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Abstract

from cattle barns.

The livestock sector emits harmful gases and bioaerosols, impacting animals, plants, and human health. Ventilation
systems in livestock buildings disperse polluted air, affecting nearby air quality depending on the wind patterns

and atmospheric stability. Understanding pollutant emission and transmission is crucial for environmental mitiga-
tion. This study focuses on fine dust dispersion from dairy cattle buildings. Chemical and microscopic analyses were
conducted to identify the cattle barn dust sources. Particle mass emissions were quantified by measuring particle
mass concentrations and air volume flow using the tracer gas decay method. Seasonal and daily effects on dust
emissions were studied. Remarkably, particle emissions remained below prescribed values in Germany. Additionally,
particle transmission, including resuspension and adsorption parameters, was investigated using a developed wind
tunnel. Resuspension measurements revealed minimal resuspended particle mass due to low ground wind speeds.
Notably, wheat, as a model plant, exhibited high adsorption rates, which increased with particle size. Overall, the find-
ings for resuspension and adsorption parameters provide an initial database for understanding fine dust transmission

Keywords Fine dust transmission, Particle characterization, Ventilation rate, Resuspension and adsorption parameters

Introduction

Resuspension is an important source of indoor air-
borne particulate matter (PM) in occupied buildings
[6] and therefore contributes to the degradation of air
quality in livestock buildings [19]. Airborne bioaero-
sols can adversely affect the health of both humans and
animals, not only within buildings, but also in the sur-
rounding neighborhood [10], including the plants around
these buildings [21].
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The pollution load with PM impacts plants in an area
by inhibiting certain physiological functions, such as
photosynthetic pigment degradation, membrane dam-
age, alterations in metabolic functions, and enzyme
activities. Additionally, reduced growth rate and yield
suppression in crops may occur in response to elevated
concentrations of air pollutants. The impact of air pollut-
ants on plant growth and productivity varies depending
on the physical and chemical properties of the pollut-
ants [21]. Deposition and accumulation of fine particles
on the plant leaves reduces the light penetration and
therefore chlorophyll content and photosynthetic rate
will decrease. In addition, the stomata opening will be
blocked and thus the transpiration rate will decline [3].

Accordingly, animal husbandry systems with improved
air quality will be essential in future to protect human
and animal health [4]. Animal breeders are always con-
cerned about the issue of PM pollution near animal barns
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[7]. Thus, the systems for reducing the dust concentra-
tions in the barns are being intensively studied [5]. Fur-
thermore, measurements of dust emission have been
increasingly carried out on animal barns, which improves
the predictions for dispersion simulations [1]. To make
precise predictions of dust spread, the determination of
the emission factors is very important [15, 16]).

In addition, the relevant influencing factors of trans-
mission should be considered in the propagation models
[9]. A dispersion simulation for predicting dust transmis-
sion and deposition can only deliver realistic results if the
particle-specific parameters such as size, shape, and den-
sity are taken into account [15, 16]. Dust produced from
the agricultural sector is difficult to be described with
the models due to its heterogeneous composition [25].
The adsorption behavior of plants should be mentioned
in particular, which makes a further contribution to the
separation of fine dust from the ambient air [22]. In the
environment of barns, the adhesion processes of particles
on plants play a decisive role [12].

In this study, a dependency of the particle adhesion on
the plants and the wind speed is assumed. The emitted
dust from the animal buildings settles mainly on the sur-
rounding areas through resuspension, where the particles
are deposited on the surfaces and may get back again into
the air volume flow [13]. However, developing models
to simulate resuspension processes is very difficult with
regard to the resuspension behavior of particles [23].

The objective of this study is to provide a comprehen-
sive data package for improving the reliability and perfor-
mance of propagation simulations of dust emission and
transmission from cattle barns. Specifically, we aim to
characterize the particle matters collected from a dairy
cow barn during three different seasons and study their
aerodynamic properties using a sedimentation cylinder.
The dust emissions from the cattle barn will be examined
by measuring particle number and particle mass concen-
trations. The decay method with the tracer gas SF6 will
be used to determine the air exchange rate in the barn.
Furthermore, a database will be created for the trans-
mission parameters resuspension and adsorption using
a developed wind tunnel. The data collected can help to
understand and predict the dust flux and the sensitivity
of different dust schemes over regions and can also be
useful for future research on dust transmission processes
and estimation of the deposition loads.

