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(Under the direction of Lingjuan Wang.)

Ammonia is a very important atmospheric pollutant. Agricultural activities, livestock
production in particular, have been reported to be the largest contributor of ammonia
emissions into the atmosphere. Accurate estimation of ammonia emission rate from
individual operations or sources is important and yet a challenging task for both regulatory
agencies and animal producers. The overall research objective of this study was to develop
an emission model which can be used to estimate ammonia emission from broiler litter. In
the reported model, the ammonia flux is essentially a function of the litter's total ammoniacal
nitrogen (TAN) content, moisture content, pH, and temperature, as well as the Freundlich
partition coefficient (Ks), mass transfer coefficient (Kg), ventilation rate (Q), and emission
surface area (A). A dynamic flow-through chamber system and a wind tunnel were designed
to measure ammonia fluxes from broiler litter. The dynamic flow-through chamber
experiments evaluated the reported model with various litter samples under a constant
temperature and wind profile. The wind tunnel experiments evaluated the reported model
under various temperatures and wind profiles. Regression sub-models were developed to
estimate Ky as a function of litter pH and temperature and to estimate Kg as a function of air
velocity and temperature. Sensitivity analysis of the model showed that ammonia flux is very
sensitive to litter pH and to a lesser extent temperature. A validation metric based on the
mean and covariance in the measurement and in the model parameters were used to validate

the model in the presence of measurement and model parameter uncertainties.
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1. INTRODUCTION

1.1 AMMONIAAS AN AIR POLLUTANT

Ammonia is a very important atmospheric pollutant due to its impact on ecosystems.
Major impacts associated with atmospheric ammonia and its deposition include
eutrophication, soil acidification, and aerosol formation. Deposition of excessive amounts of
ammonia may detrimentally affect nitrogen limited ecosystems (Schulze et al., 1989). It can
lead to over enrichment of nutrients which may cause eutrophication of aquatic ecosystems.
When ammonia is deposited onto the soil, it is converted by bacteria into nitrate. The
nitrification process forms hydrogen ions leading to acidification of the soil. Moreover, as the
most abundant alkaline specie in the atmosphere, atmospheric ammonia reacts with sulfur
dioxide and nitrogen oxides to form ammonium aerosols such as ammonium nitrate, so
ammonia can be a precursor for fine particle particulate matter, which is a human health
concern (Barthelmie and Pryor, 1998), and is regulated by the US Environmental Protection
Agency’s National Ambient Air Quality Standards PM2.5 (particulate with an aerodynamic
equivalent diameter less than or equal to 2.5 um). Ammonia has a residence time of 1 to 10
days in the atmosphere, and ammonium aerosols can be transported hundreds of kilometers

(NRC, 2003).

The health effects of ammonia are well known. Ammonia can be rapidly absorbed in the
upper airway of human respiratory system. Also, ammonia is an odorant with irritant
properties. It has a pungent, acrid odor at concentrations greater than 0.7 ppm.

Concentrations of 50-150 ppm can lead to severe cough and mucous production (Leduce et



al., 1992). In addition to pulmonary disease, exposure to ammonia leads to irritation of the
eyes, sinus, and skin (Latenser et al., 2000). Research and regulatory agencies have shown

increasing interest in ammonia as an air pollutant.

1.2 AMMONIA EMISSIONS FROM BROILER HOUSES

Agricultural activities, livestock production in particular, have been reported to be the
largest contributor of ammonia emissions into the atmosphere (Arogo et al., 2002). Over the
last ten years, concentrated animal feeding operations (AFOs) in the United States have
expanded greatly. These operations produce large amounts of waste on relatively small areas,
and ammonia emission from those AFOs is a growing concern due to potential effects on
animal health, human health, and environmental pollution. The importance of ammonia
emissions from AFOs has been well recognized (Van der Hoek, 1991; Zhao et al., 1994;
Sutton et al., 1995; Aneja et al., 2000; Arogo et al., 2001; Hutchings et al., 2001; Lee and
Park, 2002; Battye et al., 2003; Hyde et al., 2003; Xin et al., 2003; Wheeler et al., 2003;
Liang et al., 2003; Gates et al., 2004). With increasingly stringent federal, state and local air
pollution regulations and the emerging pressure to regulate agricultural enterprises, emissions
of ammonia and other pollutants from AFOs have become an increasing concern to

regulators, producers, and environmental groups in the United States.

Broiler production in North Carolina is increasing throughout the state. Production can be
found in the mountain, Piedmont and Coastal Plainregions of the state. In broiler production,
ammonia is a big concern in confined broiler production, not only because it causes
environmental problems, but also because ammonia in broiler house has a direct impact on

bird health and productivity (Brewer and Costello, 1999).



Broiler chickens are normally raised on bedding material made up of wood shavings, saw
dust, or peanut hulls above an earthen floor. The bedding serves as a manure absorbent, and
the mixture of manure and bedding material is called broiler litter. Broiler litter typically
contains 4% to 6% nitrogen, much of which is in the ammonia form (Carr et al., 1990). The
broiler litter represents a significant source of ammonia emissions in broiler houses. Using
2003 USDA data on broiler production numbers, broiler housing is estimated to contribute

240 to 324 KT ammonia for new and built-up litter nationally (Gates. et al., 2008).

Concern about ammonia in broiler operations has been mainly with ammonia levels
inside broiler houses, but now, emissions of ammonia are receiving increasing scrutiny. As
poultry production is concentrated geographically and much of the ammonia emitted from
broiler litter escapes into the environment with ventilated air, the impact of ammonia
emissions on the environment could be considerable. Ammonia emission from broiler houses
has become the primary concern for regulatory reporting under the Emergency Planning and
Community Right-to-Know Act (EPCRA). Reasonable estimates of ammonia emission rates
from U.S. broiler facilities are needed to guide discussions about the industry’s impact on

local and regional air quality.

1.3 ESTIMATION OF AMMONIA EMISSION: A CHALLENGING TASK

Ammonia emission inventories in the United States have largely relied on emission
factors developed in Europe in the early 1990's (Battye et al., 1994; Asman, 1992), and
scientific estimates of ammonia emissions from U.S. facilities are limited. In 2003, the
National Research Council (NRC) of the National Academies of Science released a report

entitled “Air Emissions from Animal Feeding Operations: Current Knowledge, Future



Needs.” The report pointed out that ammonia emission from AFOs was a major concern at
the global, national, and regional scales, and recommended strengthening the scientific basis

for estimating ammonia emissions from AFOs.

Climatic, diurnal and seasonal emission patterns, house design, and management
practices, all affect ammonia emission from AFOs. Therefore, measurements obtained from a
particular animal production facility cannot be generalized to other operations, because of
differences in environmental, management, and production conditions (Arogo et al., 2003;
Arogo et al., 2006; Harper, 2005; Ni and Heber, 2001). Accurate estimation of ammonia
emission rate from individual operations or sources is important and yet a challenging task
for both regulatory agencies and animal producers. Measurement of ammonia emission from
livestock buildings is technically complex, expensive, and labor intensive using current

measurement methodologies (NRC, 2003).

In order to improve the accuracy and simplicity of estimating ammonia emissions, and to
reduce the need for measurements under all possible conditions, development of emission

models is desirable.

1.4 EMISSION MODELS

Emission models can be used for predictive simulations, experimental testing, and
sensitivity analysis. The National Research Council (NRC)'s Ad Hoc Committee on Air
Emissions from AFOs identified the limitation of available methodologies to estimate
national emissions from animal agriculture and recommended that the U.S. EPA develop a

process-based modeling approach for estimating emissions from AFOs (NRC, 2003).



Emission models allow users to calculate site-specific emissions, using local operating
parameters, and obtain realistic emission estimation according to variable climatic and
management conditions. Emission models can also be used to quantify and evaluate the

effectiveness of various emission control strategies.

Previous ammonia emissions inventories have not adequately addressed seasonal and
geographical variations in emissions factors. Emission models can be used to simulate the
seasonal and geographic variations in ammonia emission factors, which are required for
chemical transport modeling for accurately predicting the formation of ammonium nitrate

and ammonium sulfate aerosols.

Numerous emission models have been applied in evaluating swine lagoons (Liang et al.
2002; De Visscher et al. 2001), swine slurries (Ni et al, 2000; Oelesen and Sommer 1993),
dairy cow barns (Monteny et al. 1998; Webb and Misselbrook, 2004), chicken slurries
(Hashimoto and Ludington 1971), land application of manures (Roelle and Aneja, 2005), and

whole farm production systems (Pinder et al. 2004).

The influence of management factors and litter conditions on ammonia emissions from
broiler litter have also been documented (Nicholson et al., 2004; Redwine et al., 2002; Reece
et al., 1985; Elliot and Collins, 1982; Elwinger and Svensson, 1996; Carr et al. 1990; Brewer
and Costello, 1999). Much work remains to be done to adequately incorporate these factors
into emission models. Further evaluation and improvement in emission models for AFOs are

desirable (Arogo et al., 2006).



1.5 RESEARCH OBJECTIVES

The overall research objective of this study was to develop an emission model which can

be used to estimate ammonia emission from broiler litter. The specific objectives were:

To obtain a better understanding of the processes involved in ammonia emission from
broiler litter and identify the main factors that influence emission flux such as litter moisture

content;

To evaluate different ammonia concentration measurement techniques and address the

limitations of these techniques.

To develop a mathematical emission model that simulates ammonia release from broiler

litter using established physical and chemical relationships;

To measure the mass transfer coefficient of ammonia in the emission model and generate

correlations between the mass transfer coefficient and environmental conditions;

To calibrate and validate the emission model with measured results.

The direct results of the study include a mathematical emission model that combines the
effects of various influencing factors and can be used to predict ammonia emission from
broiler litter under given conditions. The model aims to provide a realistic picture of the basic
processes involved and provide increased flexibility in ammonia emission estimation. The
results could provide a basis for developing process-based emission models that accurately
predict ammonia emission from broiler houses, and subsequently contribute to design and

development of effective ammonia control strategies.



2. LITERATURE REVIEW

In this chapter, a literature review is provided on the theoretical bases of ammonia
emission. Factors that influence ammonia emission are evaluated and existing emission

models are discussed.

2.1 BROILER HOUSE MANAGEMENT

The growth cycle of birds in broiler houses is typically 46 to 54 days (Lacey, 2003), from
0-day-old to the time of slaughter (In North Carolina the growth cycle has actually increased
to as much as 60 to 63 days). Conditions within the broiler houses are managed to optimize
bird health and productivity. Temperature in broiler houses is usually regulated with an initial
temperature of 32 to 35 °C which is lowered by 3 °C every seven days to 22+ 2 °C after 3
weeks of age (Nicholson et al., 2004; Elwinger and Svensson, 1996). The houses are usually
ventilated according to temperature. The air ventilation rate can vary in a wide range, such as
from 0.2 to 1.2 m*s™ (the minimum ventilation rate was calculated to be 1.9x10™ m%skg"
073[Iw]) in the study by Nicholson et al. (2004), and 0.02-2.76 m®s™ (80 to 9936 mh™*for 5086
chickens) in the study of Guiziou and Beline (2005).

Broiler chickens are often grown in production houses containing 20,000 or more birds at
densities of 13.5 - 21.2 bird m™? (Guiziou and Beline, 2005; Nicholson et al., 2004; Redwine
et al., 2002; Brewer and Costello, 1999). Commonly used bedding material types include
wood shavings, saw dust, peanut hulls, etc. Litter depth was reported to be about 5 cm

(Nicholson et al., 2004) but in current commercial practice it is often 2 to 4 times higher.



Elwinger and Svensson (1996) reported that the amount of litter used in practice was from

0.25 to 1.0 kg m™ floor area. Used litter may be sent for land application.

2.2 REPORTED AMMONIA EMISSION FROM BROILER HOUSES

Measurement of ammonia emissions from broiler houses is not easy. A number of
different methods of measuring ammonia emissions have been developed. Usually, ammonia
concentration in the broiler houses is measured, and then ammonia emission rate is calculated
by multiplying concentration by the ventilation rate. Acid traps (Lockyer, 1983) and
diffusion tubes (Hargreaves and Atkins, 1987) have been used for measuring ammonia
concentrations in poultry houses. Many studies have been reported throughout the world on
ammonia emissions from broiler houses, and wide variations have been found among
different studies. Emission rates are usually expressed in terms of mass of NH3 or ammonia
nitrogen (NH3-N) per unit time and per animal (or liveweight units) or per unit area (surface
sources). Measurements from broiler houses indicated that ammonia emission rates vary 55-
fold, from 283 to 15718 mg [NH3-N] h™* AU™ (Redwine et al., 2002). The reported ammonia
concentrations and emission rates in literature are summarized in Table 2-1. Most of the data
are from observations in Europe. In order to compare these measurements, all emission rate
data were converted to a common unit in mg [NH3-N] h*AU™. As indicated in this table,
ammonia emission rates varied in a wide range in different studies or under different
conditions in the same study. While such variations in ammonia emissions could mainly be
attributed to the differences in management practices and seasonal or regional conditions, the
uncertainties associated with the different methods used in measuring and computing

ammonia emissions may also be one of the reasons.



Table 2-1 Reported ammonia concentrations and emission rates in broiler houses

Ventilation Emission rates in
References Farm location rates of the Concentrations Emission rates in original units Wt AUL®
house mg[NH,-N] h™ AU
Nicholsonetal.  Nottinghamshire, ] 31 1.0-2.0 g [NH5-N] h™ 500kg™ [Iw] ]
(2004 UK 0.2-1.2m’ @ 1000-2000
Missl brook, et 1.56-6.84 g [NH,-N] h*500kg™ ]
al (2000) UK ] 1560-6840
10 ppm — 19 ppm
Elwinger & at 28 d of age N R 1
Svensson(1996) Sweden 26 ppm - 43 ppm 548 INHz=N] h500kg'* [1w] 5400
at 35 d of age
Da Borso & 1 L
Chiumenti(1999) Italy 0.028- 0.154 g [NH,] day™ bird®  389-2139
Guiziou & North Brittany, ) 31 ) 5.74 g [NH;-N] per bird produced
Beline(2005) France 0.02-2.76 m's™  0.8-32 ppm 36.6-53.7gN h™ 1594
Brewer & Arkansas, US 18 ppm 149-208 mg [NH,-N] h m? 2759-3852
Costello (1999) ! PP g 1N,
Lacey et 31 1 -1
a1.(2009) Texas, US  27.8-90.6 m’ 12.8 g [NHs] h™ 500kg™ [Iw] 10541
Redgg‘ggt al. Texas, US 0.58-89 m’s?  2-45 ppm 38-2105 g [NH,] h* 283-15718

a: [lw] is liveweight;

b: Unit conversion is based on: 1 animal unit (AU) = 500kg [Iw]; animal unit factor is 0.003 AU/bird; production cycle is 50

days; bird stocking density is 18 bird m™.



Emission rates are dependent on physical and chemical properties of litter (e.g.,
moisture content) and operational considerations (e.g., ventilation rate). Factors that affect
these conditions include weather conditions and management practices, such as housing
design, ventilation and heating/cooling system, drinker system, feed factors, litter

management, etc.

2.3 THEORETICAL BASES OF AMMONIA EMISSION

2.3.1 General model

The mechanisms related to ammonia emissions from manure involve many processes
and have been summarized by Ni (1999). Theoretically, the processes involved in ammonia
emissions from litter-based manure include conversion of uric acid to urea, hydrolysis of
urea, enzymatic and microbial generation of ammonia, diffusion of ammonia in litter,
partitioning between the adsorbed and dissolved phase ammonia, the chemistry of ammonia
in aqueous solution, partitioning between dissolved phase and gaseous phase ammonia, and
the convective mass transfer of ammonia gas from the litter surface into the free air stream.
These processes are summarized and illustrated in Figure 2-1. As shown in the figure,
ammonia in the litter is generated from the biomass by means of enzymatic and microbial
activities. Ammonium ions (NH4") partitioning between solid phase and dissolved phase
can be described using the Freundlich partition coefficient (Ks). Dissolved ammonia in the
liquid layer on the surface of litter can exist in the form of NH4" and free ammonia (NHs).
This can be expressed with the dissociation constant (Kgy). Henry’s constant (Ky) describes
the equilibrium of free ammonia in the aqueous phase and in the gaseous phase. With
convective mass transfer, the gaseous ammonia at the litter surface is emitted to the free air

stream.
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Figure 2-1. lllustration of processes related to ammonia emissions from broiler litter

2.3.2 Generation of ammonia

When referring to the sum of NHz and NH,4", the term *“Total Ammonia®’ (TA) is
adopted. Sometimes ‘‘Ammoniacal Nitrogen (AN)’’ or ‘‘Total Ammoniacal Nitrogen
(TAN)’’ are used. The TA includes the mass of the hydrogen ion in the ammonia (NH3)
molecule and in the ammonium (NH,") ion, whereas the AN or TAN are based only on the
mass of the nitrogen. The biochemical degradation processes of uric acid, urea and
undigested proteins to produce TAN are complex but can be simplified as shown in
Equations 2-1 to 2-3 (Koerkamp et al., 1998).

Aerobic decomposition of uric acid:

CsH403N4 + 1.50, + 4H,0 = 5CO, + 4NH;3 (2-1)
Urea hydrolysis:
CO(NHz)Z + H,0 -> CO2 + 2NH; (2-2)
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Mineralization:
Undigested protein - NHs (2-3)

The degradation of uric acid and undigested protein is influenced by temperature, pH,
and moisture content (Elliot and Collins, 1982; Whitehead and Raistrick, 1993; Bussink and
Oenema, 1998). Urea hydrolysis is influenced by urease activity, pH, and temperature
(Elzing and Monteny, 1997b).

Zhang (1992) developed 12 equations from laboratory studies to predict the generation
rate of NH3-N and TA in the accumulating manure. They were functions of time,
temperature and manure depth. Monteny et al. (1996) and Ruxton (1995) took into account
the rate of urea conversion to ammonia to model production of ammonia. The maximum

conversion rate was 2.7x10° kg m>s™ (Monteny et al. 1996).

2.3.3 Partitioning between adsorbed phase and dissolved phase ammonia

Ammonium ions in litter will partition into the adsorbed and dissolved phases. In the
adsorbed phase, NH,4" binds onto the litter surface. The NH,4" in the adsorbed and that
dissolved phases are in equilibrium. Freundlich isotherm has been used to describe NH,"
partitioning between adsorbed phase and dissolved phase (Bolt, 1976). It may be expressed
as:

Adsorbed NH,*-N = 10005 [NH,*-N];" (2-4)

In which,

Adsorbed NH,4*-N is the adsorbed NH,"-N concentration on litter or medium, pg g*;
Kt is the Freundlich partition coefficient, L kg'l;

[NH,"-N]; is the concentration of dissolved phase NH,*-N, g L™

12



1/n is the Freundlich exponent, dimensionless.

For solutions with low concentrations, the Freundlich isotherm can be simplified to a

linear isotherm by setting 1/n in Equation 2-4 equal to one.

2.3.4 Chemistry of ammonia in aqueous solution

The NHz and NH,4" in the solution are in aqueous equilibrium, which can be expressed

as an acidic dissociation.
NH;" & NH; + H* (2-5)

It is obvious that, as pH increases, the equilibrium is shifted towards more ammonia
being released. The ratio of free ammonia nitrogen to TAN in solution increases with pH.

The ammonia dissociation in litter can be calculated using the dissociation constant (Kg).
Kg = [NH3] [H']/ [NH,'] (2-6)

The dissociation constant (Kg) is a function of temperature (in K). The dissociation
constant in water solution (Kqo) can be expressed with the following semi-empirical
equation (Kamin et al., 1979). At 25°C (298 K), Kgo = 107%%.

Log Kgo =—0.0918 — 2729.92/T (2-7)
In which,

Ko is the dissociation constant of ammonia in water, dimensionless;

T is temperature in K.

Equation 2-6 assumes the activity of NHs, NH," and H™ to be equal to the concentration
of these species. These assumptions are valid in dilute aqueous solutions (Stumm and

Morgan, 1996). Various dissociation constants have been reported in livestock manure, and
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differences in Ky between ammonium-water solutions and manure have been documented
(Hashimoto and Ludington, 1971; Arogo et al., 2003; Zhang, 1992). These differences are
attributed to two factors: 1) the presence of organic matter and 2) the presence of other ions
in solution (Montes, 2008). In the study of Srinath and Loehr (1974), Cumby et al. (1995),
Olesen and Sommer (1993), and van der Molen et al. (1990), the dissociation constants in
livestock manure were reported to be approximately the same as that for ammonia in water.
However, Hashimoto and Ludington (1971) reported that, for ammonia in concentrated
chicken manure, the dissociation constant was about one-sixth of that for ammonia in
water. Zhang (1992) reported that, for ammonia in diluted finishing pig manure of 1% total
solids content, the dissociation constant was approximately one-fifth of that for ammonia in
water. The dissociation constant in manure (Ky) was often expressed by multiplying Kqo
with a ratio a that incorporates the effect of solids and ions.

Kd =aKqo (2'8)

The reported ratio o varied from 0.16 to 1 (Hasimoto and Ludington, 1971; Zhang,
1992; van Der Molen et al., 1990; Liang et al., 2002; Arogo et al., 2003).

2.3.5 Partitioning between dissolved phase and gaseous phase ammonia

At low concentrations (e.g. less than 1000 mg/L) in the solution, the partition between
gas phase and dissolved phase ammonia can be assumed to obey Henry’s law (Anderson, et
al., 1987). The equilibrium concentration of gas phase ammonia can be estimated from the

concentration of dissolved phase NH3-N and Henry’s constant (Kj,).
Kn = [NH3-N]i / (14/17>Cy, o) (2-9)
In which,
Ky is Henry’s constant, dimensionless.

[NH5-N]; is the concentration of dissolved phase NHz-N, pg L™;
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Cy, 0 Is gas phase ammonia concentration in equilibrium with dissolved ammonia in

litter, mg m™>;

Ni (1999) found that Henry’s constants in the models of ammonia release from manure
had diverse forms and adopted different definitions and units. He suggested that the non-
dimensional form of Henry’s constant was more convenient when incorporated in ammonia
release models. Hales and Drewes (1979) developed the following empirical equation to

calculated K, in non-dimensional form as function of temperature.
Log K =—1.69 + 1477.7/T (2-10)

In Equation 2-10, T is temperature in K. The equation indicates that increase of
temperature will result in lower Henry’s constant, and therefore result in increase of the gas

phase ammonia concentration.

2.3.6 Mass transfer of ammonia gas from emission surface to the free air stream

The process of ammonia emissions from litter is essentially the transport of dissolved
phase ammonia to gaseous phase ammonia in the free air stream. The two film theory
(Welty et al., 1984) and boundary layer theory (Ni, 1999) have been used to describe the

interface transport system.
(1) Two-film theory

The two-film theory (Welty et al., 1984) has been used to model ammonia released
from flooded soil systems (Jayaweera and Mikkelson, 1990) and pig manure (Zhang, 1992,
Anderson et al., 1987). Figure 2-2 illustrates the two-film theory. In the two-film theory,
under steady state conditions, ammonia flux through the gas film is the same as that through

the liquid film as expressed in Equation 2-11 (Welty et al., 1984).
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Figure 2-2. lllustration of the two-film theory
J=Kg (Cag,i — Cag,0) = ki (Cai,0— Cal,i) (2-11)

In which,

J is emission flux, mg m?h™:;

kg is mass transfer coefficient in the gas film, m h™;

ky is mass transfer coefficient in the liquid film, m h™;

Cag, 0 Is ammonia concentration at the immediate gas film surface, mg m*;
Cag i IS ammonia concentration at the interface in gas phase, mg m;

Ca, i is ammonia concentration at the interface in liquid phase, mg m™;

Cai,0 is ammonia concentration at the immediate liquid film surface, mg m™.

Cag i and Cpy,j are practically not measurable. Jayaweera and Mikkelson (1990) defined

the Henry’s constant (Kp) in a non-dimensional form, as

Kh=Cag,i/Cali (2-12)

16



Therefore, the ammonia flux can be calculated on the overall driving force between Cag,

oand Cay, o.
J=Kg (Kh, 0 %Cai,0 — Cag,0) = KL (Cat,0 — Cag,0/ K, 0) (2-13)
1/Ke=1/ke+Kn ol k (2-14)
1/KL =17k + 1/ (Kn o xKg) (2-15)
In which,

K is overall mass transfer coefficient in the gas film m h;
Ky is overall mass transfer coefficient in the liquid film m h;

Ni (1999) reviewed ammonia emission models using the two-film theory and found that
the ammonia transfer in gas phase was the major focus in these models. The mass transfer
inside manure and across the interface has received less attention. Zhang (1992) and Arogo
et al. (1996) accepted the assumption that, for highly soluble gases such as ammonia, the
transfer through the gas film controls the interface transport system. In their equation, Cag, i
was approximated by the gas phase concentration at the emission surface Cag, 0. In their
models, the thickness of the gas and liquid films was not defined, and the ammonia flux
was calculated based on the concentration difference between gas phase concentration at

the emission surface and in the free air stream (Ni, 1999).
J=Kg (Cag,0—Cy ) (2-16)
In which,
Chag, 0 Is gas phase ammonia concentration at the emission surface, mg m;
C,, » Is gas phase ammonia concentration in the free air stream, mg m,

In Equation 2-16, the application of the two-film theory in the models of ammonia
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released from manure has been simplified. It actually did not include the mass transfer

across the films.
(2) Boundary layer theory

In the boundary layer theory, when a free air stream flows over a surface and the gas
phase ammonia concentration at the surface Cg, o differs from that in the free air stream Cg,
«, @ concentration boundary layer will develop (Ni, 1999). Conditions within the
concentration boundary layer determine the mass transfer flux. The boundary layer theory
has a simpler structure than the two-film theory, and it has been used in the models of
ammonia released from applied fertilizer (van der Molen et al., 1990) and stored pig slurry
(Olesen and Sommer, 1993). In those models, the gas phase ammonia concentration
difference was taken between the slurry surface and a specified height above the surface,
and the flux equation took a form similar to Equation 2-16.

2.3.7 The mass transfer coefficient

The mass transfer coefficient is an important parameter in modeling ammonia emission.
In the literature, the values of the mass transfer coefficient obtained in different experiments
of ammonia emission from manure vary widely ranging from 1.3x10® to 11.7x10 m/s (Ni,
1999). The variation is partly due to the physical characteristics of the mass transport
process, such as air flow velocity and flow pattern, and partly due to the various forms of
mass transfer coefficient (kq, ki, Kg, and Ki). The overall mass transfer coefficient (K¢ and
K.) may include cumulative effects of various assumed values for the Henry’s and

dissociation constants used in different models (Montes, 2008).

There were also many reported empirical relationships for ammonia emissions from
manure based on the mass transfer coefficient obtained in the laboratory or field
experiments (Zhao and Chen, 2003; Arogo et al. 1999; Elzing and Monteny (1997a, b;
Monteny et al., 1998; Monteny and Lamaker, 1997; Aarnink, 1997; Monteny et al., 1996;
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Ruxton, 1995; Zhang, 1992; Anderson et al., 1987; Muck and Steenhuis, 1982; Koelliker
and Miner, 1973). Almost all of the reported mass transfer coefficients are very closely
related to the air velocity on the manure surfaces, which suggests that convective transfer
plays a dominant role in the mass transfer process (Ni, 1999). Most of the reported
empirical relationships estimated mass transfer coefficient as function of air velocity and
temperature. In those correlations, the influence of either or a combination of the two
factors on the mass transfer coefficient of ammonia was considered. Rachhpal-Singh and
Nye (1986) reported that surface roughness was also an important factor, but did not give

an equation.

