the
flux of mass and thermal energy across the chamber bound-
aries allow researchers to study methods to mitigate the gen-
eration of gaseous emissions from housed dairy cows. Re-
searchers have also used indirect calorimeter hoods to meas-
ure enteric methane generation (Nienaber and Maddy, 1985;
Place et al., 2011; Freetly and Brown-Brandl, 2013; Maia et
al., 2015). Large environmental chambers have also been de-
signed and calibrated to measure the flux of nitrogen at the
scale of a full barn (Lefcourt, 2001; Lefcourt et al., 2001;
Grainger et al., 2007; Gilhespy et al., 2006). Powell et al.
(2007) designed and calibrated four temporary chambers
equipped and calibrated to measure nitrogen flux through the
environment.

In this study, we document the design of permanent
chambers capable of simulating production settings while
collecting data on gas emissions over a period of several
days. Key design features include four replicate chambers,
isolation of the cow from the external environment, and an
instrumentation system capable of measuring the mass flux
of gasses through the chambers. We propose calibration pro-
cedures for the chambers, including estimation of measure-
ment uncertainty. Finally, we developed a computational
fluid dynamics model capable of assessing mixing patterns
within the chambers to guide experimental sensor placement
and appropriate data collection periods. These chambers
could be used to identify practices to reduce gaseous emis-
sions from dairy cows as well as to test mitigation strategies.

MATERIALS AND METHODS
CHAMBER DESIGN

To provide a suitable permanent field laboratory, four
3-cow emission chambers and a control room were remod-
eled in an existing facility at the USDA-ARS Dairy Forage
Research Center in Prairie du Sac, Wisconsin (Powell et al.,
2007). The chambers were designed to accommodate re-
search while retaining as many production setting features as
possible. The chambers are located at one end of a barn and
can be isolated, via an overhead door, from the other end of
the barn. Cows are housed in the chamber, except when
taken to the milking parlor, three times per day.

Each chamber measures approximately 4.7 m deep X
5.4 m wide x 2.9 m high; all dimensions are shown in figures
1, 2, and 3. The chamber walls were constructed of concrete
masonry units and coated with 65 mil polyurea spray coating
(Volatile Free, Inc., Brookfield, Wisc.) to reduce sorption of
ammonia to the walls and allow ease of cleaning between
experiments. Industrial-grade, insulated overhead doors
were installed to allow ease of access to the cows for feeding
and milking while minimizing air infiltration into the cham-
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Figure 1. Side view of single chamber (all dimensions in meters).
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Figure 2. Top view of single chambers (all dimensions in meters).
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Figure 3. Front view of single chambers (all dimensions in meters).

bers when closed. Large overhead doors (one per chamber)
were located behind the gutter to allow access to the cows,
while small overhead doors (two per chamber) were located
on both sides of the feed alley to allow access for feeding.
The tie-stalls were bedded with rubber mats (Unicup Soft-
bed, Kraiburg, Germany) and sloped to facilitate drainage
into the common manure gutter. The gutter was sealed from
the exterior using a block of plastic-wrapped foam that con-
forms to the gutter shape.

CHAMBER VENTILATION

A single, forward curve, 0.62 m diameter, 1.5 hp blower
(model 3C010, Dayton, Chicago, Ill.) provided ventilation
of conditioned air to the four chambers though ductwork in
the attic above the chambers (figs. 4 and 5). The blower was
controlled by a variable-frequency drive (model GS2 AC,
Automation Direct, Atlanta, Ga.). Additionally, an inline
72 kW electric heater (model DFP 300, Modine, Racine,
Wisc.) was located within the supply duct to condition the
air. The ductwork was designed to accommodate existing
building design features. Twelve 0.2 m diameter supply
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Figure 4. Top view of ventilation system including the outline of cham-
ber 1 (all dimensions in meters).
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Figure 5. Isometric view of chambers and ventilation assembly. Interior
lines of chambers 2 through 4 are hidden for clarity.

ducts (three per chamber) were manually balanced to within
10% of each other by adjusting dampers at each chamber
supply duct. The dampers were located just after the branch
from the main duct, before the 90° turn into the chamber.

