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Abstract

The high spatial and temporal variations of airflpatterns in ventilation openings of naturally
ventilated animal houses make it difficult to aataty measure the airflow rate. This paper focusses
on the development of a fast assessment techniquieef airflow rate of a naturally ventilated test
facility through the combination of a linear algbrih and local air velocity measurements. This
assessment technique was validated against detadadurement results obtained by the measuring
method of Van Overbeke et al. (2015) as a reference

The total air velocity|U|, the normal|Y| and tangential velocity componej¥| and the velocity
vector U measured at the meteomast were chosen as ingablear for the linear algorithms. The
airflow rates were split in a group where only directional flows occurred at vent level (no oppesi
directions of|Y| present in the airflow pattern of the opening)d angroup where bi-directional flows
occurred (the air goes simultaneously in and othefopening). For airflow rates with uni-direci@n
flows the input variablesU and |Y| yielded the most accurate results. For this meagowas
suggested to use thg| instead of|[U| in ASHRAE'’s formula of Q = E X A X |U].

For bi-directional flows a multiple linear model svauggested where input varialblegave the best

results to assess the airflow rate.
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Nomenclature

Ap
ANN
Bo
B

MR
NE
NW
AP
Qbi

Quni
RR

SE
SD
SW

U]

|X]
Y]

Surface area (m?)

Partial Surface area (m?)

Artificial neural networks

Regression coefficient Bland Altman plot
Intercept Bland Altman plot (m?3/h)

Still-air discharge component (dimensionless)
Opening effectiveness (dimensionless)

Model results

North East

North West

Pressure difference across the opening (Pa)
Airflow rate with bi-directional flow in the side vents (m?3/h)
Airflow rate with uni-directional flow in the side vents (m?3/h)
Reference results

South East

Standard deviation

South West

Velocity vector (m/s)

Total air velocity (m/s)

Reference velocity (m/s)

Tangiental air velocity component (m/s)
Perpendicular air velocity component (m/s)
Air density (kg/m3)
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1 Introduction

An accurate assessment of ventilation rates of @nhouses is important with regard to, among
others, the quantification of the related emissiofise importance of accurate measurements of
ammonia emissions from naturally ventilated animalses has risen since the increasing awareness
of its major impact on the environment [2] anddsequences as e.g. eutrophication by deposition
on the soil or in the water.

However, measuring ventilation rates in commeraimal houses is difficult in practice, due to
significant uncertainties in measurements [3].

Emissions from mechanically ventilated animal hsyseas commonly used for pig and poultry
production in Western Europe, can be measured afwlated by multiplying the differences in
ammonia concentrations at the inlet and the owtlét the corresponding ventilation rates [4]. A
similar straightforward emission measurement prooeds less evident in naturally ventilated stables
and in particular for dairy stables with large opes, because of the strong dependency of the
emissions on weather conditions and building gepm@therefore, significant spatial and temporal
variations of the air velocity and of NHtoncentrations occur in the ventilation openinfshe
stables. Errors in emissions measurements are dftento the complexity of the airflow rate
measurements [5-8]. Currently there is no standeddieference method available for measuring the
ventilation rate in naturally ventilated animal g [7,9,10].

Van Overbeke et al. (2015) developed and validatedccurate measuring method for the airflow rate
of a naturally ventilated test facility with contious direct velocity measurements using moving
sensors (more details are given in 82.3.2). Howesieplification is still necessary to achieve areno
practical, time-reduced, low-cost and yet suffidgnaccurate method. Combining modelling
techniques with local air velocity measurementsiddee of interest to develop such a method
[7,9,11]. This with the aim to simplify and spequlthe assessment of the ventilation rate and tdtres
in real time determination of the ventilation rai#/ith this respect, the method of Van Overbekal et
(2015) can serve as an excellent starting poirtesinprovides detailed information on the velocity
profiles in the vents.

The conventional envelope model that describes timvair enters and leaves a building, is the
Bernouilli equation as a simplification of the NemiStokes equations. This so-called ‘orifice
equation’ [1] is the most general relation desagithe airflow rate through large intentional opgsi
[12-15].

Q =Cp x A X /# M]

Where

Q = Airflow rate (m?3/s)

Co = Still-air discharge component (dimensionless)
A = Surface area of the opening (m?)
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AP = Pressure difference across the opening (Pa)

p = Air density (kg/m3)

This equation applies a still-air discharge coéffit for a typical opening but it fails for large
openings as the main assumptions are not fulf{ied. pressure and velocity distributions are not
constant in the opening [16]) and changes in weattieditions can cause unsteadiness for measuring
or estimating the parameters in the formula [17,08] top of these difficulties, very large openings
(as typically found in dairy cow houses) would mékeven more challenging to sample air volumes
using the orifice equation due to the increasedipiisy of bi-directional flows Q) in the openings
where opposite directions of air velocities normmathe opening are present. This possibility for bi
directionality makes it also difficult to couplenfanonia) concentration measurements to velocity
measurements to obtain emission values. Modelaifflow rates with uni-directional flowsQ,,) in
vent openings give less accurate results when expplo bi-directional flows [9,13]. Also,
measurement methods as e.g. tracer gas tests cdynosed in mechanically [19] and naturally
ventilated constructions [20-23], perform poorlyaiccuracy and precision under naturally ventilated
circumstances [9,13] due to variations in air aodoentration.