Material and methods

Characterization of the trial barn

The particulate matter (PM) emission measurements
were conducted in a natural-ventilated dairy cat-
tle located at Heidgen (50°40°07.65'N 7°01'32.55"E),
North Rhine Westphalia, Germany. The dairy cowshed
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as illustrated in Fig. 1 is an extension to an existing old
building with a yard measuring 225 m? (25 m length and
9 m width). The old building is still used for feeding and
as a waiting room. Preliminary experiments conducted
with a smoke generator indicated that there was insuf-
ficient airflow into the old building. For this reason, the
emission measurements were carried out only in the low-
level barn. The barn has a 4.2 m ridge, 2.7 m eave height,
and a roof pitch of 20 degrees. The barn has a gross air
volume of 776.3 m® and an animal volume of 57.9 m® for
35 cows. Windbreak nets with an area of 11.4 m? are
attached to the eaves of the barn at a height of 1.7 m. The
barn has a manure pit with a depth of 0.5 m. The ventila-
tion system in the barn is limited to eaves—ridge venti-
lation. The barn is bedded daily during the evening time
with three straw round bales (1.2 m diameter). Concen-
trate and mineral feed are allocated via the concentrate
feed retrieval station. Manure removal, feeding process,
and water supply are achieved manually.

Meteorological data

Climate parameters including wind direction (®y), wind
speed (v,), and outside temperature (T,) were recorded
using an ultrasonic anemometer (from METEK Metere-
logische Messtechnik GmbH, Germany). The device was
installed 0.6 m above the barn ridge. Additionally, indoor
temperature and humidity were monitored at 1-min
intervals using a sensor (type FHA646R, Ahlborn Mess-
und Regelungstechnik GmbH, Germany).

Analysis of collected particles from dairy cattle barn

and determination of its geometry

Two analysis methods were employed at the institute
of animal nutrition—University of Bonn in Germany to
characterize the primary source of cattle dust. First, par-
ticles were quantitatively examined using the Weende
analysis method [17], traditionally used in feed analy-
sis. This approach provided a detailed overview of both
inorganic and organic components in dairy cattle barn
dust. Additionally, other cattle dust samples were ana-
lyzed using the Euro Elemental Analyzer (Euro Vector
company, Italy) to determine the carbon-nitrogen (C:N)
ratio. Specifically, two samples were collected: one natu-
rally sedimented sample (S1) and another from the PM
sampler described earlier (S2).

On the determination of the geometry of particles,
the emissions flow rate can be precisely calculated by
determining particle mass concentration and the geom-
etry of particles, which is of utmost importance in the
study. In the current study, two dust collection tech-
niques are employed. First, a horizontal PM sampler
was modified to enable the collection of larger dust
quantities. The modified sampler, depicted in Fig. 2,
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Fig. 2 Scheme for the developed PM sampler (side view)

consisted of a plywood channel measuring 1.67 m in
length, 0.2 m in height, and 0.1 m in width. Internally,
the sampler was divided into eight boxes, with seven
wooden baffle plates alternately mounted at the bot-
tom and top surfaces. Metal containers were strategi-
cally placed within these boxes to facilitate easier dust
extraction. Additionally, a small vacuum fan (specifi-
cally, the Model 4412 FGL from ebm Papst company,
Germany) was installed and operated at 1600 rpm with

Dimensions in mm

a volume flow of 94 m>/h. This fan draws air from one
side of the sampler, creating a flow through the oppo-
site opening (measuring 0.1 m in width and 0.01 m in
height).

Since high humidity in the cattle shed leads to the
agglomeration of particles in the sampler, 220 mm wide
3 copper bands heating foil (CANDOR GmbH. Leipzig.
Germany) was used to ensure a precise analysis of the
physical parameters.
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The Andersen Cascade-Impactor collector (Schaefer
Company, Langen, Germany) served as the second sam-
pler for particles in the cattle barn. This impactor divides
particulate matter (PM) into eight size classes ranging
from 0.4 to>11.0 pm. The air, laden with particles, was
drawn above the impactor using a constant air volume
flow of 28.3 L/min, facilitated by a connected vacuum
pump. Each impactor stage features a unique perforation
and was equipped with mounted glass plates. Sampling
duration was 20 min.

The collected particles on the glass plates underwent
direct analysis using a scanning light microscope (Leitz
DMRB Company, Germany). An attached digital cam-
era allowed us to photograph the observed dust parti-
cles, subsequently processed using the DISKUS Version
4.30.138 software. For analysis, two different lenses were
utilized: a 20X magnification lens for overview images
and a 100X magnification lens for detailed shots. The
images were evaluated based on particle size, area, cir-
cumference, and diameter. The equivalent diameter for
each irregularly shaped particle was determined geo-
metrically, considering a sphere with the same geometric
property. Finally, the particle size-specific shape factor
(k), particle density (p), and PM mass concentration were
calculated using the particles collected by the horizontal
sampler, following the approach by [15].