Inline 0.5 hp exhaust fans (model TD-315, Soler and Pa-
lau, Jacksonville, Fla.) were used to expel air from the cham-
bers into 0.31 m diameter ductwork housing the sensors. Ex-
ternal ductwork was insulated to prevent condensation and
freezing of water vapor inside the sample lines. The exhaust
fans were set manually, using a variable-frequency drive
(model 215F, Northwest Envirofan, Oshkosh, Wisc.) to
maintain a higher mass flow rate than the supply to prevent
gas leakage to the exterior. Variable-frequency drives were
used for both the supply and exhaust fans to allow the cham-
bers to be operated under a wider range of environmental
conditions while ensuring cow comfort.

CHAMBER INSTRUMENTATION

The chambers were outfitted with several sensors to cal-
culate mass flow rate and measure gas concentrations enter-
ing and exiting the chambers (fig. 6). The exhaust duct of
each chamber contained a stainless steel, equal area, trans-
verse pitot tube (Ultraprobe AMPS, Ultratech Industries,
Inc., Garner, N.C.). The pitot tubes were placed behind a
flow straightener and a minimum of ten diameters of unin-
terrupted duct flow from the exhaust fan to ensure fully de-
veloped flow before measurement. The outlet ducts also con-
tained a custom-fabricated, 24-point, equal-area, cross-sec-
tional air sampler. In addition, a temperature and relative hu-
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Figure 6. System instrumentation schematic for a single chamber. All
chambers share a single supply duct and have individual exhaust ducts.

midity probe was located in the outlet duct of each chamber
(HC2S3, Campbell Scientific, Logan, Utah). Measurements
from the pitot tubes and temperature and relative humidity
probes were taken every 500 ms and stored as 1 min aver-
ages (model CR5000, Campbell Scientific, Logan, Utah).
The supply duct was identically outfitted with a pitot tube,
air sampler, and temperature and relative humidity probe.

The pitot tube and air sample lines originating from both
the supply and exhaust ducts were run to a temperature-con-
trolled room where the sensor equipment, data acquisition de-
vice, and computer were located. The pitot tube lines were run
to pressure transducers (model 264, Setra, Boxborough,
Mass.) that measured the difference between total and static
pressure obtained from the pitot tubes to yield air velocity. The
pitot tube lines were flushed regularly with compressed air to
prevent the accumulation of dust. Teflon tubing (3.2 mm i.d.)
was used for all air sample lines to prevent sample contami-
nation from outgassing (Nalgene, Rochester, N.Y.). The air
sample lines were run to a custom six-line switching system
(Gasmet) that was connected to a Fourier transform infrared
(FTIR) gas analyzer (model DX4015, Gasmet, Finland). Sam-
ple line filters (model 6723-5000, Whatman, Pittsburgh, Pa.)
were installed to prevent dust and moisture from entering the
FTIR sensor. Under standard operating conditions, the FTIR
sample cell was flushed for 40 s prior to the sample, followed
by three consecutive 20 s measurements. All gas samples were
analyzed using Calcmet software (Calcmet, 2013).
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CHAMBER OPERATION
A mass balance was performed on each chamber to deter-
mine the rate of gaseous generation (#gen, Kg):

My — Meyy +M =Myee (1)

gen
where

mi, = mass of gas entering the chamber (kg)

My = mass of gas exiting the chamber (kg)

mge. = mass of accumulated gas (kg).

Under steady-state conditions, the accumulation of gas
can be assumed to be zero. The mass flux into the chamber
was the sum of the supply ventilation and infiltration rates.
The mass flux of gas into (from the supply duct) or out of

the chamber ( m;,,,7,,, , kg s™') was calculated as:

1

. 2Ap \2 AXM | ¢
minamout=[Tj V—lO

m

2

where

Ap = pressure difference from the pitot tube (Pa)

p = air density (kg m™)

A = duct area (m?)

x = gas concentration in parts per million by volume
(ppmv)

Vn = molar volume corrected for environmental condi-
tions (m* mol ")

M = molecular mass of the gas (kg mol™').

The infiltration rate mass flux (rhmf ) was calculated as:

VM | s

©)

Mjpr =
m

where [ is the infiltration rate (s™!), and ¥ is the chamber vol-
ume (m?). The moist air density and molar volume were ad-
justed to account for environmental conditions of tempera-
ture, atmospheric pressure, and relative humidity
(ASHRAE, 2009). The total mass of gas entering and exiting
the chamber was calculated by numerically integrating the
mass flux over the experimental time period using the trape-
zoidal rule and can then be used to solve for the mass of gen-
erated gas in equation 1.