Etheridge (2012) states the airflow ra@,{) for very large openings in a formula [2] in non-

dimensional terms.

S

v - 1@ 2]

S

Where
Vv = reference velocity (m/s)
wind direction as a function of e.g. the sumdings, the shape of the envelope.

—h
1

ASHRAE (2009) suggests a similar practical form@lancluding the opening effectiveness.

Q=EXAXV 3]
E = the opening effectiveness of the ventilationropg (dimensionless)
\% = reference velocity (m/s)

Different values forE are given depending on the wind incidence angleh® opening. For
perpendicular winds it varies between 0.5 to 0.6 for winds diagonal to the ventilation opening
between 0.25 and 0.35 [24].

Many references were found in field measuremerdgsanting linear fits between the airflow rate and
the total velocity for greenhouses [25], betweandhflow rate and perpendicular velocity component
for dairy stables [26] and multi-zone test build{2F]. These references show a considerable amount

of information has been found in the peer revielitedature assessing natural ventilation with senpl
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algorithms, but it is not always clear which inpariables result in the most accurately modelled
airflow rates, or which algorithm to use for ailaates with bi-directional flows. Especially thase
little information to be found in the literaturedyoon the accuracy of the respective proposed raodel
Of course this is not unexpected since the lack @fference method for airflow rate measurements. |
order to estimate the accuracy of a model, som#ies28,29] base the reference airflow rate on
pressure differences in the opening, but pressunghly fluctuating at large openings while it nah

be applied to the formula d,;. When direct measurements are done, single measuats are
mostly assumed to represent the mean velocity farge surface area in the opening, usually with no
prior calibrating of the single velocity measurennthe mean velocity of the represented area. For
these experiments without calibration, it is poesio calculate the precision of the method used bu
not the accuracy of the method. Because the maihd@n Overbeke et al. (2015) scans the surface
area with an ultrasonic anemometer moving steptéy-s the opening, it creates the opportunity to
define a better estimation of the real airflow sasnd as thus the accuracy and precision of a
simplified method where limited velocity measuremsesre used.

The objective of this paper was to develop a fasturate and simple to use airflow rate assessment
technique for a naturally ventilated test facililymbining a fast algorithm with a limited number of
local air velocity measurements collected on a omagest. The assessment technique is tested for
airflow rates of both uni- or bi-directional flonsccurring in the side opening evaluated to the
commonly used formula of ASHRAE to calculate thel@wv rate. Artificial neural networks (ANN)
were applied to evaluate the input variables befpying linear algorithms in order to find exisgi
correlations. The algorithms were validated by carmy to detailed airflow rates obtained by the

measuring method of Van Overbeke et al. (2015, 202@14b) as a reference.



134 2 Materials and Methods

135 2.1 Test facility and instrumentation

136 The test facility was situated on a site of thetilnge for Agricultural and Fisheries Research in
137 Merelbeke, Belgium (+50° 58' 38.56" N, +3° 46' 45.&; A onFig. 1). The building was located in a
138 rural area and was oriented such that the sideimgerfaced NE and SW, the latter being the

139 dominant wind direction in Flanders.

140 ,
141  Fig.1: Site and building of the experimental set-up. Theurrounding buildings were located at a distancefcs0Om from
142 the test facility. (A) test facility (B-C-D-E) neighbouring buildings (M) meteomast

143 The test facility represented a section of a néyursentilated pig house as commonly found in
144  Flanders (Belgium). The internal dimensions of tis facility were 12.0 m length, 5.4 m width and
145 4.9 mridge height. Its internal volume was 251(Ri§. 2). The two opposite concrete sidewalls had a
146  ventilation opening of 4.5 m by 0.5 m and a degtB.8 m but were adjusted with metal plates to 3.0
147 m. The ridge vent was 4.0m by 0.35m and could bged and sealed when desired. A door and a gate
148 were present in the test facility, though alwaystl@osed during the experiments.