Estimating PM emissions from the investigated dairy cattle
barn

To estimate dust emissions from the investigated dairy
cattle barn, both particle number concentration and air
volume flow were measured, following the approach by
Mostafa and Buescher [14]. Subsequently, particle mass
concentration was calculated based on the particles’
shape factor and density, as outlined by Mostafa et al.
[15]. By combining the particle mass concentration with
the barn’s ventilation rate, dust emissions from the dairy
cow barn were estimated, consistent with Mostafa and
Buescher [14, 15]. The particle concentration measure-
ments were carried out continuously in parallel with
the meteorological measurements for four consecutive
days during transition (from 17th to 21st April), summer
(from 16 to 20th June), and winter (from 14 to 18th Janu-
ary) season to identify the seasonal dependencies.

The particle number concentrations per cubic meter of
air were measured using two calibrated aerosol spectrom-
eters (Model 1.108 GRIMM Aerosol techniques, Ainring,
Germany). The data were stored at one-minute intervals
across 15 different size classes (ranging from 0.3 to >20.0
um). To identify measuring points within the barn as
illustrated in Fig. 1, a smoke machine was employed to
specify the air pattern for maximizing the exposure of the
spectrometer to the polluted air. Additionally, the particle
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mass concentration in the exhaust air was derived from
the particle number concentration.

Two gravimetric samplers working with radially sym-
metrical suction heads were used to measure the mass
concentration of particles according to VDI 2463-8 [24].
The gravimetric sampler includes a radially symmetrical
suction head, a vacuum pump with an air volume flow
of 2.7-2.8 m?® h™!, a gas flowmeter, an integrated cooling
unit, and a fiberglass filter. Constant air humidity using
hydrophilic granulate was maintained. Particle mass con-
centration was calculated by measuring the weight differ-
ence of balanced filters before and after sampling, along
with the volume of air that passed through.

Measuring the air volume flow

In this study, the air exchange rate was determined using
the tracer gas decay method (TGD), following Mostafa
et al. [16]. Sulfur hexafluoride (SF6) was selected as the
tracer gas due to its low presence in the atmosphere (0.85
to 1.5 ppt). SF6 is chemically inert, biologically odorless,
tasteless, non-toxic, and neither flammable nor explosive.
Its molar mass of 146.05 kg/mol makes it five times heav-
ier than oxygen (28.96 kg/mol).

Polyethylene (PE) tubes were positioned with an inside
diameter of 4 mm, equipped with eight nozzles, at a dis-
tance of 0.75 m to create a cascade structure (Fig. 1).
To account for SF6’s high molar mass, a mixture of SF6
and CO2 was introduced into a mixing container, subse-
quently supplying the barn’s airflow via the dosing unit.
Pressure reducer electromagnetic valves, controlled by
software, were installed on the gas cylinders. Continu-
ous air sampling occurred using a suction hose system.
The Leakmeter 200 (from Meltron Qualitek Messtech-
nik GmbH, Neuss, Germany) drew air through a 15 L/
min volume flow vacuum pump, serving as a leak detec-
tion device. SF6 detection utilized an electron capture
detector, resulting in a high-resolution decay curve from
measurements taken every second (Fig. 3).

The measurement software controls the settling time
(120 s), dosing time (150 s), and actual measurement
time (700 s). With these settings, approximately 4 air
change rates per hour can be determined. During the
dosing period, CO, and SF6 were dosed into the barn
at specific flowrates, while argon acts as a carrier gas
for the measuring device. The air sampling of the fresh
air takes place on the side of the barn facing away from
the wind, both at the beginning and end of each meas-
urement. This is followed by the dosing phase of SF6,
during which the SF6 concentration in the exhaust
air increases steadily. After completing the phase,
the maximum concentration in the barn is reached.
The subsequent measurement phase records the time
required until the SF6 concentration in the barn has
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subsided. The presented SF6 measurement is a vali-
dated method for determining the air volume flow.

The data were analyzed using Microsoft Excel and
Microcal Orgin Pro 8G software program (Microcal
Software Inc., USA). An exponential curve fitting is
performed on the corrected decay curve with the zero
line (Fig. 4). The air exchange rate corresponds to («)
is calculated for every second. The frequency recorded
by the instrument is plotted on the vertical axis, and
it is proportional to the change in SF6 concentrations.
The air volume flow (v°) can be calculated by multiply-
ing the air exchange rate with the barn volume (V).

Experimental set-up for adsorption and resuspension
measurements

Characterization of the wind tunnel

Resuspension and adsorption transmission parameters
were investigated in a wind tunnel (Fig. 5) located at
the Institute of Agricultural Engineering, University of
Bonn. The wind tunnel features a square cross-section
measuring 9.8 m in length and 0.9 m in width. At a dis-
tance of 5.4 m, a chipboard test platform (measuring 0.5
m X 1.2 m) was placed, which serves as the foundation for
the built-in measurement technology. This technology
includes two aerosol spectrometers, a temperature and
humidity sensor, and two vane anemometers. The meas-
ured data are transmitted online and displayed graphi-
cally. Continuous monitoring during individual test
series was facilitated through a Plexiglas viewing window.