Through empirical measurements, Haslam et al. (1924) determined mass transfer

coefficients ky and k; for ammonia as:

kg =5.31x10°(3.28U)°° T ** (2-17)
k =5.1x10"T* (2-18)
In which,

kq is mass transfer coefficient in the gas phase, g cm™? atm™ h';
ki is mass transfer coefficient in the liquid phase, cm h™;

U is air velocity, m s™;

T is temperature, K.

It can be seen that the kq defined by Haslam et al. (1924) is negatively related to the
temperature, while k; is positively related to the temperature. The negative power of the
temperature in Equation 2-17 is explained by the increasing viscosity of the air at higher
temperature, which is inversely related to ky (Haslam et al., 1924). Mass transfer

coefficients developed by Haslam et al. (1924) were widely cited and used as a basis for
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emission models in literature (Koelliker and Miner, 1973; Muck and Steenhuis, 1982;
Ruxton,1995; Monteny et al.,1996; Monteny and Lamaker, 1997; Aarnink, 1997; Anderson
etal., 1987). Chaoui et al. (2008) did a transformation to convert the unit of kg to m st. The

result of this transformation is:
ky=0.1842 U%8 T 4 (2-19)

Arogo et al. (1999) calculated the overall mass transfer coefficient (K. ) of ammonia in
liquid swine manure, and reported that K, increased as liquid temperature increased and
decreased as air temperature increased. The possible reasons for the positive effect of liquid
temperature on K include: increased diffusivity of the solute, high equilibrium dissociation
constant and a lower solubility of ammonia in water at higher liquid temperature (Arogo et
al., 1999).

Zhang (1992) developed the following overall mass transfer coefficient for the liquid

phase in laboratory experiments using swine manure.
K.= 1.4625x10°-3.6685x10°U+2.3611 <10 UT+6.4618x105U? (2-20)
In which, K_isinms?, Tin°C,and Uinms™.

Zhao and Chen (2003) measured the gas phase mass transfer coefficient in dairy manure
and reported that the mass transfer coefficient decreased logarithmically with an increase in
temperature under both aerated and anaerobic conditions. Elzing and Monteny (1997a, b)
and Monteny et al. (1998) also reported similar negative relationships between temperature
and the mass transfer coefficient.

Based on the equations in Incropera et al. (1990), mass transfer coefficients for laminar

and turbulent air conditions were developed as shown below.

For laminar air conditions (Cortus et al., 2006),
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kg = 0.821T%7U%L0°D%¢ (2-21)
For turbulent conditions (Teye and Hautala, 2008)
kg — 3T0.13U0.8L-0.2D0.67 (2_22)

In which, L is the characteristic length, m; D is the diffusivity in air, m? st Tis air

temperature in K; U is air velocity in m s™.

It was found that while the empirical mass transfer coefficients were reported to be
influenced by temperature in different ways due to their different forms, there is general
agreement that mass transfer coefficients are proportional to air velocity to the 0.8 power or
so. Air velocity has the effect of reducing the boundary layer thickness over the liquid
surface. As the velocity increases, the turbulence intensity also increases resulting in a
thinner boundary layer formed at the interface. The thinner the boundary layer, the lower
the resistance to the volatilization process, thereby leading to a larger mass transfer

coefficient and mass transfer rate (Arogo et al., 1999).

2.4 FACTORS INFLUENCING AMMONIA EMISSIONS FROM BROILER LITTER

Ammonia emission from litter can be influenced by both litter properties and
environmental conditions. In general, factors that may influence ammonia emissions from
broiler litter include: air and litter temperature, ventilation rate, litter pH value, litter

nitrogen content, and litter moisture content.

2.4.1 Air and litter temperature

Temperature is a very important variable in the process of ammonia emission from
litter. Air temperature influences the convective mass transfer coefficient. Litter
temperature influences Henry’s constant, the dissociation constant, and also the diffusion

and generation of ammonia in litter. Therefore, ammonia flux can be greatly affected by

21



temperature variation. In broiler houses air temperature is usually managed to optimize bird
health and productivity. It is often set at an initial temperature of 32 to 35°C during
brooding and lowered by 3°C every seven days to 22 4 2°C after 3 weeks of age (Nicholson
et al., 2004; Elwinger and Svensson, 1996). The whole growth cycle of birds in broiler
houses is typically up to 7 weeks (Lacey et al., 2003), from 0-day-old to the time of
slaughter. In warm weather, it is a common practice to increase the ventilation rate to
maintain the target air temperature. The ventilation requirement will change with ambient
air temperature, and variation in ventilation rate causes variation in ammonia fluxes. For
summer housed flocks, mean ammonia fluxes were almost double those from winter housed

flocks because of higher ventilation rates in warm weather (Nicholson et al., 2004).

2.4.2 Ventilation rate

Ventilation is the primary method used to control the air quality inside the broiler
houses. It removes heat, moisture and gas pollutants from broiler houses. The ventilation
rate in broiler houses can vary in a wide range. Ventilation rates were measured between
0.58 and 89 m>s™* per house in the study by Redwine et al (2002). It was reported that the
higher ventilation rates resulted in lower ammonia concentrations in broiler house
(Redwine et al., 2002), but higher ammonia emission rates (Nicholson et al., 2004). As
ventilation rates increase, there will be more dilution in the broiler house. Therefore, the
ammonia concentration in the free air stream in broiler house will decrease. In the general
mass transfer flux equation (Equation 2-16), it is obvious that emission flux will increase as
C,, - decreases and the difference between Cq gand Cg . increases.

The higher ammonia fluxes at higher ventilation rates is also due to a higher mass
transfer coefficient, as the mass transfer coefficient is a function of air velocity at the litter
surface. There are very few studies which have reported the air velocity at the litter surface.
Although the ventilation rates can vary widely in practice, Brewer and Costello (1999)
reported that the mean air speed at 25 cm height was 0.24 m/s with a standard deviation of

0.14 m/s in a conventional cross-ventilated house (sidewall ventilation). No report has been
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found on the litter surface horizontal air velocity in tunnel-ventilated houses, though the
average air velocity estimated from ventilation rate and dimension of the house (Lacey et

al., 2003) was more than 0.8 m/s.

2.4.3 Litter pH value

The pH value of litter is one of the most important factors that determines the aqueous
phase ammonia concentration, and therefore influences ammonia release. Research has
demonstrated that in broiler houses ammonia release from litter is negligible at litter pH
below 7 (Reece et al., 1985). Ammonia release began when pH was near 7 and increased
dramatically as pH further increased above 7. Chemical treatments have been studied in
laboratory tests as a way to suppress ammonia volatilization, by chemically lowering the
litter-solution pH so that the majority of ammoniacal N remains ionized and nonvolatile.
Witter and Kirchmann (1989) tested calcium chloride and magnesium chloride applications
to liquid chicken manure and found reductions in total ammonia losses of 30 and 50%,
respectively. Moore et al. (1996) tested several treatments for broiler litter and found that
aluminum sulfate, phosphoric acid, and ferrous sulfate each worked well in reducing
ammonia losses. However, control of litter pH over the life of the flock has proven to be a
difficult task (Lacey et al., 2004; Carr et al., 1990).

During the process of gas release, the pH of litter will also be influenced by the release
of gases. Release of CO, will increase the pH. Because of its large concentration in manure,
the release of CO, acts as an accelerating factor for the release of ammonia (Ni, 1998). In
liquid animal manure, pH is also influenced by buffer systems. Husted et al. (1991) found

that HCO3; and NH," were the dominating buffer components in the release of ammonia.
HCO; + H" — CO; t + H,0 (2-23)

NH," — NH3 t + H* (2-24)
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2.4.4 Litter moisture content

Urea hydrolysis is a major source of ammonia. Litter moisture content will affect the
conversion rate of uric acid to ammonium-N (Sims and Wolf, 1994). It has been reported
qualitatively that wet litter can lead to high ammonia levels in broiler houses (Elliot &
Collins, 1982) and may cause bird health problems such as hock burn (Tucker & Walker,
1992). However, overly dry litter may result in more dust particulates, which can serve as a
transport mechanism for ammonia. On the other hand, very wet conditions may slow/shut

down microbial and enzymatic activities due to scarcity of oxygen.

Litter moisture content may vary in a wide range. Elwinger and Svensson (1996)
reported that the dry matter content was 91.6%-92.2% for fresh bedding materials, and was
about 64% at 35 d of age. In practice, litter moisture is also influenced by ventilation and
drinking system management. The design of broiler drinking systems has been shown to
influence the usage of water and broiler litter moisture content (Tucker & Walker, 1992).

Spillage causes excessive litter moisture.

It has been reported that higher litter dry matter content and lower ammonia emissions
were measured from broilers using nipple drinkers than those using traditional bell drinkers
(Nicholson et al., 2004; Elwinger and Svensson, 1996). Similar results were also obtained
by Da Borso and Chiumenti (1999) who found that buildings equipped to prevent water
dripping onto the litter from nipple drinkers emitted less ammonia than those with standard
design nipple drinkers. Carr et al. (1990) commented that it was desirable to maintain litter
moisture below 30% for ammonia control. However, Carr et al. (1990) also reported a
decrease in ammonia concentrations at high moisture (44% wet basis) and temperature (29
°C). The decrease in ammonia concentrations at high moisture levels has also been reported
by Valentine (1964) and Schefferle (1965). The comprehensive effect of litter moisture
content is complex and still not fully understood.

24



2.4.5 Litter nitrogen content (diet, litter age and bird age)

It would be reasonable to assume that ammonia emissions are positively related with
litter nitrogen or TAN content. An increase in feed protein level significantly increased
litter nitrogen content, and therefore increased ammonia emission rate (Elwinger and
Svensson, 1996). Re-used litter (use of old litter as bedding for subsequent flocks) has more
nitrogen content. It has been reported that ammonia flux from reused litter was six times
that from new bedding material at the start of a grow-out (Brewer and Costello, 1999).
Several researchers reported that ammonia emissions increased with age of bird (Elwinger
and Svensson, 1996; Redwine et al., 2002). It may also be due to increase of litter nitrogen

content with increase in bird age.

Elwinger and Svensson (1996) reported that nitrogen content in broiler litter was about
45 g/kg dry matter; for fresh wood shavings, it was 1.0 g/kg dry matter; for fresh wheat
straw, 4.6 g/kg dry matter. It can be seen that the nitrogen content in litter is mainly from

manure.

2.4.6 Litter type

Generally there was no difference in ammonia emissions related to litter type or amount
used (Elwinger and Svensson, 1996). It has been reported that ammonia emissions from
broilers on straw were higher than for those on wood shavings, but the lower emission rates
from birds on wood shavings were considered to be due to the greater amount of dry
bedding solids added (Nicholson et al., 2004).

2.5 REVIEW OF AMMONIA EMISSION MODELS IN ANIMAL HOUSES

Emission models that have been published for ammonia emission from AFOs include
mechanistic models (Ni, 1999; Arogo et al., 2006), statistical models (Carr et al., 1990;
Wheeler et al., 2006), nitrogen-mass flow models (Reidy and Menzi, 2006; Dammgen et
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al., 2002), and inverse dispersion models (Siefert et al., 2004). Mechanistic models provide
physical and chemical understanding as well as quantitative description of ammonia
release. Mechanistic models are basis of so called process-based models, which were
recommended by the NRC (NRC, 2003). Process based models consider each of the
processes occurring on a typical livestock farm, and calculate the resulting ammonia
emissions from each (Zhang et al., 2006; Pinder er al., 2004). Nitrogen-mass flow models
start with a specific amount of nitrogen excreted by animals and simulate the TAN flow
over the different stages of emissions (grazing, housing, manure storage and application).
Statistical models simply describe the statistical correlations between emissions and
selected influencing factors. Inverse dispersion plume models can be used to estimate
ammonia emissions after being fitted to the observed downwind ammonia concentration
profile. This section provides a brief review of these models and their applications in

animal houses.

2.5.1 Mechanistic models

Mechanistic models account for the major physical and chemical processes determining
emission. Mechanistic models that represent the processes involved, as influenced by
production and environmental conditions, provide robust tools for evaluating management
impacts on emissions (Ni, 1999; Arogo et al., 2006). The core in the mechanistic
approaches is usually a model of convective mass transfer of ammonia in the liquid-air
interface (Ni, 1999).

The animal housing emission model described in Hutchings et al (2006) and Pinder et al
(2004) used the following formula to calculate the instantaneous ammonia emission in an

animal house.
Emissions = A [TAN] H*xr*! (2-25)

In which,
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A is the area of exposed manure, m?;
[TAN] is the concentration of total ammoniacal nitrogen (TAN) in manure, kg/m?;

H* is the effective Henry’s constant, dimensionless, which determines the partitioning

between gas phase ammonia and TAN.
r is the mass transfer resistance, day m™.

Calculation of H* requires knowledge of the temperature and pH of the manure. The
mass transfer resistance (r) is the sum of the aerodynamic, quasi-laminar, and surface
resistances. A complete description of the calculations for these resistances can be found in
Olesen and Sommer (1994). The mass transfer resistance (r) is related to air velocity, which

can be calculated using a ventilation sub-model for the animal house.

The following is another equation that has been used to calculate ammonia emissions in

animal houses (Zhang et al., 2006).
Emission rate = Q (Chouse - Cout) (2-26)
In which,
Q is the ventilation rate, m*s™;
Chouse IS gas phase ammonia concentration in house air, mg m’:
Cout IS gas phase ammonia concentration in outside air, mg m;

Mass balances were used to derive differential equations to calculate the concentration
of ammonia in the house air. Energy balances were used to predict indoor air temperature
and ventilation rate, which were incorporated into the ammonia emission rate calculations.
Various sub-models have used in the mechanistic approaches. They included the mass

transfer coefficient, Henry’s constant, dissociation constant, ammonia generation in manure
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and ammonia diffusion in manure (Ni, 1999). Zhang (2006) used a mechanical ventilation

sub-model calculate ventilation rate.
(1) Ventilation sub-models

The large temporal variation in ammonia emissions from agriculture is caused partly by
the weather and partly by growth stage of the animals. It is a common practice in the broiler
industry to manipulate minimum ventilation rates continuously to strike a balance between

the need for energy conservation and indoor air conditions (Gates et al., 1996).

Thermal energy models have been used to simulate the inside temperature and
ventilation rate of animal housing with forced ventilation (Hutchings et al. 2006; Zhang et
al. 2005; Koerkamp et al. 1998). The models assume that the aim of management is to
maintain the indoor temperature at a target value suitable for the animal species. The
ventilation rate necessary to achieve this objective is calculated from the outside
temperature and the sensible heat production of the animals (CIGR, 2002). An empirical
constant is then used to obtain the resistance to ammonia transport. Casey et al. (2003)

reported that daily mean ventilation rate increased with bird age.
(2) N-excretion sub-models

The source of TAN is animal excretion. An animal excretion sub-model was proposed
to calculate the manure and nitrogen excretion of animals in response to type and growth
stage of animals, feed rations, animal productivity and animal management practices
(Zhang et al., 2006).

The American Society of Agricultural and Biological Engineers (ASABE) developed
standard methods for estimating manure and nutrient production from different types of
animals based on animal nutrition models (ASABE, 2005). A model for estimating poultry
manure nutrient excretion has been published by Applegate et al. (2003). The ASABE

Standard (ASABE, 2005) for animal manure production and characteristics were used as
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the basis for developing the manure and N excretion model.

2.5.2 Process based models

Activities are underway, nationwide, to study emissions from AFOs as a whole from
various system components including animal housing, and manure storage (Mukhtar et al.,
2004). Process based models consider each of the processes occurring on a typical livestock
farm, and calculate the resulting ammonia emissions from each. They account for site-
specific design and management practices as variables and reflect interactions between

emission sources.

Certain processes of the animal enterprise are likely to be more important for some
emissions than for others. Development of a process-based model would enable system
analysis and simulation for determining critical control points for emissions (Kohn et al.,
1997). It would also highlight fruitful research areas and identify knowledge gaps that need
to be filled in order to improve understanding of whole farm processes.

The NRC recommended that EPA and USDA should use process based mathematical
models with mass balance constraints for nitrogen-containing compounds, methane, and
hydrogen sulfide to identify, estimate, and guide management changes that decrease
emissions for regulatory and management programs (NRC, 2003).

2.5.3 Statistical models

Statistical models simply describe the statistical correlations between target parameters
and selected influencing factors. They can be directly used for emission estimation, and

may also be useful in assessing the accuracy of mechanistic approaches.

By using the SAS GLM Procedure, Carr et al (1990) developed a semi-logarithmic
model, which shows that ammonia concentration increased with litter pH, temperature, and

litter moisture content. A non-linear model was also developed which was capable of
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predicting pH as a function of house atmospheric temperature, relative humidity, and litter

moisture content (Carr et al., 1990).

Excellent fit has been observed for the regression of emission rates with bird age in
broiler houses. These regressions can be used to estimate emission rates during similar
weather conditions for any bird age between 1 — 60 days (Gates et al. 2004; Wheeler et al.
2004).

Statistical models usually are simple in structure and are easy to use. However, they do
not contribute much to the understanding of the physical and chemical processes of

ammonia release.

2.5.4 Mass balance and N-flow models

The mass balance modeling approach was regarded as one of the best methods to
estimate ammonia emissions by the National Research Council (2003). In the mass balance
model, the total nitrogen inputs and outputs in the various components of an animal waste
management system are quantified, and the difference between inputs and outputs is
assumed to be volatilized nitrogen. This method does not distinguish among losses of N as
N2, NOy, or NHs. Also, it cannot predict daily cycles in emissions or maximum
concentrations. However, it can provide an accurate estimate of the upper limits on
ammonia emissions over long production cycles (several days to months) (Keener and
Zhao, 2006). The mass-balance approach is simple and costs less, and it appears to be a
promising method for providing accurate long-term ammonia emission estimates from

poultry broiler production units.

Mass-conservative N-flow models, such as DYNAMO (Dynamic Ammonia Emission
Model), have been used in the framework of the national NH3 emission inventory
calculations and manure policy analyses in different countries of Europe (Reidy et al.,
2006). These models start with a specific amount of nitrogen (N) excreted by a defined
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livestock category and simulate the TAN flow over the different stages of emissions
(grazing, housing, manure storage, and application). At each stage of manure management,
a proportion of TAN will be subtracted from the TAN pool, mainly as emitted NH3, and the
rest passed on to the next stage. Ammonia emissions are generally calculated with EF

(emission factors), where EF is the percentage of the respective TAN pool emitted.

The EFs used in N-flow models are largely empirical, and they are specific to certain
types of management or climatic regions. The variations in the calculated emissions are
primarily the result of the distinct national emission factors and N excretion rates. The

current EFs do not reflect annual variability.

The N-mass flow model enables rapid and easy estimation of the consequences of
upstream emission at downstream emissions. It has been adopted to calculate the interaction
between abatement techniques at various stages of manure management (Dammgen et al.,
2002).

2.5.5 Inverse dispersion models

An inverse dispersion model was developed to measure ammonia emissions from
broiler houses (Siefert et al., 2004). Passive samplers were deployed in an array downwind
from the broiler house. A Lagrangian-based, inverse Gaussian dispersion plume model was
fitted to the observed ammonia concentration profile to determine the total ammonia
emissions from the house. Normalizing this value to the number of birds allowed one to
calculate an emission factor corresponding to the sampling period. The primary advantage
of this approach was that it allowed for the determination of ammonia emissions at various

growth stages under “real world” growing conditions (Siefert et al. 2004).

Various dispersion models such as ISCST3, AERMODPRIME, WindTrax®, and
AUSTAL have been used determining ammonia emissions rates. ISCST3 and AERMOD
are Gaussian plume models, while WindTrax® and AUSTAL are backward and forward
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Lagrangian Stochastic models, respectively. It has been reported that calculated emission
rates and/or emission factors are model specific, and no simple conversion factor can be
used to adjust factors between models. Therefore, emission factors developed using one
model should not be used in other models to determine downwind pollutant concentrations
(Faulkner et al. 2006).

2.5.6 Summary

Emission models can increase the simplicity of emission estimation over direct
measurement. VVarious emission models have been developed to fit different objectives. For
example, when considering the acute health effects of emissions for nearby residents, short-
term emissions would be needed, and a dynamic mechanistic model to predict emissions on
a daily basis or more frequent basis may be recommended. When considering long-term

emissions, an aggregated model such as a mass balance model may be adequate.

Chemical transport modeling requires daily or even hourly variations in ammonia
emission estimation for accurately predicting formation of ammonium nitrate and
ammonium sulfate. Therefore, it would be important to improve temporal resolution as well

as geographical resolution of ammonia emission models to meet the requirement.

Models are being further developed, and many challenges exist. Much work remains to
be done because of the number of variables in practice. Further evaluation of these
variables is needed for enhanced understanding of the wide variation in ammonia emission

rates.
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3. EXPERIMENTAL METHODS

3.1 EXPERIMENTAL SETUP

Conducting experiments in actual broiler houses and controlling environmental
conditions is difficult and expensive, and it may also generate high uncertainties. For this
study, a dynamic flow-through chamber system and a wind tunnel were designed to
measure ammonia emissions from broiler litter. The dynamic flow-through chamber was
mainly used to investigate ammonia emissions from various litter samples. The wind tunnel

was used to investigate ammonia emissions under various wind profiles.

3.1.1 Dynamic flow-through chamber

Air chamber methods of flux measurement can be categorized as “static” or “dynamic”.
Static methods often consist of a sealed glass jar or open bottomed cylinder placed over the
sample area. Such systems contain ammonia absorbers to quantify ammonia production.
Moore et al. (1996) used a static chamber to estimate ammonia flux from broiler litter. In
their technique, aerial ammonia concentration in the chamber was measured at regular
intervals using Sensidyne ammonia detection tubes. They attempted to promote gas mixing
inside the chamber using a manual stirring fan prior to each gas sampling event; however,
no air movement was provided during other times (Brewer and Costello, 1999; Moore, et
al., 1996). Static methods allow for only periodic ventilation (if any) which significantly
reduces convective air movement and ammonia volatilization (Marshall and DeBell, 1980).
In the other hand, dynamic methods employ a ventilated chamber where fresh and ammonia
free air is directed into the chamber and passed over the samples to promote convective
conditions similar to that outside the chamber (Brewer and Costello, 1999).

A diagram and the photographs of the chamber system developed for this study are

shown in Figures 3-1 and 3-2 respectively. The chamber body has a cylindrical shape with
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bottom diameter (inside measurements) of 0.400 m and height of 0.394 m. Broiler litter
(2000g) was placed on the bottom of the chamber and a vacuum pump was used to draw air
through the chamber at a design flow rate via flow meters (Gilmont Shielded Industrial
Flow meter, accuracy #5%). Before entering the chamber, the ambient air passed through
an acid scrubber or an activated carbon filter so that background ammonia was removed. A
motor driven stainless steel impeller mixed the air inside the chamber and provided
convective conditions. The entire chamber body was made of stainless steel to minimize
ammonia adsorption. Ammonia concentration at the chamber outlet was measured by a
Thermo Environmental Instruments (TEI) chemiluminescence ammonia analyzer (Model
17C) as well as an acid scrubber. A HOBO data logger was used to record the

measurements of the ammonia analyzer at one-minute intervals.
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Figure 3-1. Diagram of the dynamic flow-through chamber system
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Figure 3-2. Photographs of the dynamic flow-through chamber system
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The dynamic chamber system, with the continuous stirring provided by the impeller,
meets the necessary criteria for performance as a continuously stirred tank reactor (CSTR)
(Aneja, 1976). Measurements of ammonia concentration at different locations in the
chamber also showed no significant difference. Therefore, measurements at the chamber

outlet were assumed to represent the ammonia concentration in the chamber.

The ammonia fluxes from the litter surface inside the chamber were calculated using the

following mass balance equation (Aneja et al., 2000):
dC/dt = QCo/V + JA/V — QCIV (3-1)
In which,
C is ammonia mass concentration in the chamber, mg m3;
Q is flow rate of the carrier gas through the chamber, m® h';
Co is ammonia concentration in the inlet gas stream, mg m™;
V is volume of the chamber space above litter, m;
J is ammonia emission flux, mg m?2h?;
A is chamber bottom surface area, m?.

Since background ammonia was removed from the carrier gas, Cy=0. At steady state,

dC/dt=0. So the ammonia emission flux J can be obtained from the following equation:
J=(Q/A)C (3-2)
Where C is the ammonia concentration in the chamber at steady state.

The ventilation rates of the chamber (air flow rates through the chamber) were set from

8.3to74L min'l, which caused the residence time of air in the chamber to be from 40 to
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375 seconds. Although the ventilation rates can vary widely in practice, Brewer and
Costello (1999) reported that the mean air speed at a 0.25 m height was 0.24 m s with a
standard deviation of 0.14 m s™ in a conventional cross-ventilated house. Although no
report has been found on the litter surface horizontal air velocity in tunnel-ventilated
houses, the average air velocity estimated from ventilation rate and dimensions of those

houses (Lacey et al., 2003) was more than 0.8 m s™.

A hotwire anemometer (Dwyer Model 641-18-LED; range: 0-10 m s™*; accuracy: 3%
full scale) was placed at about 0.025 m height above the litter surface at the center of the
chamber to measure the horizontal air velocity profile in the chamber. It was found that the
air velocity at the litter surface was mainly dependent on the speed (RPM) of the stirring
impeller when the flow rate of chamber was less than or equal to 74 L min™. At 110 rpm,
the air velocity was 0.1 m s™ at the center of the chamber and 0.99 m s™* near the wall of the
chamber. The average air velocity in the chamber was 0.7 m s with a standard deviation of

0.3 m s™. The air velocity profiles in the chamber are presented in Figures 3-3 and 3-4.
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Figure 3-3. The horizontal air velocity profile at selected impeller speeds (Flow
rate=10L min™)
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Figure 3-4. The horizontal air velocity profile at different flow rates (RPM=110)

3.1.2 The Wind tunnel

A wind tunnel was also designed for this ammonia emission study. The diagram and
the photographs of the wind tunnel are shown in Figure 3-5 and Figure 3-6. The main body
of the wind tunnel is 2.286 m in length, 0.2032 m in width and 0.2032 m in height. The
bottom was made of stainless steel, and the top and sidewall were made of 3.2mm thick
Lexan polycarbonate sheet. Airflow was provided by a centrifugal blower (JABSCO,
Model 35400) with a maximum airflow rate of 0.1167 m®s™ (250 cfm). The blower was
located at the downwind end of the tunnel and was connected to the tunnel through a

0.1016 m diameter cylindrical duct.

A rotating-vane anemometer (AV-2, uncertainty 0.5% of display, Airflow
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Developments Ltd., High Wycombe, U.K.) was placed in the duct to measure the airflow
rate in the wind tunnel. Before being placed into the duct, the anemometer was calibrated
using both a pitot tube and a hotwire anemometer (Dwyer Model 641-18-LED; range: 0-10
m s accuracy: 3% full scale) with the log-Tchebycheff traversing method (6 measuring
points were used). The calibration curve achieved an R squared of 0.9967. The calibration
data is presented in Table 3-1. Figure 3-7 shows the calibration curve of the AV-2 rotating

vane anemometer.

Broiler litter samples were placed on the 0.762 m long emission section of the wind
tunnel to a depth of 0.025 m. There was a 1.27 m long flow stabilizing section upwind of
the litter sample and a 0.254 m long transition and flow stabilizing section downwind of the
litter sample, which were both filled with 0.025m-deep wood chips. Velocity profiles inside
the wind tunnel were measured using the hotwire anemometer. Ammonia concentrations at
the outlet and the inlet of the wind tunnel were measured using the TEI chemiluminescence

ammonia analyzer (Model 17C).

39



measurement

Solenoid valve

Arr flow .

