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A B S T R A C T

Naturally ventilated livestock buildings (NVLB) represent one of the most significant sources of ammonia emis-
sions. However, even the dispersion of passive gas in an NVLB is still not well understood. In this paper, we
present a detailed investigation of passive pollutant dispersion in a model of a cattle barn using the wind tunnel
experiment method. We simulated the pollution of the barn by a ground-level planar source. We used the time-
resolved particle image velocimetry (TR-PIV) and the fast flame ionisation detector (FFID) to study the flow and
dispersion processes at high spatial and temporal resolution. We employed the Proper Orthogonal Decomposition
(POD) and Oscillating Patterns Decomposition (OPD) methods to detect the coherent structures of the flow. The
results show that the type of atmospheric boundary layer (ABL) and sidewall opening height have a significant
impact on the pollutant dispersion in the barn, while the presence of animals and doors openings are insignificant
under conditions of winds perpendicular to the sidewall openings. We found that the dynamic coherent structures,
developed by the Kelvin-Helmholtz instability, contribute to the pollutant transport in the barn. We demonstrate
that in any of the studied cases the pollutant was not well mixed within the barn and that a significant under-
estimation (up to by a factor 3) of the barn ventilation might be obtained using, e.g. tracer gas method.
1. Introduction

Naturally ventilated livestock buildings (NVLB), such as cattle barns,
represent one of the most significant sources of ammonia emissions.
While higher concentrations of ammonia pose severe health and envi-
ronmental issue (Krupa, 2003), the dispersion processes even of passive
pollutant within NVLBs are still not well understood (Bjerg et al., 2013).
Previous studies (Arogo et al., 1999; De Paepe et al., 2016; Olesen and
Sommer, 1993; Rong et al., 2009) observed that higher air velocity and
turbulence above the manure or slurry surface resulted in higher
ammonia emissions. However, the prediction of the flow velocity and
turbulence close to these surfaces is not trivial. NVLBs have relatively
large openings, and due to these openings, a complex interaction of
outdoor flows with the indoor environment occurs. Moreover, the
weather diurnal cycles and heterogeneity of the earth surface produces
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unsteady turbulent flow around an NVLB, and it is impossible by current
measurement techniques to obtain characteristic flow patterns or con-
centrations within such buildings from field experiments (Schatzmann
and Leitl, 2011).

Therefore, previous studies used computational fluid dynamics (CFD)
simulations (e.g., Norton et al., 2009; Rong et al., 2015; Shen et al., 2013;
Wu et al., 2012; Yi et al., 2019) or wind-tunnel experiments (e.g.,
Choiniere et al., 1988; De Paepe et al., 2013; Fiedler et al., 2013; Ikeguchi
et al., 2005; Shen et al., 2016; Yi et al., 2018) to understand the flow
patterns generated within an NVLB. CFD can solve the problem con-
cerning all processes (mechanical, thermodynamic and chemical)
involved without similarity constraints. However, CFD simulations are
not trustworthy before their validation due to the inherent complexity of
turbulent flow and the need for its parametrisation. This parametrisation
has a higher impact on the accuracy of the pollutant concentration
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prediction, and hence the validation of the flow does not guarantee a
correct prediction of the pollutant dispersion (Schatzmann et al., 2010).

A wind-tunnel modelling does not suffer from such ambiguity since it
can employ a real flow and real pollutant. The conditions can be fully
controlled and statistically steady, which provides representative and
reproducible data. However, wind tunnel modelling encounters simi-
larity criteria fulfilment, and hence hardly simulates all processes
involved in the scaled-down phenomenon. Due to the reduction of the
Reynolds number, wind tunnels cannot model the smallest eddies at so-
called Kolmogorov length scale (which is about 1 mm at full-scale)
occurring in the atmospheric boundary layer (ABL). However, the most
energy-containing eddies which play the most important role in the
dispersion of pollutant within ABL are those which are bigger than the
Kolmogorov length scale Snyder, 1981. Therefore, wind tunnel model-
ling remains a reliable research tool to study flow and dispersion pro-
cesses occurring in the lowest part of the atmosphere (ABL).

Previous wind-tunnel studies show that the geometry of sidewall
openings has a crucial impact on the flow patterns (Ikeguchi et al., 2003;
Morsing et al., 2002; Yi et al., 2018a) and ventilation (De Paepe et al.,
2013; Shen et al., 2016; Yi et al., 2019) of NVLB. However, none of these
studies included doors openings or the presence of animals into their
models. The increase of the opening size results in the increase of the
airspeed and turbulent kinetic energy within an NVLB but also the in-
crease of the discharge coefficient of the opening (Yi et al., 2018b). De
Paepe et al. (2013) and Shen et al. (2016) demonstrated that different
positions of the inlet and outlet openings also has important effect on the
airspeed within their model of a cattle barn. However, both these studies
did not investigate airflow patterns in detail.

Morsing et al. (2002) and Yi et al. (2018a) observed ‘up-jet’ airflow
patterns with a recirculation zone positioned in the lower portion of the
cattle barn model. Yi et al. (2018a) demonstrated these patterns for the
opening sizes which had an opening ratio (opening area divided by the
sum of the opening and wall area) smaller than 62.71% and which were
positioned just below the eaves. That study also shows that a ‘lower’
openings configuration (positioned just above the cattle bottom) pro-
duced an airflow jet in the lower part of the barn and an air recirculation
in the upper part of the barn.

