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Abstract:

Currently there exists no generally accepted rafsretechnique to measure the ventilation rate
through naturally ventilated (NV) vents. This hasiapact on the reliability of airflow rate control
techniques and emission rate measurements in NWahhiouses. As an attempt to address this issue a
NV test facility was built to develop new airflowate measurement techniques for both side wall and
ridge vents. Three set-ups were used that differednt configuration, i.e. one cross ventilatetige

and two ridge ventilated set-ups with different tveizes.

The airflow through the side vents was measuretl witechnique based on an automatic traverse
movement of a 3D ultrasonic anemometer. In theeridg static 2D ultrasonic anemometers were
installed. The methods were validated by applyhmydir mass conservation principle, i.e. the inflow
rates must equal the outflow rates.

The calculated in- and outflow rates agreed witint 8)%, (8 £ 5)% and (-9 £ 7)% for the three
different set-ups respectively, over a large raoigeind incidence angles. It was found that theesid
vent configuration was of large importance for thigribution of the airflow rates through the vents
The ridge proved to be a constant outlet, whild¢ sients could change from outlet to inlet depegdin
on the wind incidence angle. The range of winddaoce angles in which this transition occurred

could be clearly visualised.
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1 Introduction

In Europe, agriculture is considered to be respasior the contribution of 93% and 18% of
ammonia and methane emissions, respectively [1§. Adgative effects on the environment such as
acidification, eutrophication and ozone polluticavé brought about international legislation [2,3].

In Flanders and the Netherlands the quantity of duntribution to pollution has an effect on the
authorisation to renew environmental permits. Téadailed a large need for effective abatement
techniques with reliable and proven reduction pidésh applicable in animal houses. For the
guantification of both the emission rates and céida potentials accurate measuring techniques are
essential.

In general the emission rate of a gas is estimayaaultiplying the ventilation rate by the pollutan
concentration at the outlet opening (correctedbfickground) [4]. In mechanically ventilated animal
houses the ventilation rate is relatively easilyedained by using e.g. free running impellers [5,6]
Furthermore, the outlet opening is fixed, delivgranclear and unchanging measuring location for the
gas concentrations. However, at European levalalist all dairy farms and a significant part of pig
houses are naturally ventilated. Determining théssion rate in such buildings is considerably more
complex as both the ventilation rate and the odteations are unknown or at least constantly
changing throughout time [7]. This variability isamly due to the fluctuating outdoor conditionstsuc
as wind direction, wind speed and temperature rdiffees which result in a complex interaction
between wind and stack effect [8].

Many different approaches exist to study the vatitih rate from naturally ventilated buildings,. i.e
wind tunnel set-ups [9-13], modelling [14,15], CFE®-18] and full scale measurements [19-21].
For full scale measurements the tracer gas tecanioure in particular the constant injection rate
method, is the most commonly used method. Othecetraechniques such as the constant
concentration method and tracer gas decay methetmx are less applicable in naturally ventilated
buildings [22]. In the constant injection rate teicfue a tracer gas is injected into the animal bais

a fixed and known rate. The relation between impactate and the measured concentrations of the

tracer gives an estimate of the ventilation ratg].[Although the application of such techniques is
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widespread it has some important disadvantagesholld be noted that accurately measuring a gas
concentration at a certain location in itself ig ttee main challenge as many reliable gas analysing
systems exist. However, it is finding a represévaatocation for these measurements that poses
problems as the indoor climate in a naturally yaeted animal house is often heterogeneous [18].
Hence, choosing a less representative locatiorddeal to large errors [24]. Furthermore, due ® th
constantly changing flow patterns the optimal meagulocation, i.e. at the outlets, will vary asgth
inlet vents can become outlets and vice versa tregufrom changes in outdoor conditions.
Inaccuracies for tracer gas tests have been reptrteary from 10% to 230% [6]. Other techniques,
including tracer gas techniques have been discusgsistail by Ogink et al [22]. where it is statict
none of the existing techniques can be considese@ aeference technique. Therefore, the reduction
potential of the existing and new emission abatérteahniques are uncertain and prone to discussion
[22,25,26]. It is thus clear that to construct arambiguous regulatory framework aiding farmers,
constructers, legislators and researchers, a rafereneasuring technique for the emission rate in
naturally ventilated animal houses is necessary.