________________

Upwind profile e P

Ammonia
analyzer

o Downwind profile
measurement

AV-2 flow meter

Blower

0.2032m

Wood chips

#

P

\

N
I
1
1
1
1

/
'V

i Wood|chips

A

0.025m B 2
A 1.27m 762 4 = J62m ——p
-4 0.762m 0254m 0.254m 0.762m
Flow stabilizing section Emission section Transition | Transition | Flow straightening pipe
section connector
4 2.286m >

Figure 3-5. Diagram of the wind tunnel system
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Figure 3-6. Photographs of the wind tunnel system
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Table 3-1. Calibration data of the AV-2 rotating vane anemometer

réa}\{i-r?g Calibration air velocity measure?ni)ys/_ P)itot tube or hotwire anemometer
vane
Zr;fr\?;r:;i?r Distance _rel_ati\_/e to inner wall of the duct

reading (dia is diameter of the duct) Average
(ms™) 0.032dia 0.135dia 0.321dia 0.679dia 0.856dia 0.968dia

14.65 12.85 13.72 11.68 11.94 13.97 10.31 12.41
14.67 12.07 14.48 11.53 11.89 13.51 11.07 12.42
14.28 13.82 13.67 11.07 10.67 13.82 14.12 12.86
12.37 11.53 11.18 9.14 9.14 11.38 12.07 10.74
10.20 8.94 9.19 7.11 7.42 9.19 7.92 8.30
8.39 6.45 6.81 9.04 8.94 6.10 5.79 7.19
5.71 5.13 5.18 4.84 4.94 5.33 5.58 5.17
4.42 4.31 4.20 3.92 3.84 4.20 4.22 411
3.76 3.57 3.50 3.26 3.35 3.66 3.66 3.50
3.10 3.05 2.89 2.77 2.65 3.09 3.09 2.92
2.61 245 2.36 2.22 2.19 2.58 2.57 2.39
1.98 1.87 1.85 1.64 1.57 1.88 2.01 1.80
1.23 111 1.10 1.04 1.03 1.16 1.19 1.10
0.73 0.70 0.67 0.63 0.61 0.67 0.65 0.65
0.59 0.55 0.53 0.50 0.51 0.62 0.61 0.55

Note: When U>5 m s™, calibration data were measured by pitot tube. When U<5 m s™,

calibration data were measured by hotwire anemometer.
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Figure 3-7. Calibration curve of AV-2 rotating vane anemometer (Data points are
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by pitot tube. When U<5 m s, calibration data were measured by hotwire
anemometer.)

Ryden and Lockyer (1985) showed that the flow was turbulent within their wind tunnel.
The transfer of gas between a surface and the flow depends mainly on the dynamic structure
of the flow in the boundary layer (Townsend, 1976). Within the boundary layer, the
turbulence intensity reaches maximum near the surface and then decreases with height
(Raupach, et al., 1991). According to Loubet et al. (1999b), the boundary layer stabilized in
the end part of their wind tunnel, approximately after a distance from the inlet x=1.0 to 1.5m
and the boundary layer was about 0.12m. According to Shah et al. (2007), the velocity profile
fully developed and stabilized over a 1.0 m distance starting at x=0.6m and the boundary

layer was 0.06 to 0.08m above the bottom.
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The ammonia fluxes from the litter samples on the emission section inside the wind

tunnel can be calculated using the following equation:
J = (Q/A) (Coutiet - Cinet) (3-3)
In which,
Coutlet i gas phase ammonia concentration at outlet of the wind tunnel, mg m™;
Cinket is gas phase ammonia concentration at inlet of the wind tunnel, mg m™.

The air velocity profiles at the start point (upwind) and end point (downwind) of the
emission section in the wind tunnel are presented in Figure 3-8. Air profiles were measured
for the nominal velocity values of 0.15, 0.50, 1.00, 1.50, and 2.00 m s™. It can be seen that
there was not a big difference between the height of boundary layer (the height at which air
velocity was no longer affected by the underlying surface) at the start point and the end point
of the emission section. The height of boundary layer increased with the nominal velocity,

and it was about 0.13 m above litter surface when the nominal velocity was 2.00 m s,
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Figure 3-8. Air velocity profiles at the start point (upwind) and end point (downwind) of
the emission section in the wind tunnel for the nominal velocity values of 0.15, 0.50,
1.00, 1.50, and 2.00 m s™.

3.2 MEASUREMENT OF AMMONIA CONCENTRATION

3.2.1 Chemiluminescence ammonia analyzer (Thermo Environmental Instruments)

The Thermo Environmental Instruments (TEI) chemiluminescence ammonia analyzer
(Model 17C) was used to measure the nitric oxide (NO), nitric dioxide (NO,), and NH3
concentrations. The ammonia analyzer uses the reaction of NO with ozone (O3) to measure
gas phase ammonia concentrations. The ammonia analyzer consists of two separate modules,
a converter module and an analyzer module. The gas sample is drawn into the ammonia
analyzer by an external pump with a sample flow rate of 0.4 L/min. Ammonia in the gas

sample is first converted to NO by the solid state catalytic converter, and then the sample
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reaches the reaction chamber, and mixes with O3, which is generated internally. The reaction
of NO with O3 produces a characteristic luminescence with an intensity that is proportional to
the concentration of NO. The light emission is detected by a photomultiplier tube (PMT),
which in turn generates a proportional electronic signal. The electronic signal is processed by

the microcomputer into a NO concentration reading.

To measure the NO, NO,, and NH3 concentrations, NO, and NHj are transformed to NO
in a stainless steel converter heated to approximately 775<C before reaching the reaction
chamber. Upon reaching the reaction chamber, the converted molecules, along with the
original NO molecules react with O3. The resulting signal represents the total NO, NO,, and
NH; reading (Nt). Separately, NO, is transformed into NO in a molybdenum converter
heated to approximately 340<C. The resulting signal represents the sum of NO and NO,
reading (NOy). The NH3 concentration is determined by subtracting the signal obtained in the
N; mode from the signal obtained in the NOx mode. The NO, concentration is determined by
subtracting the signal obtained in the NO mode from the signal obtained in the NOx mode.
Concentrations of NO, NO,, and NH; concentrations are displayed on the front panel of the
Model 17C. There is also analog output, and a data logger can be used to record the
measurements. The Model 17C analyzer has a measurement range of 0 to 100 ppm for
ammonia. The ammonia analyzer was multipoint calibrated over the range of 0-100 ppm
using standard ammonia gas (400ppm, #2%, National Specialty Gases) and a gas mixing
system (Environics S-4000, Tolland, Conn. with airflow rate accuracy of 1% full scale).

Figure 3-9 shows the calibration curve of the ammonia analyzer.
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Figure 3-9. Calibration curve of the ammonia analyzer

3.2.2 Acid scrubber

In the first stage of the study, ammonia concentration in the chamber was simultaneously
measured by an acid scrubber and the chemiluminescence ammonia analyzer. The acid
scrubber technique can provide a time-weighted average concentration measurement using
standard wet chemistry analysis, which has high trapping efficiencies (Shah et al., 2006;
Misselbrook et al., 2005), low detection limits (DL), and low equipment costs. One hundred
and fifty mL 2% boric acid was used in the acid scrubber. The collection efficiency of the
scrubber was determined to be as high as 99.78% when the sampling flow rate was kept at 2
L/min. The acid scrubber system collected gaseous ammonia into a boric acid solution. The
solution was analyzed in the Environmental Analysis Laboratory of the Department of
Biological and Agricultural Engineering (BAE) at NC State University. Thus, the mass of

nitrogen was determined for given sampling time. In the meantime, the volume of air passed
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through scrubber was recorded, average ammonia mass concentration for this given period of
sampling time was calculated based upon the mass of nitrogen (converted to the mass of
ammonia), and the volume of air passing through the scrubber during the sampling period.
Comparison of the measurements using the acid scrubber and the chemiluminescence

ammonia analyzer is discussed in Chapter 4.

3.3 ANALYSIS OF LITTER PROPERTIES

Litter samples were taken from multiple locations of commercial broiler farms in North
Carolina during the clean-out period. The litter material consisted of wood shavings. Each
litter sample was well mixed together before testing. Figure 3-10 shows a photograph of the
broiler litter sample. The analyses of litter samples were conducted in the BAE

Environmental Analysis Laboratory at North Carolina State University.

The analyses included total Kjeldahl nitrogen (TKN), total ammoniacal nitrogen content
(TAN), moisture content, pH, total nitrogen content and total carbon content. Litter
subsamples were preserved at 4<C before analysis. For the analyses, the litter subsamples
were prepared "as is" without further drying or grinding. Total nitrogen content and total
carbon content were determined through thermal conductivity detection with a Leco C/N
2000 analyzer [Official Method 990.03 (AOAC, 1998)). For determination of TKN, the litter
subsamples were first digested with a catalyst (K,SO,4, CuSO,4 5H,0, and pumice) and H,SO4
(Schuman et al., 1973). For determination of TAN, the litter subsamples were extracted in
1.25 N K;,S0O4. The ammonia-salicylate method was used for TKN and TAN analysis using
EPA Method 351.2 (EPA, 1979) or Standard Method 4500-NH3 G, (APHA, 1998), with
slight modifications including dialysis. Litter moisture content was obtained by comparing

litter weight before and after oven drying (at 105°C).
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Figure 3-10. Photograph of the litter sample

3.4 MEASUREMENT OF LITTER MOISTURE CONTENT

An ECH20 moisture sensor (EC5) was used in the chamber and wind tunnel to
continuously monitor litter moisture contents during the tests. The ECH20 moisture sensor
measures moisture content based on dielectric constant measurement. The manufacturing
company (Decagon Device, Inc) provides a converting calibration equation to convert signal
outputs to volumetric moisture ratio. Litter samples were sent to the manufacturer to perform
“soil” specific calibration. Figure 3-11 shows the manufacturer’s calibration curve of the
sensor using litter samples. Since we were more interested in mass based moisture content,
measurements with the ECH20 moisture sensor were further compared at eight moisture
levels using the standard moisture content measurement method by comparing litter weight
before and after oven drying (103°C-105°C). The moisture content obtained using the
standard method was in the range from 22.61 to 48.91 w/w% (wet-basis). As shown in Figure
3-12, the reading of ECH20 moisture sensor showed a high correlation (r=0.9789) with the
standard method measurement.
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Figure 3-11. Manufacturer’s calibration curve of the ECH20 moisture sensor
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Figure 3-12. Comparison of the ECH20 moisture sensor measurement and the mass
based moisture content of litter samples
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3.5 MEASUREMENT OF RELATIVE HUMIDITY AND TEMPERATURE OF AIR

A NOVUS humidity and temperature transmitter (Model RHT/WM; Accuracy: #5%RH
in the range of 20 to 80%RH, <+1°C in the range of 10 to 40 °C) was placed at inlet of the
wind tunnel and was connected to a HOBO data logger to record the relative humidity and
temperature measurements at one-minute intervals. The relative humidity measurements of
the NOVUS humidity and temperature transmitter were compared with measurements using

a psychrometer, and the results are shown in Figure 3-13.
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Figure 3-13. Comparison of the Novus humidity and temperature transmitter and
psychrometer measurements of relative humidity
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4. COMPARISON OF THREE TECHNIQUES FOR DETERMINING AMMONIA

EMISSION FLUXES

This chapter reports the results of the studies on comparison of three techniques in
ammonia emission flux determination. Ammonia concentrations in a dynamic flow-through
chamber with broiler litter were measured simultaneously by a chemiluminescence ammonia
analyzer and an acid scrubber. At the beginning and end of each test, the litter samples were
analyzed for conducting a nitrogen mass balance. Ammonia emissions were estimated from
the two concentration measurements and the mass balance approach. It was observed that the
chemiluminescence analyzer measurements tended to overestimate ammonia concentration
compared with the acid scrubber measurements, especially when litter moisture was high.
Statistical results indicated that the effect of litter moisture content on the magnitude of the
overestimation, and a p-value of 0.0104 was obtained. Considerable uncertainties were
observed for the mass balance approach, especially when the percentages of the total nitrogen
losses in litter samples were small (less than 2%). In order to apply the mass balance
approach to estimate ammonia emissions and to achieve acceptable accuracy, a substantially
longer testing period (more than 80 h) is needed for the observed ammonia emission level
(104 to 1137 mg N h™ m™). Also, more effort is needed to reduce the uncertainties associated

with sampling and analyzing litter nitrogen content.

4.1 RESEARCH OBJECTIVE

In the literature, wide variations have been found for ammonia emissions from AFOs
among different studies. Measurements from broiler houses indicated that ammonia emission
rates vary 55-fold, from 283 to 15718 mg [NHs-N] h™ AU™ (Redwine et al., 2002). While
such variations in ammonia emissions could mainly be attributed to the differences in

management practices and seasonal conditions, the uncertainties associated with the different
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methods used in measuring and computing ammonia emissions may also be one of the
reasons. Accurate estimation of ammonia emission rates from individual operations is
important and yet a challenging task. Hence, there is a need for studying different

measurement techniques used in ammonia emission determination.

Currently, there are no standard methods and protocols for measuring and estimating
ammonia emissions from AFO facilities. Some commonly used techniques for determining
ammonia emissions include: (1) standard wet chemistry analysis with an acid scrubber
system, which usually provides measurement of average concentrations over a relatively long
period of time (the common averaging time can be from several hours to several days); (2)
spectrometric analysis such as the chemiluminescence ammonia analyzer, which is able to
measure ammonia in real time; and (3) the nitrogen mass balance approach, which has been
recommended together with the process based model approach to determine gas emissions
from AFO houses by the National Academy of Sciences (NRC, 2003). In the first two
techniques, ammonia emission fluxes can be calculated from measured concentrations and
corresponding house ventilation rates. In the nitrogen mass balance approach, the average
ammonia emission fluxes can be estimated from total nitrogen losses of an emission source
for a period. The objective of this part of research was to investigate the differences in
ammonia emission determination among these three techniques under various source

conditions, and thus to address the limitations of these methods.

4.2 METHODOLOGY

The dynamic flow-through chamber system was used to measure and determine ammonia
emission from broiler litter with three different techniques under designed conditions. These
three techniques are (1) an acid scrubber system, (2) a chemiluminescence ammonia analyzer
(model 17C, Thermo Environmental Instruments, Franklin, Mass.), and (3) the nitrogen mass
balance approach. Litter samples of various ages and various moisture levels were used to

investigate the agreement of the three techniques under various source conditions.
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4.2.1 Experimental Setup

The dynamic flow-through chamber system was designed at North Carolina State
University to measure ammonia emissions from broiler litter. Design and construction details

of the chamber system are presented in Chapter 3.

4.2.2 Litter Samples and Moisture Content Treatments

Litter samples were taken from two commercial broiler farms in North Carolina. Both
broiler farms had similar management practices: the grow-out period was 56 to 60 days (per
flock) with two weeks of clean-out time. The litter material used by both farms was wood
shavings. The ages of the built-up litter samples tested in this study were one, two, and four
years. To ensure their representativeness, the litter samples of each age were mixtures of
samples taken from multiple locations in the broiler house during the clean-out period. The
samples were stored in airtight buckets in an air-conditioned laboratory with the temperature

around 22 <C for three to four months before the tests.

At the beginning of each test, 2100 g of litter sample was placed into the testing chamber
and was well mixed by hand. Then, a 100 g subsample was taken from the chamber for
analysis. The analyses of litter samples were conducted in the BAE Environmental Analysis
Laboratory at North Carolina State University. The analyses methods for the litter samples
are provided in Chapter 3. The ammonia emissions from the remaining 2000 g litter sample
in the chamber were measured simultaneously by the acid scrubber system and the
chemiluminescence ammonia analyzer. The testing time was in the range of 60 min to 82 h.

After each test, another 100 g subsample was taken from the chamber for the same analysis.

Figure 4-1 shows that the TN and TKN measurements of litter samples were closely
correlated. In the mass balance approach, the total nitrogen loss of the litter sample during
the testing period was estimated by comparing TN analysis results of the subsamples taken

before and after the test. In order to estimate the uncertainty of the TN results, six replicate
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analyses of the same litter sample were performed, and a standard deviation of 1816 g g’

1

was obtained, which was 4.2% of the average value of TN (42667 ug g™).
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Figure 4-1 TN and TKN measurements of litter samples.

Various amounts of water were uniformly sprinkled and incorporated into the 2100 g

litter samples so that the ammonia measuring technigues could be evaluated under various

levels of litter moisture content. Details of the litter sample moisture treatments are described

in Chapter 5, which reported the effects of litter moisture on ammonia emission.

4.2.3 Ammonia Concentration Measurements

After the litter sample was put into the chamber, the chamber was closed and the pump

started to draw air through chamber immediately. The initial ammonia concentration in the

chamber was close to zero, and the concentration began to increase quickly after the chamber

was closed. According to the preliminary tests using the chemiluminescence ammonia
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analyzer, the ammonia concentration in the chamber increased to the maximum value in less
than 10 minutes and then began to decrease gradually, which is supposedly due to nitrogen

depletion at the litter surface over time.
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Figure 4-2. Ammonia concentrations in the flux chamber in ten preliminary tests
(measured by the chemiluminescence ammonia analyzer).

Ammonia concentration in the dynamic flow-through chamber was simultaneously
measured by an acid scrubber system and a chemiluminescence ammonia analyzer at 15

minutes after the chamber was closed. Room temperature was kept at 22 <C during the tests.

4.2.4 Determination of Ammonia Emission Flux

The chemiluminescence ammonia analyzer provided ammonia concentrations in ppm.
Equation 4-1 was used to convert ammonia concentration (in ppm) to its mass concentration
(in g m™). Once the average mass concentration of ammonia in the chamber through each test

run was determined by either the ammonia analyzer or the acid scrubber, the average
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ammonia emission flux was calculated using Equation 4-2.

P

mass = ﬁ < Cppm x MW, 5 x 1073 1)
3600xC, . xQ
J NH3 —
A (4-2)

In which,

Chmass IS ammonia concentration, g m™;

P is air pressure, atm; (1 atm was used in this research)

R is ideal gas law constant, 0.082 L atm K™ mol™;

T is absolute temperature, K;

Cppm IS ammonia concentration, ppm;

MWyns is ammonia molecular weight, g mol™;

Jnns IS ammonia emission flux, g m?ht;

Q is airflow rate through the flux chamber system, m®s™;

A is surface area of the litter sample (same as the chamber footprint area; A = 0.126 m?).

A nitrogen mass balance approach was also used to estimate the nitrogen lost and to
evaluate the emission fluxes. Equation 4-3 is the basic mathematical model for this mass

balance approach is

loss — i f (4_3)
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Nioss IS l0ss of nitrogen in the litter sample during testing time, g;
N; is initial total nitrogen content in the litter sample at the beginning of the test, g;
N is final total nitrogen content in the litter sample at the end of the test, g.

The NH3 emission flux determined by the mass balance approach is

;. _ Npux(17/14)
NH3 Axt (4-4)

Where t is the testing time for each test run (h), and (17/14) is the molecular weight ratio
of NH3 to N. Fluxes from Equations 4-2 and 4-4 were used to compare fluxes derived by the
three methods (the chemiluminescence ammonia analyzer, the acid scrubber, and the

nitrogen mass balance).

Equations 4-5 and 4-6 were also used to calculate the losses of nitrogen in litter samples
to compare results from the basic mass balance approach (Equation 4-3) with the results from

the chemiluminescence ammonia analyzer and the acid scrubber:

Nloss =Jy xAxt (4-5)
14
In = I X =
17 (4-6)
In which,

Jnns 1S NH3 emission flux determined by the chemiluminescence ammonia analyzer or

the acid scrubber methods, g m* h™:;
J is nitrogen loss rate, g m* h;

t is testing time for each sample, h.
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4.3 RESULTS AND DISCUSSION

4.3.1 Comparison of Ammonia Concentration Measurements

Three sets of tests were conducted with litter samples at three different ages (one, two,
and four years). In each set of tests, ammonia concentrations from litter samples with various
moisture contents were measured using the chemiluminescence ammonia analyzer and the
acid scrubber simultaneously. The first set of tests included nine litter samples (litter age =
one year) with moisture contents in the range from 16.61% to 32.95%, and the testing time

was about 5 h per test.

The average chemiluminescence analyzer measurements were compared with the acid
scrubber measurements in the same testing period. It was found that the average
chemiluminescence analyzer measurements generally provided higher values. The ratios of
the average chemiluminescence analyzer measurements over the acid scrubber measurements
were in the range from 1.02 to 1.65. Comparison of the average ammonia concentrations
measured by the chemiluminescence analyzer and by the acid scrubber for the first set of

tests (litter age = one year) are shown in Table 4-1.
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Table 4-1. Comparison of the chemiluminescence analyzer and the acid scrubber
measurements for litter samples under various litter moisture content treatments (litter

age = one year).

[1] Acid Scrubber  [2] Chemiluminescence

Litter Moisture . [b] . [q] Ratio of
o lal Ammonia Conc. Ammonia Conc.

Content (m/m %) (bpm) (bpm) [2] to [1]
16.61 16.8 17.1 1.02
17.79 20.7 24.1 1.16
20.13 18.5 26.5 1.43
21.60 50.5 63.3 1.25
28.02 33.2 53.1 1.60
28.06 13.7 20.4 1.49
28.38 10.4 15.5 1.48
32.00 29.2 48.1 1.65
32.95 38.2 58.6 1.53

2l litter moisture contents were expressed on wet basis.
T Ammonia concentration measured by the acid scrubber (ppm).

[ Average ammonia concentration measured by the chemiluminescence analyzer
during the test period (ppm).

For the second set of tests, eight litter samples (litter age = two years) with moisture
contents in the range from 28.7% to 60.7% were tested. For the third set of tests, six litter
samples (litter age = four years) with moisture contents in the range from 23.2% to 40.5%
were tested. For both the second and third sets of tests, the testing time was set at 60 min.
Since some of these aged litter samples had ammonia concentrations higher than 100 ppm,

which is the full-scale reading of the chemiluminescence analyzer, the sample air was diluted
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with an improvised dilution system before entering the analyzer. The dilution ratio was
calibrated using standard ammonia gas (400 ppm, £2%, National Specialty Gases). For the
second set of tests (litter age = two years), a dilution ratio of 6.86 was applied. For the third
set of tests (litter age = four years), a dilution ratio of 12.86 was applied. Three replicate

measurements were taken for each litter sample and the average values were recorded.

Figure 4-3 shows a comparison of the chemiluminescence analyzer and the acid scrubber
measurements for all three sets of tests. A linear regression line was developed between the
chemiluminescence analyzer measurements and the acid scrubber measurements. It was
observed that the ammonia concentrations measured by the chemiluminescence analyzer

were constantly higher than those measured by the acid scrubber.
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Figure 4-3. Relationship between average measurements by the chemiluminescence
analyzer and the acid scrubber.
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Ratios of the average chemiluminescence analyzer measurements over the acid scrubber
measurements for all the litter samples are plotted against litter moisture contents in Figure 4-
4. It can be seen that the ratios of the average chemiluminescence analyzer measurements
over the acid scrubber measurements were higher when litter moisture contents were higher.
An analysis of variance (ANOVA) using SAS procedures was conducted to evaluate this
effect of litter moisture content on the differences in average ammonia concentration
measurements between these two methods. The three sets of tests (at three litter ages) were
treated as three blocks. A p-value of 0.0104 was obtained for the effect of litter moisture
content on the ratios of the average chemiluminescence analyzer measurements over the acid
scrubber measurements. The result indicated that litter moisture content may contribute to the
overestimation of ammonia concentrations by the chemiluminescence analyzer. Further

investigation is needed to find the reason behind this effect.
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Figure 4-4. Ratios of the average chemiluminescence analyzer measurements over the
acid scrubber measurements.
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4.3.2 Comparison of Ammonia Emission Fluxes

The mass balance approach was recommended to estimate ammonia emissions from AFO
houses by the National Research Council (NRC, 2003). In the mass balance model, the total
nitrogen inputs and outputs of a broiler house are quantified, and the difference between the
inputs and outputs is assumed to be volatilized nitrogen. This method does not distinguish
among losses of N as NH3, N, or NOy. However, it can provide an estimation of the upper

limits of ammonia emissions fluxes.

In the first set of tests (nine litter samples with an age of one year), Equations 4-1 through
4-6 were used to determine ammonia emission fluxes using the three techniques. The total
nitrogen losses from the litter samples during each test were calculated using Equations 4-5
and 4-6. The testing time was about 5 h, and the chamber airflow rate was set at 39.8 L min™.
In the fourth set of tests, nine new litter samples (litter age of less than one year) were tested
under a higher chamber airflow rate (74.0 L min™) and longer testing time (up to 82 h). No
acid scrubber was used in the fourth set of tests. Figure 4-5 summarizes the comparison of
ammonia emission fluxes derived using different techniques (three techniques in set 1, and

two techniques in set 4).
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Figure 4-5. Comparisons of ammonia emission fluxes derived using different techniques
(Sample ID 1-1 to 1-9 are used to represent the nine samples in set 1, and sample ID 4-1
to 4-9 are used represent the nine samples in set 4)

As can be seen in Figure 4-5, for nine samples out of the 18 that were tested, the
ammonia emission fluxes estimated with the mass balance approach were greater than those
estimated from the chemiluminescence analyzer or the acid scrubber measurements. It is
suspected that nitrification and denitrification processes may have caused the overestimation
of NHj3 fluxes. Further study is needed to quantify other nitrogen losses in order to improve
the accuracy of estimating NH3 fluxes with the mass balance approach. Six negative values
were obtained with the mass balance approach; in Figure 4-5, the negative values are treated
as zero. The ammonia emission fluxes estimated from the chemiluminescence analyzer
measurements were in the range of 104 to 1137 mg N h™* m, which suggested losses of

0.37% to 11.54% of the original total nitrogen content in the litter samples through the tests.
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Considering the uncertainty of the TN analysis (standard deviation was 4.2% of the average
value), it is believed that the low nitrogen losses during the testing period were the main
cause of the great uncertainties in ammonia emission fluxes estimated by the mass balance

approach.

The relative errors in ammonia flux estimation by the nitrogen mass balance approach
and by the chemiluminescence analyzer measurements are defined by Equation 4-7. In
Figure 4-6, these relative errors are plotted against the percentage of total nitrogen losses in

the litter samples as estimated from the chemiluminescence analyzer measurements.

RE = sz) x100
I (4-7)

Where,
RE is relative error, %;
J; is ammonia fluxes estimated by the nitrogen mass balance approach, mgN h™ m?;

J; iIs ammonia fluxes estimated by the chemiluminescence analyzer measurements, mgN

h'm?.
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Figure 4-6. Relative errors between ammonia fluxes estimated by the nitrogen mass
balance approach and by the chemiluminescence analyzer measurements.

As shown in Figure 4-6, when the percentage of total nitrogen losses in litter samples
estimated from the chemiluminescence analyzer measurements was less than 2%, the relative
errors between ammonia fluxes estimated by the nitrogen mass balance approach and by the
chemiluminescence analyzer measurements can be as high as 1600%. As the percentage of
total nitrogen losses increases, the relative errors decrease. For the test with 11.54% nitrogen

losses (with a testing time as long as 82 h), the relative error was reduced to 18%.
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4.4 CONCLUSION

Three techniques (chemiluminescence ammonia analyzer, acid scrubber, and nitrogen
mass balance) were evaluated to estimate ammonia emissions from broiler litter in a dynamic
flow-through chamber. The standard wet laboratory analysis with an acid scrubber system is
believed to be the most accurate method, but it is usually only able to provide measurements
of average concentrations over a relatively long period of time. The chemiluminescence
ammonia analyzer is able to measure ammonia concentrations continuously over time.
However, experimental results indicated that the chemiluminescence analyzer measurements
tended to overestimate ammonia concentrations compared with the acid scrubber
measurements, especially when the litter moisture content was high. Through statistical
analysis, a p-value of 0.0104 was obtained for the effect of litter moisture content on the
ratios of the average chemiluminescence analyzer measurements over the acid scrubber
measurements. Further research is needed to find how and why moisture content may

contribute to the overestimation of ammonia by the chemiluminescence analyzer.