Tominaga and Blocken, 2015 observed in their study on a
cross-ventilated generic building that the pollutant dispersion is mainly
driven by the concentration gradient and not by the mean characteristics
of the turbulent flow (e.g., turbulent kinetic energy). Therefore, studying
only these flow characteristics does not guarantee the understanding of
the pollutant dispersion within NVLBs. However, only a few studies on
NVLBs take into account a pollutant. Zhang et al. (2003) studied obstacle
effects on airflow and CO2 dispersion around the model of a cattle barn.
Their results showed that the obstacle situated at the upstream of the
building decreased the downstream CO2 concentration. Later, Ikeguchi
et al. (2005) observed that air contaminated by a passive gas (ethylene)
might reach the upwind livestock building even if it was generated in the
downwind building. This phenomenon was observed when the buildings
were placed at a separation distance equal to their average height.
However, this was observed for one opening configuration, and con-
centration patterns were not investigated by that study.

Interestingly, there is no study which addresses the impact of
different ABLs on the flow or the pollutant dispersion within an NVLB.
Indeed, the ABL might drive the pollutant dispersion inside an NVLB
primarily due to its large openings. Findings of Ramponi and Blocken
(2012) show that the turbulent kinetic energy of the approaching flow
affects the direction of the incoming jet through the inlet opening of the
generic building significantly. Another limitation of previous
wind-tunnel studies on NVLB ventilation is that they did not take into
account the presence of animals or doors openings in their building
models, although a significant impact of these parameters on the flow
and pollutant dispersion within NVLB might be expected (height of the
animals and doors openings are approximately 0.2 and 0.5 of NVLB
height, respectively).
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This paper addresses the limitations mentioned above to understand
better the dispersion processes in an NVLB. Therefore, the main objec-
tives of the present study are the following: i) to study the impact of ABL
on both the flow and pollutant dispersion in a cattle barn with respect to
the presence of animals and doors openings; ii) to evaluate the role of
coherent structures on the pollutant dispersion within the barn; iii) to
exploit principles of physical modelling in a wind tunnel and state-of-the-
art measuring and analytical methods for the accomplishment of these
objectives.

2. Methods

2.1. Experimental setup

The experiments were performed in the Environmental wind tunnel
of the Institute of Thermomechanics of the Czech Academy of Sciences. It
is an open wind tunnel with cross dimensions of 1.5 m � 1.5 m, and the
lengths of the development and test sections are 20.5 m and 2 m,
respectively. The air is sucked from the outdoors within a range of
0.1–10 m s-1 by a fan, which is driven through a frequency converter
with an accuracy of 0.05 m s-1. Considering the fulfilment of the internal
Reynolds number independence (Cermak et al., 1984) on the flow within
a model of a cattle barn (25 m in length, 20 m in width and 9.5 m in
height) and the dimensions of the wind tunnel, the scale ratio of the
model resulted in 1:50. The model was positioned at the centre of the
wind-tunnel test section and has lower blockage ratio (the ratio of the
frontal area of the model to the area of the wind-tunnel cross-section)
than 5% (Fig. 1a).

To observe the impact of ABL on the ventilation of the model, two
types of ABL were simulated in the tunnel. The first corresponded to a
moderately rough (e.g., rural) and the second to a very rough (e.g., for-
est) terrain. Both ABLs were developed by vortex (spires) and turbulence
(thin rectangular plates) generators at the development section. While
three spires (isosceles trapezoids which were of 625 and 85 mm in bases
and 1420 mm in height, see Fig. 1a) initiated the rural ABL, four of these
spires started the forest ABL. In the case of the rural ABL, it was found
that a barrier wall 0.5 m upwind of the spires is essential to reproduce
appropriate integral length scales of turbulence in the measurement
section for the given scale. Indeed, there was also a difference in the
turbulence generators between these two cases of modelled ABL. Both
ABLs turbulence generators were rectangle thin plates of the same width
(50 mm) and were positioned at a staggered pattern along the remaining
part of the development section, but the rural ABL had these generators
of 10 mm and the forest ABL of 100 mm in height. The generators also
differed at the streamwise position; they were deployed every 500 mm in
the case of the rural ABL (Fig. 1a), and every 250 mm in the case of the
forest ABL (not shown). The vertical profiles of the mean dimensionless
longitudinal velocity and turbulence intensities (together with the
bounds recommended by VDI, 2000) of both simulated ABLs were scaled
up by 50:1 (the measured height in the wind tunnel was multiplied by
50) and are presented in Fig. 2a. The profiles were measured 750 mm
(approx. equal to 4H, where H is the height of the cattle barn model)
upwind of the centre of the test section by a 2D laser Doppler anemom-
etry (LDA) from Dantec Dynamics. The average sampling frequency was
about 500 Hz, and the duration of the measurement at each point was 90
s. For both profiles and during the entire measuring campaign, the
freestream velocity (hereafter the reference velocity, Uref) of 5.4 m/s was
used as the reference velocity for the normalisation of results, and
maintained in the wind tunnel andmeasured by the Prandtl tube (Fig. 1a)
about 1 m above the tunnel floor (the model-scale boundary thickness
was about the same height).