CHAMBER CALIBRATION

Prior to calibration, the seals of the chamber overhead
doors (three per chamber) and windows were visually in-
spected using mineral oil smoke from an insect fogger. All
visible leaks under standard operating conditions were
sealed prior to the start of calibration. For all calibration ex-
periments, steady-state conditions were assumed after six air
exchanges, doubling the time for a perfectly mixed system.

Leakage Calibration

Potential gas leakage into the chambers from the sur-
roundings was quantified using a negative step test. The con-
centration of a gas as a function of time, after a stepwise
forcing function, can be modeled as follows (Charlesworth,
1988):
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F F_u
Cit)=C+—+|Cy—-C,, ——
(t) +Q+( ) Q]e

where

C(¢) = mass fraction of tracer

C. = background mass fraction of tracer

Cy = initial mass fraction of tracer

F = generation rate of tracer material in control volume

(m’s™)

O = volumetric flow rate through control volume (m? s™!)

t =time (s)

I = infiltration rate (s").

The dimensionless concentration (C*) can be described as
follows:

« Cl)-C.,

C =
Co—C..

®)

The experimental procedure was adapted from Purswell
et al. (2006). The negative step test was performed on each
chamber at three operating pressures to develop a relation-
ship between infiltration rate and chamber differential pres-
sure between the chambers and the barn in which they are
housed. The order of the tests was randomized prior to the
start of the experiment.

Throughout the experiment, gas concentration was meas-
ured in the exhaust duct of the experimental chamber and in
the alley between the chambers. First, the pressure difference
between the chambers and the barn under standard operating
conditions was recorded to serve as a baseline. All supply
ducts to the chamber were sealed, and the exhaust fans were
adjusted to achieve the desired differential operating pres-
sure for the specific test. Carbon dioxide was then diffused
into the chamber using perforated PVC piping (0.013 m di-
ameter) installed at the ceiling of the chamber. Gas injection
into the chamber was controlled using a single-stage pres-
sure regulator (0 to 400 kPa, Fisher Scientific, Waltham,
Mass.). Once a steady-state concentration of carbon dioxide
was achieved (as monitored by the FTIR), the cylinder was
closed and the outlet concentration of carbon dioxide was
monitored until levels returned to background concentra-
tions. Gas concentration, temperature, relative humidity, and
mass flow rate were monitored and recorded for the duration
of the experiment, as described earlier. The infiltration rate
was calculated using a nonlinear regression of carbon diox-
ide concentration as a function of time (eq. 4) in the
MATLAB Curve Fitting Toolbox using the robust trust-re-
gion algorithm (MATLAB, 2015). The algorithm accounted
for outliers, which arose due to the imperfect mixing within
the chambers.

Mass Recovery Calibration

The mass recovery of controlled amounts of gas released
into the chambers was quantified experimentally. Ultra-high
purity methane was released into the chamber from a gas
cylinder controlled by both a single-stage pressure regulator
(model 996SS, Harris, Mason, Ohio) and a flowmeter (0-10
SCFH, Cole-Parmer, Vernon Hills, I1l.). Perforated tubing
(3.2 mm i.d.) was used to diffuse the gas inside the chamber
from the stanchions to simulate methane production from
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cows. The FTIR gas analyzer was set to sample in both the
supply and exhaust ducts of the chamber for the duration of
the experimental period, until the chamber returned to back-
ground concentrations or at least six air exchanges had
elapsed. In addition, temperature, relative humidity, and vol-
umetric flow rate were recorded in the supply and exhaust
ducts of the chamber for the duration of the experiment. The
mass of the gas cylinder was measured prior to and immedi-
ately after gas release into the chamber on a scale with accu-
racy to 0.1 g. This procedure was repeated three times for
each chamber. The known mass of methane released was
then compared with the calculated mass released using equa-
tion 1.