Considerable uncertainties in ammonia emission flux estimation were observed for the
mass balance approach, especially when the percentage of total nitrogen losses in the litter
samples was small (less than 2%). In order to apply the mass balance approach to estimate
ammonia emissions and to achieve acceptable accuracy, a longer testing period (more than
80 h) is needed under the observed ammonia emission level (104 to 1137 mg N h™* m®), and
more effort is needed to reduce the uncertainties associated with sampling and analyzing
litter nitrogen content.
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5. EFFECT OF MOISTURE CONTENT ON AMMONIA EMISSIONS

This chapter reports the experimental study to investigate the responses of ammonia
emissions to litter moisture content using dynamic flow-through chamber system under
laboratory-controlled conditions. It was observed that litter moisture content has a great
impact on ammonia emissions from litter. As litter moisture content increased, the total
ammoniacal nitrogen content (TAN) in the litter increased, which could potentially increase
ammonia emissions. However, measurements of ammonia concentrations in the chamber and
total nitrogen losses from litter samples all suggested that water applied to the litter also had
an effect of suppressing ammonia emissions for a short time. After enough time (one to two
weeks) was allowed, higher moisture content in litter eventually resulted in higher ammonia
emissions. It was also noticed that, at very high litter moisture content, even when more time
was allowed, ammonia concentrations began to decrease as moisture content further

increased.

5.1 RESEARCH OBJECTIVE

As stated in Chapter 2, litter moisture content is one of the important factors that may
influence ammonia emissions from broiler litter. However, the comprehensive effect of litter
moisture content is complex and still not well known. This chapter investigated the effect of
litter moisture content under laboratory-controlled conditions. Understanding of the effect of
litter moisture content will be helpful in improving management practices (e.g. litter
management, drinker systems, and ventilation systems) and may contribute to practical and
cost effective strategies to mitigate ammonia emissions from broiler houses. The ultimate
goal is to develop an emission model that combines the effects of temperature, air exchange

rate, pH, litter nitrogen content, and litter moisture content.
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5.2 METHODOLOGY

5.2.1 Experimental Setup

In order to quantify and compare ammonia emissions from broiler litter with various
moisture contents, the dynamic flow-through chamber system was used for measurements of
ammonia emissions from broiler litter under various moisture conditions. Design and
construction details of the chamber system are given in Chapter 3. The ventilation rates of the
chamber (airflow rate through the chamber) in this study were set at 9.8 L min™, which
caused residence time of air in the chamber to be 306 s. The speed of the stirring impeller

was kept at 110 revolutions per minute (rpm).

5.2.2 Litter Samples and Moisture Treatments

Litter samples from two commercial broiler farms in North Carolina were tested in this
study. The five litter samples were labeled as litter A, B, C, D and E. The two farms use
different units for defining the age of litter. Litter A, B, and E were from the same farm with
ages of two-year, four-year, and one-year, respectively. Litter C and D were from the other
farm with ages of eight-flocks and twelve-flocks respectively. The analyses of litter samples
were conducted in the BAE Environmental Analysis Laboratory at North Carolina State

University. The analyses methods for the litter samples are provided in Chapter 3.

A known amount of water was applied by uniformly sprinkling and incorporating into the
litter to achieve various desired levels of moisture content. All litter moisture contents were
expressed on a wet basis by mass in this study. During the test, the moisture content of
untreated litter was measured using the standard moisture content measurement method by
comparing litter weight before and after oven drying (103°C-105°C). The moisture content of
litter that had been treated with water was calculated from the original untreated litter

moisture content and the amount of water added using the following equation.
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MC1 = (MCo>W LittertWh20)! (WlLittert WH20) (5-1)

Where MC; is the moisture content of the litter that has been treated with water; MC is
the original untreated litter moisture content that measured by standard moisture content

measurement; W\ wer IS Weight of litter; and W0 is weight of water added.

An ECH20 moisture sensor (EC5) was used in each chamber to continuously monitor
litter moisture contents during the tests. The ECH20 moisture sensor was calibrated at eight
moisture levels using the standard moisture content measurement method by comparing litter
weight before and after oven drying. The calibration line has an R-squared of 0.9789. The
reading of ECH20 moisture sensor showed very good agreement with the calculated

moisture content.

5.2.3 Measurement of Ammonia Concentrations in the Chamber

Three identical chamber systems were built to ensure at least three replicates for each
treatment (moisture level) with each experimental run of one hour or so. Room temperatures
were kept at 22°C during the tests. Ammonia concentration in each chamber was measured

by a boric acid scrubber.

5.2.4 Measurement of Nitrogen Loss of Litter Samples

An alternative method to estimate ammonia emissions from litter involves measuring the
nitrogen losses of litter samples after they are exposed to air for a certain amount of time.
The total nitrogen losses from litter samples at various moisture levels were determined
through analysis of litter samples, and the losses were compared with each other to

investigate the effects of litter moisture content.
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5.3 RESULTS AND DISCUSSIONS

5.3.1 Effect of Added Water over a Short Period of Time

Four types of pine shaving litter samples (labeled as litter A, B, C and D) were tested in
the dynamic flow-through chamber to study the relationships between ammonia
concentrations and litter moisture contents. Water was gradually applied to the litter samples
to achieve desired moisture contents, and then ammonia concentrations in the chambers were
measured at various moisture contents. All the ammonia measurements were taken within

two days after water was applied into the litter.

As indicated in Figure 5-1, ammonia concentrations in all four litter samples decreased as
litter moisture contents increased. The water applied to the litter obviously suppressed
ammonia emissions in the short time range of the experiments (two days). It is believed that
the decrease of gas ammonia concentration over a short period of time was mainly due to the

dissolving of gas phase ammonia into the added water.
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Figure 5-1. Average ammonia concentrations vs. litter moisture content
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5.3.2 EFFECT OF LITTER MOISTURE CONTENTS OVER TIME

Water applied to the litter may affect ammonia emissions through various processes in
the litter, such as generation of ammonia in the litter as well as mass transfer of ammonia
within the litter and from the litter to the air. It was found that time played an important role
for the comprehensive effect of the added water. It may take some time for all the effects to
be observed. Litter A had a moisture content of 22.8% when no water was applied, and the
corresponding ammonia concentration in the chamber was 102 ppm. Right after water was
applied and the moisture content of litter A increased to 46.8%, the corresponding ammonia
concentration in the chamber was reduced to 6 ppm (Figure 5-1). However, when the
ammonia concentration was measured one week after water was applied, the corresponding
ammonia concentration in the chamber for litter A with the same moisture content (46.8%)
was found to increase to 91 ppm. Litter E was tested in the dynamic flow-through chamber
for a time range of 25 days. As days went by, water was gradually added into the litter to
achieve increasing moisture content. The resulting moisture contents and the corresponding
average ammonia concentrations on each day are plotted in Figure 5-2. It was found that
when the ammonia measurements were taken within five days after water was applied into
the litter, ammonia concentrations decreased as litter moisture contents increased, which was
consistent with what has been reported in previous section of this paper. However, after five
days, ammonia concentrations began to increase as moisture contents increased. At day 1, the
average ammonia concentration was only 92.9 ppm with litter moisture content of 20.4%. At
day 15, the average ammonia concentration reached the highest value, 192.8ppm, with a litter
moisture content of 32.9%. It suggested that water applied to litter had an effect of
suppressing ammonia emissions in the short term; however, after a longer time, higher
moisture contents in litter eventually resulted in higher ammonia emissions. As stated in
chapter 2, litter moisture content will affect the conversion rate of uric acid to ammonium-N.
As litter moisture content increases, the total ammoniacal nitrogen content (TAN) in the litter

will increase, therefore eventually increasing ammonia emissions.

It was also noted that when litter moisture contents were 35.1% or higher, even after a

72



long time, ammonia concentrations began to decrease as moisture contents further increased.
The decrease in ammonia concentrations at high moisture levels has also been reported by
Carr et al.(1990), Valentine (1964), and Schefferle (1965). Schefferle (1965) found aerobic
bacteria were primarily responsible for uric acid decomposition. It is suspected that at high
moisture levels, litter becomes anaerobic thus suppressing ammonia release (Carr et al.,

1990).

Litter moisture content
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Figure 5-2. Average ammonia concentrations from litter E over time (Each data point is
an average of three replicates)

5.3.3 TAN Contents in Litter vs. Ammonia Emissions

Before water was applied to the litter samples, the total nitrogen contents, TAN contents,
moisture contents, and pH values of the five litter samples were analyzed as listed in Table 5-

1, together with the average ammonia concentration measurements in the chambers for each
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of the litter samples. The ratios of TAN content to total nitrogen content were in the range of

5.4% to 14.54% in the five litter samples. It was obvious that the measured ammonia

concentrations were positively related with the TAN content in litter. As shown in Figure 5-

3, higher TAN contents in litter tend to have higher ammonia concentrations.

Table 5-1. TAN content and ammonia emissions

] TAN Litter Average NH;
Total nitrogen ) ) _
) _ contentin  moisture concentration
Litter Farm content In ) pH )
_ 1 litter content in chamber
litter (Mg g™) 1
(log?)  (wiw, %) (Ppm)
E (1-year) 1 25020 1980 19.8% 8.48 95.8
A (2-year) 1 30200 1630 22.8% 8.43 102.0
B (4-year) 1 42000 6108 23.2% 8.00 449.9
C (8-flocks) 2 43000 4070 15.9% 7.73 290.6
D (12-flocks) 2 46100 4280 16.1% 7.34 144.5
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Figure 5-3. Ammonia concentrations vs. TAN contents in the litter samples

5.3.4 Effect of Litter Moisture Contents on TAN Contents

Eight sub-samples of litter A were treated with water to achieve eight various moisture

levels from 22.6% to 48.9%. Each of these sub-samples was analyzed for TN, TAN, etc. The

ratios of TAN contents to total nitrogen contents at the eight moisture levels for litter A were

plotted in Figure 5-4. It was obvious that the TAN contents in litter increased with the litter

moisture contents. Therefore, water applied to litter can potentially increase ammonia

emissions.
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Figure 5-4. TAN contents in litter vs. litter moisture contents (litter A)

5.3.5 Nitrogen Losses from Litter Samples

An alternative method to estimate ammonia emissions from litter is by measuring the
nitrogen losses from litter samples. The eight sub-samples of litter A with various moisture
levels from 22.6% to 48.9% were put into eight identical uncovered Petri dishes and were
allowed to release ammonia for two weeks. After two weeks of ammonia volatilization, each
of these sub-samples was analyzed for nitrogen content again. By comparing the litter
nitrogen content before and after ammonia volatilization, the nitrogen losses of litter samples
at eight moisture levels in these two weeks were obtained. The results are shown in Figure 5-

5. It was found that the litter sub-sample that was not treated with water (moisture content
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was 22.6%) had the highest nitrogen loss. And the litter sub-samples that were treated with
largest amount of water (moisture contents were 38.2% and 48.9%) had the lowest nitrogen
losses. These results are consistent with what has been reported in previous sections, which
indicated that water applied to the litter had an effect of suppressing ammonia emissions in a
short time range. Although increased litter moisture contents resulted in increased TAN
contents in litter as was discussed in the previous section, it did not necessarily result in

increased ammonia emissions in the time range of the experiments (within two weeks).
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Figure 5-5. Nitrogen losses of litter samples vs. litter moisture contents (litter A)
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5.4 CONCLUSION

Ammonia emissions from broiler litter samples were tested at various litter moisture
contents under laboratory-controlled conditions. It was observed that ammonia emissions
were very sensitive to litter moisture content. Water applied to the litter may affect ammonia
emissions through various processes in the litter, such as generation of ammonia within the
litter as well as mass transfer of ammonia in the litter and from the litter to the air. It was
found that time played an important role for the comprehensive effect of the added water. As
water was added to the litter, the TAN contents in litter increased, which could potentially
increase ammonia emissions. However, measurements of ammonia concentrations in the
chamber and nitrogen loss in the litter all suggested that water applied to the litter also had an
effect of suppressing ammonia emissions in the beginning for a short time. After enough time
(one to two weeks) elapsed, higher moisture contents in litter eventually resulted in higher
ammonia emissions. It was also noted that at very high litter moisture contents, even when
more time was allowed, ammonia concentrations began to decrease as moisture contents

further increased.
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6. MODELING AMMONIA EMISSIONS FROM BROILER LITTER AT LABORATORY

SCALE

This chapter describes the main body of the emission model. In the reported model, the
ammonia flux is essentially a function of litter total ammoniacal nitrogen (TAN) content,
moisture content, pH, temperature, the Freundlich partition coefficient (Ky), the mass transfer
coefficient (Kg), the ventilation rate (Q) and the emission surface area (A). The Freundlich
partition coefficient (Ks) was used as a fitting parameter in the model. Both the dynamic
flow-through chamber system and the wind tunnel were utilized to measure ammonia fluxes
from broiler litter. The dynamic flow-through chamber experiments evaluated the reported
model with various litter samples under constant temperature and wind profile. The wind
tunnel experiments evaluated the reported model under various temperatures and wind
profiles. Model parameters such as K¢ and Kg were estimated. The results from the two
studies were consistent with each other. The estimated K¢ ranged from 1.11 to 27.64 m/h,
and the estimated K;ranged from 0.56 to 4.48 L/kg. A regression sub-model was developed
to estimate Kras function of litter pH and temperature, which indicates that Kyincreases with
increasing litter pH and decrease with increasing temperature. The reported model was used
to estimate the equilibrium gas phase ammonia concentration Cy, o in litter and compared
with the observed values. The normalized mean error (NME), the normalized mean square
error (NMSE) and fractional bias (FB) were calculated to be 25%, 12% and -0.3%
respectively for all the 94 measurements, and the model was able to reproduce 79.86% of the
variability of the data. Sensitivity analysis of the model showed that ammonia flux is very
sensitive to litter pH followed by temperature, and the relative sensitivity of pH or

temperature increases as pH or temperature increases.
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6.1 RESEARCH OBJECTIVE

The objective of this study was to develop a mechanistic emission model to estimate

ammonia flux from broiler litter, and to evaluate the model at laboratory scale.

6.2 MODEL DEVELOPMENT

6.2.1 The general mass transfer flux equation

The extensive review provided by Ni (1999) suggested a common structure for most
ammonia emission models. Although different theories of mass transfer have been used in
ammonia emission models, the resulting mass transfer equations tend to be in a form similar
to Equation 2-14 in Chapter 2. In broiler houses, considering the fact that broiler chickens
generate new manure on the litter surface and chicken activity stirs the litter continuously, it
is reasonable to accept the assumption that the ammonia concentration in surface litter is
uniformly distributed, and the transfer in the gas phase controls the whole transfer process.
For ammonia emission from litter in a broiler house, the general mass transfer flux equation

can be expressed as
J=Kg (Cg0—Cyg ) (6-1)
In which,
J is ammonia emission flux, mg m?2h?;
Kg is overall mass transfer coefficient in gas phase, m h:

Cq, 0 Is gas phase ammonia concentration in equilibrium with dissolved ammonia in litter,

mg m3;

C,, » Is gas phase ammonia concentration in the free air stream in broiler house, mg m=.
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Mass transfer coefficients reported for ammonia emission models vary widely. The

variation is partly due to the physical characteristics of the mass transport process, such as air

flow velocity and flow pattern, and partly due to the cumulative effect of various assumed

values for the Henry’s and dissociation constants used in different models (Montes, 2008).

By using the equilibrium gas phase ammonia concentration in Equation 6-1, the chemical

equilibrium part of the process is isolated into Cg o, and Kg in Equation 6-1 only reflects the

physical characteristics of the mass transport process.

Assuming that the ammonia concentration in the air that entering the house are negligible

comparing with the ammonia concentration inside the house, from mass balance, the

ammonia emission flux J can also be obtained from the following equation:

as

J=(QIA) Cy (6-2)
In which,

Q is ventilation rate of the broiler house, m* h;

A is emission surface area of litter, m?.

Combining Equations 6-1 and 6-2, the following equation is obtained,

(Q/A) Cg, o = KG (C91 0— Cg, oo) (6-3)
So,
Ce 0 = Ko (Ke + Q/A)* Cq 0 (6-4)

Combining Equation 6-4 into Equation 6-2, the core emission flux model can be obtained

J=((QIA)*+Ks )™ Cyo (6-5)

Defining the overall emission coefficient K
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Ke=[(Q/A)" + Ke ™1™ (6-6)
Then the emission flux J can be expressed as
J=Ke X Cqy 0 (6-7)

The overall emission coefficient K¢ has units of velocity, and it is determined by the mass
transfer coefficient Kg and the Q/A ratio as shown in Equation 6-6. Influence of the relative

magnitude of Q/A and Kg values on K is summarized in Table 6-1.

Table 6-1. Influence of the relative magnitude of Q/A and Kg value on K,

Example
Ke Ceo J condition
When Q/A >> Kg Ke= Kg Co =0 J=KgXCy o Open field

When Q/A << Kg Ke= Q/A Cq = Cy, 0; J=Q/AXCy o Closed house

In the core emission flux model (Equation 6-5), the ammonia flux is a function of the
mass transfer coefficient Kg, the gas phase ammonia concentration in equilibrium with
dissolved ammonia in litter (Cgq o), the ventilation rate (Q) and the emission surface area (A).
To estimate the ammonia flux, the most important task is to determine Cgy oand K.
Determination of K is largely empirical. The reported values of these coefficients vary
widely, ranging from 0.005 to 42 m/h (Ni, 1999). Review of the existing ammonia emission
models showed that the mass transfer coefficients were usually calculated as a function of air
velocity and temperature (Ni, 1999; Zhang, 1992). Sometimes surface roughness, air density
and air viscosity were also considered. Determination of Cq ¢ is more complex, and a sub-

model was developed for it.
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6.2.2 Sub-model of the equilibrium gas phase ammonia concentration (Cgy o)

The value of Cy o depends on the equilibrium between gas phase ammonia and the total
ammoniacal nitrogen (TAN) content in the litter. Because of litter moisture content, TAN in
litter partitions into the adsorbed and dissolved phases. Dissolved ammonia in litter can exist
in the form of ammonium ions (NH,") and free ammonia (NHs), and adsorbed ammonia is
mainly in the form of NH,4". The processes related to ammonia emissions from broiler litter

are illustrated in Chapter 2, Figure 2-1.
Using mass balance, TAN mass in litter can be expressed as:
[TAN] = Adsorbed NH,"-N + dissolved NH3z-N + dissolved NH,"-N (6-8)

Where [TAN] is the TAN content in litter on a dry basis (g g™).The NH," in the
dissolved phase and adsorbed phase are in equilibrium. The Freundlich isotherm is widely
used for NH," partitioning between solid phase and aqueous phase (Bolt, 1976). It may be
expressed as:

Adsorbed NH,*-N = K< [NH4*-N]"/1000 (6-9)

Where adsorbed NH;*-N is expressed on a dry basis (ug g™), Ky is the Freundlich
partition coefficient (L kg™), and [NH,"-N], is the concentration of dissolved phase NH,*-N
(ug L™).For solutions with low concentrations, the Freundlich isotherm can be simplified to a
linear isotherm by setting 1/n in equation equal to one. In the linear isotherm the parameter
K (L kg™ is expressed by the ratio between the adsorbed NH4*-N on the solid (g g™*) and
the dissolved phase NH4*-N concentration in liquid (ug L™).

The dissolved phase NH3-N and NH4*-N in litter are in aqueous equilibrium. The ratio of

[NH,"-N]; / [NH3-N]; is determined by the pH value and the dissociation constant Kgo.

[NH,*-N], / [NH3-N], = 107" /K (6-10)
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Where [NH3-N], is the concentration of dissolved phase NH3-N (ug LY, and Ky is the

dissociation constant in water (dimensionless).

Combining Equations 6-8, 6-9, 6-10, and using a linear isotherm, the following model

can be obtained to estimate the concentration of dissolved phase NH3-N in litter:
[NH5-N]; = 1000 X [TAN]/ {K;X 10™" /Kgo + MC X (1+ 10" /K o) /prao} (6-11)

Where MC is the moisture content of litter on a dry basis (w/w %), and pu20 IS the
density of water (kg L™).During the ammonia release process, only free ammonia can be
released into air stream. The fraction of free ammonia nitrogen over TAN can be calculated
using the following equation.

__dissolved NH3—N 1

TAN L PH20
L+ —(1+K 20

F. (6-12)

Where F. is the corrected fraction of free ammonia nitrogen over TAN (dimensionless)

In Equation 6-12, it can be seen that introducing K¢ reduces the fraction of free ammonia
nitrogen over TAN in litter as compared with that in water.

The dissociation constant in water solution Ky is a function of temperature (K). It can be
expressed with the following semi-empirical equation (Kamin et al., 1979). At 25°C, Kg =
1073,

Log Kgo = — 0.0918 — 2729.92/T (6-13)

As stated in Chapter 2, the dissociation constant in manure Kq was often expressed by
multiplying Kgo with a ratio o that incorporates the effect of solids and ions. Therefore, the
fraction of free ammonia nitrogen over TAN in manure was calculated using the following

equation.
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1
10~PH
1+ «Kqo

F. = (6-14)

Comparing Equations 6-12 and 6-14, it can be seen that in this sub-model, a is related

with K¢ and litter moisture content, and it can be calculated by:

a=(1+K; ‘E;—g)—l (6-15)

[TAN], MC, and pH are all measurable variables. Once [NH3-N], is determined using

Equation 6-11. The gas phase ammonia concentration in equilibrium with dissolved ammonia

in litter (Cy, o) can be estimated from [NH3-N], and Henry’s constant (Kp).
Kn = [NH3-N]i / (14/17>Cy, o) (6-16)

The equation of Hales and Drewes (1979) was used in the sub-model. It calculated K in

non-dimensional form as function of temperature (K).
Log Ky =—1.69 + 1477.7/T (6-17)

In summary, Cgy, o can be estimated from [TAN], MC and pH of litter material using a

sub-model described in Equations 6-11through 6-17.

6.3 EXPERIMENTAL METHODS

The dynamic flow-through chamber system and the wind tunnel were used to measure

ammonia emissions from broiler litter and to evaluate the model performance.

6.3.1 Dynamic flow-through chamber
Design and construction details of the chamber system are given in Chapter 3.

Litter samples were placed on the chamber bottom to a depth of about 0.025 m.
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Ammonia emission fluxes at steady state from the litter were measured under various

ventilation rates (airflow rates through the chamber) from 8.3 to 40.9 min™.
The general mass transfer flux equation can be rearranged as:
Cg, 0 — Cg’ 0~ (1/KG) J (6'18)

The speed (RPM) of the stirring impeller in the chamber was set at 110 rpm, and the
room temperature was kept at 22<C. Assuming that the mass transfer coefficient (Kg) is
constant, the concentration of gas phase ammonia in the chamber (Cg, ) and the ammonia
emission flux (J) should have a negative linear relationship. The values of measured Cyg, .
versus J were plotted, and a linear regression was performed. The slope of the regression line
provided the estimated value of (-1/Kg), from which Kg was calculated. Once Kg was
determined, Cgy, o was obtained from the measured ammonia flux. The Cg, ¢ values for ten
different litter samples were obtained at T = 22<C. For each litter sample, three replicate

measurements were taken.

6.3.2 The Wind tunnel
Design and construction details of the wind tunnel are given in Chapter 3.

In the wind tunnel experiments, Cq o Was obtained by measuring the equilibrium
concentration of gas phase ammonia at the litter surface directly, in absence of air exchange,
by closing the wind tunnel and allowing zero airflow. Since values of Cqo were usually
higher than 100 ppm, which was the full-scale reading of the chemiluminescence ammonia
analyzer; a dilution system was fabricated and employed upstream of the analyzer. The
dilution ratio was calibrated using standard ammonia gas (400 ppm, £2%, National Specialty
Gases, Durham, N.C.). The dilution ratio was determined to be 15.18 with a standard
deviation of 0.62 (n = 10). In order to investigate the influence of temperature, the Cgy o was
measured at various temperatures. Two litter samples with different TAN and moisture

contents were tested. Ammonia fluxes (J) in the wind tunnel were measured at various
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combinations of air velocities and air temperatures. After J and Cg4 o were determined, the
mass transfer coefficient (Kg) was calculated using the core emission flux equation (Equation
6-1).

6.3.3 Litter samples

Litter samples were taken from multiple locations of a broiler farm in North Carolina
during the clean-out period. The litter material consisted of wood shavings. Each of the litter
samples were well mixed together before tests. For each test, sub-samples of litter were taken
from the same well-mixed litter sample and put into the chamber or the emission section
inside the wind tunnel to make a constant ammonia emission sources. The analyses of litter
samples were conducted in the BAE Environmental Analysis Laboratory at North Carolina

State University. The analyses methods for the litter samples are provided in Chapter 3.

6.3.4 Model evaluation parameters

Normalized mean error (NME), normalized mean square error (NMSE), and fractional

bias (FB) were calculated to evaluate the performance of the model:

NME = X|Cpi - Cail/ZCoi (6-19)
NMSE = 2(Cpi - Coi)/(n Cy Co) (6-20)
FB = 2(Cp - Co)/(Cp + Co) (6-21)
Where,

Cpi is model-predicted value of Cyo, mg m™;
Coi is observed value of Cyqp, mg m?;

n is number of corresponding pairs of observed and predicted values.
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Cp is mean predicted value of Cyo, mg m™;

C, is mean observed value of C4o, mg m=.

6.3.5 Sensitivity analysis

In order to assess the relative importance of critical parameters, a sensitivity analysis was
performed to evaluate the relative changes in model-predicted ammonia flux with respect to
changes in the model input variables, such as litter TAN content, moisture content, pH,
temperature, Ky, and Kg. Although some variables are not totally independent of each other
(such as K¢ vs. temperature), only the variable of interest was changed in the sensitivity
analysis. The relative sensitivity indicates the percent change in flux for each percent change
in the input variable in the range being considered. It was calculated using the method
described by Zerihun et al. (1996) and Liang et al. (2002) and is defined as:

Sr = (AJI)I(AX/X) (6-22)
Where,

Sy is relative sensitivity, dimensionless;

Al is change of ammonia emission flux, mg h™ m;

J is ammonia emission flux when all variables using baseline values, mg h™ m?;
AXx is change of the variable of interest over the range being considered;

X is baseline value of the variable of interest.
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6.4 RESULTS AND DISCUSSIONS

6.4.1 Cyp of different litter samples at constant temperature

In the dynamic flow-through chamber experiments, it was observed that as ventilation
rate increased, the concentration of gas phase ammonia in the chamber (C, ), decreased,

while the ammonia flux (J) increased (Figure 6-1).
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Figure 6-1. Flux and concentration vs. flow rate

The values of measured C, ., versus J were plotted and a linear regression was performed
(Figure 6-2). The slope was estimated to be -0.1233 with a standard deviation of 0.027. An
average value of 8.11 m h™* was obtained for K¢. The average value of Cgy, o for each litter
sample and corresponding litter properties are presented in Table 6-2, in which TAN and

litter moisture contents were expressed on a dry basis.
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Figure 6-2. Cgy -, vs. emission flux J

Table 6-2. Cg, o for various litter samples (T=22 °C)

Litter sample 1 Moisture 3 :

No. TAN (Lg g7) pH (\(,:\?/Cf% Cgo(Mmgm™)  Kgratio a
1 3787 8.90 33.4 162.7 0.069
2 1751 9.02 29.6 118.6 0.074
3 3961 7.59 35.1 27.2 0.232
4 2605 8.72 21.8 142.9 0.087
5 4650 8.14 21.7 86.3 0.110
6 3405 7.45 28.1 13.2 0.144
7 4607 7.79 36.9 81.0 0.399
8 3033 8.13 32.9 63.7 0.194
9 4795 6.26 22.9 1.1 0.109
10 1908 8.81 34.4 133.6 0.146
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Applying Henry’s law (Equation 6-15), the concentrations of dissolved phase NH3-N in
litter were estimated to be in the range of 1.9 to 278 mg L. The dissociation constant (Kq)
was estimated and compared with that in water. The Ky ratio o was calculated and the results
are listed in Table 6-2. The estimated Ky ratio o has an average value of 0.157 with standard
deviation of 0.095, which is comparable with one-sixth as reported by Hashimoto and
Ludington (1971) and one-fifth as reported by Zhang (1992) in their study of chicken and pig
manure. It was also noticed that the Kq ratio a was positively related with litter moisture

content as shown in Figure 6-3, which is expected from Equation 6-15.
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Figure 6-3. The K4 ratio a vs. litter moisture content

Griffin et al. (1976) reported that K;of ammonia in Montmorillonite sand was 0.24 to
2.00 L kg™. Freewood et al. (2001) reported that K;of ammonia in Colliery spoil was 0.6 to
19.3 L kg™. No values of K; have been reported for broiler litter in the available literature.
Therefore, Krwas used as a fitting parameter. The K; value can be estimated using Equation
6-15. The estimated Ky value is in fact a lumped parameter accounting for all the effects

(solid adsorption, ionic interaction, etc.) that contribute to the deviation of K4 from that of
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water. The K;of ammonia in litter was estimated to have an average value of 2.11 L kg™ for

the nine tested litter samples. The result of the litter sample which has a pH value of 6.26 was
omitted because of its” unrealistically low pH value.