In Fig. 2b and 2c, the spectra and integral length scales of turbulence
of the streamwise velocity (Lux), computed from time series measured at
height 580mm (29m at full-scale) are presented, while Luxs examined for
another two lower heights (480 mm and 195 mm which correspond to
24 m and 9 m at full-scale, respectively) are presented only in Fig. 2c. The



Fig. 1. a) Schemas of the experimental setup for development of rural ABL and PIV measurement of the vertical plane within the model of cattle barn in the wind
tunnel (top: side view, bottom: top view); b) schemas of the cattle barn and planar source models; c) snapshot (from the top) of the positions of cow models inside the
model of the cattle barn (the model of the cattle barn is not shown for the sake of clarity). All dimensions are in mm.
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spectra are compared with the semi-empirical model from von Karm�an,
and the integral length scales are compared with those recommended by
Counihan (1975). From these figures, one can observe that both the
spectrum and integral length scale of turbulence were modelled appro-
priately in the wind tunnel for both simulated ABLs at full-scale height
29 m. However, for the lower heights (especially that at 9 m) it was hard
to achieve such long Luxs as those recommended by Counihan (1975).
This clearly shows on limitation of the wind-tunnel to model Lux close to
3

the ground for such small scales (here 1:50). However, the other
important parameters of ABLs’ velocity profiles (the velocity profile
exponent, α, the friction velocity, u*, the roughness length, z0, and the
displacement height, d0) were simulated according to VDI (2000) (with
the exception for the very rough ABL, where a rather low dwas achieved)
and are summarised in Table 1.

While the model of the cattle barn was designed as simple as possible,
all critical geometrical features (the roof ridge, opening geometry, and



Fig. 2. Vertical profiles of the streamwise (a) mean dimensionless velocity (U/Uref) and turbulence intensity (Iu) of the simulated very (filled circles) and moderately
(open circles) rough ABL accompanied with the recommended power exponents (α) and bounds for Iu according to VDI (2000); (b) turbulence spectra at full-scale
height zfs ¼ 29 m of the simulated ABLs and their comparisons with semi-empirical model according to von Karm�an; (c) integral length scale of turbulence (Lux)
computed at three full-scale heights of the simulated ABLs accompanied with the recommended bounds by VDI (2000); (d) comparison of the vertical profiles of the
dimensionless mean streamwise velocity (U/UH) and (e) turbulent kinetic energy (TKE/UH) at six streamwise positions (x/B ¼ �0.48, �0.25, 0, 0.25 and 0.48) within
the model of cattle barn between the present study (red solid lines) simulated for the rural terrain and the study of Yi et al. (2018a) (open circles) and Shen et al. (2016)
(filled squares). The full-scale heights (zfs) in (a–c) were scaled up by 50:1. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Table 1
Overview of the studied cases.

Config. Terrain Roughness ABL parameters Openings Opening height, D [mm] Porosity, r Doors

R1 Moderately rough - Rural α ¼ 0.17, u* ¼ 0.25 m/s, z0 ¼ 0.01 m, d0 ¼ 0 m, Fully Open 70 0.70 Open
Closed

R2 1/2 Open 35 0.35 Open
Closed

R4 1/4 Open 17.5 0.17 Open
Closed

F1, F2 and F4 Very rough - Forest α ¼ 0.36, u* ¼ 0.45 m/s, z0 ¼ 0.5 m, d0 ¼ 2 m, The same as in the case of the rural terrain

ABL parameters were scaled up by 50:1.
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doors) of a typical cattle barn were reproduced (Fig. 1b). To the best of
the authors’ knowledge, this was the first time where the doors openings
and pillars at the sidewall openings were included in the model as well.
The studied sidewall opening configurations reflected three regimes of
the natural ventilation under isothermal conditions. The first corre-
sponded to summer regime, and hence the openings were left fully open
(D ¼ 70 mm, Fig. 1b) at both sidewalls. The second corresponded to
autumn/spring regimewith the half-open openings (D¼ 35mm), and the
third to winter regime with the quarter-open openings (D¼ 17.5 mm), at
both sidewalls. These three regimes also reflected the porosity of the
sidewalls (r¼ 0.7, 0.35 and 0.175, respectively) oriented perpendicularly
to the approach wind. For all these regimes, the effect (open or closed) of
doors openings (100 mm in height and 90 mm in width) and the presence
of the animals on the flow were studied as well (see Table 1). The models
of cows (KidsGlobe company) were made of plastic and scale of 1:50. In
total, 24 configurations were studied. However, due to the financial costs
4

and time, the cases with closed doors were excluded from the concen-
tration measurements.