Airflow Measurements

One of the four chambers (chamber 2) was selected for
detailed airflow measurements at the chamber supply duct,
exhaust duct, and interior. Replicate measurements were col-
lected over three consecutive days. The velocity at the sup-
ply duct and exhaust duct was characterized using a hot-wire
anemometer (Velometer AVM440, Alnor, Shoreview,
Minn.), with measurement locations selected using the log-
Tchebycheff method to sample within equal-area circles to
derive a volumetric flow rate (fig. 7) (ASHRAE, 2009). One-
second measurements were recorded over a period of 1 min.
Interior velocity magnitude and direction were measured us-
ing an ultrasonic anemometer (model 8100, R.M. Young
Co., Traverse City, Mich.). One-second measurements were
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Figure 7. Measurement locations for (a) supply duct as seen from above

the chamber (plan view) and (b) exhaust duct as seen from inside the
chamber (side view).
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recorded for three consecutive 5 min intervals at 15 locations
within the chamber, to ensure one replicate of data could be
collected per day, from which the average and standard de-
viation were calculated. Measurements were taken at heights
of 1.4, 1.7, and 2.1 m at five locations: at the centerlines of
supply ducts 1 through 3, 1.3 m from the sidewall and in the
center of the feed alley, and 2.1 m from the sidewall and in
the center of the feed alley. Measurements were recorded af-
ter steady-state conditions were reached in the chamber, as
determined by convergence of the 1 min and 5 min averages
of velocity.

MEASUREMENT UNCERTAINTY ANALYSIS

The contribution of each measured parameter to the
standard uncertainty of the mass flux into and out of the
chamber was estimated. The gas constant and molecular
mass were assumed to have a negligible contribution to
standard uncertainty. The root sum square (RSS) error of the
combined uncertainties in the mass flux (Am) can be de-
scribed as follows (Taylor and Kuyatt, 1994):

Y (o V(i V(o 2
Arin = \/(Axm] +(—AT} +[—A6P] +(—ARH] (6)
ax,, ar 6P ORH
where
Ax,, = absolute standard uncertainty in gas concentration
(ppmv)
AT = absolute standard uncertainty in dry-bulb tempera-
ture (K)
ASP = absolute standard uncertainty in differential pres-
sure (Pa)
ARH = absolute standard uncertainty in relative humidity.
The absolute standard uncertainties for temperature, rela-
tive humidity, and differential pressure were determined
based on manufacturer calibrations of the sensors. The abso-
lute standard uncertainty of the gas concentration was calcu-
lated by a third-party entity that certified the equipment
(TUV Rheinland, 2013). The partial derivatives of equa-
tion 4 were evaluated using MATLAB (2015). The RSS er-
ror of the mass flux (Am, kg) was numerically integrated
over the duration of the experiment to yield the uncertainty
of the mass of gas generated:

N-1

3 D (tiy —; Nty + Arin 1)
i=1

Am = 7

where N is the number of measurements, and ¢ is the time at
measurement. The uncertainty in the measurement of mass
entering, exiting, and accumulating in the chamber was
summed to give the final uncertainty in the generation of
mass within the chamber. The contribution of each parame-
ter to the standard uncertainty was estimated as follows
(Taylor and Kuyatt, 1994):

.\2
(50)
Cc = 9% J

=P ®)
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where a is the standard uncertainty of the parameter of inter-
est, and C, is the contribution of an individual parameter to
the standard uncertainty (%).

COMPUTATIONAL FLUID DYNAMICS MODEL

Computational fluid dynamics (CFD) was used to model
the transport of mass and momentum within the domain
(ANSYS, 2011). The governing equations of the simulation
are as follows:

V-v=0 (€)]

v-Vv

Lypivly (10)
p
where

v = velocity vector (m s™)

p = fluid density (kg m™)

p = pressure (Pa)

v = fluid kinematic viscosity (m? s).

The geometry was created to replicate the single chamber
in which the velocity measurements were collected, as de-
scribed earlier for the chamber calibration methods. How-
ever, the presence of the stanchions was neglected in simu-
lations. To achieve the desired resolution, the geometry was
divided into sections to allow a finer mesh in the area under
the jet and next to the wall to fully resolve the large gradients
that can occur in those regions. A predominately tetrahedral
mesh of approximately two million cells was created to en-
sure proper resolution of the boundary conditions and jet de-
velopment. The mesh was refined at the walls to ensure that
values of y+, the dimensionless distance from the wall, were
less than 100. The experimental data collected at the supply
duct inlet, using a hot-wire anemometer, were used to define
the supply duct boundary conditions. Simulations were per-
formed applying the experimental velocity data, through
user-defined functions, or a mass flow rate derived from the
velocity and environmental data. Turbulence parameters at
the inlet were defined assuming fully developed duct flow
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(ANSYS, 2011). The outlet was simulated as an outflow
condition. The Reynolds stress turbulence model, with en-
hanced wall functions, was used to better capture the turbu-
lence within the enclosed domain (Norton, 2007). Second-
order spatial discretization and the Simple pressure interpo-
lation scheme were employed. Convergence was monitored
based on the change in mean and maximum velocity in the
domain as well as along the centerline of the center jet (sup-
ply duct 2).