The distribution of TAN content of the tested ten samples was calculated and the results
were illustrated in Figure 6-4. It was estimated that the dissolved phase NH3-N was only

0.01% to 4.11% of TAN in litter, and the adsorbed phase NH;"-N was 59.5% to 90.8% of
TAN in litter.
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Figure 6-4. Estimated distribution of TAN content of the tested ten litter samples

The Cy, o can then be calculated using the sub-model described in Equations 6-11 through
6-17 and the estimated average Ks value (2.11 L kg™). The model predicted values of Cq 0
were compared with the observed values in Figure 6-5. It can be seen that the sub-model was
able to simulate Cgy, ¢ as function of pH. It has also been observed that the Ksof ammonia in
litter was positively related with litter pH value as shown in Figure 6-6. The effect of pH on
Kt may explain why the sub-model tends to overestimate Cg, o at higher pH values when
using a constant K (2.11 L kg™) as shown in Figure 6-5.
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Figure 6-6. K¢ vs. pH
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6.4.2 Cypat various temperatures

In the wind tunnel experiments, two litter samples were tested at various temperatures.
Properties of the two litter samples are listed in Table 6-3, in which TAN and litter moisture

contents are expressed on a dry basis.

Table 6-3. Properties of the two litter samples

Moisture content

. -1

Litter sample label TAN (Lo 9™) pH (Wiw, %)
A 4501 8.49 29.8
B 9176 8.62 56.7

Thirty measurements were taken for litter A at various temperatures from 8.2 °C to 27.2
°C. The estimated Kq ratio o has an average value of 0.145 with standard deviation of 0.032
for litter A. An average value of 1.87 L kg™ was obtained for Ky, with a standard deviation of
0.52 L kg™.

Fifty four measurements were taken for litter B at various temperatures from 8.4 °C to
30.0 °C. The estimated K4 ratio o has an average value of 0.192 with standard deviation of
0.075 for litter B, and an average value of 2.15 L kg™ was obtained for Ky, with a standard
deviation of 0.99 L kg™.

The Cy, o can then be calculated using the sub-model described in Equations 6-11 through
6-17 and the estimated average Ky value for each litter sample. The model predicted values
of Cq, gare compared with the observed values in Figure 6-7 and Figure 6-8. It can be seen
that the sub-model was able to simulate Cg, ¢ as function of temperature. It has also been
observed that K has a tendency to decrease with increasing temperature for both litter A and
B as shown in Figure 6-9 and Figure 6-10. The effect of temperature on K¢ may explain why
the sub-model tends to underestimate Cg, o at higher temperatures when using a constant Ks
as shown in Figure 6-7 and Figure 6-8. The difference of K;values between litter A and litter

B can be explained by their different pH value.
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The model predicted values and the observed values of the fraction of free ammonia
nitrogen over TAN for litter A and B are shown in Figure 6-11. The fraction of free ammonia
nitrogen over TAN was obviously higher in litter B than that in litter A due to its higher
moisture content and higher pH value.
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Figure 6-11. The model predicted values and the observed values of fraction of free
ammonia nitrogen over TAN for litter Aand B
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6.4.3 Regression model of K¢

Based on the measurements from both the dynamic flow-through chamber and the wind
tunnel study, the following regression model of K;as function of litter pH value

(concentration of hydrogen ion [H']) and temperature (°C) was obtained.
Ki= C [H? TP (6-23)

Where Cy, a, b are regression coefficients. a=-0.41240.085, b=-0.75940.135, Cy
=0.00672. Effect of [H*] and T both have a P-value smaller than 0.001.

6.4.4 Evaluation of the model

The value of Cgy, o can be calculated using the sub-model described in Equations 6-11
through 6-17 and the regression model of K. The model predicted values of Cgq, o Were
compared with the observed values in Figure 6-12 for all 94 measurements from both the
dynamic flow-through chamber and the wind tunnel study. It can be seen that the model was
able to reproduce 80% of the variability of the data. For all the 94 measurements, the NME
was calculated to be 25%; the NMSE was 13%; and the FB was only -0.3%.
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Figure 6-12. The model predicted values and the observed values of Cg, ¢

6.4.5 Simulation of Cgy in time series

The equilibrium ammonia concentration Cg, ¢ of litter B and ambient air temperature was
continuously measured from 12:00pm on 2008/08/27 to 6:00pm on 2008/09/02. Data were

recorded at one minute intervals. Figure 6-13 shows the comparison of the model predicted

Cgoand observed Cqy ¢ in time series. It can be seen that the variation of observed Cqy

correlated with ambient temperatures, and the sub-model performed well in simulating the

expected variation of Cgy that due to the variation of temperatures.
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6.4.6 The mass transfer coefficient (Kg)

The mass transfer coefficient (Kg) in the wind tunnel was measured at various
combinations of air velocities and air temperatures. In 188 measurements, the K¢ ranged
from 1.11 to 27.64 m h™* with an average value of 9.10 m h, It was found that the Kg was a
function of air velocity and air temperature, and the results are discussed in detail in Chapter
7. When air temperature was 22°C and air velocity was 0.80 m s, a Kg value 0f 9.82 m h*
was obtained, which is comparable with what was obtained from the dynamic flow-through

chamber experiments (Kg = 8.11 m h).
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6.4.7 Model predicted ammonia flux

Combining the sub-model for calculating Cq, o and the core emission flux model
(Equation 6-5), the ammonia flux is essentially a function of litter TAN content, moisture
content, pH, temperature, the Freundlich partition coefficient Ky, the mass transfer coefficient
Kg, the ventilation rate Q and the emission surface area A. Furthermore, Ky can be estimated
from pH and temperature using regression Equation 6-19. The model predicted ammonia
fluxes under various temperatures and pH values are plotted in Figure 6-14. Baseline values

were used for all other input variables. It can be seen that ammonia fluxes increased sharply
as either pH or temperature increased.
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Figure 6-14. The model predicted ammonia fluxes under various temperatures and pH
values (baseline values, all on dry basis: TAN = 3553pg g™, moisture content = 32.94
wiw%, Kg=8.11 mh™ Q/A=100mh™)

101



6.4.8 Sensitivity analysis

Ammonia flux was calculated to be 446 mgN m™ h™ when using baseline values in Table
6-4 for all variables. For a 10% increase of the variable of interest from the baseline value,
the resulting percentage changes of ammonia flux are also presented in Table 6-4. It can be
seen that ammonia flux is very sensitive to litter pH and temperature. In fact, an increase of
0.2 in pH or an increase of 2°C in temperature can result in more than 20% increase in flux.
The resulting percentage change of ammonia flux due to the variation of K; or Kg has the
same order of magnitude of the percentage change of the parameter itself. As indicated
before, sensitivity of Kg is dependent on the relative magnitude of Q/A and K¢ baseline
values. The choice of 100 m h™ as the baseline value for Q/A was based on actual tunnel-

ventilated broiler house measurements (Lacey et al. 2003).

Table 6-4. Baseline values and percentage change of ammonia flux for 10%o increase of

variables

Percentage change of ammonia flux for
Variables of interest Baseline values 10% increase of the variable of interest
from baseline value

TAN (g ) 3553 +10%
pH 8.11 +509.6%
Moisture content (w/w, %) 32.94 -1.9%
Temperature (°C) 22 +27.3%
Ks (Lkg™) 1.44 -7.4%
Ke (mh™) 8.59 +9.1%
Q/A(mh™) 100 +0.7%

The relative sensitivity indicates the percent change in flux for each percent change in the
input variable in the range being considered. The results are presented in Table 6-5. It was
observed that the relative sensitivity of pH or temperature increases as pH or temperature

increases.
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Table 6-5. Relative sensitivity S, for ammonia emission flux from litter with respect to

litter pH and temperature at different pH and temperature ranges

pH Temperature
Range Sr Range (°C) Sr
7.0-7.2 20.49 14-16 1.83
7.9-8.1 22.88 22-24 2.70
8.8-9.0 23.74 30-32 3.45

6.5 CONCLUSION

An emission model was developed to estimate ammonia flux from broiler litter. The
model inputs include the litter TAN content, litter pH value, litter moisture content, the
Freundlich partition coefficient (Ky), mass transfer coefficient (Kg), ventilation rate (Q), and
emission surface area (A). The model was evaluated based on experimental results from a
dynamic flow-through chamber and a wind tunnel. The results from the two experimental
facilities are comparable with each other. Model parameters such as K¢ and Kg were
estimated. Based on the experimental results, it was estimated that the dissolved phase NH3-
N was only 0.01% to 4.11% of the TAN in litter, and the Freundlich partition coefficient (Ky)
of ammonia in litter was estimated to be in the range from 0.56 to 4.48 L kg™. A regression
sub-model was developed to estimate Ky as a function of litter pH and temperature, which
indicates that Ky increases with increasing litter pH and decreases with increasing
temperature. The reported model was used to estimate the equilibrium gas phase ammonia
concentration (Cg ) in litter, which were then compared with the observed values. The
normalized mean error (NME), the normalized mean square error (NMSE), and fractional
bias (FB) were calculated to be 25%, 12%, and -0.3%, respectively, for all 93 measurements.
And the model was able to reproduce 80% of the variability of the data. Sensitivity analysis
of the model showed that ammonia flux is very sensitive to litter pH followed by temperature,

and the relative sensitivity of pH or temperature increases as pH or temperature increases.
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7. MASS TRANSFER COEFFICIENT OF AMMONIA EMISSIONS

In this chapter, the mass transfer coefficient (Kg) of ammonia was measured in the wind
tunnel under various air velocities (0.2 to 2.0 m s) and temperatures, and a regression sub-
model for calculating K¢ was developed. The estimated K¢ was in the range from 1.10 to
27.64 m h™ for 179 measurements. It was observed that under turbulent conditions the Kg
increased with increasing air velocity, while under laminar conditions K¢ decreased with
increasing air velocity. The results also showed that the K¢ value negatively related with the
air temperature, and the sensitivity of K¢ to air temperature was influenced by air velocity.
Two groups of measurements were taken. A regression model was developed for K¢ based
on one group of measurements and the other group was used to validate the model. The
model was able to reproduce 58.6% of the variability of the independent group of
measurement data. Through dimensionless analysis, equations were developed to calculate
Kg as function of air velocity, the characteristic length that influences the air flow, the
kinematic viscosity of air, the molecular diffusivity of ammonia in air, and air temperature. It
IS expected that these equations can be used for systems that have a different scale. The
results of this study may be used in emission models to estimated ammonia flux from broiler
litter.

7.1 RESEARCH OBJECTIVE

Determination of the mass transfer coefficient is empirical. The gaseous phase mass
transfer is usually dominated by convective transfer except for the cases when there was
almost no air movement. Review of existing ammonia emission models showed that the mass
transfer coefficients were closely related to air velocity and temperature (Ni, 1999; Zhang,
1992). Sometimes surface roughness was also considered (Rachhpal-Singh and Nye, 1986).
The mass transfer coefficients obtained in different experiments which measured ammonia

emission from manure are very important for emission modeling. A mechanistic emission
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model has been developed to simulate the variation of ammonia emissions from broiler litter
under various conditions. In the model, the ammonia emission flux was essentially a function
of the convective mass transfer coefficient and the equilibrium concentration of gas phase
ammonia at the litter surface. The objective of this part of study was to investigate the mass
transfer coefficient under various environmental conditions and to develop a regression

model.

7.2 EXPERIMENTAL METHOD

7.2.1 The wind tunnel

The mass transfer coefficient Kg was measured using the wind tunnel. Design and

construction details of the wind tunnel are given in Chapter 3.

7.2.2 Litter samples

Two litter samples with different TAN and moisture content were used: litter A and litter
B. Properties of the two litter samples are listed in Chapter 6, Table 6-3. Measurements of
litter A were used to develop the regression model of Kg, and measurements of litter B was
used to validate the model. Collection of litter samples, their compositions, and analyses

were discussed in Chapter 3 and Chapter 6.

7.2.3 Measurements of ammonia emission and the mass transfer coefficient Kg

Ammonia fluxes were measured for the nominal air velocity values of 0.05, 0.10, 0.15,
0.25, 0.50, 0.80, 1.00, 1.30, 1.60, and 2.00 m s™. At each velocity, measurements were taken
at various air temperatures from 9.1 °C to 29.6 °C. For each test, about 3 kg sub-samples of
litter were taken from the same well-mixed litter sample and put into the emission section

inside the wind tunnel to make a constant ammonia emission source. It usually took 15 to 30
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minutes for the wind tunnel to reach steady state. After steady state was reached,

measurements of ammonia concentration were taken using 30-minute average values.

In order to calculate the mass transfer coefficient Kg, the equilibrium concentrations of
gas phase ammonia at the litter surface Cg, o were measured by closing the wind tunnel and
allowing zero airflow. The Cq4 o was measured at various temperatures. Ammonia fluxes J in
the wind tunnel were measured at various combinations of air velocities and air temperatures.
After Jand Cgy, o were measured; the mass transfer coefficient Kg was calculated using the
core emission flux equation (Equation 6-1 in Chapter 6).

7.3 RESULTS AND DISCUSSION

7.3.1 Ammonia concentration at outlet and emission flux

Measurements of ammonia emission from litter A in the wind tunnel were taken from
April 1% to April 30", and September 22th to November 22th, 2008. In total, 98
measurements were taken. Figure 7-1 shows measurements of ammonia concentration at the
outlet of the wind tunnel at various air velocities for litter A. Nominal air velocity was
measured at height of 0.13m above litter on the start point of the emission section in the wind
tunnel. Measurements for each air velocity value were taken at various temperatures from 9.1
°C to 27.2 °C. It can be seen that ammonia concentration decreased exponentially as air
velocity increased. Emission flux is a function of the ammonia concentration at the outlet and
the airflow rate of the wind tunnel. Figure 7-2 shows that the airflow rate of the wind tunnel
measured by the AV-2 rotating vane anemometer linearly related with the nominal air
velocity in the wind tunnel measured by a hotwire anemometer as expected. The calculated
emission fluxes from litter A are presented in Figure 7-3, which were in the range from 285

to 2831 mgN m? h™* with an average value of 1111 mgN m? h™.
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Figure 7-1. Measurements of ammonia concentration at outlet of the wind tunnel at
various air velocities (Litter A)
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Figure 7-2. Wind tunnel flow rate vs. nominal air velocity inside the wind tunnel
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Figure 7-3. Ammonia emission fluxes at various air velocities (Litter A)

7.3.2 Effect of air temperature and air velocity on mass transfer coefficient Kg

The mass transfer coefficient Kg was obtained in the range from 2.20 to 25.80 m h™ with

an average value of 11.60 m h™ for measurements of litter A. Statistical analyses show that

K correlated negatively with air temperature, and the effect of temperature had a P-value

less than 0.001. Figure 7-4 presents the obtained K¢ value at various temperatures.
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Figure 7-4. K¢ value at various air temperatures (Litter A)

In order to investigate the pattern of influence of air temperature and air velocity on Kg,
data points were grouped for each air velocity level and the K¢ values were plotted against
temperature in each group. Figure 7-5 shows that, at all air velocities in the range from 0.05
m s to 2.00 m s, the magnitude of K¢ decreased as the air temperature increased. The
observed negative effect of air temperature on K¢ agrees with what has been reported by
Arogo, et al. (1999) in their study of mass transfer coefficient in liquid swine manure.
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Figure 7-5. Effect of air temperature on the mass transfer coefficient K¢ at various air
velocities
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It was also observed that the sensitivity of Kg over air temperature (i.e., AKg/AT) was
influenced by air velocity. Figure 7-6 presents the Kg values at T=20°C which were
estimated from the regression line of K¢ over air temperature at various air velocities. The
absolute values of the slope of regression line (AKg/AT) are also presented in the figure. It
can be seen that, when air velocities were in the range of 0.15 to 0.25 m s, the K¢ reached

its lowest value, and it was also least sensitive to air temperature.

—Oo— Mass transfer coefficient =<=-Slope over temperature

20 2.0
€ 15 15
o
i
= >
3 1.0 3
? - - - o
= ,,'A Sefe—==" - %
= ’

O "
Y = 0.5
‘ ‘ ‘ 0.0
1.0 15 2.0

Nominal air velocity (m s?)

Figure 7-6. Kg value at T=20°C and the slope of regression line of K over air
temperature at various air velocities

Figure 7-7 presents the K¢ values at three temperatures. It was observed that the Kg was
more sensitive to air velocity at lower temperatures. At higher temperature (T > 25°C), the

K was less affected by air velocity.
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Figure 7-7. Effect of air velocity on mass transfer coefficient Kg at three air
temperatures

It is believed that effect of air velocity on mass transfer coefficient Kg was influenced by
the airflow pattern in the wind tunnel. The width and height of the wind tunnel (L) are
0.203m, and the kinematic viscosity of air v=1.56x10°m? s™ in standard air condition (25
°C). Therefore, when air velocity in the wind tunnel was 0.15 to 0.25 m s, the Reynolds
number (Re=UL/v) was estimated to be 2000 to 3300, while the critical value of Reynolds
number is 3000 for transition from laminar to turbulent flow in ducts. When the air velocity
was less than 0.15 m s, the air in the wind tunnel was in laminar flow, and K decreased as
air velocity increased as shown in Figure 7-7. When the air velocity was greater than 0.25 m
s, the air in the wind tunnel was in turbulent flow. As air velocity further increased, the
turbulence intensity increased and therefore leading to a larger value of Kg. However, it was

also observed that, the Kg values at 2.0 m s™ air velocity was smaller than that at 1.6 m stair
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velocity. This may caused by significant loss of nitrogen and moisture from litter surface at
high air velocity level. The overall model assumed constant TAN and moisture content in
litter. As air velocity increased to certain level, emission fluxes increased and the loss of
nitrogen and moisture from litter were not negligible any more, and therefore resulted in

reduced measurement of emission fluxes and Kg

7.3.3 Regression model of Kg

Based on the 81 measurements from litter A (the data at 2.0 m s™ air velocity were
excluded), the following regression model of K¢ as function of air velocity and air

temperature was obtained.
Ka= Cy (U)?(T)P (7-1)
In which, temperature is measured in °C. Cy, a, b are regression coefficients.
The results for the constant Cy and exponents a, b are reported in Table 7-1.

Table 7-1. Constant Cy and exponents a, b in Equation 7-1

Value
Regression
Coefficients v pen U<0.25 m s, Re<3300  When U>0.25 m s™%, Re>3300
(laminar condition) (turbulent condition)
Ck 84.73 247.88
a -1.0140.14 0.4840.07
b -1.5640.35 -1.0540.17
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According to the regression model, under laminar conditions, K¢ decreases with
increasing air velocity. Under turbulent conditions, Kg increases with increasing air velocity.
Under both laminar and turbulent conditions, K¢ decreases with increasing air temperature.
In the regression model, the effect of pH and T both have P-values smaller than 0.001. The
negative power of the temperature has also been reported by other researchers (Haslam et al.,
1924; Arogo et al; 1999, Zhao and Chen, 2003; Elzing and Monteny, 1997a, b; and Monteny
etal., 1998).

Figure 7-8 presented results of the comparison between model predicted Kg and observed
Kg for measurements of litter A. The model is able to reproduce 64.4% of the variability of
the data.
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Figure 7-8. Observed Kg vs. model predicted Kg (litter A)
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Figures 7-9 to 7-11 presented the residual plots of the model. Figure 7-9 and Figure 7-10
showed essentially random scatter of the residuals, suggesting no significant violation of
assumptions. However, Figure 7-11 indicates that the model tends to underestimate K at
higher Kg levels.
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Figure 7-9. Residual vs. temperature (litter A)
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Figure 7-11. Residual vs. observed Kg (litter A)

7.3.4 Validation of the Kg regression model with independent experimental data set

In order to validate the Kg regression model, an independent group of measurements of
ammonia emission from litter B in the wind tunnel were taken from August 27" to December

3" 2008. The model was validated by comparing model output with measured data.

In total, 81 measurements were taken for litter B. Measurements at each air velocity level
were taken at various temperatures from 18.5 °C to 29.6 °C. The mass transfer coefficient Kg
obtained from litter B was in the range from 1.11 to 27.64 m h™ with an average value of
6.08 m h™%. It was observed that K values obtained from litter B were also negatively related
with air temperature, which agrees with what was found in the study of litter A. Figure 7-12
presents results of the comparison between model predicted K and observed K for

measurements of litter B. The model is able to reproduce 58.6% of the variability of the data.

116



30

y = 0.6635x + 0.2405 . ;

= ,
o5 R==0.5865 y

Observed K (m h1)

30 40
Model predicted K5 (m h?)

Figure 7-12. Observed Kg vs. model predicted K¢ (litter B)

When treating the study of litter A and litter B as two blocks, air velocity and air
temperature as two predictor variables, the block effect on K¢ can be investigated through the
GLM procedure. The P-value of the block effect was found to be 0.6, which indicated no
significant block effect. Also, during the study of litter B, relative humidity (RH) of ambient
air was also measured along with the ammonia emission measurement to investigate the
possible influence of RH on K. The measured RH of air was in the range from 50.0% to
65.5%. It was found that for the three predictor variables, RH has a P-value of 0.52 while air
temperature and air velocity both have P-values less than 0.005, which indicated no

significant effect of RH on Kg.

7.3.5 Dimensionless analysis

Assuming that the resistance to ammonia emission from litter is controlled by the gas

phase, the mass transfer coefficient is mainly determined by air properties, such as air
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velocity, air viscosity, air density, as well as diffusivity of ammonia in air. Then mass
transfer process is obviously influenced by the flow pattern, so system geometry is also an
important factor. Dimensional analysis has been used to quantify the combined effects of
these factors on the mass transfer process (Montes et al., 2008; Incropera et al., 2007; Arogo
et al., 1999; Cussler, 1997). The advantage of using dimensionless numbers is that, once they

are defined, they can be used for systems that have different scales.

The dimensionless numbers that have been used to describe the mass transfer process
include the Sherwood number (Sh), the Schmidt number (Sc) and the Reynolds number (Re).
They are defined in Equations 7-2 to 7-4 respectively.

Sh =Kg L/D (7-2)
Sc=v/D (7-3)
Re=UL/v (7-4)
In which,

K is mass transfer coefficient, m s
L is the characteristic length that influences the air flow, m;
D is the molecular diffusivity of ammonia in air, m®s™;

v is the kinematic viscosity of air, m* s, which equals air viscosity divided by air
density.

The Sherwood number represents the ratio of convective to diffusive mass transport. The
Schmidt number represents the ratio of viscous to diffusive effects. The Reynolds number
represents the ratio of inertial to viscous effects. The three dimensionless numbers can be

related as in Equation 7-5 (Cussler, 1997) through dimensional reasoning.
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Sh = Cx (Re)? (Sc)° (7-5)

In Equation 7-5, Cy, a, b are parameters that depend on the characteristics of the flow and
are commonly determined experimentally. Values of a available in the literature range from
0.3 to 0.85 (Arogo etal.,1999; Schwarzenbach et al., 2003; Incropera et al., 2007; Cussler
1997; Perry et al., 1997). The most commonly used number for b is 1/3 (Perry et al., 1997).
By applying an error analysis methodology proposed by Taylor (1997) and Holman (1994) to
Equation 7-5, it is possible to demonstrate that the expected variation due to changes in
temperature from 0 °C to 30 °C is less than 15% (Montes et al., 2008). However, larger
variation of K¢ associated with temperature was observed in this study. In order to include
the large influence of temperature, Murphy (1950) developed the following relationship

through dimensional reasoning.
K L/D = Cy (UL/ v)? (v/D)° (T/To)° (7-6)

The kinematic viscosity of air is influenced by air temperature, and the following

empirical equations have been developed (Cortus et al., 2006).
v=14x10"" % (T+273.15)"%* (7-7)

The diffusivity of ammonia in air is calculated using the following equation developed by
Fuller et al (1966).

1077(273.15+T)1 75 [— L —4—L]1/2
D= ( ) [MWNHB Mwair] (7_8)
1/3 1/3

PIEV)Ny 3T EV),i 12

In Equations 7-7 and 7-8, T is air temperature in °C. MWyu3 and MW, are molecular

weights of ammonia and air, respectively. P is pressure in atmospheres. (3:v)yu3 and (3v).;,
are atomic diffusion volumes of ammonia and air, respectively. And their values were taken

from Liley et al. (1984) (20.1 cm® mol™ for air, 14.9 cm® mol™ for ammonia).

Using the width of the wind tunnel as the characteristic length L (0.2032 m), all the
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dimensionless numbers in Equation 7-6 were calculated. Let b=1/3 and the reference
temperature To = 22°C, then the constant Cy and exponents a, ¢ were obtained from
experimental data. The results are reported in Table 7-2.

Table 7-2. Constant Cy and exponents a, ¢ in Equation 7-6

Value
Regression
coefficients When Re<3300 When Re>3300
(laminar condition) (turbulent condition)
Ck 23094 0.3453
a -1.0140.14 0.4340.07
c -1.2640.22 -1.6940.14

Using the values in Table 7-2, the following equations for calculating Kg were obtained
from Equation 7-6.

When Re<3300 (laminar condition),

KG — 1.13><|.06U-1'01L-2'01 V1.?>4D0.67-|--l.26 (7_9)
When Re>3300 (turbulent condition),

KG =64 1UO.43L—O.57 V—O.10D0.67T—1.69 (7_10)

In Equations 7-9 and 7-10, Kg has units of m s™. Figure 7-20 presents results of the

comparison between the observed Kg and the Kg calculated by Equation 7-9 and 7-10.
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Figure 7-13. Observed Kg vs. K¢ calculated by Equation 7-9 and 7-10

7.4 CONCLUSION

The mass transfer coefficient of ammonia emission from broiler litter was investigated in
a wind tunnel under various combinations of air velocities and temperatures. The estimated
K was in the range from 1.10 to 27.64 m h™ in 179 measurements. It was observed that
under turbulent conditions, the K¢ increased with increasing air velocity, while under laminar
conditions, K decreased with increasing air velocity. Kg decreased as the air temperature
increased. When air velocities were in the range of 0.15t0 0.25 m s the Kg reached its
lowest value, and it was also least sensitive to air temperature. When air velocities were less

than 0.15 m s™ or larger than 1.0 m s™, the values of K¢ were larger, and K¢ was also more
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sensitive to air temperature.