The pollution of the cattle barn was simulated using two ground-level
planar sources, which emitted the passive gas (ethane) homogeneously
(Fig. 1b and c). Indeed, the ammonia is not a passive gas (it is a buoyant
and reactive compound with a density of 0.73 kg m�3 at 1.013 bar and
15 �C). Hence, one may expect an overestimation in the observed con-
centrations within the model of the barn due to the buoyancy. However,
to reduce the complexity of the problem, ethane was chosen as a first
approximation in the present study. The authors used their previous
experience with modelling of pollution from traffic in the wind tunnel
(Nosek et al., 2017) to design the planar source for this study. Therefore,
the ethane was emitted through 288 tubes at each of the sources. The
tubes had an inner diameter of 0.5 mm and length of 30 mm, and they
were incorporated into the plenum chamber, which was positioned
below the wind-tunnel bottom. The entire lengths of the tubes were
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positioned vertically and below the bottom of the cattle barn model with
their outlets facing that bottom. Such geometry of the tubes made the
ethane flow rate of 10.4 ml s�1 insensitive to the local pressure fluctua-
tions of the cattle barn (Meroney et al., 1996). The homogeneity of the
sources and the influence of their ethane discharge velocity on the cattle
barn flow were tested by several measurements and visualisation tests
(both performed by PIV system) before the measurement campaign. The
lowest internal Reynolds number Rei ¼ UiLi/ν ¼ 22430, where Ui is the
maximum velocity within the building (which is usually equal to the
velocity at the opening and Li is the smallest internal dimension of the
barn (which is usually the eaves height) was checked as well. Cermak
et al. (1984) demonstrated on a building model with a scale of 1:25 that
the internal Reynolds should be at least 2 � 104 in order to ensure the
independence of internal flow on the Reynolds number. However, it
should be noted that the velocity at the average height of the opening
differs by a factor of �2 between two modelled ABLs (see Fig. 2a), which
will be discussed in due course.

2.2. Measurement and data-processing techniques

A 2D time-resolved particle image velocimetry (TR-PIV) system from
Dantec Dynamics was used at a repetition rate of 200 Hz to capture the
time evolution of the flow within the model of the cattle barn. The laser
sheet from DualPower 30–100 laser was positioned vertically nearby the
middle of the openings (75mm laterally from the centre of the model, see
Fig. 1a) to light particles carried by the flowwithin the barn at that plane.
A Laskin nozzle generator upstream of the vortex generators continu-
ously injected the particles (about 1 μm in diameter) to the flow. The
CMOS camera SpeedSense VEO 410 captured 6227 consecutive double-
frames during an acquisition time of 30 s for each studied case and
plane. Such acquisition time provides robust velocity time series to
perform statistically independent analysis as well. The instantaneous
velocity vector fields were computed using Adaptive PIV method by
DynamicStudio software. The size of the interrogation area was set to 32
� 32 pixels with 50% overlap, which resulted in 5 mm (0.026H) of the
spatial resolution of the velocity vector field. The relative measurement
error of the mean velocities and turbulent kinetic energy (TKE) was
estimated from the four TR-PIV runs performed for the case R4-O (that
means for the rural ABL, quarter open sidewall openings, doors open and
without cows) not be higher than 2.5% and 7.2%, respectively.

A fast flame ionisation detector (FFID) from Cambustion Ltd per-
formed point concentration measurements of ethane within the model of
Fig. 3. Mean 2D streamlines at the vertical planes for the (a,d) full, (b,e) half, and (c
layers. In all cases, the doors are open, and there are no cows. The streamlines are c
represents the direction of the approaching wind.
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cattle barn at a repetition rate about 200 Hz. A unique 400 mm long
sampling tube was designed to measure the ethane concentrations close
to the cattle barn bottom, without interrupting the flow around the
model. The tube was positioned into the barn model through the holes (4
mm in diameter) along the centreline in the roof utilising a three-
dimensional traverse system (Fig. 1b). The FFID sampling points were
distributed evenly within the vertical plane. This plane was positioned
12 mm closer to the centre of the model (y ¼ �63, see Fig. 1b) than the
plane for the PIVmeasurements and at the centre of the openings. Each of
the measurements (the flow and the concentration) was performed
separately. During concentration measurements through a given hole,
the other holes were sealed. The relative error (4%) of the concentration
measurements was estimated from 40 runs performed for four (10 runs
for each) different sampling positions within the cattle barn model. A
dimensionless concentration, C* ¼ CUrefA/Q, where C is the measured
concentration in ppm, A is the total pollution source area in m2, and Q is
the ethane flow rate from the source in m3 s�1 was used to compare the
studied cases.

3. Results and discussions

3.1. The mean flow field

Fig. 3 demonstrates a clear impact of the sidewall openings and ABL
on the mean flow (time-averaged streamlines) field within the model of
the cattle barn. The dimensionless resulting 2D velocity (computed as
(U2þW2)0.5/Uref, where U and W is the mean streamwise and vertical
velocity, respectively) coloured the streamlines. All cases presented Fig. 3
have open doors and no cows in the barn.