Four axial ventilators (Ziehl-Abegg Company in Ger-
many), each with a 0.3-m diameter, were installed. These
ventilators allow adjustable air volume flow. To enhance
air velocity at the channel bottom, a flapper plate with
a 22-degree slope was positioned at the inlet. Transient
flow occurs in the wind tunnel, while turbulent flow
was observed during running measurements on the test
platform, surpassing the critical Reynolds number limit
(Re >2320).

Measurement automation and control were achieved
using LabView 8.5 software. This versatile software
accommodates both adsorption and resuspension meas-
urements. Climate parameters were graphically displayed
at 2-s intervals, while aerosol spectrometer data were col-
lected every second. Additionally, particle number con-
centration was classified into eight size classes based on
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Fig. 5 The developed wind tunnel

optical equivalent diameter, ranging from 2.0 to>20.0
microns.

Resuspension measurements

Resuspension measurements were conducted on a uni-
formly dry wooden plate (0.5 mx 1.2 m) located in the
wind tunnel. The study examined three different air
velocities: 2.1, 3.2, and 3.9 m s, For consistency, a con-
stant amount of dust collected from a dairy cattle barn
(1.0 g) was used in the experiments.

The radially symmetrical intake heads of the aerosol
spectrometers were precisely installed at the center of
the platform. These heads were positioned at a horizon-
tal distance of 0.1 m from each edge. Consequently, the
distance between the two aerosol spectrometers was 1.0
m. All measuring instruments were placed 0.01 m above
the wooden plate. Additionally, two vane anemometers
(manufactured by Ahlborn Mess- und Regeltechnik
GmbH, Germany) were diagonally positioned in the cor-
ners of the base plate. The study maintained a constant
air velocity within the test platform area, and air tem-
perature and humidity sensors were strategically placed
in the platform corner.

The collected dust from the dairy cattle barn was posi-
tioned 0.1 m away from spectrometer II. It was then
evenly distributed over a rectangular area measuring
0.005 m? (0.1 mx0.05 m). Each resuspension measure-
ment lasted 15 min, and nine replicates were conducted
for each of the three investigated air velocities.

Spectrometer I records background concentration,
while Spectrometer II detects resuspended particles. The
resuspended particle mass is then calculated based on the
previously determined particle size-specific density. The
proportion of resuspended particulate mass is derived by
the ratio of initial concentration and resuspended parti-
cles. The resuspension rate (A) as defined by Kim et al,,

[11], is the quotient of the mass flow of the resuspended
particles (m;) and the initial mass on the surface (m1) as
expressed in Eq. 1:

A= e (1)

Resuspension rate (s~') is an indicator of how high
the resuspended proportion of the particle mass as a
function of the measurement duration and the initial
concentration.

The resuspension factor (K,) is defined by Schmidt and
Nitschke [23] as the ratio of the particle concentration in
the gas and the loading on the surface. The resuspension
factor (m™?) includes the resuspended particulate mass (g
m~) for the specified 15-min measurement period and
the initial 0.005 m? surface loading area (g m~2). Both A
and K, were calculated for the eight size classes from 2.0
to>20.0 pm.

Adsorption measurements

Wind tunnel adsorption measurements focused on par-
ticle adhesion to agricultural surfaces. To achieve this, a
dispersing unit ensured continuous dust injection. Win-
ter wheat (variety: Isengrain) at the early growth stage
(EC 23—1leaf area index of 1.25) served as the model plant
due to its abundance near barns.

The dispersing unit, driven by a motor at a constant
speed of 1200 RPM, continuously discharged 2.0 g of cat-
tle dust over the platform. The injection height was 0.05
m above the platform surface, with 0.2 MPa pressure and
0.05 L per hour air volume flow.

A seed tray (0.50 mx0.30 m) planted with wheat was
positioned in the middle of the 1.20 m X 0.50 m test plat-
form within the wind tunnel. Series measurements were
conducted over 30 min at different air speeds: 2.8, 3.3,
and 4.1 ms™%
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Additionally, radially symmetrical intake heads of the
aerosol spectrometers were installed 0.1 m away from
the middle of the wheat tray on both sides. These spec-
trometers allowed measurement of particle number
concentration. Aerosol Spectrometer I detected back-
ground concentration (installed before the wheat tray),
while Aerosol Spectrometer II was placed after the wheat
tray. Air velocity was measured using two vane anemom-
eters located diagonally in the corners of the plate, and
climate data (temperature and humidity) were recorded.
Data transmission followed a similar approach as resus-
pension measurements. Wheat sampling occurred under
both dry and moist conditions, with moistening achieved
by spraying the plants with 50.0 ml of water. Particle
number concentrations were measured before and after
the adsorption surface, with the difference attributed to
adsorption by the leaf surfaces. Using particle size-spe-
cific density, the adsorbed particle mass of the wheat was
calculated.