Based on measurements for litter A, a regression model of K¢ as function of air velocity
and air temperature was obtained. The model was able to reproduce 58.6% of the variability
of the independent group of measurements for litter B.

Through dimensionless analysis, equations were developed to calculate K as function of
air velocity, the characteristic length that influences the air flow, the kinematic viscosity of
air, the molecular diffusivity of ammonia in air, air temperature, and litter temperature. It is
expected that these equations can be used for systems that have a different scale. The results

of this study can be used in emission models to estimated ammonia flux from broiler litter.
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8. VALIDATION AND UNCERTAINTY ANALYSIS OF THE MODEL

A mechanistic emission model was developed at laboratory scale to estimate ammonia
emission fluxes from broiler litter as reported in Chapter 6. The overall model inputs include
air temperature, air velocity, and litter properties such as litter nitrogen content, moisture
content and pH. The model outputs are predicted ammonia emission fluxes from litter.
Considerable uncertainty may exist in measurement values of model inputs and outputs as
well as model parameters. The purpose of this study was to perform model validation in the
presence of measurement and model parameter uncertainties. A validation metric based on
the mean and covariance in the measurement and in the model parameters were used to
validate the ammonia emission model of broiler litter. The core model was validated given
the uncertainties in the model prediction due to uncertainties of parameters (the Freundlich
partition coefficient K¢and the mass transfer coefficient Kg), and the uncertainties in the
measurements. The significant level for the core model validation was 17.8%. The K¢ sub-
model was validated at the given uncertainties of pH and temperature, and the significant
levels were from 12.0% to 49.4%, which provided high confidence on the K¢sub-model. At
the given uncertainty levels of air velocity and temperature, the Kg sub-model passed the
validation test (P>5%) when air velocities were low, and failed the validation test (P<5%)
when air velocities were high. The failure of Kg sub-model at high air velocity levels may

caused by significant loss of nitrogen and moisture content from litter surface.

8.1 INTRODUCTION

A mechanistic emission model was developed at laboratory scale to estimate ammonia
emission fluxes from broiler litter (Chapter 6). The overall model inputs include air
temperature, air velocity, and litter properties such as litter nitrogen content, moisture content
and pH. The model outputs are the predicted ammonia emission fluxes from litter. Model

validation is generally a recurrent activity in a phase of model development (Ni, et al., 2000).
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A common method of validation is the simple comparison of model predictions to
experimental measurements through graph. However, there has been an increased concern on
the role of uncertainty in model validation in literature (Warren-Hicks et al., 2002; Hills and
Trucano, 1999; Easteling, 2003). Considerable uncertainty may exist in measurement values
of model inputs and outputs as well as model parameters. The presence of uncertainty
complicates the model validation process. Because of these uncertainties, big difference may
be observed between the model predictions and the experimental measurements, even for

actually valid models.

8.2 RESEARCH OBJECTIVE

The objective of this part of study was to perform validation on the emission model for
broiler litter in the presence of measurement and model parameter uncertainty. A validation
metric, introduced by Hills (2006), based on the mean and covariance in the measurement
and in the model parameters was used to quantify and evaluate the distance between model

predictions and experimental measurements.

8.3 MODEL STRUCTURE

The overall broiler litter ammonia emission model includes the core emission flux
equation, the Cy o sub-model, the K regression sub-model, and the K¢ regression sub-model.
The overall model structure is shown in Figure 8-1. The inputs for the overall model include:
litter TAN content, litter pH, litter moisture content, ambient temperature, air velocity at litter
surface and Q/A ratio. Model predicted fluxes were compared with observed fluxes from
experimental measurements. The overall model was able to reproduce 52.6% of the
variability of the data. The Normalized Mean Error (NME) was calculated to be 34.1%.
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Figure 8-1. The overall model structure

8.4 VALIDATION METRICS

8.4.1 Uncertainties in model validation

The sources of uncertainty in model validation practices mainly include: (1)
Measurement uncertainties; (2) Model parameter uncertainties; (3) Uncertainties associated
with the model form error (Hills, 2006). In order to perform model validation in the presence
of measurement and model parameter uncertainties, we need to evaluate whether the effects
of uncertainties associated with the model form error are significant as compared with that of

measurement uncertainties and model parameter uncertainties.

To quantitatively test for model validity, a measure of distance between the model

predictions and the experimental measurements is needed. In an n dimensional space, the n
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measurements and the corresponding n model predictions can be represented by two points.
The effects of uncertainties from measurements and model parameters can be plotted around
the two points respectively in the form of isoprobability density function (PDF) surfaces,
which can be estimated and propagated through the model using a multivariate, first-order
sensitivity analysis presented by Hills and Trucano (2001).

When using a statistical test to evaluate the distance between the model predictions and
the experimental measurements in the presence of uncertainties, it is common practice that
one does not reject the model unless one has less than a 5% probability of rejecting a valid
model (Type I error). In other words, the model is rejected if the significance level is less
than 5%. Hills (2006) also suggested that one has confidence in the model if the significance

level is larger than 33% (approximately one standard deviation for a normal distribution).

8.4.2 The r’> metric

A validation metric based on the mean and covariance in the measurement and in the
model parameters, which was introduced by Hills (2006), was used to quantify the distance
between the model predictions and the experimental measurements in n-dimensional space,
where n is the number of measurements and corresponding predictions. It is the weighted
least squares metric defined as follows.

r?= (Xmodel — Xexp)T [COV_l(Xmodel — Xexp)] (Xmodel — Xexp) (8-1)

In which, Xmoder is the vector of model predictions and Xeyp is the corresponding vector of
experimental measurements. The matrix cov(Xmodel — Xexp) 1S the covariance of the difference
between model predictions and experimental measurements. The advantage of this metric is
it measures distance based on the correlation structure of uncertainties in the model
predictions and the experimental measurements (Hills, 2006). Assuming that the differences
between the model predictions and the experimental measurements are normally distributed,

and the covariance matrix for these differences is adequately represented, r will be
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distributed as a y*(df) distribution where df is the degrees of freedom. If no parameters were
estimated in the process, the degree of freedom is the number of measurements and

corresponding predictions.

Assuming the uncertainties in the measurements are independent of the uncertainties in
the model predictions, the covariance matrix for the difference between model predictions

and experimental measurements is the sum of the covariance matrices for each.

The uncertainties in the model prediction can be estimated and propagated through the
model using a multivariate, first-order sensitivity analysis presented by Hills and Trucano
(2001). Therefore, the covariance matrix for the model prediction cov(Xmoger ) can be

estimated using the following equation.
COV(Xmoder) = VX cov(0) [V eX]" (8-3)
In which,
0 is the vector of model parameters;

Ve X is the sensitivity matrix with n measurements for a model with p parameters, which

IS given by:
[0X1  0X4 9X17
901 98, 00
VeX =|00; 96, " e, (8-4)
Xy Xy P
L96; a6, a0y, |
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8.5 VALIDATION OF THE EMISSION MODEL

8.5.1 Validation of core model considering uncertainties of Ks and Kg

Combining the core emission flux model and the sub-model for calculating Cy, o, the
ammonia flux is essentially a function of litter TAN content, moisture content, pH,
temperature, the Freundlich partition coefficient Ky, the mass transfer coefficient Kg, the
ventilation rate Q and the emission surface area A. In which, estimation of K;and Kg are

usually associated with substantial uncertainties.

The measurement uncertainty of the emission fluxes may include instrumental noises and
errors due to nuisance factors. It is assumed to be normally distributed, with a mean of zero.
The standard deviation was estimated from the experimental measurements when all design
factors were kept at constant values. The standard deviation of ammonia fluxes ¢;= 233 mg

m?ht,

The ammonia emission fluxes from ten different litter samples were measured in the
dynamic flux chamber, and for each litter samples, three replicate measurements were taken
and the average values were used in the validation of the model. The average value of K;was
2.08 L kg™ for the ten litter samples, and the standard deviation of Ksvalue oks= 1.12 L kg™
The average value of K was estimated to be 8.11 m h™%, and the standard deviation of K¢
value ok = 1.86 m h™. The measured and model predicted ammonia emission fluxes for the

tested ten litter samples were compared in Figure 8-2.
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Figure 8-2. Comparison of measured and model predicted ammonia emission fluxes for
the tested ten litter samples (K¢ =2.08 L kg™, Kg =8.11 m h™)

The metric defined in Equation 8-1 to 8-4 can now be used to validate the emission
model in the presence of uncertainties of Ksand Kg. Assuming Krand K¢ are uncorrelated
and normally distributed, the covariance matrices of the experimental measurements and the

model parameters are

2 ..
cov(Xey) = cov() = | 0 2337 w0 (8-5)
0 0 - 2332
_ Ke) _ 11.122 0
cov(0) —cov( KG)—[ 0 1862 (8-6)

Since K; value was estimated from the ten measurements, the total degree of freedom is
10-1=9. Therefore, r* was distributed as a X2(9) distribution. The sensitivity matrix was

approximated through finite differences. The results give
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r’=12.68 (8-7)
P (r*>12.68) = 0.178 (8-8)

The significance level is 17.8%, which means, given the uncertainties in the model
prediction due to parameter uncertainties of K;and Kg, and the uncertainties in the
measurements, the probability of a valid model given this large or larger value in the
weighted distance squared is 17.8%. This is more significant than 5% specified earlier to

outright reject the model.

8.5.2 Validation of the ks sub-model considering uncertainties of pH and temperature

The sub-model of Kas function of litter pH value (concentration of hydrogen ion [H™])
and temperature (°C) (Equation 6-19) was tested in the wind tunnel, and the validation metric
r? was calculated at various combinations of pH and temperature. The sub-model was
evaluated under the following measurement uncertainty level of pH and temperature: cpy =
0.1;6r=0.5°C.

The validation results were presented in Table 8-1. It can be seen that, for all the 6 groups
of measurements, the K¢ sub-model passed the validation test (P>5%) at the given uncertainty

level of pH and temperature.
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Table 8-1. Validation results of the K¢ sub-model

Model Standard
H Temperature | predicted | deviation of Number of | Validation | Significant
P (°C) K measured K; | measurements | metric r* level P
(Lkg™) (L kg™
8.49 20.0 2.18 0.36 3 4.17 0.244
8.49 21.1 2.09 0.45 6 6.74 0.345
8.49 21.7 2.05 0.28 3 5.83 0.120
8.62 22.8 2.23 0.51 4 3.86 0.425
8.62 24.6 2.10 2.23 3 2.40 0.494
8.62 21.7 1.92 0.29 3 2.98 0.394

8.5.3 Validation of the K¢ sub-model considering uncertainties of air velocity and

temperature

The sub-model of K as function of air velocity and temperature was tested in the wind

tunnel, and the validation metric r* was calculated at various combinations of air velocity and

temperature. A hotwire anemometer (Dwyer Model 641-18-LED; range: 0-10 m s™*;

accuracy: 3% full scale) was used to measure air velocity. The sub-model was evaluated

under the following measurement uncertainty level of air velocity and temperature: o, = 0.1

ms?t 6r=0.5°C.

(1) Validation of the first regression sub-model of Kg

Based on all the 97 measurements from litter A, the following first regression sub-model

of Kg as function of air velocity and air temperature has been obtained.
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When U<0.25 m s,
Ke=84.73 U0t 716 (8-9)
When U>0.25 m s,
Ko= 456.36 U3 7128 (8-10)

The validation results of first regression sub-model of K¢ are presented in Table 8-2. It
can be seen that, for 6 out of 12 groups of measurements, the sub-model passed the validation
test (P>5%) at the given uncertainty level of air velocity and temperature. Two different litter
samples were used in the tests. The measurement data of litter A have been used in the
development of the K¢ sub-model. The measured and model predicted Kg for litter A at
selected combinations of air velocity and temperature were compared in Figure 8-3. For litter
A, at air velocity of 1.24 m s™ and 1.56 m s™, the sub-model failed the validation test, and the
sub-model underestimated the emission fluxes. At air velocity of 1.73 m stand 1.99 ms?,

the sub-model failed the validation test, and the sub-model overestimated the emission fluxes.
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Table 8-2. Validation results of the first sub-model of Kg

Average Standard
Air Model value gf deviation
. . Temperature predicted of Number of Validation | Significant
Litter velocity o measured .
(ms?) (°C) Kg K measured | measurements | metric r level P
LR IS Ks
(mh™)

A 0.07 19.4 12.13 12.58 3.52 3 2.00 0.572
A 0.12 16.7 8.95 12.60 6.81 3 2.41 0.492
A 1.20 14.1 16.33 14.83 3.25 4 3.68 0.451
A 1.24 211 9.84 13.56 0.73 3 45.14 <0.001
A 1.56 20.8 10.77 19.77 3.36 3 22.69 <0.001
A 1.72 20.0 11.67 12.70 2.19 3 2.60 0.457
A 1.73 10.5 26.67 21.95 1.58 3 8.48 0.037
A 1.99 25.8 8.81 5.28 0.77 3 49.64 <0.001
B 0.16 24.6 3.65 3.02 1.82 3 2.13 0.546
B 0.39 25.4 5.42 3.68 2.82 4 5.06 0.281
B 0.62 24.0 6.73 3.67 1.65 3 11.01 0.012
B 1.20 27.8 6.85 3.60 0.33 3 119.29 <0.001

133




30
@ Measured value ™

25
O Model predicted value

Kg (m hr)

0.07 0.12 1.2 1.24 1.56 1.72 1.73 1.99
Air velocity (m s?)

Figure 8-3. Comparison of measured and model predicted K for litter A at selected
combinations of air velocity and temperature

The measured and model predicted Kg for litter A at T=25°C were compared in Figure 8-
4. It can be seen that, as air velocity increased, the measured emission fluxes had a
“decreasing effect” compared with the model predicted values. This may caused by
significant loss of nitrogen and moisture from litter surface at high air velocity level. The
overall model assumed constant TAN and moisture content in litter. As air velocity increased
to certain level, emission fluxes increased and the loss of nitrogen and moisture from litter
were not negligible any more, and therefore resulted in reduced measurement of emission

fluxes and Kg.
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Figure 8-4. Comparison of measured and model predicted K¢ for litter A at T=25°C

Measurement data of litter B are independent from the development of the Kg sub-model.
Litter B had a much higher TAN content than litter A and the measured emission fluxes from
litter B were much higher that from litter A. Therefore, the “decreasing effect” caused by loss
of nitrogen from litter was more obvious. The measured and model predicted K¢ for litter B
at selected combinations of air velocity and temperature were compared in Figure 8-5. As
can be seen in Table 8-2 and Figure 8-5, at air velocity of 0.62 m s and 1.20 m s™, the sub-

model failed the validation test, and the sub-model overestimated the emission fluxes and
therefore the K value.
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Figure 8-5. Comparison of measured and model predicted K for litter B at selected
combinations of air velocity and temperature

(2) Validation of the second regression sub-model of Kg

In order to avoid the effect of significant loss of nitrogen and moisture from litter surface
at high air velocity level, the second regression sub-model was developed on the 81

measurements from litter A, excluding the data points at 2.0 m s™ air velocity).
When U>0.25 m s, the regression sub-model becomes:
Kg= 247.88 U*8 1% (8-11)

The validation results of second regression sub-model of K¢ are presented in Table 8-3. It
can be seen that, for 9 out of 11 groups of measurements, the sub-model passed the validation

test (P>5%) at the given uncertainty level of air velocity and temperature.
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Table 8-3. Validation results of the second sub-model of Kg

Average Standard
Air Model value gf deviation
. . Temperature predicted of Number of Validation | Significant
Litter velocity o measured .
(ms?) (°C) Kg K measured | measurements | metricr level P
mhh 1 Ke
(mh)

A 0.07 194 12.13 12.58 3.52 3 2.00 0.572
A 0.12 16.7 8.95 12.60 6.81 3 241 0.492
A 1.20 141 16.81 14.83 3.25 4 3.35 0.501
A 1.24 211 11.18 13.56 0.73 3 3.50 0.319
A 1.56 20.8 12.68 19.77 3.36 3 8.34 0.039
A 1.72 20.0 13.84 12.70 2.19 3 251 0.530
A 1.73 10.5 21.73 21.95 1.58 3 3.39 0.335
B 0.16 24.6 3.65 3.02 1.82 3 2.13 0.546
B 0.39 25.4 5.28 3.68 2.82 4 4.02 0.404
B 0.62 24.0 7.00 3.67 1.65 3 5.62 0.132
B 1.20 27.8 8.24 3.60 0.33 3 12.74 0.005
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8.6 CONCLUSION

A validation metric based on the mean and covariance in the measurement and in the
model parameters were used to validate the ammonia emission model of broiler litter. The
core model was validated given the uncertainties in the model prediction due to parameter
uncertainties of Krand Kg, and the uncertainties in the measurements. The significant level
for the core model validation was 17.8%. The Kssub-model was validated at the given
uncertainties of pH and temperature, and the significant levels were from 12.0% to 49.4%,
which provided high confidence on the K¢sub-model. At the given uncertainty levels of air
velocity and temperature, the K sub-model passed the validation test (P>5%) when air
velocities were low, and failed the validation test (P<5%) when air velocities were high. The
failure of Kg sub-model at high air velocity levels may caused by significant loss of nitrogen
and moisture content from litter surface. The Kg sub-model was improved by excluding the
data points at high air velocity levels.
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9. FUTURE DIRECTION

The reported model provided estimates for ammonia emission under controlled
laboratory conditions, but extrapolation of the model to actual broiler houses still requires
more work. External validation need to be performed using actual broiler house measurement
data. The results of external validation should provide an assessment of overall model
validity, and provide a consistent method of assessing uncertainty of model predictions, so
that the capability of the model as an efficient tool for ammonia emission estimation can be

confirmed.
It is suggested that the future direction for improvement of the model may include:
Extend the basic model to the dynamic situation of broiler houses.

Include more sub-models (such as ventilation, N-excretion and pH sub-models) to further
simplify the overall model inputs so that the model only uses commonly available or easy

obtainable input data.
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APPENDIX A. SUMMARY OF LITTER ANALYSIS DATA

Wet basis Dry basis
No Siqupele L;;tsr Ar:je'lalt); sis pH | Moisture TKN TAN Total Total Moisture TKN TAN Total _Total TAKN/T
Content (/o) | (Lolg) Carbon | Nitrogen | Content (wio) | (Lolg) Carbon | Nitrogen
(W/w,%) (%) (%) (wiw, %) (%) (%)

1 2years | 5/3/2006 | 843 | 2279 | 29800 | 1630 | 31.96 3.02 2952 | 38596 | 2111 | 41.39 3.91 5.5%
2 4 years | 5/23/2006 | 8.00 23.2 38002 | 6108 28.44 4.2 30.21 49482 | 7953 37.03 5.47 16.1%
3 8 flocks | 3/29/2006 | 7.73 | 15.86 | 43848 | 4070 | 2352 43 1885 | 52113 | 4837 | 27.95 5.11 9.3%
4 %Iicks 3/29/2006 | 7.34 | 16.07 | 46507 | 4280 | 26.14 4.61 19.15 | 55412 | 5099 31.15 5.49 9.2%
5 |E lyear | 3/20/2006 | 8.48 | 19.82 24731 | 1980 | 31.77 2.502 24.72 30844 | 2469 39.62 3.12 8.0%
6 3 flocks | 3/29/2006 | 7.62 | 17.92 | 34604 | 3940 | 31.56 3.67 21.83 | 42159 | 4800 | 38.45 4.47 11.4%
7 4 flocks | 3/29/2006 | 8.42 | 31.69 39165 | 5800 | 26.35 3.73 46.39 57334 | 8491 38.57 5.46 14.8%
8 5 flocks | 3/29/2006 | 8.10 | 21.16 30972 | 3140 29.7 3.2 26.84 | 39285 | 3983 37.67 4.06 10.1%
9 6 flocks | 3/29/2006 | 8.14 | 27.87 35801 | 3680 | 28.23 3.22 38.64 | 49634 | 5102 39.14 4.46 10.3%
10 9 flocks | 3/29/2006 | 7.83 | 22.89 | 40000 | 3620 | 31.68 4.12 29.68 | 51874 | 4695 | 41.08 5.34 9.1%
11 lyear | 5/3/2006 | 854 | 50.35 | 15888 | 1137 | 19.29 1.52 101.41 | 32000 | 2290 | 38.85 3.06 7.2%
12 | 1-1-before | 1year | 6/14/2006 | 8.11 | 1815 | 37039 | 3272 | 30.18 3.44 2217 | 45252 | 3998 | 36.87 4.20 8.8%
13 | 1-1-after | 1year | 6/14/2006 | 7.87 | 17.43 | 34622 | 3347 | 3056 3.37 2111 | 41930 | 4054 | 37.01 4.08 9.7%
14 | 1-2-before | 1year | 6/15/2006 | 7.81 | 17.08 | 35591 | 3337 | 30.25 3.38 20.60 | 42922 | 4024 | 36.48 4.08 9.4%
15 | 1-2-after | 1year | 6/15/2006 | 7.71 | 16.16 | 35604 | 3337 | 30.43 3.32 19.27 | 42467 | 3980 | 36.30 3.96 9.4%
16 | 1-3-before | 1year | 6/20/2006 | 7.80 | 20.53 32720 | 3407 29.22 3.3 25.83 | 41173 | 4287 36.77 4.15 10.4%
17 | 1-3-after | 1year | 6/20/2006 | 7.73 | 19.73 | 33831 | 3312 | 29.61 3.12 2458 | 42147 | 4126 | 36.89 3.89 9.8%
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Wet basis Dry basis
No Siqupele L;;tsr Ar:je'lalt); sis pH | Moisture TKN TAN Total Total Moisture TKN TAN Total _Total TAKN/T
Content (/o) | (Lolg) Carbon | Nitrogen | Content (wio) | (Lolg) Carbon | Nitrogen
(W/w,%) (%) (%) (wiw, %) (%) (%)
18 | 1-4-before | 1year | 6/21/2006 | 7.71 | 28.99 28191 | 3796 25.13 2.78 40.83 | 39700 | 5346 35.39 3.91 13.5%
19 | 1-4-after | 1year | 6/21/2006 | 7.67 | 27.78 | 29222 | 3549 | 2597 2.64 38.47 | 40462 | 4914 | 35.96 3.66 12.1%
20 | 1-5-before | 1year | 6/22/2006 | 7.80 28.4 29574 | 3585 | 25.42 2.6 39.66 | 41304 | 5007 | 35.50 3.63 12.1%
21 | 1-5-after | 1year | 6/22/2006 | 7.70 | 27.72 29932 | 3532 25.3 2.75 38.35 | 41411 | 4887 35.00 3.80 11.8%
22 | 1-6-before | 1year | 6/26/2006 | 8.30 | 28.67 28542 | 3755 25.09 2.76 40.19 40014 | 5264 35.17 3.87 13.2%
23 | 1-6-after | 1year | 6/26/2006 | 8.08 | 27.37 | 28676 | 3658 | 26.43 2.59 37.68 | 39482 | 5036 | 36.39 3.57 12.8%
24 | 1-7-before | 1year | 6/27/2006 | 8.06 | 31.56 27964 | 3524 24.1 2.46 46.11 40859 | 5149 35.21 3.59 12.6%
25 | 1-7-after | lyear | 6/27/2006 | 7.94 | 3244 | 26191 | 3515 | 24.26 2.49 48.02 38767 | 5203 35.91 3.69 13.4%
26 | 1-8-before | 1year | 6/28/2006 | 8.23 | 33.15 | 26255 | 3518 | 23.63 2.52 4959 | 39274 | 5263 | 35.35 3.77 13.4%
27 | 1-8-after | 1year | 6/28/2006 | 8.08 | 32.75 26498 | 3278 23.1 2.4 4870 | 39402 | 4874 | 3435 357 12.4%
28 | 1-9-before | 1year | 6/16/2006 | 8.56 | 21.99 28085 | 815 29.48 2.72 28.19 36002 | 1045 37.79 3.49 2.9%
29 | 1-9-after | 1year | 6/16/2006 | 8.47 | 21.21 28793 | 815 29.3 2.73 26.92 36544 | 1034 | 37.19 3.46 2.8%
30 | 4-1-before | <1vyear | 2/5/2007 | 8.96 | 2592 | 32546 | 2921 | 27.18 3.16 3499 | 43934 | 3943 | 36.69 4.27 9.0%
31 | 4-1-after | <1year | 2/5/2007 | 8.84 | 2413 | 35322 | 2757 | 28.93 3.25 31.80 | 46556 | 3634 | 38.13 4.28 7.8%
32 | 4-2-before | <1year | 2/6/2007 | 9.01 | 23.67 | 31471 | 1447 | 2479 2.85 31.01 | 41230 | 1896 | 32.48 3.73 4.6%
33 | 4-2-after | <1vyear | 2/7/2007 | 9.03 | 22.05 | 30675 | 1254 | 24.27 2.91 28.29 | 39352 | 1609 | 31.14 3.73 4.1%
34 | 4-3-before | <1vyear | 2/13/2007 | 7.57 | 32.15 35563 | 2854 | 28.15 3.69 4738 | 52414 | 4206 | 41.49 5.44 8.0%
35 | 4-3-after | <1year | 2/13/2007 | 7.61 | 19.81 | 26495 | 3009 | 30.38 3.82 2470 | 33040 | 3752 | 37.89 4.76 11.4%
36 | 4-4-before | <1year | 2/14/2007 | 8.77 | 17.28 | 28173 | 2161 | 3181 2.87 20.89 | 34058 | 2612 | 38.46 3.47 7.7%
37 | 4-4-after | <1year | 2/14/2007 | 8.67 | 18.48 | 28473 | 2117 | 33.14 2.85 2267 | 34928 | 2597 | 40.65 3.50 7.4%
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Wet basis Dry basis
TR T e o o e Jo T o nor o T T T
wiw,o) | (F9) | (B) | g %) (wiw, %) | (9 | () | T (%)
38 | 4-5-before | <1year | 2/15/2007 | 8.11 19.9 31492 | 3752 30.31 3.17 24.84 | 39316 | 4684 | 37.84 3.96 11.9%
39 | 4-5-after | <1vyear | 2/15/2007 | 8.16 | 1573 | 31361 | 3890 | 30.99 3.26 18.67 | 37215 | 4616 | 36.77 3.87 12.4%
40 | 4-6-before | <1year | 2/16/2007 | 7.73 | 22.95 27864 | 2441 | 29.23 1.97 29.79 | 36164 | 3168 | 37.94 2.56 8.8%
41 | 4-6-after | <1year | 2/16/2007 | 7.16 | 2086 | 28412 | 2877 | 27.31 2.99 2636 | 35901 | 3635 | 3451 3.78 10.1%
42 | 4-7-before | <1year | 2/19/2007 | 7.42 | 2748 | 30716 | 3788 | 24.77 3.03 37.80 | 42355 | 5223 | 34.16 4.18 12.3%
43 | 4-7-after | <1 year | 2/19/2007 | 8.15 | 26448 | 28652 | 2939 | 25.04 2.78 36.02 | 38972 | 3998 | 34.06 378 | 10.3%
44 | A-8-before | <1 year | 2/19/2007 | 8.25 | 2602 | 27208 | 2040 | 27.7 2.83 35.17 | 36778 | 2758 | 37.44 3.83 7.5%
45 | 4-8-after | <1year | 2/21/2007 | 8.01 | 2352 | 29134 | 2524 | 26.89 2.89 30.75 | 38094 | 3300 | 35.16 3.78 8.7%
46 | 4-9-before | <1year | 2/21/2007 | 8.71 | 27.28 | 28145 | 1866 | 27.73 2.75 3751 | 38703 | 2566 | 38.13 3.78 6.6%
47 | 4-9-after | <1year | 2/22/2007 | 8.91 | 23.88 | 28369 | 974 | 27.28 2.74 31.37 | 37269 | 1280 | 35.84 3.60 3.4%
48 <lyear | 2/21/2007 | 620 | 1852 | 28089 | 3685 | 28.61 2.97 2273 | 34473 | 4523 | 3511 365 | 13.1%
49 <lyear | 2/21/2007 | 6.32 | 1878 | 29105 | 4117 | 27.59 2.93 2312 | 35835 | 5069 | 33.97 361 | 14.1%
50 | Housel-1 | <1vyear | 1/29/2007 | 7.73 | 22.95 | 27864 | 2441 | 29.23 1.97 29.79 | 36164 | 3168 | 37.94 2.56 8.8%
51 | Housel-2 | <1year | 3/30/2007 | 857 | 2562 | 42231 | 3519 | 28.04 4.11 34.44 | 56777 | 4731 | 37.70 5.53 8.3%
52 | Housel-3 | <1 year | 4/6/707 8.66 | 2267 | 36473 | 1971 | 27.37 3.64 29.32 | 47165 | 2549 | 35.39 4.71 5.4%
53 cHaOkl:esE1 <1year | 3/30/2007 | 6.47 | 4751 | 29938 | 5864 | 20.83 3.23 90.51 | 57036 | 11172 | 39.68 6.15 | 19.6%
54 | House2-1 | <1year | 1/29/2007 | 7.42 | 27.48 | 30716 | 3788 | 24.77 3.03 37.89 | 42355 | 5223 | 34.16 418 | 12.3%
55 | House2-2 | <1 year | 3/30/2007 | 7.73 18.07 55137 | 3104 31.14 5.61 22.06 67298 | 3789 38.01 6.85 5.6%
56 | House2-3 | <1year | 4/6/707 8.80 | 2461 | 32943 | 2544 | 2561 3.12 32.64 | 43697 | 3374 | 3397 4.14 7.7%
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Wet basis Dry basis
No Sample Litter Analysis pH | Moisture Total Total Moisture Total Total TANIT
code age date Content (TKN TAN Carbon | Nitrogen | Content TKN TAN Carbon | Nitrogen KN
(Ww,%) Ho/g) | (Lo/o) %) (%) (Wiw, %) (lo/g) | (Holg) %) %)