The fully open configuration (Fig. 3a) enables the outdoor wind to
blow with ease through the barn to the outlet opening in the case of the
rural ABL. This blow produces a jet at the lower part and an
anticlockwise-rotating vortex at the upper part of the barn. A quantitative
comparison between the vertical profiles of the mean dimensionless
streamwise velocity (U/Uh, where Uh is the mean wind speed at the
building height obtained from the measured ABL velocity profiles during
the absence of the model) from the present study and those from the
study of Shen et al. (2016) and Yi et al. (2018a), both using a laser
Doppler anemometry (LDA), is presented in Fig. 2d. Shen et al. (2016)
observed the similar flow patterns, although their model of the barn did
not have the ridge and doors openings. Interestingly, the profiles pre-
sented for Yi et al. (2018) do not confirm the flow patterns observed
,f) quarter open openings and the (a-c) rural and (d-f) forest approach boundary
oloured by the dimensionless resultant (2D) velocity. The arrow at the top left
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either our or Shen et al. (2016) study. The main explanations might be
twofold. First, the different ridge opening geometry (formed only by one
opening at the leeward side of the barn roof compared to the symmetrical
openings at both sides in the present study) used by Yi et al. (2018a)
drains off the flow below the roof more than in our case or in the case of
Shen et al. (2016), and hence likely destroy the anticlockwise-rotating
vortex at the upper part of the barn. Secondly, the approaching ABL
simulated in our case differs (primarily in the friction velocity and
spectrum of turbulence) from that simulated by Yi et al. (2018a) in their
Fig. 4. Vertical profiles of the mean dimensionless longitudinal velocity (a,c,e,g,i)
�0.48, �0.25, 0, 0.25 and 0.48) of the measured vertical plane. (a,b) the impact of th
circles, diamonds and squares are for the full, half and quarter openings’ configurations
smaller than symbols.
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wind tunnel. However, the turbulent kinetic energy (TKE) has similar
distribution within the barn as in our case (Fig. 2e).

In the case of the half-open configuration (Fig. 3b), the anticlockwise
vortex is suppressed close to the inlet, and a new, smaller, clockwise
vortex is generated just downwind the sidewall. These two vortices are
the result of the shear layers produced at the upper and lower edge of the
incoming jet. For the quarterly open case (Fig. 3c), the incoming flow
attaches to the roof, and the well-known Coanda effect can be observed
due to the higher static pressure (lower flow velocity) in themiddle of the
and 2D turbulent kinetic energy (b,d,f,h,j) at five streamwise positions (x/B ¼
e simulated ABL; (c-f) the impact of the doors; (g-j) the impact of the cows. The
, respectively. Note that the relative error bars are not presented due to their size
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barn. Such a flow attachment was also reported by Morsing et al. (2002)
for the similar opening geometry and the cattle barn model, and also by
Tominaga and Blocken (2016) for a model of a generic building.
Downstream, the flow falls to the model bottom and reverses back to the
inlet wall, producing a weak anticlockwise vortex at the centre of the
barn.

The change of ABL from a moderately (e.g., induced by a rural
terrain) to very rough (e.g., induced by forest) also produced appreciable
changes in flow patterns within the barn. A weaker (by a factor of�2) but
more turbulent wind impacts the opening in the case of the forest ABL
which in turn produces weaker blows into the barn and weaker and
smaller vortices within the barn in all cases of opening configurations
(Fig. 3d–f). These findings support those reported by Ramponi and
Blocken (2012) who in their CFD study on a generic building show that
the turbulence in the approaching flow strongly influences the flow in-
doors. Specifically, they found that the increase of the physical and nu-
merical diffusion in the flow approaching the building increases the
spread of the jet entering the buildings.

To compare all the studied cases quantitatively, the vertical profiles of
the mean dimensionless streamwise velocity and two-dimensional TKE
extracted from five streamwise positions (x/B ¼ �0.48, �0.25, 0, 0.25
and 0.48) within the barn are compared in Fig. 4. It should be noted that
TKE was computed as 0.75(σU2þ σW

2 ), where σU and σW are the standard
deviations of the streamwise and vertical velocity, respectively, by the
DynamicStudio software to approximate a 3D TKE. Again apparent ef-
fects of the sidewall opening and ABL on the mean flow (Fig. 4a) but also
the turbulence (Fig. 4b) can be seen, although the ABL has a less sig-
nificant impact on the flow in the cases of smaller openings (half and
quarter) further downstream (x/H> 0.25) within the barn. The rural ABL
produces appreciably higher velocities in case of the fully (empty blue
circles in Fig. 4a) and the quarter (meaning also the negative velocities,
see empty red squares in Fig. 4a) open configuration. However, in the
case of the half-open width and up to the first half of the barn (�0.5 < x/
B< 0), the forest ABL (green filled diamonds in Fig. 4a) drives faster flow
nearby the bottom (z/H < 0.25) than the rural ABL (empty green di-
amonds in Fig. 4a). A similar effect might be observed for the TKE, but all
studied openings (Fig. 4b).

The impact of doors opening on the mean flow near the middle of the
barn is negligible when the wind is perpendicular to sidewalls (Fig. 4c
and e) but has some effect on turbulence (Fig. 4d and f). Generally, the
TKE decreases if the doors are closed irrespective of the studied ABL.
Similar conclusions might be drawn in case of the presence of cows
(Fig. 4g–j). Indeed, there is a notable difference between the mean flow
produced by the cows and that produced by their absence in the middle
of the barn, but in other areas, there are no appreciable changes between
these two flows. Interestingly, the turbulence is damped by the cows
further downstream within the barn in the case of fully open configura-
tion (compare blue empty and filled circles in Fig. 4h and j). It should be
noted that no heat production of cows has been simulated and that only
the wind perpendicular to the sidewall openings was performed. These
two parameters (the heat production and the wind direction) might have
a significant impact on studied airflow patterns within a barn and hence
are worthy of further investigation.