Results and discussion

Analysis of the cattle dust

Describing and analyzing PM collected from dairy cow
barns helps identify its sources and narrow down dust
origins for potential reduction.

Weende analysis

Weende analysis is suitable for the classification of
organic and inorganic matter. The results of the Weende
analysis with regard to the cattle dust collected from the
barn showed that 90.2% of the investigated dust was dry
matter (902 g kg™!). Dry matter (DM) is composed of
organic and inorganic substances. 38.0% of DM content
was crude protein (307 g kg™! DM) and 36.0% was crude
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ash (287 g kg~! DM). The crude ash contains inorganic
constituents.

The presence of crude protein and ash indicates that
the dust may contain animal feed and manure. The crude
fiber content (57 g kg~! DM) represented 7.0% of DM and
is attributed to cellulose and lignin. The nitrogen-free
extractive (156.5 g kg~! DM) with 19% from DM consists
of easily soluble substances such as sugar and starch. The
analysis of the trace and bulk elements showed the high-
est proportion of calcium at 16.2 g kg~ DM and then fol-
lowed by potassium with about 9.6 g kg-1 DM. The high
levels of calcium and potassium suggest that the dust may
be derived from animal feed or bedding materials. Phos-
phorus (5.8 g kg™! DM) and magnesium (4.6 g kg™* DM)
were almost equal while the amount of sodium was 2.1
g kg™! DM. The presence of phosphorus and magnesium
may also indicate the presence of manure. These results
provide valuable information for identifying the origin of
the dust in the dairy barn which matches with the study
contacted by [2] on poultry and pig barns.

C:Nratio

C:N ratio analysis was conducted using two dust samples,
S1 and S2. As illustrated in Fig. 6, the average values for
nitrogen (N) and carbon (C) contents were 4.4, 34.5% and
5.3, 38.4% for S1 and S2, respectively. Accordingly, C:N
was 7.84:1 for S1 and 7.25:1 for S2. As presented by C:N
ratio, the majority of cattle dust consists of carbon frac-
tion which is one of the main ingredients for litter and
feed. The small proportion of nitrogen probably refers to
the excretions and skin or hair particles of the animals.
Therefore, it can be concluded that the cattle dust mostly
comes more from the provided services to the animals
than from the animals themselves.
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Dust emission from investigated dairy cows barn

Particle mass concentration was calculated from meas-
ured particle number concentration, allowing estimation
of dust emissions from the dairy cow barn based on ven-
tilation rate and particle mass concentration within the
barn.

Estimation of the particle mass concentration

To calculate the mass concentration of particles, it is
essential to determine both the particle size-specific
shape factor and density. Microscopic analysis on dairy
cattle dust samples was conducted, specifically examining
the variety of particle shapes across different size classes
(Fig. 7). This microscopic analysis serves as the founda-
tional basis for calculating the particle shape factor.

The particle shape factor provides information about
the geometry of individual particle size classes. A shape
factor of 1.0 corresponds to a sphere. The larger the
deviation from 1.0, the more polymorphous the shape
appears. Descriptive statistics for the particle size-spe-
cific shape factors are listed in Table 1.

The particle shape factor increases with increasing the
size fraction due to the possibility of a wide variety of dif-
ferent shapes with increasing the particles size. The shape
factor was increased slightly for the particle size above
7.5 um to reach approximately 1.67 pum for a particle
size >20.0 pm as illustrated in Table 1.

The density of examined dairy cow dust in relation to
the particle’s diameter is shown in Fig. 8. Higher density
was observed with small particles’ diameter (from 4 to
7 um). The density of 2.742 kg m™> for the smallest par-
ticles’ diameter (4.0-<5.0 um) may be returned to the
mineral constituents of the particles. An inverse rela-
tionship was observed between both particles’ diameter

ol

Fig. 7 Microscopic images of agglomerated particles
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Table 1 Particle size-specific dimensionless shape factors for the
investigated dairy cows dust

Size fraction (um) Shape factor (k) Variance Standard error

(mean *standard

deviation)
>20-<30 1.09+0.09 0.06 0.05
3.0-<40 1.06+0.05 0.05 0.02
4.0-<50 1.06£0.05 0.02 0.01
50-<75 1.10+£0.09 0.06 0.01
7.5-<10.0 1.17+0.15 0.06 0.01
10.0-<15.0 1.25+£0.23 0.05 0.01
15.0-<20.0 1.40+0.31 040 0.04
> 200 1.67+042 0.28 0.02

and the density of examined particles from a cattle barn.
Increasing of particles diameter leads to a decrease in
particles density. Thus, the density was 784 kg m~2 with
a particle size of 15.0— <20.0 pm. However, the density
increases again at a particle size of >20.0 um to reach
1198 kg m~2. Slight increase in particles density for par-
ticles>20.0 um can be explained by the microscopic
analysis where the agglomerations occurred. The smaller
mineral particles presumably adhere to the larger parti-
cles and could thus influence the density of the agglomer-
ated particles at diameter >20.0 um.