The basis for an accurate determination of the sarisrate lies within a reliable technique to
accurately measure the ventilation rate. Van Overlat al. [27] developed a new measuring method
for the ventilation rate in naturally ventilatedildings. The method is based on a 3D ultrasonic
anemometer that automatically traverses the whblie ventilation opening through the aid of a
linear guidance system. Driven by a programmalgdecéd controller (PLC), the sensor stopped at pre-
defined locations in the ventilation opening to swea the air velocity after which it moved to the
next location. The data collected at these diffetecations were then combined to determine the
airflow rate. This method was validated againsteBerence technique for mechanical ventilation
[28,29] as no reference for naturally ventilatemi$ exists. In those studies, the ability of thehud

to accurately measure heterogeneous velocity psofitas evidenced. Subsequently, a naturally
ventilated test facility was built where the metkoability of coping with the continuously changing
velocity profiles in the vents was examined [27]thaugh satisfying results were obtained, the
method has so far been applied to small openinkys(6rb m x 1.0 m), in a cross ventilated sectibn

the test facility. However, cross ventilation algaecly occurs in naturally ventilated buildinghiah

3
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usually feature a ridge vent. The ridge plays apartant role in the airflow patterns and might
significantly affect the ventilation rate as wedD]31].

Therefore the objective of this research was tarémxa the applicability of the previously developed
method in situations more representative of comiakeatimal houses, i.e. cross and ridge ventilation
The method was applied to and validated on larget wpenings (0.5 x 3.0 m) and an additional
measuring technique for the ventilation rate thtotlge ridge was developed and validated. Also, the
in- and outlet character of all vents was examindte longer term objective of this research is to
obtain a test facility in which the velocity prafd in each vent are characterised under a large i@
wind incidence angles and speeds through the aitieofnethod developed in this paper. This test
facility could then be an important benchmark ire thevelopment of accurate ventilation rate

measurement techniques transferable to commeafaily ventilated animal houses.

2 Materials and Methods

2.1 Test facility

A full scale section of a pig house was built a thstitute for Agricultural and Fisheries Resedrch
Merelbeke, Belgium (+50° 58' 38.56" N, +3° 46' 45.4€). This building, further referred to as the
test facility (See Fig. 1), was also used by Vamri®@eke et al. [27] with a test chamber built ingtue
facility. However, this chamber was removed for thgperiments described in this paper. The test
facility has internal dimensions of 12.0 x 5.3 8 # (length x width x ridge height) yielding a vole

of 251 m3. Both concrete sidewalls have ventilatipenings of 0.5 x 4.5 m with a depth of 0.2 m.
The width of these vents can be changed by plasmgden boards that cover parts of the opening
area. The ridge of 0.3 x 4.0 m has upright flangfe®.3 m and can be sealed completely (see Fig. 2).
During the monitoring period, no large obstructiomsre present in the area surrounding the test
facility, within a radius of 40 m. Following theleuof good practice, the side vents are oriented SW
[32], which is the prevailing wind direction in Fiders. To visualize leakages, all vents were closed
and a fan was installed at vent A to induce anri@epressure of 100Pa. All major leaks were

visualized with smoke tests and sealed where gdessittil no more smoke was observed to escape
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from the building. Furthermore, Etheridge [33] statthat with the larger openings adventitious

leakage can be neglected.

3.0m

il 1
0 v WXN 0
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Fig. 1: 3D drawing and picture of the test facility built at the Institute for Agricultural and Fisheries Research. Sketch: Top view of the test
facility with the X-Y coordinate system of the anemometers compared to the wind rose. ®: moving 3D ultrasonic anemometer in side vent;

IR static 2D ultrasonic anemometer in ridge.

2.2 Hardware configurations

An automatic sensor frame developed and describetail by Van Overbeke et al. [28] was used.
This frame was used to perform an automated traveis/ement by a 3D ultrasonic anemometer or
3DS (Thies® 4.3830.22.300, Goéttingen, Germany) tbe in- or outlet area of a vent. The sensor
frame consisted of a connected horizontal (4.5md)\eertical (0.7 m) linear guiding system. On tép o

the vertical guiding system a 3DS was installece iovement of the guiding systems and therefore
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the sensor itself were driven by two PLC controldedivomotors. Air velocity data logged whilst the
sensor movement was carried out were not accodoted further calculations. Two of these frames
were positioned on the inner walls of the testlitgddeneath Vents A and B (Fig. 1).

In the experimental set-ups where the ridge was d&gen (see 2.4), 8 2D ultrasonic anemometers or
2DS (Thies® 4.3820.02.300, Gottingen, Germany) wewed inside the ridge. The positioning of
these sensors can be seen in Fig. 2. Holes wer@a dbe purlins in order to house the sensors.
However, due to a lack of depth, the sensor headle not located in the centre of the ridge but 2 cm
further away. This was the only feasible senscupetwithout causing larger flow disturbances in the
ridge. A calibration conducted by Deutsche Wind@usvind Tunnel Services GmbH showed a
standard uncertainty of max. 0.05 m/s in a rang&%87-5.470 m/s for both the 2DS and 3DS.