3.2. Flow structures stability analysis

In turbulence research, it is well known that despite the chaotic na-
ture of turbulence organised structures – coherent structures – might be
observed in the flow. These structures are essential for transport pro-
cesses as has been demonstrated by previous studies (Conan et al., 2015;
Luo et al., 2012; Nosek et al., 2017; Raupach et al., 1996). Since the
time-resolved data from PIVmeasurements are obtained in this study, the
oscillation pattern decomposition (OPD) method provided by Dantec-
Dynamics software is used to identify the dynamics and topology of these
structures. Mainly, the OPD method enables to reveal the “hidden”
coherent structures of the flow, which are the most stable (lasting the
7

longest in the flow). Compared to widely-used Proper Orthogonal
Decomposition (POD) (e.g., Berkooz et al., 1993) or Bi-Orthogonal
Decomposition (BOD) method (e.g., Aubry, 1991), OPD provides infor-
mation about the frequency at which the structures are excited into the
flow and how they propagate in the space.

The OPD method is based on Principal Oscillation Patterns (POP)
introduced by Hasselmann (1988) and Von Storch et al. (1988) in
climatology and is similar to another well-known Dynamic Mode
Decomposition (DMD) method introduced by Schmid (2010). The POP is
the linearised form of the more general Principal Interaction Pattern
(PIP) method, which constructs simplified dynamical models to
approximate complex nonlinear systems with many degrees of freedom
(Hasselmann, 1988). The starting point of both the OPD and DMD is that
the fluctuating part of Navier–Stokes equation is modelled by Langevin
equation for the linear Markov process, but for the OPD method the ei-
genmodes of the deterministic feedback matrix of Langevin equation is
evaluated differently (Uruba, 2015). However, both OPD and DMD
methods provide complex eigenvalues and eigenvectors. While the
complex eigenvectors reveal the structure (OPDmode) topology and how
this structure propagate in space, the complex eigenvalue defines the
frequency (f), at which the structure was excited into the flow and time,
so-called e-fold time (te), at which the amplitude of the structure’s
oscillation decays to 1/e. The most stable dynamic structures decom-
posed from the instantaneous flow filed are those which have the highest
periodicity, p¼ f. te. Indeed, the e-fold time is the crucial parameter here,
but if there is no oscillation (f ¼ 0), there is no dynamics, and hence the
e-fold time characterises a pulsating structure without any propagation in
space (Von Storch et al., 1988). Uruba (2015) proposed the threshold
value of p ¼ 0.43, which means that bellow this value the structure’s
amplitude decays faster than by factor 10 during the period, and hence a
non-oscillating rapidly decaying mode (structure) is detected in the flow.

To save the computational time, DynamicStudio software computes
the OPD eigenvectors and eigenvalues from the already computed
“topos” and “chronos” from POD analysis. Therefore, the first PODmodes
are presented as well, which represent those structures having the
highest contribution (Er) to the total turbulent kinetic energy of the flow
field and compare them with those from the OPD analysis. It should be
noted that the POD modes contain a broad mix of different frequencies
without any information on their phase and hence represent non-
dynamic structures. The OPD analysis was set to compute all the POD
modes, which have Er > 0.005.

Fig. 5 compares topology (complex eigenvectors) of the most stable
OPDmodes (the first and second column in Fig. 5) and the most energetic
POD modes (the third column in Fig. 5) concerning the opening width
and modelled ABL. Here, the most stable OPD mode represents the mode
that has the highest periodicity, p. The propagation of the OPD modes is
demonstrated through their phases (ϕ), and only the two phases, ϕ ¼
0 and 90�, which correspond to the real and imaginary part of the ei-
genvectors, respectively, is presented in Fig. 5 for clarity. The coloured
contours in Fig. 5 represent the vorticity, while the streamlines represent
the topology of the vortical structures. The speed of the structure prop-
agation was estimated as Uc ¼ f.s, where s is the structure spacing
(Fig. 5a).

From the first glance of view, one can observe the absolute difference
in topology between the POD and OPD modes. The most energetic
structures form one (third column in Fig. 5a and b) or maximum of two
(third column in Fig. 5c–f) vortices, while the most stable dynamic
structures manifest the Kelvin-Helmholtz instability of the flow produc-
ing the several vortices propagating through the barn (first and second
column in Fig. 5). A similar instability was qualitatively observed by
Tominaga and Blocken (2015) during visualisation tests for a naturally
ventilated generic building. The most stable dynamic structures have at
least three vortices and are more dependent on the studied case (Fig. 5).
They propagate from the inlet opening to the outlet, but only in the case
of the fully open configuration the vortices are also presented at the
outlet opening, thus do not vanish within the remaining part of the barn