149 A meteomast equipped with a 2D ultrasonic anemangétdes®, Gottingen, Germany) was installed
150 to measure the wind velocity components (tangeatiaiponentX|- and normal componefit| to the
151 ventilation opening), wind direction and temperatwith a frequency of 1Hz , at a standard height of
152 10m above field level (5 m above the top of thé fislity). In the test facility, a total of eigl2D and
153 two 3D ultrasonic sensors (Thies®, Goéttingen, Gewyhawere installed. Each of the two side
154  openings was equipped with a 3D ultrasonic serigstalled on a 2D-linear guiding system (Fig. 2),
155 that transported the sensor to pre-set places saatheswindow openings where air velocities were
156 automatically scanned following the sampling stygitdeveloped by Van Overbeke et al. (2015). The

157 ridge vent was equipped with eight 2D ultrasoniesses equally distributed along the opening (one
7
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sensor malfunctioned during the experiment). Mgland temperature were measured at a frequency
of 50Hz and 33Hz for the 2DS and 3DS, respectivahd stored as 1s averages in a central logger
(dataTaker® DT85M, Australia) via a serial intedgg®S422)".

0.35m 4.0m
-

Fig. 2 : A 3D sketch of the test facility at the Institue for Agricultural and Fisheries Research in Merelleke

The measurement system described above was adtif@tecontinuous monitoring, day and night
over several months (December 2014 through Mard® R order to cover a wide range of outdoor
wind conditions.

The design of the test facility was almost compjesymmetrical, except for the placement of the

(closed) doors and the central electrical unittwlite wiring, datalogger, soft- and hardware).

2.2 Data Collection and Model Development Methods

2.2.1 General approach

Detailed airflow rate calculations were executethgithe method of Van Overbeke et al. (2014a,
2014b, 2015). Data was collected for different eixpental setups during periods of variable outside
weather conditions. Different input variables weested for their appropriateness using Atrtificial
Neural Networks (ANN), selected for further proéegsand used within a linear algorithm to
determine the airflow rates. Finally, methods foalgsing the results, regression analysis and Bland
Altman analysis were described. These methods léll described in more detail in the next
paragraphs. All data processing, filtering, ANN atadtistical analyses mentioned in this study were
performed with the software Matlab ® R2013a.

2.2.2 Reference airflow rate measurements
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Detailed airflow rate measurements were conductdtie test facility, using the method proposed by
Van Overbeke et al. (2015) with moving sensordlierside vents and a method with fixed sensors to
sample the ridge vent.

Air velocities were measured in the side vents byawing sensor in each side opening. The spatial
variation of the airflow pattern in the side opeggrwas measured by sampling the full surface of the
opening, divided in 48 measurement places. Evergsoming place was sampled for 10 x 1s before
moving to the next sampling place. When all 48 gdagvere sampled, the sensor started a new
measuring round. To measure the total airflow rég¢a, measuring rounds were repeated. The air
velocity per measuring place was calculated byntakhe mean of the 10 rounds of 10 x 1 s. All these
measured mean air velocities were used to calculéte airflow rate with formula [4]. The
measurement of one unique airflow rate took appnately 1,5 h. The temporal variation of the
airflow pattern was minimized because of this ageg over 1,5h. The temporal variation of velocity
at the sampling locations was logged over a semiizgously by the moving sensors. Furthermore,
the meteomast continuously logged the actual wiodditions in order to account for temporal
variations over the full length of the measuremehRty each repetition of scanning the opening (48
measuring places, each 10 min approximately), asiieing mean of the total airflow rates could be
calculated. One of the major advantages of the odetias that it was able to measure the full airflow
rate pattern, so that when bi-directionality ocedrrthis could be registered in detail.

The velocities in the ridge vent were measured witjht fixed sensors (equally spread over the
length; one sensor failed during the measuremefits®). mean velocities were calculated over the
same period, 1,5 h, as the velocities in the ogmniRor every time a new measuring round started fo
the sensor in the side opening, a new sliding meencalculated in the ridge opening.

The principle to calculate the airflow rate was siaene for the side and the ridge openings. Thépart
airflow rates through equal area&pj in the window opening are summed to form theltaidlow

rate Q) [4]. The partial airflows were obtained by muljiipg the locally measured perpendicular air
velocity (Y]) by the partial opening aredq). The airflow rate results of this method weredias

reference to compare the airflow rates resultiogifthe application of the simplified algorithms.

N
Q= Z(m x Ap x 3600) [4]
1

Where:

Q = mean airflow rate over a period of approximateyh (ms3/h)

Y| = mean perpendicular air velocity over a periodmbroximately 1,5h (m/s)
Ap = partial opening surface area (m2)

N = total number of surfaces in de side or ridgeven
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2.2.3 Preliminary data analysis

Different velocity components were tested to usanasit variables to determine the airflow rate.
These velocity components were the perpendidiflrand parallelX| component, the total velocity
|U| and the velocity vecta all measured at the meteomast. Because an ulitaBDnanemometer
was used, théX|-, |Y|-component and/ were immediately available, th&| was derived from the
measurements. Previous research showed that nfodelsflow rates with uni-directional flows gave
less accurate results when applied for bi-directidlows [9,13]. For this reason, the data wast $pli

a group where bi-direction&), and a group where only uni-directional flowg, occurred. The flow
pattern of the data set was categorized as bittrest when at least one normal velocity component
in the side opening had a different sign (oppaditection) compared to the other respective normal
components. To rule out the effect of variationssloort term fluctuations in the opening, only the
mean velocity and not the separate measurements ta&en into account to evaluate the bi-
directionality in the openings.