In order to acquire more detailed information oae tnoss-sectioned air velocity profile through the
ridge, 1D hotwire anemometers were used. A tote dbtwire anemometers were fixed across the
width of the ridge (Fig. 2:B) (in the centre: TSI®&jr Velocity Transducer Model 8455, USA,
Shoreview, and remaining hotwires: E+E Elektroni&&66-VC5K1000, Germany, Engerwitsdorf).
According to the manual the 8455 hotwire has amramy of + 2.0% of the reading or = 0.5% of full
scale of selected range. The selected range was3000m/s. The EE66 model has an accuracy of +
0.06m/s + 2 % of the measured value. All hotwireraometers were recently calibrated.

A meteorological tower (meteomast) equipped with 8DS at a height of 10 m was installed South-
East of the test facility. All sensors were conaddo a datalogger (dataTaker® DT85M, Australia)
through a serial interface (RS422). This alloweddcsimultaneous readout of all sensors. The data
was collected at 50 Hz and 33 Hz for the 2DS an&,3i@spectively, and stored as 1s averages.

Hotwire anemometers were logged at 1 Hz.
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Fig. 2: A: Cross section of the ridge with an installed 2D ultrasonic anemometer. B: Green circles represent measurement locations of the

0.35m

1D hotwire anemometers (not to scale). They are located beneath 2D sensor 6. One of the hotwires malfunctioned and is marked with an
X C: Top view of the ridge with 8 2D ultrasonic anemometers and their allocated outflow areas. Dotted red lines represent the measuring

path of the 2D ultrasonic anemometer. 2D sensor 7 malfunctioned and was removed.

2.3 Ventilation rate measurement method

2.3.1 Data collection at side and ridge vents

Gathering the air velocity data at side vents werfopmed by the method developed by Van Overbeke
et al. [27]. The method consisted of dividing odume immediately downstream of the vent opening
into cuboids with the size of the measuring heathef3DS (0.25 x 0.25 x 0.125 m, L x B x H),

further referred to as measuring volumes. Eachmelwas sampled consecutively for 10 s by a 3DS.

The time it took to move the sensor to the nextina and start measuring was 2 s on average. Fig. 3
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illustrates how this method was applied to an apgrof size 0.5 x 3.0 m. To capture the time
dependent velocity profile, the complete vent wassecutively traversed 10 times. Hence each
measuring volume was sampled for a total of 1@ash measuring cycle was repeated cyclically. For
more details the reader is referred to Van Overleglad. [27].

For the ridge (Vent C) all measuring points werenittwed simultaneously. Air velocity data at the
ridge was collected over the same time period ifclvithe side vents were traversed 10 times. 2D
sensor number 7 was removed from the ridge dueftvare errors and could not be replaced during
further experiments. The in- or outlet areas relétesensors 6 and 8 were widened to fill this Gae

Fig. 2C). The width of the ridge was taken at tleate of the 2DS measuring path. Therefore the
elementary surface area per 2DS was consideresl @35 x 0.50 m for sensors 1 to 5 and 0.35 x 0.75

m for sensors 6 and 8. Only the velocity compongormal to these areas was utilized in the

calculations.
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Fig. 3: Top sketch: Impression of a velocity profile measured in Side Vent B with North-Western winds (not an actual measurement). In
which the vent is divided into 48 measuring volumes or 88 elementary surfaces, arrows represent the velocity components sampled at
each surface. Grey and white areas represents air flowing out of and into the building, respectively. Airflow through grey surfaces is added

to the total outflow rate (Qout) airflow through white surfaces to the total inflow rate (Qin). Bottom sketch: Names of the different planes and
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the velocity components related to these planes. Picture partly shows the 3D ultrasonic sensor on the automatic sensorframe in the 3m

wide vent.

2.3.2 Determination of the ridge pipe factor

An additional consideration had to be made in ve#whe calculation of the in- and outflow rates
through the ridge. As can be seen from Fig. 3 agdZ€ the area related to a velocity measurement
in the ridge is almost 6 times larger than thathie side vents. Therefore a different data prongssi
method was needed for the ridge.

When the velocity profile in a vent is known, theeeage velocity (W, can be found and multiplied
by its related outlet area to obtain the airflokeraHowever, only the velocity in the longitudinal
central axis (V) of the ridge was measured in this set-up. Assgrayto be representative of the total
outflow area can lead to large inaccuracies ofédingow rate [6]. The ratio between,yand V; is
represented by the pipe factor (PF 54dW. ). For instance, the PF for a laminar flow throagiide
rectangular channel is 2/3 [34]. However for a tlebt flow, which is more likely in the ridge,
determination of the PF is more complex and is deéeet on the Reynolds number and roughness
coefficient of the duct. A PF of 0.91 is given 8oReynolds number of 10Although the ridge is not a
truly “smooth rectangular duct”, the expected vabfiehe PF is situated between 0.66 and 0.91 [34].
Hotwire anemometer measurements in the ridge wemgéed out to give an estimate of the general
shape of the velocity profile. The measurementsviaken directly beneath sensor 6 (see Fig. 2B).
Sensors were positioned at the centre and at 0.08, 0.12 and 0.14 m to the left and right of the
centre. The hotwire located at 0,03 cm to thedéthe sensor malfunctioned and no valid data could
be retrieved. All hotwires measured simultaneoasly frequency of 1Hz and results were based on 5
minutes averages. From these point measuremertdoeity profile was composed from which the
Vagwas calculated. In this velocity profile, the vétgcat the borders was considered zerewds

measured by the hotwire in the centre. A PF wasutatled for each 5 minute measurement interval.