From estimated particles density and particles mass
factor [pg], consequently the particles mass concentra-
tion [pg m ] was calculated for each particle size class
based on the measured particle number concentration
[particle m~3]. Figure 9 illustrates the particle number
and mass concentrations within the barn during the
winter season. The smallest particles size classes (up to
1.0-<1.6 pum) represented approx. 96.1% of the total
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particle number concentration with small proportion of
the particle mass concentration around 5.2%. Maximum
particle mass concentration of approx. 35.3 ug m—> was
observed with particle size class of 5.0-<7.5 um.

The distribution of particles mass for PM, ;, PM,,, and
PM, . throughout the day emphasized the role of main

activities such as litter spreading and milking on con-
centration (Fig. 10). Similar trends were observed with
other measuring days as well. Differences were identi-
fied between the individual fractions as expected with
particularly evident in the strong peaks at afternoon
hours. The average of particle mass concentrations was



Mostafa et al. Environmental Sciences Europe (2024) 36:42

1400

Page 10 of 17

m— P Miotal

1200

- = = PMi
e PM2. 5

Activity: Milking and bedding of the stable

1000

800 -

600 -

400

Particle mass concentration [ug m>]

200 |

l

Time [hh:mm]

Fig. 10 Daily profiles of the particle mass concentration in the studied barn under transitional conditions

39.1, 94.6, and 184.9 pg m~3 for PM, 5, PM;,, and PM,, ),
respectively.

Ventilation rate

The air volume flow (v) in the eaves—ridge ventilated
cattle barn was determined via tracer gas decay method
using SF6. A close correlation between air volume flow
and wind speed (v,,) outside the barn has been found as
shown in Fig. 11. The air volume flows recorded in the
barn were found to be similar throughout the entire
experimental period. A low volume flow was observed
at night and early morning hours and increased with
increasing the wind speed. The average daily wind speed
was 0.8 m s~! while the air volume flow was 23030 m?
h™L

The main wind direction was until about 8:00 am from
the south-east. After that, there were fluctuations from
the south, south-west, and south-east directions. At
6:00 pm, the wind blew constantly from the south. The
average outside and inside temperatures were 17.7 and
19.2 C, respectively, and the average relative humidity
was 67.1%.

The coefficient of determination (R?) represents the
relationship between the parameters air volume flow and
wind speed as a function of the wind direction. R*-values
were 0.509 (n=77), 0.498 (n=64), and 0.203 (n=58) for
summer, winter, and transition season, respectively.

A positive relationship between air volume flow and
wind speed (R?>=0.6105, n=40) as results for the main
wind direction south-east for summer measurements
was observed (Fig. 12). The maximum wind speed was
29ms L During the transition measurement, no unique
main wind direction was assigned where the wind blew
from south, south-west, and west. The coefficient of
determination for south-west was R2=0.207 (n=21). The
wind blew during the winter measurement mainly from
the south with R?=0.535 (1= 30).

The descriptive statistics of the air volume flow at the
different seasons are illustrated in Table 2. The average
annual air volume flow was approx. 27.198 m® h™! with
more fluctuation occurred during the summer season.
The lowest wind speeds were recorded during the sum-
mer measurement at 1.0 m s~ The mean wind speed dif-
fers only by 0.1 m s™! during the transition and winter.
The wind directions (®y,) were in average from south-
east in summer, south-west in transition, and south in
winter.

The results of the regression analysis, which examined
the relationship between the air volume flow and the
dependent variable based on measurements taken dur-
ing different seasons, are shown in Table 3. The inclu-
sion of the climate parameters indoor temperature (T))
and relative humidity (RH) in the model lead to a slight
improvement in the calculation of the air volume flow
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Table2 Air volume flow and meteorological parameters
determined in seasonal dependence for the examined barn