Fig. 5. Cyclic propagation (i.e. ϕ ¼ 0� and 90�) of the most periodical (stable) OPD modes through the cattle barn in case of the rural (a,c,e) and forest (b,d,f) ABL and
in cases of the fully (a,b), half (c,d) and quarter (e,f) open openings. The first column represents the real part (ϕ ¼ 0�), while the second column the imaginary part (ϕ
¼ 90�) of the OPD modes. The topology of those structures having the highest contribution to the total TKE (the first POD modes) is presented in the third column for
the comparison. The contours represent the vorticity of the structures. The structures’ spacing is denoted by s from which the convective velocity of the OPD structures,
Uc, was computed.
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as in the other cases. Irrespective of the studied case, the periodicity (p)
and the speed of structures propagation (Uc) decrease with the decrease
of the opening size. The smaller opening damps the frequency at which
the structures are excited into the flow. Due to the lower frequency, the
larger structures occur, and hence their spacing which propagates slower.
The angle (about �30�) of the direction of propagation is the same for
both the full (Fig. 5a and 5b) and the half (Fig. 5c and 5d) opening but
changes about 60� (to approx. 30�) in the case of the quarter opening
(Fig. 5e and 5f). One can also observe the impact of ABL on the topology
of dynamic structures from the two phases (0� and 90�) presented in
Fig. 5, and that the less turbulent ABL (Fig. 5a, c, and e) produces more
stable (with higher periodicity) dynamic structures than the more tur-
bulent approaching ABL.
3.3. The pollutant dispersion within the barn

From the mean concentration fields and vertical profiles presented in
Figs. 6 and 7, respectively, one can see that the type of the opening
configuration and the type of simulated ABL have an appreciable impact
on the cattle barn ventilation. Indeed, the lower the opening width, the
higher concentration levels are within the entire barn. The rural ABL
produces lower concentration levels (Fig. 6a, c, and e) at some areas
compared to the forest ABL (Fig. 6b, d, and f) due to the higher and more
uniform flow impacting the inlet openings which result in higher internal
flows. The position of both the planar source and the openings has a
Fig. 6. Mean dimensionless concentration (contours) and flow fields (vectors (u,w)
configurations and the (a,c,e) rural and (b,d,f) forest approach boundary layers. Ev

9

crucial impact on the concentration distribution. While one can find the
lowest concentrations nearby the inlets, the highest concentration levels
are at the bottom and in the regions where the mean vortices dominate
(manifested by the velocity vectors in Fig. 6c–f). From Fig. 6 can also be
observed a downstream and upstream advection of the pollutant ac-
cording to the mean flow and spatial distribution of the concentration as
the concentrations increase downstream in the fully open case (Fig. 6a)
and upstream in the quarter open case (Fig. 6e), respectively. The highest
polluted spots correspond to the areas where the flow is stagnant, and
hence of poor pollutant transport (see, e.g., the lower downstream corner
in Fig. 6f). The pollutant transport can be hardly observed from the mean
vertical concentration lines presented in Fig. 7. However, these lines give
a better quantitative comparison among studied cases.

In terms of the concentration diffusion, the mean concentration
fluctuations (e.g., Fig. 7b) follow the mean concentration gradients
(Fig. 7a) instead of the mean velocity fluctuations (Fig. 4b). The same
was observed by Tominaga and Blocken (2015), and hence confirms their
suggestion that different mechanisms drive each of the fluctuations
separately. However, since one can observe a spatial correlation between
the spatial distribution of the mean concentration and the topology and
direction of the propagation of the most stable dynamic coherent struc-
tures (compare Figs. 5 and 6), these structures seem to play another role
for pollutant dispersion within the barn.

The presence of cows has a negligible impact on the pollutant
dispersion within the barn (see Fig. 7b–c) as having been already
) at the vertical plane for the (a,b) full, (c,d) half, and (e,f) quarter openings
ery second velocity vector (u,w) is plotted for the sake of clarity.



Fig. 7. Vertical profiles of the mean (a,c,e) and standard deviation (b,d,f) of dimensionless concentration at six streamwise positions (x/B ¼ �0.48, �0.28, �0.13,
0.13, 0,28 and 0.48) of the measured vertical plane. (a,b) the impact of the simulated ABL; (c-f) the impact of the cows. The circles, diamonds and squares are for the
full, half and quarter openings’ configurations, respectively. Note that the relative error bars are not presented due to their size smaller than symbols.
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observed during the mean flow and TKE analysis (Fig. 4c–f), and analysis
of the coherent structures (not shown here). However, there is one
exception, and that is the fully open configuration simulated for the rural
ABL (Fig. 7d).

3.4. Ventilation performance – comparison of different methods

Fig. 6 clearly shows that the pollutant within the barn is not well
mixed in any case. Such imperfect mixing reflects the flow field charac-
teristics within the barn and the position of the source. A spatially
averaged (plane-averaged, in our case) concentration provides additional
information about the ventilation performance of the cattle barn. In most
cases (especially in-situ), the spatial distribution of pollutant concentra-
tion is not known a priori, and other methods such as tracer gas method
or air exchange rate index are widely used to evaluate the ventilation
performance. However, such methods are based on the assumption that
the pollutant is well mixed within the barn. Therefore, a one-point- and
line-averaged concentration and ventilation rate is compared with the
plane-averaged concentration (C*pl) to observe possible underestima-
tion/overestimation of the cattle barn ventilation performance estimated
by these parameters.