2.3.3 Calculation of the ventilation rate

The method for calculating the ventilation rateduseVan Overbeke et al. [27] delivered satisfagtor

results for a small cross ventilated chamber wihts of 0.5 x 1.0 m. The agreement between the
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airflow rates measured in both vents was in thgeaof (-1 £ 11)%. However, when in a vent the
average air velocity was lower than 0.05m/s or windere parallel to the vents, the relative
measurement error increased.

With a wind incidence angle parallel to the vetit® vents acted partly as an inlet and partly as an
outlet [35]. Therefore, when the average airfloverothe total vent area was taken, a result wasdfoun
close to zero, which yielded large relative errdms account for these situations, the in- andlowtf
rates through a vent should not be averaged, arttiforeason, the data analysis procedure had to b
slightly modified.

Fig. 3 clarifies that the velocity components tha¢ accounted for depend on the location of the
measuring volume. In each volume the air velociynponents were allocated to their related
elementary surfaces. Each elementary surface veaaarized by a set of 100 air velocity data oint
obtained through the data gathering method destnb2.3.1. Such a set was subdivided into positive
and negative air velocities. A time weighted averags taken of the positive and negative subsets
separately and multiplied by the related elemensarface areas to obtain the airflow rate flowing i
and out of the building through that area, respelyti The same procedure was followed in the ridge
vent but all measured air velocities were multgbliey the PF (see 2.3.2). As a final step, all
elementary in- and outflow rates of all vents wemnmed into a total building inflow (Q and

outflow rate (Q. ), respectively (Formula 1)

Qin = Xj=1 Xi=1(viy - A; - 3600); (1]

Where:

Qin: the total building inflow rate (m3/h); m: the nbar of vents (2 or 3 depending on whether or not
the ridge is open); n: number of elementary sedan the vent (varying between 7 and 88 depending
on the related vent and set-up); the time weighted average of the velocity compbr®ntributing

to the inflow rate through elementary surface tii/§); A: the area of the elementary surface “i” for

which the velocity component was measured (m?2).

10



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Formula 1 was used to calculate the total buildintflow (Q,., m”h) by substituting ¥ to v., which

is the time weighted average velocity componenttrdauting to the outflow rate through an
elementary surface “i".

According to the law of mass conservation, apptidin incompressible medium, the inflow rate
should equal the outflow rate. Therefore the retatmeasuring error (E) between @Q and Q.
(Formula 2) was used as a measure for the accofaitye method. Throughout the experiments the
average value between,@nd Q,:was taken as the reference & (Q» + Q..0/2). The method was
considered to be sufficiently accurate when theenained under 20% under a large variety of
external wind conditions. This was based on stydils® using ultrasonic anemometer measurements
to measure the airflow rate, where the relative sugmment errors between the in- and outfluxes

ranged from -34% to 37% [36-39].

E — Qin—Qout 100 [2]

a avg

2.4 Imposed measurement conditions

In Van Overbeke et al. [27] a ventilation rate mea®g method was validated for naturally ventilated
openings of 0.5 x 1.0 m in a cross ventilated rotmthis current study, the final goal was to
determine the airflow rates through the test faciieaturing an open ridge and side vents of 0.5 x
3.0m, rendering the test facility more represewmtafior conditions in commercial animal houses.
Therefore, three different set-ups of the testifgavere examined.

In set-up 1 the opening areas of Vents A and B We&sex 3.0 m and 0.5 x 1.0 m, respectively, and the
ridge was closed. Here Vent B was taken as thaemfe against Vent A, which allowed the
validation of the measuring method applied to aewigent (see 3.2.1). Vent B was bordered with a
flange measuring 1.14 x 0.64 x 0.30 m, to simulla¢econditions of the measurements made by Van
Overbeke et al. [27]. This flange was built to allor a more unidirectional flow pattern. No flange
was present around Vent A. Van Overbeke et al. &fjcluded that measuring the X- and Z-
components at the borders of the 0.5 x 1.0 m vesd wnecessary to obtain the most accurate

measuring method. In set-up 1 this was re-evaluaitttda 0.5 x 3.0 m vent.

11
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In set-up 2 the opening areas of Vents A and B Wesex 3.0 m and the ridge was kept open. This
allowed the validation of the measurement methothenridge (see 3.2.2). No flange was present
around Vents A or B.