Year v vw (O Ta Ti

season [m*h7"] [ms™"] ra  ra

Summer 2626890+15353.86 1.01+067 South- 1671 1831
East

Transition  28060.99+9799.07 141+£062  South- 998 11.99
west

Winter 27266.35+8172.65 151+£055  South 946 10.14

in summer season. The regression model for the sum-
mer measurement is shown in Eq. 2. The wind speed has
the highest influence on this regression model while the
relative humidity is negatively correlated. The relative
humidity during the transition measurements had the
highest influence on the regression model (Eq. 3). The
wind speed had low influence on the calculation of the air
volume flow while T;, RH, and @, had a negative correla-
tion with respect to the air volume flow. The regression
model for winter measurements is explained in Eq. 4. RH
and v,, had a very high influence on air volume flow while
@, was negatively correlated:

v = 40,115.85 + 933.397i—280.13RH

2

+ 13,198.64vw—1,686.15Ta + 22.56d W @

v = 78,041.99—5,244.22Ti—321.83RH 3)
+ 77.14vw + 4.809.88Ta—46.49d W

v = 113,881.84—3,339.88Ti—693.01RH @

+6,298.87vw—350.85Ta + 1.650 W

The average air exchange rates (AER) for the inves-
tigated barn were 41.8, 48.5, and 55.6 h™! for summer,
transition, and winter seasons, respectively. As observed,
AER was lower in summer compared to winter and tran-
sition seasons. The possible explanations for this unex-
pected result may return to the limited eaves—ridge
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ventilation system in the barn in addition to the interplay
of weather and animal behavior. In high air temperature,
the cattle may reduce overall movement. Less active cat-
tle contribute to a lower AER during summer.

Dust emission from the examined barn was calculated
based on particle mass concentrations and ventilation
rates. Additionally, the seasonal effect on dust emission
was estimated. Notably, higher dust emission occurred
during the transition season due to the combination of
elevated particle mass concentration and air volume
flow (Fig. 13). The mean particle mass concentration was
0.206 mg m™ for summer, 0.198 mg m > for transition,
and 0.140 mg m™~2 for winter season.

Interestingly, measurements taken during transition
season exhibited greater scattering of PM compared to
the other seasons. Overall, dust emissions in the dairy
cattle barn were 0.086 g h~ LU, 0.11 g h™' LU}, and
0.068 g h™' LU™! for summer, transition, and winter,
respectively. Importantly, these emissions remain below
the prescribed values in Germany. According to [15],
dust emissions in exhaust air must not exceed 0.2 kg h™*
of mass flow.

Transmission parameters of particles from cattle barn
Particle size-specific resuspension

The resuspension measurements of 15 min were con-
ducted in a wind tunnel using 0.1 g dairy cattle dust for
each measurement (Fig. 14). Resuspended particulate
mass is performed as PM,,, and the average wind speed
was 3.2 m s~'. Different peaks occurred during a resus-
pension measurement, however no continuous resus-
pension was detected. The first peak showed the highest
resuspended particle mass of approximately 8.8 mg m ™3
at the beginning of the measuring period till the fans
reach to the set wind speed. Middle peaks showed scat-
tered resuspended particle masses of 2.5-5.0 mg m™>,
Minor resuspensions reached below 1.0 mg m™—3. Accord-
ingly, very small amounts of the dust resuspend and only
occasionally pass larger amounts as peaks into the air
flow.

Table 3 Regression analysis for the air volume flow as a dependent variable based on different seasons measurements data

Parameter Summer Transition Winter
Regression r Significance Regression r Significance Regression r Significance
coefficient coefficient coefficient

T; 933.39 0390  0.620 — 524422 0259  0.063 —3339.388 —-0.008 0.017

RH —280.13 -0499 0.130 -321.83 —-0530 0.002 —693.01 -0.729 0.000

Vyy 13,198.64 0631  0.000 77.14 0427 0979 6298.87 0.712 0.007

T, —1686.15 0304 0272 4809.88 0338  0.082 —350.85 0.588 0.847

Oy 22.56 0.158  0.600 — 4649 -0.262 0061 1.65 —-0.146 0.925
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The resuspended mass concentration depending on the
particle size fraction and wind speed in the wind tunnel
is illustrated in Fig. 15. A similar justification proposed
by [20] and [18], the proportion of resuspended particles
mass increases exponentially with increasing particle size
class. The mean resuspended particle mass concentra-
tions for the particle size class 15.0-<20.0 um was 2.8,
12.9,and 7.5 mg m~2at2.1,3.2,and 3.9 m s~! wind speed,
respectively. The highest resuspended particles mass con-
centration is achieved at a wind speed of 3.2 m s~ 1. It is

possible that the decrease in resuspended particle mass
concentration at 3.9 m s™! is due to the saturation effect.
This occurs when the wind speed is high enough to lift
all the available particles from the injection source, after
which further increases in wind speed do not lead to an
increase in particle resuspension.

As expected, the resuspension rate (A) and the resus-
pension factor (k) are very low for the investigated
dairy cattle dust. Similar to the resuspended particle
mass, both A and k were increased with increasing the
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wind speed and particle size class as presented by [18].
The average resuspension rates ranged between 0.00004
and 0.00034 s~! while the resuspension factors averaged
between 0.029 and 0.133 m™! depending on the wind
speed.