The mean dimensionless concentration in middle of the barn (x/B ¼
0, z/H ¼ 0.4) was used for the one-point-averaged concentration (C*p),
while the line-averaged concentration (C*lin) was computed as

C*
lin ¼

1
D

Z D=2

�D=2
C*dz; (1)

at the outlet opening (x/B¼ 0.45). The dimensionless ventilation rate (Q)
was computed at the inlet opening (x/B ¼ �0.45) as
10
Q¼ 1
DU

Z D=2

Udz; (2)

ref �D=2

where D is the opening height and U is the mean streamwise velocity at
the given point. The relative plane-averaged concentration (C*pl,rel) and
relative ventilation rate (Qrel) were normalised by the plane-averaged
concentration and ventilation rate in the case of R1-O, respectively, to
generalise the results.

Fig. 8a shows that the plane-averaged concentration is in line with
what was previously observed during the flow and pollutant dispersion
analysis: the opening configuration and the type of ABL have a significant
impact on the cattle barn ventilation. Fig. 8a also demonstrates that fully
open cases are about 5 and 10 times more ventilated than the half and
quarter open configurations, respectively. However, if one uses the line
(Fig. 8b) or one-point-averaged (Fig. 8c) concentration, a significant
underestimation (up to by a factor of 3) of the ventilation performance
might achieve. Both these concentrations reach the plane-averaged
concentration level in the case of the quarter open configuration. This
indicates that the concertation within the barn is more evenly distributed
during the quarter open case than in the other cases.

Concerning the ventilation rate, similar results are obtained in the
estimation of the barn ventilation performance (Fig. 8d). However, the
ventilation rate underestimates the barn ventilation more significantly
(by a factor of 5) compared to the plane-averaged concentration levels
(e.g. C*pl,rel is almost 12 times higher in the case of F4–O than R1-O, while
Qrel predicts the ventilation about 2.5 times lower considering the same
case comparison). This is primarily brought about by the difference of
flow patterns observed inside the barn for different opening heights and
simulated ABL, and by the source characteristics (its type and position).
These main mechanisms of the pollutant dispersion inside the barn
cannot be captured by the flow characteristics measured at the openings,



Fig. 8. (a) Relative plane-averaged concentration (<C*>pl,rel); (b) ratio of the plane-averaged concentration to the line-averaged concentration at the outlet opening
(<C*>pl/(<C*>lin); (c) ratio of the plane-averaged concentration to the point-averaged concentration in the middle of the barn (<C*>pl/(<C*>p); (d) the relative
ventilation rate (Qrel).
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and hence the ventilation rate underestimates the barn ventilation. A
similar inconsistency between the ventilation performance parameters
was observed by Tominaga and Blocken, 2016 for a generic building and
highlight that care should be applied when evaluating ventilation per-
formance from flow rates or concentration values measured at one point
only. Such caution is also confirmed by the present study for naturally
ventilated livestock buildings, where the source of pollution is mostly
planar, and the flow characteristics captured just at the openings cannot
predict the ventilation of the barn accurately.

4. Conclusions

This paper brings a new and detailed insight into dispersion processes
in a naturally ventilated livestock building. The impact of the atmo-
spheric boundary layer (ABL), type of openings and presence of animals
on the flow and pollutant dispersion in a model of cattle barn was studied
under controlled conditions in a wind tunnel with perpendicular wind
conditions. It was demonstrated that the ventilation opening width and
the type of ABL have a crucial impact on both the flow and pollutant
dispersion within the barn, while the presence of cows (without heat
production) and doors openings are insignificant. However, this might
not be true if the wind is not perpendicular to the ventilation openings or
the heat production of cows are take into account. Another limitation is
that 3D effects (the 2D velocities and concentrations were investigated
only at one vertical plane) were not addressed in the present study.
Therefore, further studies are needed to clarify the effect of these pa-
rameters on flow and pollutant dispersion within a cattle barn.

It was found that the indoor cattle barn pollution levels decrease
proportionally with the increase of the ventilation opening width. A
11
similar proportionality was found in terms of the simulated ABL. When
the cattle barn is exposed to a more rough ABL (e.g., forest or hilly
terrain), a significant increase of pollutant concentration within the barn
was observed in comparison to a less rough ABL (e.g. rural terrain). This
is due to the weaker and less uniform flow impacting the openings in the
case of the more rough ABL, which in turn produces slower and less
turbulent internal flows compared to the less rough ABL. These findings
were demonstrated not only on the mean flow patterns but also on dy-
namics of coherent structures developed within the barn using time-
resolved PIV technique and Oscillating Pattern Decomposition (OPD)
method. The dynamic structures manifest the well-known Kelvin-Helm-
holtz instability in every studied case, and, unlike non-dynamic (but the
most energetic) coherent structures, they spatially correlate with the
mean concentration fields and concentration fluctuations. Irrespective of
the studied case, the stability and the speed of structures propagation
decreased with the decrease of the opening size. The smaller opening
damps the frequency at which the structures are excited into the flow.
Due to the lower frequency, the larger structures occur, and hence their
spacing which propagates slower. These findings show that the dynamic
coherent structures play another important role in the pollutant transport
within the barn.

The findings of Tominaga and Blocken, 2015, who observed for a
cross-ventilated generic building that fluctuations of velocity are driven
by the shear layers of the flow, while the mean concentration gradients
drive fluctuations of concentration, were confirmed by the present study.
The present study also confirms that in any of the studied cases the
pollutant was not well-mixed within the building, and hence significant
underestimation or overestimation (up to by factor 5) of the building
ventilation might be obtained using, e.g. tracer gas method.
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