In set-up 3 the ridge was open along with ventsié B. However, the width of Vent B was set to 1.0
m in order to force more air towards the ridgednditions when Vent A was the inlet. This increased
the ridge’s relative contribution to the outflotgaVent B was again bordered with the flange.upet-

3 was built to test the effect on thgdE a predominantly ridge ventilated set-up as caegéo set-up

2. This allowed for an additional check of the gadgeasurement method.

2.5 Experimental conditions

In Fig. 4 an overview is given of the wind conditsofor set-ups 1, 2 and 3. The distribution of the
wind incidence angles are given in the polar ptotgether with the relative and cumulative wind
speed frequencies. These parameters were measuhednaeteomast and were based on the averages
taken from a total of 443, 833 and 710 airflow rateasurements in set-up 1, 2 and 3, respectively.
Because of the building orientation, the angle &)°1corresponds to the south-west direction. This
allowed a clearer representation of the wind incageinfluences. In set-up 1, all directions exdept
south-east incidence angles were covered (Fig. .4WRjile, in set-ups 2 and 3, only a relatively
limited amount of data is coming from wind directso other than south to southwest. All
measurements were made between December 2014 aod R45. The proposed measuring method
does not differentiate between the source of ttftoai i.e. originating from the stack or wind efte
There were no heat sources in the test facility thedrelatively large vents were permanently opened
to allow continuous renewal of the internal air woke. Therefore, the difference in temperature
between the in- and outdoor climate was assumdxk tminimal. Hence, the influence of the stack
effect on the distribution of the flows through esidr ridge vents was not examined and all airflows

were attributed to the wind effect.

12
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3 Results and Discussion

3.1 Evaluation and validation of the measurement method

3.1.1 Conditions of cross ventilation with closed ridge (set-up 1)

Relative measurement error

In Fig. 5:A the relative measurement error of teatitation rate () as a function of wind incidence
angle is shown. The Hemained between (5 + 8)% and in none of the vimilence ranges the
established tolerance level of £ 20% was surpassed.

Therefore, it can be seen that the method develbgedan Overbeke et al. [27] was successfully
adapted and transferred to the larger vent of B®>m.

In Table 1 the relative contributions of Vents AdaB to the total in- or outflow rates, classified
amongst 4 ranges of wind incidence angles are shimie wind direction ranges of 135° to 225°
and 315° to 45° a relatively stable distributionfasind. Higher percentages suggest fixed in- and
outlets in these situations. However, the distrdsuthanges entirely in the ranges of 45° to 13%f a
225° to 315°. These ranges contain wind directipanrsllel to the vents. The relative contribution to
the inflow rate ranging from 34 to 69% for both Y& and B indicates that these vents acted
simultaneously as both in- and outlets. Nevertlselesen in these complex situationsr&mained
between + 20% (Fig. 5:A), it can be stated that measurement method and data analysis were
robust. In Fig. 6:A the change in relative in- artftow contribution as a function of the wind
incidence angle can be seen. From approximatelyob®ard, the relative contributions begin to shift
drastically to become stable again at around TPI0é.amount of data from these wind directions was
too low to see a clear start and end of this utestagion. However, the same trend is much clearer
the range of 225° to 315°, due to the larger amotimieasuring points. There, the range in which the

side vents shift from inlet to outlet and vice \#eis approximately 250° to 300°.
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311  Table 1: Relative contribution (%) of Vents A and B to the total in- or outflow rate through the test facility for set up 1, classified into 4

312  different ranges of wind incidence angles.

0-45°and 315-360°  45-135° 135 - 225° 225 - 315°

Vent Ay, (%) 11+15 58 + 32 96 + 7 69 + 34

Vent By, (%) 92 + 16 41+ 34 5+5 34+33

Vent Ao (%) -82+8 53 +23 -19 11 -44 + 26

Vent By (%) -15+9 -48 + 25 -79+9 -53 + 24
n 111 28 173 131

313
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Fig. 5: Boxplots of relative measurement error as a function of wind incidence angle for set-ups 1 (A), 2 (B) and 3 (C). The red lines in the

boxes are averages, the black medians.
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318  Fig. 6: Relative contributions of Vent A, B and C to the in- or outflow rate for set-ups 1 (A), 2 (B) and 3 (C), with ©: flow through Vent A

319  (blue); O: flow through Vent B (red); O: flow through Vent C (green); positive and negative values are relative inflow and outflow
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contributions, respectively.