RESULTS AND DISCUSSION
CHAMBER CALIBRATION

Infiltration rate was determined for each chamber as a
function of differential pressure from the leakage calibration
data. Due to the lack of automated control of the exhaust
fans, it was difficult to maintain a constant chamber pres-
sure, and average values of pressure difference during the
experiment were recorded. The experimental data were sum-
marized as plots of the dimensionless concentration of car-
bon dioxide as a function of time for each chamber (fig. 8).
The differences in experimental times are related to the com-
bination of the absolute concentration of carbon dioxide re-
leased into the chamber and the exhaust fan flow rate; higher
gas concentrations and lower flow rates resulted in longer
experimental times. A trust-region algorithm was used to
evaluate the fit of the model, along with 95% confidence in-
tervals, of mass fraction as a function of time for each test
(table 1). The infiltration rate for each chamber as a function
of differential pressure was used to develop operating curves
for each chamber (fig. 9). The pressure in chamber 3 was the
most difficult to control over the duration of the experiment
due to the effect of wind, and thus the results of infiltration
rate as a function of differential pressure could be biased due
to those fluctuations in pressure (fig. 9¢). The curves allow
calculations of leakage rate during future experiments to
more accurately calculate mass balances in the chambers and
reduce measurement uncertainty.
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Figure 8. Non-dimensional concentration as a function of time and differential pressure for chambers (a) 1, (b) 2, (¢) 3, and (d) 4.
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Table 1. Infiltration rate (Z s), along with parameter fits for each chamber.

Differential Infiltration
Pressure Rate (1) Adjusted RMSE
Chamber (Pa) (s 95% Confidence Interval R? (ppmv)
1 0.978 0.000356 (0.0003559, 0.0003576) 0.999 38.8
2.76 0.00132 (0.001317, 0.001322) 0.999 14.2
5.02 0.00190 (0.001807, 0.0019) 0.993 66.6
2 2.08 0.00125 (0.001242, 0.001254) 0.999 16.1
3.60 0.00139 (0.001321, 0.001449) 0.973 113
6.57 0.00223 (0.002231, 0.002224) 0.999 14.2
3 1.71 0.000722 (0.0007168, 0.0007263) 0.999 443
322 0.00131 (0.001306, 0.001314) 0.999 13.6
7.18 0.00142 (0.001414, 0.01422) 0.999 13.9
4 1.79 0.001026 (0.001022, 0.00103) 0.999 16.1
2.72 0.00117 (0.001165, 0.001181) 0.999 16.2
6.80 0.00198 (0.001855, 0.002101) 0.954 159
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Figure 9. Infiltration rate, along with 95% confidence intervals, as a function of chamber differential pressure, along with power law fit for

chambers (a) 1, (b) 2, (¢) 3, and (d) 4.

The results of the gas recovery experiments are summa-
rized in table 2, along with the associated measurement un-
certainty. The mass of recovered methane was found to be
within the measurement uncertainty of the released methane.
The percent recovery ranged from 98% to 111%, which is
similar to other published values (Lefcourt 2001; Powell et
al., 2007; Place et al., 2011; Maia et al., 2015).

Table 2. Experimental results of methane recovery for all chambers.

Methane Methane Measurement Percent

Released Recovered Uncertainty Recovery
Chamber (+0.06 g) (g) (g) (%)
1 14.5 14.6 1.2 101
12.6 13.1 1.8 104
5.8 5.77 1.1 99
2 16.9 17.2 1.4 102
11.0 11.9 1.4 108
5.9 6.55 1.3 111
3 11.8 11.6 1.2 98
10.5 114 1.3 109
5.1 5.01 1.1 98
4 11.9 12.1 1.3 102
11.0 12.2 1.1 111
5.5 5.68 1.1 103
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Measurement uncertainty was calculated for four scenar-
ios covering a range of expected values for gas concentra-
tions and ventilation rates (table 3). These scenarios assumed
a zero background concentration of methane and neutral
pressure (zero differential pressure) operation. The chamber
ventilation, as measured by the pressure difference derived
from the pitot tube, and gas concentration were found to
have the largest contributions to uncertainty. The smallest
percent uncertainty (1.5%) in the generation rate of methane
occurred at high ventilation rate and high methane concen-
tration. The percent uncertainty for the chambers was similar
to the values of 3.9% to 15.8% reported by Maia et al.
(2015). Researchers can use the estimation of measurement
uncertainty to ensure statistically significant differences be-
tween experimental treatments.