57 | House3-1 | <1year | 1/29/2007 | 8.25 | 26.02 27208 | 2040 27.7 2.83 35.17 36778 | 2758 37.44 3.83 7.5%
58 | House3-2 | <1year | 1/29/2007 | 8.71 | 27.28 | 28145 | 1866 | 27.73 2.75 3751 | 38703 | 2566 | 38.13 3.78 6.6%
59 | House3-3 | <1vyear | 3/30/2007 | 8.34 | 2125 | 44065 | 2365 | 29.22 458 26.98 | 55956 | 3003 37.10 5.82 5.4%
60 | House3-4 | <1year | 3/30/2007 | 8.30 | 20.38 | 43769 | 2116 27.83 4.25 25.60 | 54972 | 2658 34.95 5.34 4.8%
61 | House4-1 | <1year | 1/29/2007 | 6.20 | 18.52 28089 | 3685 | 28.61 2.97 22.73 | 34473 | 4523 35.11 3.65 13.1%
62 | House4-2 | <1year | 3/30/2007 | 8.34 | 20.06 | 43866 | 2768 | 29.78 455 25.09 | 54874 | 3463 | 37.25 5.69 6.3%
63 | House4-3 | <1year | 4/6/707 8.32 | 19.35 | 43499 | 1811 | 3047 4.31 2399 | 53936 | 2246 | 37.78 5.34 4.2%
64 | A-1 <1year | 3/18/2008 | 8.31 | 22.32 | 41406 | 3809 | 25.95 4.05 28.73 | 53303 | 4903 | 3341 5.21 9.2%
65 | A-2 <1year | 4/11/2008 | 8.36 | 24.68 | 46222 | 3952 | 25.91 455 3277 | 61367 | 5247 | 34.40 6.04 8.6%
66 | A-3 <1year | 4/11/2008 | 8.63 | 25.03 | 46901 | 3514 | 26.19 4.2 33.39 | 62560 | 4687 | 34.93 5.60 7.5%
67 | A4 <1vyear | 4/18/2008 | 8.61 | 22.81 | 45701 | 3515 | 26.71 4.23 29.55 | 59206 | 4554 | 34.60 5.48 7.7%
68 | A5 <1vyear | 4/18/2008 | 8.51 | 20.73 | 46554 | 2964 | 26.49 4.41 26.15 | 58728 | 3739 | 3342 5.56 6.4%
69 | A6 <1year | 4/24/2008 | 853 | 22.01 | 50938 | 3059 | 2751 4.16 28.22 | 65314 | 3922 | 3527 5.33 6.0%
70 | B-1 <1year | 3/18/2008 | 8.01 | 3474 | 31212 | 6789 | 22.01 3.01 53.23 | 47827 | 10403 | 33.73 4.61 21.8%
71 | B2 <1vyear | 4/24/2008 | 8.91 | 37.19 | 33297 | 5738 | 20.65 2.41 59.21 | 53012 | 9135 | 32.88 3.84 17.2%
72 | B3 <1lyear | 5/2/2008 | 8.72 | 3536 | 32365 | 5369 | 22.46 2.62 5470 | 50070 | 8306 | 34.75 4.05 16.6%
73 | B4 <1lvyear | 5/2/2008 | 8.60 | 35.34 | 29848 | 5494 | 22.78 2.61 54.66 | 46161 | 8497 | 35.23 4.04 18.4%
74 | B-5 <1lyear | 5/9/2008 | 8.81 | 3654 | 27858 21.29 2.4 57.58 | 43899 33.55 3.78

75 | B-6 <1vyear | 5/23/2008 | 8.87 | 38.24 | 29793 | 5894 | 20.91 2.31 61.92 48240 | 9543 33.86 3.74 19.8%
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Wet basis Dry basis
TR T e o o e Jo T o nor o T T T
(Ww,%) (lo/g) | (Lo/g) %) %) (Wiw, %) (lo/g) | (Holg) %) (%)
76 | C-1 <1year | 3/18/2008 | 845 | 64.15 | 26858 | 9294 | 13.65 2.51 178.94 | 74918 | 25925 | 38.08 7.00 34.6%
77 | C-2 <1lvyear | 5/23/2008 | 8.94 | 4376 | 26262 | 7731 | 18.19 2.04 77.81 | 46696 | 13746 | 32.34 3.63 29.4%
78 | C-3 <1lvyear | 6/6/2008 | 8.74 | 49.17 28019 | 9219 17.53 2.51 96.73 | 55123 | 18137 | 34.49 4.94 32.9%
79 | C-4 <1year | 6/6/2008 | 8.73 | 51.09 27181 | 9559 16.51 2.72 104.46 | 55574 | 19544 | 33.76 5.56 35.2%
80 | C-5 <1year | 6/20/2008 | 8.70 | 4759 | 23702 | 4066 | 17.64 2.18 90.80 | 45224 | 7758 | 33.66 4.16 17.2%
81 | C6 <1vyear | 6/20/2008 | 8.74 | 48.53 22631 | 3893 17.47 2.37 94.29 43969 | 7564 | 33.94 4.60 17.2%

Note: Litter samples were all taken from commercial broiler farms in North Carolina. The litter material used by the farms

mainly consisted of wood shavings. Litter samples A, B, and E (No. 1, No. 2 and No. 5) were used in the study of comparison

of techniques for determining ammonia emissions (chapter 4). Litter samples 1-1 to 1-9, 4-1 to 4-9 (No. 12 to No. 47) were

used for the mass balance approach (chapter 4), and each of the samples were analyzed twice, before and after the test. Litter

samples A, B, C, D, E (No. 1 to No. 5) were used in the study of effects of moisture (chapter 5). Litter samples 4-1 to 4-9 were

also used in the dynamic flow through chamber study for developing sub-model of Cg  (chapter 6). Data from No. 64 to No.

81 were six repeat analyses for three litter samples (Data No.64 to No.69 were from litter A, and data No. 70 to No. 75 were

from litter B that was used in the wind tunnel study in chapter 6 and chapter 7).
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APPENDIX B. EFFECTS OF LITTER PH, MOISTURE CONTENT AND TOTAL CARBON CONTENT

ON TAN/TKN RATIO

It was observed that the TAN content were 2.83% to 35.17% of the TKN content in the
litter in Appendix A. The TAN/TKN ratios in litter showed wide variation. The litter TAN
content is the direct source of ammonia released from litter and it is an important input in the
emission model. On the other hand, litter TKN content, pH, moisture contents and total
carbon content are variables that can be directly influenced by management and control
strategies. A regression procedure was used to relate TAN/TKN ratio with litter pH, moisture
contents and total carbon content (all in dry basis). Data for each different litter sample in
Appendix A were used for the regression (for data No.12 to N0.49, only the analysis data
before the chamber test were used; for data No. 64 to No. 81, average values of six repeat
analyses for each of the three litter samples were used). The results are shown in the

following page.

It can be seen that litter pH and moisture content both significantly influence the
TAN/TKN ratio (P-value < 0.001). The TAN/TKN ratio decreases with increasing pH and

increases with increasing moisture content.
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Regression Statistics

Multiple R 0.725163
R Square 0.525861
Adjusted R
Square 0.493534
Standard Error 0.0321
Observations 48
ANOVA
Significance
df SS MS F F
Regression 3 0.050284521 0.016762 16.26662 2.95E-07
Residual 44 0.045338619  0.00103
Total 47  0.09562314
Standard Upper Lower Upper
Coefficients Error t Stat P-value  Lower 95% 95% 95.0% 95.0%
Intercept 0.390063 0.082650741 4.719412 2.42E-05 0.223491 0.556635 0.223491  0.556635
pH -0.02473 0.006982637 -3.54148 0.000955 -0.0388 -0.01066 -0.0388  -0.01066
MC (%) 0.001513 0.000250763 6.034072 3.01E-07 0.001008 0.002019 0.001008 0.002019
TC (%) -0.00397 0.001850905 -2.14413 0.037586 -0.0077 -0.00024 -0.0077  -0.00024
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APPENDIX C. EXPERIMENTAL DATA OF CG, 0AND K¢ IN THE DYNAMIC FLOW THROUGH CHAMBER STUDY

Litter TAN Moisture Observed Dissolved NHs-N Dissolved NH,*-N Adso[bed NHg-N Estimated | The Kq
Saﬁcﬁle (wg P (53356% (m%%S) '\EH“/_;\l ITAN (LP/<kf ) e
! (mglL) | (ng/e) | (mg/L) | (ug/g) He'e g
1 3787 8.90 33.4 163 278 93 767 256 3438 2.45% 4.48 0.069
2 1751 9.02 29.6 119 202 60 424 126 1566 3.43% 3.69 0.074
3 3961 7.59 351 27 46 16 2617 919 3026 0.41% 1.16 0.232
4 2605 8.72 21.8 143 244 53 1020 222 2330 2.04% 2.28 0.087
5 4650 8.14 21.7 86 147 32 2342 508 4110 0.69% 1.75 0.110
6 3405 7.45 28.1 13 23 6 1752 491 2907 0.19% 1.66 0.144
7 4607 7.79 36.9 81 138 51 4917 1817 2739 1.11% 0.56 0.399
8 3033 8.13 329 64 109 36 1769 582 2415 1.18% 1.37 0.194
9 4795 6.26 22.9 1 1.9 0.4 2285 524 4271 0.01% 1.87 0.109
10 1908 8.81 344 134 228 78 775 266 1563 4.11% 2.02 0.146

Note: All data expressed in dry basis. T=22°C, Henry’s constant K,=2073.48, the dissociation constant in water Kgo = 1073,
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APPENDIX D. EXPERIMENTAL DATA OF Cg ¢ AND KiFOR LITTER A IN THE WIND TUNNEL STUDY

T Observed | pissolved NHs-N | Dissolved NH,*-N Adso[bed NHa-N Estimated | The Kq
°C) LogKqo Kh Cq0 , NH, -N TAN Ks ratio
(mg/m?)  (mg/L) | (ofg)  (mg/ll) | (/) | (Ko/9) (L/kg) o
21.7 -9.35 | 2100 164 284 84 2065 614 3802 1.88% 1.84 0.14
21.7 -9.35 | 2100 198 342 102 2489 740 3659 2.26% 1.47 0.17
21.7 -9.35 2100 220 381 113 2769 824 3564 2.52% 1.29 0.19
19.2 -9.43 2318 115 219 65 1912 569 3867 1.45% 2.02 0.13
23.3 -9.30 1968 140 227 68 1464 435 3998 1.50% 2.13 0.10
26.1 -9.21 1769 280 408 121 2163 643 3736 2.70% 1.73 0.15
26.1 -9.21 1769 294 428 127 2267 674 3699 2.83% 1.63 0.15
23.9 -9.28 1927 247 392 117 2428 722 3662 2.59% 151 0.16
21.1 -9.37 2146 148 262 78 1981 589 3834 1.73% 1.93 0.13
23.9 -9.28 1927 220 348 104 2159 642 3755 2.30% 1.74 0.15
25.0 -9.25 1846 250 380 113 2177 648 3740 2.51% 1.72 0.15
27.2 -9.18 1697 358 500 149 2450 729 3623 3.30% 1.48 0.17
26.7 -9.20 1733 381 543 162 2768 823 3516 3.59% 1.27 0.19
25.0 -9.25 1846 348 530 158 3033 902 3441 3.50% 1.13 0.21
21.1 -9.37 2146 191 337 100 2551 759 3642 2.23% 1.43 0.17
21.1 -9.37 2146 197 348 104 2634 784 3614 2.30% 1.37 0.18
21.1 -9.37 2146 221 390 116 2954 879 3506 2.58% 1.19 0.20
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T Observed | pissolved NHs-N | Dissolved NH,*-N Adso[bed NHa-N Estimated | The Kq
°C) LogKqo Kh Cq0 , NH, -N TAN Ks ratio
(mg/m?)  (mg/L) | Q(ofg)  (mgll) | (o/g) | (9/9) (L/kg) o
16.1 953 | 2621 106 229 68 2503 745 3688 1.51% 1.47 0.17
16.7 -9.51 2563 111 235 70 2467 734 3697 1.55% 1.50 0.17
21.1 -9.37 | 2146 139 246 73 1862 554 3874 1.63% 2.08 0.13
20.0 -9.40 2243 90 166 49 1365 406 4045 1.10% 2.96 0.09
20.0 -9.40 2243 100 184 95 1509 449 3997 1.22% 2.65 0.10
12.8 -9.64 3007 46 115 34 1623 483 3984 0.76% 2.46 0.11
20.0 -9.40 2243 115 213 63 1750 521 3917 1.41% 2.24 0.12
22.2 -9.33 2055 114 193 57 1345 400 4044 1.27% 3.01 0.09
22.2 -9.33 | 2055 166 282 84 1968 585 3832 1.86% 1.95 0.13
17.8 -9.48 2451 109 221 66 2133 634 3801 1.46% 1.78 0.14
21.1 -9.37 2146 127 224 67 1698 505 3929 1.48% 231 0.11
14.9 -9.57 2756 80 181 o4 2169 645 3802 1.19% 1.75 0.15
8.2 -9.79 3644 27 81 24 1627 484 3993 0.53% 2.45 0.11

Note: All data expressed in dry basis. For litter A, TAN=4501 |g/g, pH=8.49, MC=29.8 w/w%.
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APPENDIX E. EXPERIMENTAL DATA OF C; o AND K¢ FOR LITTER B IN THE WIND TUNNEL STUDY

T Observed | Dissolved NHz;-N | Dissolved NH,™-N Adso[bed NH,-N Estimated | The Kq
°C) LogKupo K Cyo \ NH,"-N ITAN Kt ratio
(mg/m°) (o/9) (L/kg) a
(mg/L) | (olg) (mg/L) | (olg)
21.1 -9.37 2146 243 430 243 2410 1366 7567 2.65% 3.14 0.15
26.1 -9.21 1769 500 729 413 2862 1622 7141 4.50% 2.50 0.19
26.7 -9.20 1733 563 803 455 3034 1719 7002 4.96% 2.31 0.20
25.6 -9.23 1807 528 786 445 3208 1818 6913 4.85% 2.15 0.21
25.0 -9.25 1846 448 681 386 2891 1638 7152 4.20% 2.47 0.19
22.8 -9.32 2011 357 5901 335 2941 1666 7175 3.65% 2.44 0.19
22.8 -9.32 2011 405 671 380 3336 1891 6905 4.14% 2.07 0.21
23.3 -9.30 1968 479 777 440 3715 2105 6630 4.79% 1.78 0.24
22.8 -9.32 2011 282 467 265 2323 1316 7595 2.88% 3.27 0.15
22.8 -9.32 2011 361 597 339 2972 1684 7153 3.69% 241 0.19
26.1 -9.21 1769 497 724 410 2841 1610 7156 4.46% 2.52 0.18
23.9 -9.28 1927 459 728 412 3343 1895 6869 4.49% 2.05 0.22
20.0 -9.40 2243 457 844 478 5137 2911 5787 5.21% 1.13 0.33
20.6 -9.39 2194 516 933 529 5451 3089 5558 5.76% 1.02 0.36
23.9 -9.28 1927 628 996 564 4576 2593 6018 6.14% 1.32 0.30
24.4 -9.27 1886 517 803 455 3545 2009 6712 4.95% 1.89 0.23
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T Observed | Dissolved NH;-N | Dissolved NH,*-N Adso[bed NH,-N Estimated | The Kq
°C) LogKqo K Cq0 \ NH, -N ITAN Ks ratio
(mg/m°) (Lo/9) (L/kg) a
(mg/L) | (olg) (mg/L) | (o/g)
25.3 -9.24 1826 564 848 480 3529 2000 6696 5.23% 1.90 0.23
25.0 -9.25 1846 450 684 388 2904 1646 7143 4.22% 2.46 0.19
23.3 -9.30 1968 637 1033 586 4939 2799 5791 6.37% 1.17 0.33
20.0 -9.40 2243 146 269 152 1636 927 8097 1.66% 4.95 0.10
25.7 -9.23 1797 901 1334 756 5391 3055 5365 8.23% 1.00 0.36
24.8 -9.25 1860 589 902 511 3887 2203 6462 5.57% 1.66 0.25
23.6 -9.29 1948 562 901 511 4226 2395 6270 5.56% 1.48 0.28
24.6 -9.26 1875 681 1052 596 4595 2604 5976 6.49% 1.30 0.30
25.2 -9.24 1832 696 1050 595 4398 2492 6089 6.48% 1.38 0.29
24.8 -9.25 1860 665 1018 577 4386 2485 6113 6.28% 1.39 0.29
23.6 -9.29 1948 433 694 393 3256 1845 6937 4.28% 2.13 0.21
27.7 -9.17 1666 632 867 491 3046 1726 6959 5.35% 2.28 0.20
27.7 -9.17 1666 737 1012 573 3555 2015 6588 6.24% 1.85 0.23
28.3 -9.15 1629 588 788 447 2658 1506 7223 4.86% 2.72 0.17
25.1 -9.24 1839 494 748 424 3154 1788 6964 4.62% 2.21 0.20
255 -9.23 1811 559 834 473 3420 1938 6765 5.15% 1.98 0.22
29.1 -9.12 1581 782 1018 577 3248 1841 6759 6.28% 2.08 0.21

170




T Observed | Dissolved NH;-N | Dissolved NH,*-N Adso[bed NH,-N Estimated | The Kq
°C) LogKqo K Cq0 \ NH, -N ITAN Ks ratio
(mg/m°) (Lo/9) (L/kg) a
(mg/L) | (olg) (mg/L) | (o/g)
30.0 -9.10 1529 696 876 497 2628 1489 7190 5.41% 2.74 0.17
24.6 -9.26 1875 220 340 193 1486 842 8141 2.10% 5.48 0.09
27.4 -9.17 1685 346 480 272 1721 975 7929 2.96% 461 0.11
26.2 -9.21 1763 674 978 554 3818 2164 6458 6.04% 1.69 0.25
24.6 -9.26 1875 500 172 438 3373 1912 6827 4.76% 2.02 0.22
24.1 -9.28 1911 511 803 455 3637 2061 6660 4.96% 1.83 0.24
27.6 -9.17 1673 600 826 468 2923 1656 7051 5.10% 241 0.19
28.8 -9.13 1599 516 679 385 2213 1254 7537 4.19% 3.41 0.14
23.2 -9.30 1978 213 347 197 1677 950 8029 2.14% 4,79 0.11
19.2 -9.43 2316 146 278 157 1794 1017 8002 1.71% 4.46 0.11
19.4 -9.42 2297 165 312 177 1984 1124 7875 1.93% 3.97 0.12
9.2 -9.76 3502 36 103 59 1433 812 8305 0.64% 5.79 0.09
11.8 -9.67 3133 63 161 91 1820 1032 8053 1.00% 4.42 0.11
8.4 -9.79 3613 42 125 71 1835 1040 8065 0.77% 4.39 0.11
10.6 -9.71 3289 63 171 97 2115 1198 7881 1.06% 3.73 0.13
8.7 -9.78 3573 37 108 61 1552 880 8235 0.67% 5.30 0.10
12.2 -9.66 3075 50 126 72 1378 781 8323 0.78% 6.04 0.09
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Observed | Dissolved NHs;-N | Dissolved NH;*-N | Adsorbed Estimated | The Ky
T ! NH,-N .
o LogKqo K Cq0 NH, -N Ks ratio
(C) 3 ITAN

(mg/m°) (o/g) (L/kg) a

(mg/L) | (o/9) (mg/L) | (o/9)

9.1 -9.77 3518 44 127 72 1776 1006 8098 0.78% 4.56 0.11
13.0 -9.63 2974 55 135 76 1382 783 8316 0.83% 6.02 0.09
11.0 -9.70 3245 48 127 72 1530 867 8237 0.78% 5.38 0.10
14.4 -9.58 2807 60 139 79 1280 726 8372 0.86% 6.54 0.08

Note: All data expressed in dry basis. For litter B, TAN=9176 |g/g, pH=8.62, MC=56.7 w/w%.
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APPENDIX F. EXPERIMENTAL DATA FOR Kg REGRESSION MODEL DEVELOPMENT (LITTERA)

IN THE WIND TUNNEL STUDY

? U T RH Cy, outlet J . Cq 0 Ke

(m°/s) (m/s) (°C) (mg/m®) | (mgN m?h™") | (mg/m®) | (m/h)
0.00165 0.04 19.4 31.17 984 125.29 12.70
0.00276 0.06 19.4 25.09 1323 125.29 16.03
0.00283 0.07 18.3 22.43 1213 108.33 17.14
0.00321 0.07 23.3 20.82 1277 208.45 8.26
0.00321 0.07 21.1 18.82 1154 155.84 10.23
0.00314 0.07 13.3 11.76 706 56.30 19.23
0.00328 0.08 21.1 21.66 1357 155.84 12.28
0.00411 0.10 18.3 12.92 1015 108.33 12.91
0.00414 0.10 16.7 13.17 1043 87.10 17.13
0.00414 0.10 16.7 12.36 979 87.10 15.90
0.00411 0.10 22.8 15.93 1251 193.83 8.54
0.00421 0.10 13.9 7.04 567 60.55 12.86
0.00417 0.10 194 10.65 850 125.29 9.00
0.00487 0.11 24.4 9.91 923 241.09 4.85
0.00556 0.13 22.2 7.34 781 180.24 5.48
0.00611 0.14 16.1 2.95 344 80.99 5.36
0.00628 0.15 25.6 4.14 497 278.83 2.20
0.00684 0.16 13.9 3.11 406 60.55 8.59
0.00669 0.16 18.3 4.43 566 108.33 6.62
0.00677 0.16 16.7 2.57 333 87.10 4,78
0.00971 0.23 21.7 3.25 604 167.60 4.46
0.01078 0.25 18.3 1.38 285 108.33 3.24
0.01112 0.26 20.0 3.06 651 134.75 6.00
0.01124 0.26 20.6 4.3 925 14491 7.99
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Q u T ah | Coou ) o Ko
(m®/s) (m/s) (°C) (mg/m®) | (mgN m?h™) | (mg/m®) | (m/h)
0.01107 0.26 18.3 2.28 483 108.33 5.53
0.01192 0.28 25.0 3.62 824 259.27 3.92
0.01653 0.38 17.2 2.93 925 93.67 12.38
0.01666 0.39 20.0 4.72 1503 134.75 14.04
0.0169 0.39 17.8 3.53 1140 100.74 14.25
0.01728 0.40 21.1 2.29 758 155.84 5.99
0.01762 0.41 18.6 1.88 632 112.35 6.95
0.01842 0.43 23.9 2.24 789 224.18 4.32
0.02111 0.49 18.9 2.16 874 116.51 9.28
0.02169 0.50 21.7 1.85 768 167.60 5.63
0.02201 0.51 23.3 2.03 855 208.45 5.03
0.02242 0.52 18.3 131 561 108.33 6.37
0.02353 0.55 17.2 2.01 905 93.67 11.98
0.02774 0.65 21.7 2.24 1191 167.60 8.75
0.02854 0.66 23.3 1.78 974 208.45 5.72
0.02913 0.68 211 1.82 1014 155.84 8.00
0.02951 0.69 15.3 1.05 591 72.62 10.02
0.03234 0.75 22.5 1.82 1124 186.91 7.38
0.03535 0.82 20.0 2.11 1427 134.75 13.06
0.03528 0.82 19.4 1.13 765 125.29 7.48
0.03524 0.82 20.6 2.32 1560 14491 13.29
0.03672 0.85 18.9 1.92 1348 116.51 14.29
0.03714 0.86 13.9 0.97 686 60.55 13.97
0.03679 0.86 17.2 1 703 93.67 9.22
0.04208 0.98 23.9 1.61 1294 224.18 7.06
0.04404 1.02 194 1.72 1447 125.29 14.22
0.04374 1.02 14.1 49.2 0.62 520 62.33 10.23
0.0443 1.03 19.4 2.17 1835 125.29 18.09
0.04478 1.04 17.8 0.9 767 100.74 9.32
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Q u T ah | Coou ) o Ko
(m®/s) (m/s) (°C) (mg/m®) | (mgN m?h™) | (mg/m®) | (m/h)
0.04474 1.04 21.1 2.13 1823 155.84 14.40
0.04564 1.06 9.1 42.4 0.63 551 32.48 21.02
0.05165 1.20 25.0 1.37 1352 259.27 6.36
0.05307 1.23 13.9 0.75 757 60.55 15.37
0.05317 1.24 13.9 0.77 782 60.55 15.88
0.05372 1.25 21.1 1.62 1662 155.84 13.09
0.05411 1.26 18.9 1.82 1880 116.51 19.91
0.05417 1.26 10.8 38.6 0.65 676 40.36 20.69
0.05535 1.29 9.8 35.6 0.7 740 35.54 25.80
0.05632 1.31 14.4 48.9 0.87 938 64.74 17.84
0.0567 1.32 25.6 1.04 1126 278.83 492
0.05939 1.38 18.9 1.55 1761 116.51 18.60
0.05998 1.39 20.6 1.64 1885 14491 15.98
0.06031 1.40 22.2 1.28 1477 180.24 10.02
0.06102 1.42 21.7 1.28 1490 167.60 10.88
0.06195 1.44 211 1.41 1677 155.84 13.18
0.06451 1.50 14.7 46.3 0.58 716 67.07 13.07
0.06493 151 114 38.1 0.71 884 43.91 24.85
0.06489 151 10.3 35.7 0.54 668 38.05 21.61
0.06593 1.53 25.6 1.28 1617 278.83 7.08
0.06761 1.57 20.0 1.24 1602 134.75 14.57
0.06731 157 19.7 1.31 1684 129.93 15.90
0.06826 1.59 20.0 111 1455 134.75 13.22
0.06881 1.60 23.3 1.23 1620 208.45 9.49
0.06872 1.60 22.8 111 1458 193.83 9.19
0.07086 1.65 211 57.6 2.09 2831 155.57 22.40
0.07116 1.65 20.6 60.1 1.83 2488 146.12 20.93
0.07276 1.69 18.1 62.5 1.12 1560 104.79 18.27
0.0781 1.82 27.2 0.75 1114 346.81 3.91
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Q u T ah | Coou ) o Ko