Need of 3D measurements

In Fig. 7: E values as a function of the wind incidence angéeshown, averaged over wind direction
intervals of 30. The in- and outflow rates measured in Vent A taet added to Qand Q.
respectively, are calculated in 4 different waysani¢ly, by accounting for different velocity
components: (a) only the Y-components; (b) the 8 X-components; (c) the Y- and Z-components
and finally (d) all three components. Fig. 3 cliesfwhere these components were measured. The
opening areas related to the Y- and Z- componeéntdront plane, Z: top and bottom plane) were
considerably larger than that of the X-componelelf &nd right plane). The in- and outflow rates in
Vent B were calculated accounting for all compoagat was recommended for this type of vent in
Van Overbeke et al. [27]. In Fig. 7 it can be st only accounting for the Y-components in Vent A
resulted in larger relative measurement errorshénrange of (11 £ 35)%. Highest errors were found
in cases where the wind was blowing perpendicuathe vents. Adding the Z-components to the
calculation lowered the range ofth (5 + 8)%. As seen in Fig. 7, this result is apgmately equal to
the result obtained by including all componentserEfore, including the Z-components was an
essential part of the measuring method for thisupefThe X-component on the other hand, did not
add a considerable improvement to the relative oreagent error and, in the conditions of this study,
could be omitted. However, for future study of flpatterns around the vents, all components deliver
valuable information. Therefore, none of the congda are omitted in further measurements
throughout this paper.

It must be noted that the large influence of theoAponents is partly attributable to the top and
bottom plane being of almost equal area as thd plame (see Fig.3). The larger the vent, the highe
the influence of the front plane will be comparedhat of the top and bottom plane. Therefore ity ve
large vents, such as those found in cattle hoaseasuring only the Y-component could be sufficient.
This outcome seems to be in agreement with otligliet where the ventilation rate in NV buildings
is determined via anemometer measurement dataphiedtiby vent area. Also there, only the velocity
component normal to the vent opening is usuallysiciered [38—40]. However, compared to the
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365

present study, the applied vent areas relateceteampling points are much larger in these stualigs
from 0.9 m2 [36] and 2.1 m2 [38] up to 110 m? [38lso measurements close to the vent's borders are
mostly avoided in these studies. Air velocities geaerally highest in the centre of the openindg [4
as there is little influence of the vent’s bordérserefore these velocities can overestimate thand
outflow rates when multiplied by the vent areaslin such cases that applying mass conservatian as
validation tool can be misleading as this overestiiom cannot be identified. This might explain why,
even when applying a relatively lower measurememisdy, the in- and outflow rates can still agree
fairly well, e.g. 12 to 19% [39], 1 to 28% [37], t8 37% [38] and -34% to 8% [36] (percentages are
calculated similar to equation [2]). Therefore, whihie measurement set-up does not sufficiently
account for the spatial variability of the velociprofile, errors can occur which could remain
undetected when validating with the mass consemvarinciple.

Although the present study also relies on thisgpie, the reliability of our results was increassd
the high measurement density and the large rangeaurement conditions under which the method

was validated.
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Relative measurement error Eq (%
X

Wind incidence angle (°)

Fig. 7: The relative measurement error (Eq, %) as a function of wind incidence angle. The in- and outflow rates through Vent A are

calculated with four different methods: OI: only accounting for the Y- velocity component (red); A: accounting for the Y- and Z- velocity
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components (green); X: accounting for the Y- and X- velocity components (purple); ©: accounting for all velocity components (blue). The
in- and outflow rates through Vent B (needed for the calculation of Eq) were calculated accounting for all components. For each method the

relative measurement errors (%) were calculated and averaged within intervals of wind incidence angles of 30°.

3.1.2 Conditions of cross and ridge ventilation (Set-up 2)

Pipe factor

In order to establish a PF value of the ridge, tal tof 186 velocity profiles were determined with
measurements carried out over a period of 4 dayBable 2 the velocity profiles were subdivideaint

8 centre speed ranges, i.e. the wind velocity nredsoy the hotwire anemometer at the centre of the
velocity profile in the ridge (Fig. 2:B). In Tabl2 it can be seen that an increasing centre speed
resulted in a slight decrease in PF. Linear regmesanalysis indicated a rather weak, but present,
correlation between the centre speed and the assdd?F's (R2=0.42, P<0.001). In Fig. 8, where 7 of
these velocity profiles are shown, it can be séam higher centre speeds resulted in profiles with
more “bullet shaped” profile. Such profiles suggeestinar flows, which are characterised by lower
PF values [34]. The lower centre speeds had a hmregenous distribution of the air velocity, and
suggest turbulent profiles with a higher PF valdkhough the profiles were not symmetrical, the
centre speed mostly remained the highest value.

The wind incidence angle during the tests variggvéen 105° and 168° (N= 152) and between 284°
and 314° (N=22), however only the 105 — 168° ranges considered. Linear regression analysis
showed a relatively weak correlation between witgldence angle and the associated PF's (R2=0.27,
P<0.001). Nevertheless, one may notice that largaations in wind incidence angles might have a
significant effect on the shape of the velocityfipeo

The ridge experiments indicated that the PF mightdbpendent on wind incidence angle and air
velocity in the ridge. However within the rangesafr measurements the correlations were weak.
Hence, under the conditions met here, the PF wasidered to be constant. Based on the average
taken of all velocity profile measurements, a PP.GB was withheld to calculate the airflow rates i

set-ups 2 and 3.
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Table 2: Pipe factors (PF, dimensionless) related to wind speeds at the centre of the velocity profile measured in the ridge.