From the above results, there is neither a continuous
resuspension of the particles nor a complete removal of
the particle layer over the entire measurement period of
15 min. On the contrary, individual particles detach from
the discharged layer of dust at indefinite times and enter
the air flow, resulting in isolated resuspension peaks.

Furthermore, as observed more particles can be resus-
pended in the initial phase. Towards the end of the
measurement, the resuspended particle mass falls to the
level lower of the mean value where the estimated error
is 25%. The resuspension rate decreases as a function
of time and increases with increasing wind speed and
the particle size. This result is confirmed by [18] which
describes resuspension tests in a wind tunnel with grass
as the surface.

Particle size-specific adsorption

The adsorbed particulate mass is expressed as PM_ 4 o1l
A plant stand is continually influenced by external fac-
tors due to its structure. In addition to gravity, wind
speed as presented by [21] plays a significant role in
the adsorption rate. As wind currents strengthen, pro-
nounced leaf movement occurs, resulting in a dynami-
cally changing leaf surface. Consequently, particles
have the opportunity to pass through the leaves due to
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the flow. Interestingly, despite their small proportion,
particles captured by the wheat exhibit unexpectedly
robust adsorption as the size class increases. As He
et al. [8] explained, leaf structure plays a crucial role in
determining the ability to retain PM of varying sizes.
It is worth noting that leaves with a wax layer, such as
those found in wheat, tend to accumulate predomi-
nantly larger PM particles.

A plant stand, being a non-rigid system with a
changeable shape, exhibits fluctuating adsorption
rates (Fig. 16). In this context, the mean value of the
adsorbed particle mass was 20.19 pug m™~>. Notably, the
highest peak occurred at an adsorbed particle mass
of 991.2 ug m™3. Throughout the entire measurement
period, significant fluctuations in the adsorbed particle
mass were evident, emphasizing the absence of a con-
tinuous adsorption rate.

The adsorbed particle mass concentration of wheat at
an air speed of 2.8 m s™! is depicted in Fig. 17. To assess
particle behavior, a mass balance measurement was
conducted, comparing particle concentrations in front
of and behind the wheat crop. Notably, the adsorption
rate increased with larger particle size fractions, as
shown in Fig. 17. Across all size fractions, the adsorbed
particle mass concentration averaged 20.9 mg m?,
resulting in an overall adsorption rate of approximately
74.9%.

The adsorption rates of wheat in relation to particle
size fractions and air speeds are illustrated in Fig. 18.
The adsorption rates for wheat at three air speeds
exhibit a strong linear relationship. This is supported
by a high coefficient of determination (Fig. 18). This
finding implies that as particle size increases, wheat’s
adsorption capacity also rises proportionally. Remark-
ably, the wheat’s adsorption capacity is most pro-
nounced at air speeds below 4.1 m s~1. At an air speed
of 3.3 m s7}, the wheat achieves its highest adsorption
rate across nearly all size fractions. The observed phe-
nomenon can be attributed to the optimal interaction
between the wheat leaf surface and airborne particles
at moderate air speeds, enhancing adsorption effi-
ciency. Additionally, these moderate air speeds may
promote particle agglomeration, leading to even more
efficient adsorption processes. Particularly noteworthy
is the particle size fraction of>15.0-<20.0 pm, which
demonstrates an impressive adsorption rate of almost
90.0%.

Conclusion

The recent study not only examines dust emissions from
cattle barns, but also sheds light on the complex process
of fine dust transmission. By meticulously characterizing
particle matter, assessing aerodynamic properties, and
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measuring dust emissions, a robust data package for pre-
cise propagation simulations and predictive models were
provided.

Long-term measurements within the examined barn
allowed to discern seasonal variations in particle mass
concentrations. Additionally, using the tracer gas decay
method, the ventilation rates were accurately estimated
and thus the particle emission rates.

Initial insights into fine dust transmission—spe-
cifically ~ through resuspension and adsorption

parameters—underscore their important role. However,
further research is imperative for reliable dispersion
model predictions. Notably, both resuspension rate and
factor remain low, despite minimal aerogenic resuspen-
sion due to wind.

Winter wheat, as evidenced by the adsorption meas-
urements, exhibits a commendable adsorption rate.
Nevertheless, opportunities for expansion exist. The
investigation of adhesion abilities among diverse plant
types surrounding animal barns is recommended. By
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Fig. 18 Particle size-specific adsorption rates of dry wheat (EC 23) at different wind speeds in the wind tunnel over 30 min measurement duration

incorporating a variety of plant materials, precise insights
into the adsorption capacities of specific vegetation types
per square meter can be obtained. This research ave-
nue offers potential for optimizing barn environments,
improving air quality, and advancing sustainable practices.
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