The average velocities, along with the standard devia-
tions, at the supply ducts are listed in table 4. Velocity data
measured at the supply and exhaust ducts were consistent
with the geometry of the ductwork; for each supply duct, the
magnitude was found to be higher along the outside edges of
turns (sample locations 1-3 and 10-12) and decreased as the
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Table 3. Estimated standard uncertainty contribution for each
parameter in the measurement of methane generation rate, for four
scenarios (two levels of gas concentration and ventilation rate, as
measured by the pitot tube differential pressure).

Uncertainty
A %A Percent
Parameter  Unit Value  (Standard) (Percent) Contribution!®

m gs!'  1.30E-04 5.80E-06 4.5 -

Xon ppmv 20 0.7"! 3.5 56

T K 298 0.1 0.034 6.70E-04
RH % 50 0.8 1.6 7.20E-04
Ap Pa 9.96 0.6225 6.3 44

m gs!'  7.50E-04 2.40E-05 32 -

X ppmv 120 0.7 0.58 3.4

T K 298 0.1 0.034 1.50E-03
RH % 50 0.8 1.6 1.60E-03
Ap Pa 9.96 0.6225 6.3 97

m gs'  1.10E-03  1.70E-05 1.5 -

X ppmv 120 0.7 0.58 15

T K 298 0.1 0.034 6.50E-03
RH % 50 0.8 1.6 7.00E-03
Ap Pa 22.4 0.6225 2.8 85

m gs' 1.90E-04 7.10E-06 3.7 -

X ppmv 20 0.7 3.5 86

T K 298 0.1 0.034 1.00E-03
RH % 50 0.8 1.6 1.10E-03
Ap Pa 22.4 0.6225 2.8 14

(" Due to rounding, values may not sum to total.

] Uncertainty from FTIR gas analyzer (DX4015, Gasmet).

[} Uncertainty from temperature-humidity sensor (HC2S3, Campbell Sci-
entific).

[ Uncertainty from differential pressure measurement (Ultraprobe
AMPS, Ultratech Industries; and model 264, Setra).

duct extended away from the supply fan. The velocity mag-
nitude at the outlet was found to be more uniform due to
fewer bends and the lack of branching in the ductwork. The
velocity data and calculated mass flow rates through the sup-
ply ducts were used as inputs for the CFD modeling. Along
with the chamber calibration and uncertainty analysis, care-
ful statistical design of experiments using the chambers can
be used to control sources of nuisance variability (Aguerre
etal., 2011).

COMPUTATIONAL FLUID DYNAMICS MODEL

The velocity profiles generated by the three-dimensional
CFD model were benchmarked against data collected using
an ultrasonic anemometer in chamber 2. The simulated ve-
locity along the centerline of each jet was plotted along with
the experimental data of the velocity magnitude along the
centerline of the jet at three heights: 1.4, 1.7, and 2.1 m
(fig. 10). The simulated values agreed with the experimental
data, falling within one standard deviation of the experi-
mental data. The large standard deviations in the experi-
mental data were expected due to the heavily branched na-
ture of the ductwork combined with the effect of wind on the
supply fan. The measured velocity distribution for supply
duct 3 was the least uniform and had the highest standard
deviations, which led to the more pronounced differences
between the velocity and mass flow inlet boundary condi-
tions. Defining the supply ducts as mass flow inlets, rather
than applying the measured velocity profiles, substantially
reduced the computational time without substantially affect-
ing the overall simulation results. The mass flow and veloc-
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Table 4. Experimental results of average velocity magnitudes and
standard deviations at chamber inlets for chamber 2. Measurement
locations (x and y) correspond to a log-T sampling distribution (fig. 7).