Centre speed range (m/s) PF + SD* n
0.50t0 0.74 0.79+£0.03 11
0.75t0 0.99 0.81+0.04 46
1.00to0 1.24 0.79+£0.02 13
1.251t0 1.49 0.79 £0.02 14
1.50t0 1.74 0.77 £0.02 31
1.751t01.99 0.76 £0.02 21
2.00t0 2.24 0.75+0.02 34
2.2510 2.65 0.75+£0.02 16

*SD: standard deviation of the mean
g
e
Q
:
=
8
=

0 5 10 15 20 25 30

Distance from border (cm)

Fig. 8: Velocity profiles with different centre speeds measured in the ridge with +: 0.50 m/s (light blue); ®: 0.75 m/s (orange); *: 1.00 m/s
(blue); X: 1.50 m/s (purple); 4:1.75 m/s (green); M:2.00 m/s (red); 4:2.25 m/s (dark blue). The velocities at the borders, i.e. at 0 and

30cm were assumed zero and do not represent measured values.

Rel ative measurement error

Values of  varied in the range of (8 + 5)% for the measuremsenset-up 2, successfully remaining

below the + 20% limit for each separate wind inoickeangle range (Fig. 5:B). As this is in agreement
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to what was found in Set-up 1, the measurement adeéipplied to the ridge was considered to be
effective.

Although in this set-up fSeems to reach lower values at wind incidence angeallel to the vents,

it presented an increased variability, as compareset-up 1.

In Fig. 6:B the relative contributions to the tatalow and outflow are shown. For all wind diremis

the contribution of the ridge to the inflow was rigaon-existent (0 £ 1) %. This means that thgeid
can be considered a full and permanent outlet pexéent of the wind incidence angle. A wind tunnel
study by [42]) showed that at wind incidence anglese to 270° or 90° part of the ridge opening
function fluctuated between in- and outlet. In prasstudy it was assumed that the short lengtheof t
test facility’s ridge compared to those found imeoercial animal houses diminished this effect. The
contribution of the ridge to the total outflow rateas relatively constant and therefore also
independent of the wind incidence angle. The owtid@ntribution of the ridge varied in the range of
(46 £ 7)%. Vents A and B showed a similar behaviasiin set-up 1 where the in- or outlet character
of the vents were determined by the wind incidesiogle. Again the wind incidence ranges in which
the inlets completely changed into outlets and wieesa are 50° to 120° and 250° to 300°. At
approximately 90° and 270° there were cases intwbath Vents A and B accounted for 50% of the
inflow rate. The closer the wind incidence angleswa180° or 360°, the higher the contributionhe t
inflow of Vent A or B, respectively. Fig. 6:B issumarised in 4 ranges of 90°.

Table 3 where the data is classified amongst 4es0§90°.

Table 3: Relative contribution (%) of Vents A, B and C to the total in- or outflow rate through the test facility for set up 2, classified into 4

different ranges of wind incidence angles

0-45°and 315 -360° 45 - 135° 135 - 225° 225 - 315°
Vent A, (%) 3+7 69 + 37 103 5 70 + 37
Vent B, (%) 101 +9 32 £37 2+4 32+36
Vent G, (%) 0+0 0+0 0+0 1+1
Vent Ay (%) -46 + 8 -15 +13 -3+2 -18 £ 15
Vent By (%) 42 28 £ 13 -48 £ 6 -33+14
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Vent G (%) -46 + 9 -55+8 -44 + 6 -46 + 6

n 82 57 579 115

3.1.3 Conditions of cross and adapted ridge ventilation (Set-up 3)

In Table 4 and Fig. 6: C it can be seen that tleive outflow rate contribution of the ridge wa3 @
30% higher than in set-up 2. This effectively ireed the contribution of the measurement method of
the ridge on the relative measurement error. ValiesE;, of (-9 + 7)% were found for the
measurements in set-up 3, again remaining unde2@be limit for all wind incidence range (Fig. 5:
C). However, compared to Set-ups 1 and 2, a shifatds more negative values of Eq can be seen. In
the ranges 45°-75°, 75°-105° and 275°-315° theegsbf Eq average around -20%. Although it is to
be expected that in these ranges the measurentens @rcrease due to the more complex airflow
patterns, it is not clear why this particular sptaeems to increase this effect. To determine veneth
the asymmetry of the side vent sizes was one oinflieencing parameters, a more detailed view on
velocity profiles and related indoor airflow patteris necessary. It cannot be determined whether
these negative values were due to an under- orestmration of the inflow or outflow rate,
respectively.