(m®/s) (m/s) (°C) (mg/m®) | (mgN m?h™) | (mg/m®) | (m/h)
0.07891 1.84 25.0 0.93 1411 259.27 6.63
0.07908 1.84 10.5 36.0 0.43 653 38.96 20.57
0.07895 1.84 10.6 36.8 0.5 756 39.26 23.68
0.08005 1.86 26.1 0.89 1358 299.87 5.52
0.08036 1.87 19.4 0.53 810 125.29 7.88
0.08026 1.87 14.8 454 0.43 662 68.31 11.85
0.08372 1.95 19.7 0.65 1043 129.93 9.79
0.08538 1.99 20.0 0.7 1136 134.75 10.29
0.08609 2.00 25.0 0.85 1392 259.27 6.54
0.08738 2.03 25.6 0.61 1012 278.83 4.42
0.08807 2.05 21.7 53.7 1.46 2467 168.42 17.94
0.08963 2.08 25.6 0.79 1352 278.83 5.90
0.08946 2.08 20.3 57.4 141 2409 139.54 21.17
0.09188 2.14 17.8 0.58 1022 100.74 12.39
0.09309 2.16 16.1 0.61 1092 80.99 16.50
0.09512 2.21 23.3 0.93 1689 208.45 9.88

Note: Emission surface area = 0.155m.
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APPENDIX G. EXPERIMENTAL DATA FOR Kg REGRESSION MODEL VALIDATION (LITTER B)

IN THE WIND TUNNEL STUDY

(3? v T RH Co, oute b Cq.0 Ko

(m*/s) (m/s) (°C) (mg/m® | (mgN m?h™) | (mg/m® | (m/h)
0.00359 0.08 12.3 515 4.78 328 67.99 6.31
0.00358 0.08 11.2 52.6 4.14 283 56.78 6.53
0.00400 0.09 29.6 58.4 36.94 2827 970.93 3.68
0.00421 0.10 28.9 57.4 43.05 3466 871.52 5.08
0.00416 0.10 24.8 61.7 28.88 2296 465.81 6.38
0.00421 0.10 25.1 62.7 30.67 2469 489.39 6.54
0.00476 0.11 26.3 64.7 34.35 3129 586.22 6.88
0.00455 0.11 27.6 63.4 28.99 2526 717.54 4.45
0.00459 0.11 20.8 60.3 12.47 1095 250.86 5.58
0.00504 0.12 25.7 65.5 17.62 1698 530.52 4.02
0.00511 0.12 12.8 54.6 2.01 196 73.34 3.34
0.00580 0.13 244 64.6 10.15 1126 437.32 3.20
0.00552 0.13 12.0 51.9 2.63 278 64.83 5.42
0.00583 0.14 25.0 64.2 14.76 1645 477.46 4.32
0.00587 0.14 24.5 63.0 15.02 1686 446.80 4.74
0.00611 0.14 27.1 64.0 17.64 2062 662.21 3.88
0.00635 0.15 26.1 61.2 6.47 786 566.65 1.70
0.00670 0.16 27.7 61.3 10.13 1298 721.98 2.21
0.00711 0.17 12.4 56.6 1.78 242 68.94 4.37
0.00780 0.18 26.7 65.0 9.91 1479 618.75 2.95
0.00780 0.18 25.5 65.3 7.90 1179 516.55 2.82
0.00794 0.18 28.8 60.6 9.21 1400 864.82 1.99
0.00780 0.18 26.4 62.8 8.90 1329 595.70 2.75
0.00769 0.18 214 60.8 5.14 757 276.60 3.39
0.00800 0.19 27.1 61.2 8.12 1242 662.62 2.31
0.00877 0.20 24.8 61.2 2.50 420 461.52 1.11
0.01065 0.25 26.6 64.5 3.70 753 612.10 1.50
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? v T RH Co, oty b Cq.0 Ko

(m*/s) (m/s) (°C) (mg/m®) | (mgN m?h™) | (mg/m® | (m/h)
0.01057 0.25 25.3 63.6 3.19 644 503.17 1.56
0.01092 0.25 12.0 60.9 1.97 411 64.22 8.01
0.01173 0.27 25.9 64.8 2.71 608 548.58 1.35
0.01162 0.27 20.7 60.9 2.17 482 246.71 2.39
0.01202 0.28 29.3 62.8 8.53 1961 935.63 2.57
0.01237 0.29 27.1 63.9 2.92 692 666.31 1.27
0.01226 0.29 25.5 62.7 3.49 819 514.56 1.95
0.02148 0.50 26.4 61.8 2.87 1180 599.76 2.40
0.02197 0.51 25.2 62.8 7.14 3001 491.28 7.53
0.02206 0.51 24.2 62.6 1.67 703 421.56 2.03
0.02183 0.51 20.3 62.0 2.51 1049 232.16 5.55
0.02183 0.51 125 45.8 1.04 436 69.71 7.71
0.02256 0.52 25.5 61.8 2.16 931 515.67 2.20
0.02277 0.53 28.1 61.1 10.70 4660 774.73 7.41
0.02263 0.53 23.7 64.5 3.97 1717 394.80 5.34
0.03583 0.83 27.6 63.0 8.29 5680 714.33 9.77
0.03565 0.83 26.3 64.6 6.74 4594 586.22 9.63
0.03563 0.83 24.1 63.7 1.83 1248 418.12 3.64
0.03548 0.83 26.5 62.6 1.87 1272 606.83 2.55
0.03611 0.84 24.8 62.6 3.84 2655 467.83 6.95
0.03653 0.85 23.5 62.9 3.99 2785 381.44 8.96
0.03927 0.91 12.5 45.0 1.05 792 69.36 14.08
0.04035 0.94 11.9 48.4 1.29 993 63.25 19.46
0.04087 0.95 204 63.5 154 1208 236.75 6.23
0.04337 1.01 28.9 64.0 3.06 2535 877.19 3.52
0.04353 1.01 28.5 64.1 2.94 2446 826.47 3.61
0.04430 1.03 27.8 64.7 2.38 2013 738.09 3.32
0.04456 1.04 24.4 61.6 1.29 1102 436.58 3.07
0.04477 1.04 12.1 46.3 0.85 729 65.44 13.71
0.04581 1.07 26.3 61.7 2.44 2138 582.79 4.47
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? v T RH Co, oty b Cq.0 Ko

(m*/s) (m/s) (°C) (mg/m®) | (mgN m?h™) | (mg/m® | (m/h)
0.04615 1.07 28.7 63.2 2.31 2036 846.60 2.93
0.04916 1.14 20.6 62.6 1.28 1204 243.38 6.04
0.05307 1.23 29.4 63.5 2.45 2485 940.70 3.22
0.05359 1.25 21.6 61.5 1.58 1614 283.47 6.95
0.05417 1.26 26.5 62.4 1.11 1146 605.52 2.30
0.05514 1.28 27.9 64.2 2.06 2169 750.37 3.52
0.05545 1.29 19.0 62.0 1.38 1460 190.23 9.39
0.05538 1.29 12.0 45.0 0.76 804 64.73 15.27
0.05587 1.30 27.8 63.3 2.26 2411 740.37 3.97
0.06482 151 11.6 454 0.61 759 60.39 15.41
0.06657 1.55 26.9 62.0 2.05 2605 641.49 4,95
0.06680 1.55 22.5 57.7 2.44 3116 324.39 11.75
0.06699 1.56 26.3 62.3 2.04 2609 588.12 5.41
0.06812 1.58 21.8 61.2 2.03 2645 294.02 11.00
0.06858 1.59 244 55.3 2.12 2775 43551 7.78
0.07348 1.71 20.9 62.9 1.07 1497 254.17 7.18
0.07971 1.85 19.7 61.3 2.40 3666 213.07 21.13
0.07977 1.86 10.3 48.2 0.73 1117 49.80 27.64
0.08047 1.87 24.0 57.3 1.75 2692 411.85 7.97
0.08557 1.99 22.0 61.8 1.43 2348 299.89 9.55
0.08637 2.01 28.0 59.5 1.90 3139 756.65 5.05
0.08692 2.02 27.4 60.7 1.73 2870 692.30 5.05
0.08689 2.02 26.1 50.0 1.93 3209 567.53 6.89
0.08744 2.03 18.5 61.4 1.07 1788 175.37 12.46

Note: Emission surface area = 0.155m.
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APPENDIX H. CALCULATION OF DIMENSIONLESS NUMBERS

Liter | U | T(C) | Ke D v (K GS[‘/D) (UFSV) (VS;‘E))
A | 004 | 194 | 1270 | 2.36E-05 | 1.54E-05 | 30.4 5073 | 0.653
A | 006 | 194 | 1603 | 2.36E-05 | 1.54E-05 | 384 8473 | 0.653
A | 007 | 183 | 1714 | 2.34E-05 | 153E-05 | 413 8748 | 0.652
A | 007 | 133 | 1923 | 227605 | 148E-05 | 478 | 10028 | 0.651
A | 007 | 233 | 826 | 241E-05 | 158E-05 | 193 9616 | 0.654
A | 007 | 211 | 1023 | 2.38E-05 | 155E-05 | 243 9751 | 0.653
A | 008 | 211 | 1228 | 238E-05 | 155605 | 29.1 996.1 | 0.653
B | 008 | 112 | 653 | 224E05 | 146E-05 | 165 | 11599 | 0.651
B | 008 | 123 | 631 | 226E05 | 147E-05 | 158 | 11539 | 0.651
B | 009 | 296 | 368 | 250E-05 | 164E-05 8.3 11545 | 0.655
A | 010 | 183 | 1291 | 234E-05 | 153E05 | 311 | 12707 | 0.652
A | 010 | 228 | 854 | 240E-05 | 157E05 | 201 | 12354 | 0.653
A | 010 | 167 | 1713 | 232605 | 151E-05 | 417 | 12951 | 0.652
A | 010 | 167 | 1590 | 232605 | 151E-05 | 387 | 12951 | 0.652
B | 010 | 248 | 638 | 243E05 | 159E-05 | 148 | 12352 | 0.654
A | 010 | 194 | 900 | 236E05 | 154E-05 | 216 | 12830 | 0.653
A | 010 | 139 | 1286 | 2.28E:05 | 1.48E-05 | 319 | 13405 | 0.651
B | 010 | 289 | 508 | 249E05 | 163E05 | 115 | 12196 | 0.655
B | 010 | 251 | 654 | 244E05 | 159E-05 | 151 | 12481 | 0.654
B | 011 | 276 | 445 | 247E05 | 162E-05 | 102 | 13300 | 0.655
B | 011 | 208 | 558 | 238E05 | 155605 | 133 | 13984 | 0.653
B | 011 | 263 | 688 | 245605 | 161E05 | 158 | 14019 | 0.654
A | 011 | 244 | 48 | 243E-05 | 159E-05 | 113 | 14491 | 0.654
B | 012 | 257 | 402 | 244E05 | 160E-05 9.3 1489.3 | 0.654
B | 012 | 128 | 334 | 226E05 | 147E-05 8.3 16380 | 0.651
B | 013 | 120 | 542 | 22505 | 147E05 | 136 | 17803 | 0.651
A | 013 | 222 | 548 | 240E05 | 156E-05 | 129 | 16782 | 0.653
B | 013 | 244 | 320 | 243E05 | 159E-05 7.4 1727.6 | 0.654
B | 014 | 250 | 432 | 243E05 | 159E-05 | 10.0 | 17291 | 0.654

180




Liter | U | T(C) | Ke D v (K GS[‘/D) (UFSV) (VS/‘E))
B | 014 | 245 | 474 | 243E05 | 15905 | 110 | 1746.6 | 0.654
014 | 161 | 536 | 231E-05 | 151E-05 | 131 | 19184 | 0.652

B | 014 | 271 | 388 | 246E-05 | 161E-05 8.9 1790.0 | 0.654
A | 015 | 256 | 220 | 244E05 | 1.60E-05 5.1 1858.3 | 0.654
B | 015 | 261 | 170 | 245E-05 | 160E05 | 3.9 1872.6 | 0.654
A | 016 | 183 | 662 | 234E05 | 153E-05 | 160 | 20705 | 0.652
B | 016 | 277 | 221 | 247E05 | 162E-05 5.1 19554 | 0.655
A | 016 | 167 | 478 | 232605 | 151E-05 | 116 | 21171 | 0.652
A | 016 | 139 | 859 | 228E-05 | 148E05 | 213 | 2177.3 | 0.651
B | 017 | 124 | 437 | 226E05 | 147E05 | 109 | 2287.0 | 0.651
B | 018 | 214 | 339 | 2.38E-05 | 156E-05 8.0 23345 | 0.653
B | 018 | 267 | 295 | 246E05 | 161E-05 6.8 22925 | 0.654
B | 018 | 255 | 282 | 2.44E05 | 160E-05 6.5 23093 | 0.654
B | 018 | 264 | 275 | 245605 | 161E-05 6.3 2296.0 | 0.654
B | 018 | 288 | 199 | 249E05 | 163E05 | 45 2302.1 | 0.655
B | 019 | 271 | 231 | 246E-05 | 161E-05 5.3 23445 | 0.654
B | 020 | 248 | 111 | 243E05 | 159E-05 2.6 2607.5 | 0.654
A | 023 | 217 | 446 | 239E05 | 156E-05 | 105 | 29413 | 0.653
B | 025 | 253 | 156 | 244E05 | 160E05 | 36 31309 | 0.654
B | 025 | 266 | 150 | 246E05 | 161E05 | 35 31292 | 0.654
A | 025 | 183 | 324 | 234E-05 | 1.53E-05 7.8 33359 | 0.652
B | 025 | 120 | 801 | 225605 | 147E-05 | 201 | 35202 | 0.651
A | 026 | 183 | 553 | 2.34E-05 | 153E-05 | 133 | 34268 | 0.652
A | 026 | 200 | 600 | 2.36E-05 | 154E-05 | 143 | 34066 | 0.653
A | 026 | 206 | 799 | 2.37E-05 | 155E-05 | 190 | 34289 | 0.653
B | 027 | 207 | 239 | 2.37E-05 | 155E-05 5.7 35419 | 0.653
B | 027 | 259 | 135 | 245605 | 160E05 | 3.1 34619 | 0.654
A | 028 | 250 | 392 | 243E05 | 1.59E-05 9.1 3537.1 | 0.654
B | 028 | 293 | 257 | 250E-05 | 164E-05 5.8 34735 | 0.655
B | 029 | 255 | 195 | 244E05 | 160E05 | 45 3629.4 | 0.654
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Liter | U | T(C) | Ke D v (K GS[‘/D) (UFSV) (VS/‘E))
B | 020 | 271 | 127 | 247605 | 161E-05 2.9 36222 | 0.654
A | 038 | 172 | 1238 | 232E-05 | 152605 | 301 | 5151.3 | 0.652
A | 039 | 200 | 1404 | 2.36E-05 | 154E-05 | 335 | 51006 | 0.653
A | 039 | 178 | 1425 | 2.33E-05 | 152E-05 | 345 | 52484 | 0.652
A | 040 | 201 | 599 | 238E-05 | 155E-05 | 142 | 52541 | 0.653
A | 041 | 186 | 695 | 2.34E-05 | 153E-05 | 167 | 54449 | 0.652
A | 043 | 239 | 432 | 242605 | 158E-05 | 101 | 55041 | 0.654
A | 049 | 189 | 928 | 235605 | 153E-05 | 223 | 6509.6 | 0.653
B | 050 | 264 | 240 | 2.46E-05 | 161E-05 5.5 6316.8 | 0.654
A | 050 | 217 | 563 | 239E-05 | 156E-05 | 133 | 65741 | 0.653
B | 051 | 203 | 555 | 237E05 | 155605 | 132 | 66735 | 0.653
B | 051 | 125 | 771 | 226E05 | 147E-05 | 193 | 70161 | 0.651
B | 051 | 252 | 753 | 244E-05 | 159E-05 | 174 | 65139 | 0.654
A | 051 | 233 | 503 | 241E-05 | 158E-05 | 118 | 65989 | 0.654
B | 051 | 242 | 203 | 242E05 | 158E05 | 47 6580.2 | 0.654
A | 052 | 183 | 637 | 234E05 | 153E-05 | 154 | 69393 | 0.652
B | 052 | 255 | 220 | 244E-05 | 160E-05 5.1 6675.1 | 0.654
B | 053 | 237 | 534 | 242E05 | 158E-05 | 125 | 67683 | 0.654
B | 053 | 281 | 741 | 248E05 | 162E05 | 169 | 66272 | 0.655
A | 055 | 172 | 11.98 | 232605 | 152E-05 | 201 | 73336 | 0.652
A | 065 | 217 | 875 | 239E-05 | 156E05 | 207 | 84075 | 0.653
A | 066 | 233 | 572 | 241E-05 | 158E05 | 134 | 85583 | 0.654
A | 068 | 211 | 800 | 2.38E-05 | 155E-05 | 190 | 8857.6 | 0.653
A | 069 | 153 | 1002 | 2.30E-05 | 150E-05 | 246 | 93135 | 0.652
A | 075 | 225 | 738 | 240E05 | 157E-05 | 174 | 97496 | 0.653
A | 082 | 206 | 1329 | 2.37E-05 | 155E-05 | 316 | 107535 | 0.653
A | 082 | 194 | 748 | 236E-05 | 154E-05 | 17.9 | 108429 | 0.653
A | 082 | 200 | 1306 | 2.36E-05 | 154E-05 | 312 | 108259 | 0.653
B | 083 | 265 | 255 | 246E-05 | 161E-05 59 | 104300 | 0.654
B | 083 | 241 | 364 | 242E-05 | 158E-05 85 | 106318 | 0.654
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Liter | U | T(C) | Ke D v (K GS[‘/D) (UFSV) (VS/‘E))
B | 083 | 263 | 963 | 245605 | 161E05 | 221 | 104953 | 0.654
B | 083 | 276 | 977 | 247E05 | 162E-05 | 223 | 104654 | 0.655
B | 084 | 248 | 695 | 243E05 | 159E-05 | 161 | 10727.4 | 0.654
B | 085 | 235 | 896 | 241E05 | 158E-05 | 21.0 | 109407 | 0.654
A | 085 | 189 | 1429 | 235605 | 153E-05 | 343 | 113264 | 0.653
A |08 | 172 | 922 | 232605 | 152E-05 | 224 | 114691 | 0.652
A | 086 | 139 | 1397 | 2.28E-05 | 148E-05 | 346 | 118281 | 0.651
B | 091 | 125 | 1408 | 226E05 | L47E05 | 352 | 126240 | 0.651
B | 094 | 119 | 1946 | 225605 | 146E-05 | 488 | 13021.8 | 0.651
B | 095 | 204 | 623 | 237E05 | 155E-05 | 148 | 124837 | 0.653
A | 098 | 239 | 706 | 242E-05 | 158E05 | 165 | 125759 | 0.654
B | 101 | 289 | 352 | 249E-05 | 163E-05 80 | 125630 | 0.655
B | 101 | 285 | 361 | 2.49E-05 | 163E-05 82 | 126405 | 0.655
A | 102 | 141 | 1023 | 228E-05 | 149E05 | 253 | 13911.1 | 0.651
A | 102 | 194 | 1422 | 236E05 | 154E-05 | 341 | 135363 | 0.653
A | 103 | 194 | 1809 | 2.36E-05 | 154E-05 | 433 | 136133 | 0.653
B | 103 | 278 | 332 | 247E05 | 162E-05 76 | 12919.7 | 0.655
B | 104 | 244 | 307 | 243E05 | 159E-05 72 | 132755 | 0.654
A | 104 | 211 | 1440 | 238E-05 | 155E-05 | 342 | 13607.0 | 0.653
B | 104 | 121 | 1371 | 225E:05 | L147E05 | 343 | 144262 | 0.651
A | 104 | 178 | 932 | 233E-05 | 152605 | 226 | 13909.0 | 0.652
A | 106 | 91 | 2102 | 221E-05 | 144E05 | 536 | 149955 | 0.650
B | 107 | 263 | 447 | 245605 | 160E-05 | 103 | 134881 | 0.654
B | 107 | 287 | 293 | 249E-05 | 163E-05 6.6 | 133881 | 0.655
B | 114 | 206 | 604 | 237E05 | 155E-05 | 144 | 149982 | 0.653
A | 120 | 250 | 636 | 243E-05 | 159E-05 | 148 | 153284 | 0.654
A | 123 | 139 | 1537 | 228605 | 1.48E-05 | 381 | 169012 | 0.651
B | 123 | 294 | 322 | 250E-05 | 164E-05 73 | 153292 | 0.655
A | 124 | 139 | 1588 | 2.28E:05 | 1.48E-05 | 393 | 169342 | 0.651
B | 125 | 216 | 695 | 239E05 | L56E05 | 164 | 162466 | 0.653
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Liter | U | T(C) | Ke D v (K GS[‘/D) (UFSV) (VS/‘E))
A | 125 ] 211 | 1300 | 2.38E-05 | 155605 | 310 | 16337.9 | 0.653
126 | 189 | 1091 | 235605 | 153E-05 | 47.9 | 16687.1 | 0.653

A | 126 | 108 | 2069 | 2.24E-05 | 1.45E-05 | 522 | 176052 | 0.651
B | 126 | 265 | 230 | 246E-05 | 161E-05 53 | 15927.1 | 0.654
B | 128 | 279 | 352 | 248E05 | 162E-05 80 | 160728 | 0.655
A | 129 | 98 | 2580 | 2.22E:05 | 1.44E-05 | 655 | 181021 | 0.650
B | 129 | 120 | 1527 | 225E:05 | 147E05 | 383 | 178544 | 0.651
B | 129 | 190 | 939 | 235605 | 153E05 | 226 | 170902 | 0.653
B | 130 | 278 | 397 | 248E-05 | 162E-05 90 | 162932 | 0.655
A | 131 | 144 | 1784 | 229E-05 | 149E05 | 441 | 178769 | 0.651
A | 132 | 256 | 492 | 244E-05 | 160E05 | 114 | 167682 | 0.654
A | 138 | 189 | 1860 | 2.35E-05 | 153E05 | 447 | 183184 | 0.653
A | 139 | 206 | 1598 | 2.37E-05 | 1.55E-05 | 380 | 183050 | 0.653
A | 140 | 222 | 1002 | 2.40E-05 | 156E05 | 236 | 182127 | 0.653
A | 142 | 207 | 1088 | 2.39E-05 | 156E-05 | 257 | 184913 | 0.653
A | 144 | 211 | 1318 | 2.38E-05 | 155E-05 | 313 | 18840.1 | 0.653
A | 150 | 147 | 1307 | 229805 | 1.49E-05 | 322 | 204421 | 0.651
B | 151 | 116 | 1541 | 225E05 | 146E05 | 387 | 209584 | 0.651
A | 151 | 103 | 2161 | 223605 | 1.45E-05 | 547 | 211503 | 0.650
A | 151 | 114 | 2485 | 224E05 | 146E-05 | 625 | 210106 | 0.651
A | 153 | 256 | 708 | 244E-05 | 160E-05 | 163 | 19498.1 | 0.654
B | 155 | 269 | 495 | 246E-05 | 161E-05 | 113 | 195256 | 0.654
B | 155 | 225 | 1175 | 240E05 | 157E-05 | 277 | 201420 | 0.653
B | 156 | 263 | 541 | 245605 | 161E-05 | 124 | 197185 | 0.654
A | 157 | 197 | 1590 | 2.36E-05 | 1.54E-05 | 380 | 206505 | 0.653
A | 157 | 200 | 1457 | 2.36E-05 | 154E05 | 348 | 207042 | 0.653
B | 158 | 218 | 11.00 | 239E-05 | 156E-05 | 26.0 | 206206 | 0.653
A | 150 | 200 | 1322 | 2.36E-05 | 154E-05 | 316 | 209053 | 0.653
B | 159 | 244 | 778 | 243E05 | 159E-05 | 181 | 204329 | 0.654
A | 160 | 228 | 919 | 240E05 | 157E-05 | 216 | 20679.8 | 0.653
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Liter | U | T(C) | Ke D v (K GS[‘/D) (UFSV) (VS/‘E))
A | 160 | 233 | 949 | 241E-05 | 158E-05 | 222 | 206338 | 0.654
A | 165 | 211 | 2240 | 2.38E-05 | 155605 | 531 | 215517 | 0.653
A | 165 | 206 | 2093 | 2.37E-05 | 155E-05 | 498 | 217081 | 0.653
A | 169 | 181 | 1827 | 2.34E-05 | 152E-05 | 441 | 225557 | 0.652
B | 171 | 209 | 718 | 2.38E05 | 155E-05 | 17.1 | 223784 | 0.653
A | 182 | 272 | 391 | 247605 | 1.61E-05 89 | 228595 | 0.655
A | 18 | 250 | 663 | 243E-05 | 159E-05 | 154 | 234183 | 0.654
A | 184 | 106 | 2368 | 223605 | 1.45E-05 | 59.9 | 256903 | 0.650
A | 184 | 105 | 2057 | 223605 | 1.45E-05 | 520 | 257455 | 0.650
B | 185 | 197 | 2113 | 2.36E-05 | 154E-05 | 50.5 | 24450.0 | 0.653
B | 186 | 103 | 27.64 | 223E05 | 145605 | 70.0 | 260046 | 0.650
A | 18 | 261 | 552 | 245E-05 | 160E-05 | 127 | 235932 | 0.654
A | 187 | 148 | 1185 | 229E-05 | 149E05 | 292 | 25409.1 | 0.652
A | 187 | 194 | 788 | 236E05 | 154E-05 | 189 | 24697.9 | 0.653
B | 187 | 240 | 797 | 242E05 | 158E-05 | 186 | 24027.9 | 0.654
A | 195 | 197 | 979 | 236E05 | 154E-05 | 234 | 256832 | 0.653
A | 199 | 200 | 1029 | 2.36E-05 | 154E-05 | 246 | 261462 | 0.653
B | 199 | 220 | 955 | 239E05 | 156E-05 | 225 | 258825 | 0.653
A | 200 | 250 | 654 | 243E-05 | 159E-05 | 152 | 25549.9 | 0.654
B | 201 | 280 | 505 | 248E05 | 162E-05 | 115 | 25166.4 | 0.655
B | 202 | 261 | 689 | 245605 | 160E-05 | 159 | 256115 | 0.654
B | 202 | 274 | 505 | 247E05 | 162E05 | 115 | 25417.9 | 0.655
A | 203 | 256 | 442 | 244E-05 | 160E05 | 102 | 258424 | 0.654
B | 203 | 185 | 1246 | 234E05 | 153E05 | 30.0 | 27039.0 | 0.652
A | 205 | 217 | 17.94 | 239E-05 | 156E-05 | 424 | 266830 | 0.653
A | 208 | 203 | 2117 | 237E-05 | 155605 | 505 | 27349.2 | 0.653
A | 208 | 256 | 590 | 244E-05 | 160E-05 | 136 | 26507.0 | 0.654
A | 214 | 178 | 1239 | 2.33E-05 | 152605 | 300 | 285375 | 0.652
A | 216 | 161 | 1650 | 2.31E-05 | 151E05 | 403 | 292238 | 0.652
A | 221 | 233 | 988 | 241E-05 | 158E-05 | 231 | 285234 | 0.654

Note: the characteristic length L = 0.2032 m.
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