Average Standard
Supply  Velocity  Deviation Sample X y
Duct (ms™) (ms™) Location (m) (m)
1 3.7 0.24 1 0.095 0
3.8 0.37 2 0.074 0
33 0.21 3 0.036 0
3.1 0.46 4 -0.036 0
2.7 0.46 5 -0.074 0
22 0.75 6 -0.095 0
3.4 0.46 7 0 -0.095
33 0.7 8 0 -0.074
32 0.53 9 0 -0.036
3.4 0.38 10 0 0.036
3.4 0.41 11 0 0.074
2.6 0.44 12 0 0.095
2 3.4 0.68 1 0.095 0
3 0.7 2 0.074 0
2.8 0.82 3 0.036 0
32 0.92 4 -0.036 0
2 1.4 5 -0.074 0
1.8 1.5 6 -0.095 0
2.7 0.98 7 0 -0.095
3.1 0.98 8 0 -0.074
2.6 1.2 9 0 -0.036
2.9 1.3 10 0 0.036
3.1 1.5 11 0 0.074
3.1 1.7 12 0 0.095
3 2.8 0.66 1 0.095 0
2.6 0.73 2 0.074 0
2.6 0.84 3 0.036 0
2.6 1 4 -0.036 0
1.9 1.3 5 -0.074 0
1.7 1.6 6 -0.095 0
22 0.98 7 0 -0.095
2.6 1.1 8 0 -0.074
2.6 1.2 9 0 -0.036
2.7 1.3 10 0 0.036
2.8 1.5 11 0 0.074
2.9 1.7 12 0 0.095

ity inlet boundary conditions both resulted in the same over-
all mass flow rate but differed in the distribution of velocity
within the supply duct.

The CFD model was then used to generate velocity vec-
tors and profiles within the chamber to gain insight into mix-
ing patterns within the chamber on planes intersecting a sup-
ply duct and an exhaust duct (fig. 11). The potential for dead
zones to form within the chamber supports the use of six air
exchange rates as a criterion for steady-state conditions, as
used in the chamber calibration procedures.

CONCLUSIONS

The emission chambers designed in this study provide a
means to study the effects of diet and management practices
on greenhouse gas production from housed dairy cows in a
controlled setting. Experiments to determine gas recovery
and leakage rates confirmed the expected operation of the
chambers. However, the pressure difference between the
chambers and the alley should be monitored to minimize
leakage rates and reduce experimental error. Nevertheless,
the measurement uncertainty of gas generation in the cham-
bers was found to be within 1.5% to 4.5% of the gas gener-
ation rate and was strongly dependent on the uncertainty in
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Figure 10. Jet velocity, along the jet centerline, as a function of height
for computational fluid dynamics results considering both a velocity
inlet boundary conditions (CFD velocity) and a mass flow boundary
condition (CFD mass flow) and experimental data (EXP) for supply
ducts (a) 1, (b), 2, and (c) 3. CFD simulations were conducted for cases
considering the supply duct inlets as velocity and mass flow inlets. The
error bars correspond to one standard deviation of the experimental
data.

measurements of gas concentration and mass flow rate. In
addition, the measurement uncertainty, as a percentage of the
emission rate, was found to decrease with increasing gener-
ation rates, especially if the mass flow rate increased as well.

The computational fluid dynamics simulations were ca-
pable of replicating the experimentally measured velocity
within the chamber, without a cow present. Optimal bound-
ary conditions were identified to reduce the computational
load while generating accurate data. The data generated by
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Figure 11. Contours of velocity overlaid with normalized tangential ve-
locity vectors along (a) the centerline of supply duct 2 and (b) the plane
along the centerline of the exhaust duct, from the three-dimensional
simulation.

the CFD model elucidated the mixing patterns within the
barn to better understand mixing patterns and optimal sensor
placement. In addition, optimized mixing can reduce the
time to steady-state conditions in the chamber, thereby in-
creasing the amount of data that can be collected from the
chambers. Future work should focus on expanding the CFD
model to include gas species generation and transport within
the chamber such that the model can be used to develop and
evaluate mitigation strategies.

Installing additional sensor instrumentation and control
would improve the performance of the chambers. Specifi-
cally, sensors to measure mass flow rate into each chamber
separately would improve measurement accuracy. In addi-
tion, a plenum could be placed at the supply and exhaust
ducts to minimize pressure fluctuations due to external
weather conditions. Finally, mixing fans could be installed
in the chambers to ensure optimal gas recovery.

After the calibration and uncertainty analysis detailed
herein, the chambers can be operated in a manner to mini-
mize experimental error and maximize data collection.
These chambers are beneficial in that they can be operated
over a period of several days, with only brief breaks in data
collection for milking and feeding. We recommend that
chambers such as these be used to evaluate the effects of diet
on gas generation and to evaluate mitigation strategies in
simulated production settings.
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