It should be noticed that the increase in the rglgelative outflow contribution was only expected
situations where Vents A and B were full inlet andlet, respectively. In such cases the outlet area
through Vent B was smaller than that of the ridgeab3-fold. However, the increase in relative
outflow contribution seemed to be approximatellystant over all wind directions, and was in the
range of (77 £ 7)%. Combined with the results fodmdset-up 2, it can be infered that the relative
outlet contribution of the ridge is independentiirthe wind incidence angle, but strongly dependent
on the side vents configuration. Experiments witbrenvaried vent configurations should allow to
derive the relation between the ridge’s relatividetwcontribution and the vent configuration.

In the range of 315 — 45°, it was expected thatt\fewould be completely an outlet with a relative
inflow contribution of nearly 0%. However an inflasontribution of (20 = 14)% was found (see Table

4). This effect can also be seen in Fig. 6:C. Thiére ranges in which Vents A and B changed from
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approximatly 0 to 100% outlet contribution widernszhsiderably towards 360° as compared to Fig.
6:A and B. This means that even with wind incideangles near to 360°, there existed cases where

Vents A and B were still partially in- and outléthese situations are more challenging for the

measurement method and could be a partial exptamtdr the lower calculated,EThis also suggests

that the wind incidence angles in which a side wamt be considered a full in- or outlet is depehden
on vent size configuration. Therefore, studies teft on the assumption that a vent is a permanent
outlet, e.g. for emission rate measurements, shaeddunt for this effect. In such cases, speciad ca

should be taken when the vent has a variable aseahen curtains are used.

Table 4: Relative contribution (%) of Vents A, B and C to the total in- or outflow rate through the test facility for set up 2, classified into 4

different ranges of wind incidence angles

0-45°and 315-360°  45-135° 135 - 225° 225 - 315°

Vent A, (%) 20 + 14 66 + 24 96 + 3 8121
Vent B, (%) 74 15 25 + 23 2+2 14 + 17
Vent G, (%) 0£0 1+1 0+0 1+2

Vent Ao (%) 17 £6 13+ 4 5+3 12 +6
Vent By (%) -7+3 -14 5 25+ 4 205
Vent Gy (%) -82+7 -82+7 -73+4 72+6

n 125 188 360 37
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4 Conclusions

A naturally ventilated test facility was adapted @woss and ridge ventilation schemes, to which an
automated airflow rate measuring technique wasieghpFor the side vents, a technique developed by
Van Overbeke et al. [27] was successfully adapddrger vents (0.5 x 3.0 m) and a new airflow rate
measurement set-up for the ridge was validatedp@ factor of 0.78 was determined and attributed to
the ridge. Detailed measurements of the velocitfilps in the vents were possible and the in- and
outflow rates in each vent were processed sepgratel

It was found that the method for the side ventaukhaccount for all air velocity components, while
the vertical component at the top and bottom vemwtérs and the component normal to the vent
opening were essential to the calculations.

When side and ridge vents were fully opened, aivelaneasurement error between the building’s
total in- and outflow rate of (8 + 5)% was foundgesessfully remaining below the self-imposed limit
of 20%.

The relative contribution of a side vent to thelding’s total in- or outflow rate was dependenttba
wind incidence angle. The range of wind incidenogles in which side vents were completely in- or
outlet depended on the size of the vents. Outbiglgetranges, the vents gradually changed fromtoutle
into inlet or vice versa, as a function of windidence angle.

The ridge had no considerable contribution to thigdow rate and was considered as a full and
permanent outlet, independent of wind directionrédwer, the relative contribution of the ridgelte t
total outflow rate was relatively constant sincgtandard deviation of only 7% was found throughout
all measured wind incidence angles. However, measemts in 2 different set-ups showed that the
ridge’s relative outflow contribution was dependentthe side vents configuration.

Due to the complexity of the measuring techniqués ipractically and economically unfeasible to
transfer the technique to a full size animal holitmvever, as the developed test facility is equibpe
with a validated measuring technique, it can b dieecomparison with new and existing airflow rate
measuring techniques for the use in naturally Vetetl buildings. The design of these new techniques

should be focussed on the possible transfer to \&ge vent sizes such as those found in cattle
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497

houses. Modelling is a possible way to reduce traptexity of the measuring technique. The test
facility can be used to develop, validate and sesth models. Although these models will probably
not be directly transferable to other buildingggyang that certain modelling approaches work in the

test facility can provide useful information to deithe research on full scale animal houses.
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Highlights

- A naturally cross and ridge ventilated test facility was built.

- An airflow rate measuring method for side vents and ridge was developed.

- The method was successfully validated through the law of mass conservation.

- Experiments were conducted under a large range of wind incidence angles and speeds.