Before applying a simple mathematical algorithmtifAsial Neural Networks (ANN) were used to
extract or identify the most promising input vated ANN are information processing systems that
can ‘learn’ a relationship between input and outgariables by studying given data [32]. Through a
process of ‘learning’ ANN are able to perform usefomputations. ANN already proved to be
efficient for assessing natural ventilation [33heTmost common model used for function fitting
problems is the feedforward model [32] which wasdugvithin this research. This model placed the
neurons in several layers. The first and last Byepresent input and output, respectively. Thpuiut
layer gives the results that are evaluated by #gteark. For every input variable, 8 different nethks
were tested. These networks differed from eachrdihaifferent properties of the learning rate, the
amount of neurons or the momentum rate.

The different input variables of the wind velocit|&|, |Y|, |X| andU were used as inputs for the
network. The reference airflow rates of the stablgained using the method of Van Overbeke et al.
(2015) and calculated with formula 4, were introgtil@s targets for the model. The evaluation of the
network results were based on R2-values. ANN weig¢ used to establish whether a strong
correlation existed between the input variablestardirflow rates and to make a further seleatibn

potential estimators of the airflow rates.

2.2.4 Simple mathematical algorithms

After testing the correlations with ANN, (multiplhear regression modelling was applied to finst fa
and simple algorithms to assess the airflow ragesti- and bi-directional flows. The airflow ratas

used as dependent variable and the candidate wapiables as independent variables. Simple linear

10



259
260
261

262

263
264
265
266

267
268
269
270
271
272
273
274
275
276
277

278
279
280

281
282

283
284
285

286

287
288

289
290
291

regression [5] was applied to assess the airfldes wath respective input variabl¢g|, |Y| and |X|.

Multiple linear regression [6] was used wHémvas implemented.

QX)) =p1 X x1+ ¢ [5

QX)=p1X X1+ Pp2X x3 + ¢ [g

where:

P12 = constants (m?)

X12 = input variables (m/s)
C = constant (m3/s)

The agreement between the modelled and the refedata was assessed using regression parameters
and Bland Altman analysis. Because the experimeete performed under almost isothermal
conditions (no extra heat was added), the assumptas made that no ventilation would occur with
absence of wind (measured on the meteomast). fbhertbe intercept of the models was set to zero.
The accuracy of the linear regression models wsisdevith two different methods: (1) the coeffidcien

of determination and the regression coefficienktli2 Bland Altman method [34], with which the
respective absolute differences between the matielled experimental results are related to the
average of the modelled and reference resultsagifeement between model results and experimental
results is analyzed with the slofigand the intercept; (see formula [7]). Ideal models will result in

coefficients close to zero.

(MR—RR) = By x =22+ By [7]

Where:

MR — RR = difference between the modelled results (MR) lvedreference results (RR) (m3/h)
MR;'RR = average of the modelled results and the reteressults

Bo = coefficient of performance (dimensionless)

S = intercept (m3/h)

3 Results

3.1 Experimental data

The measured airflow rates were split into 2 grdogesed on the uni- or bi-directional charactemhef t
flows. In total, 5953, and 14771, mean sliding airflow rates were calculated. Anregke of a bi-

directional flow in a side vent A is presented ig.R. In this case, Vent A served as the mairtinle

11
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opening, with part of the opening functioning asoartiet. The separation between the opposite wind
direction zone appeared vertical in the cases-dirbctional flows formed due to the wind (not ® b
confused with bi-directional flows formed by thadt-effect).

. 018 -0.07
027 -0.10
0.14 -0.08
0.04 -0.10

Fig. 3: Measured average velocities (m/s) for each sampdj place of Vent A with wind direction 47°; wind védocity 3
m/s measured at the meteomast; the scale intensitj colors (hot to cold) is related to the magnitudef the velocity.

The Qun values ranged between of 1 612 m3/h and 36 546, ms the&Qy, values varied between 1
455 m3/h and 26 792 m3/h. The magnitude of thdoairfrates are influenced only by the outside
weather conditions as temperature, wind directiod aind velocity. The wind roses and wind
distribution profiles obtained from the data frometmeteomast during the measurements are
presented in Fig. 4 and Fig. 5 respectively. Thamand standard deviation of the incidence andles o
the airflow rate€Q,, andQy were respectively (66 + 15)° and (33 £ 18)°. AsmsigeFig. 5, distinction
between uni-directional and bi-directional flowsssaund to depend mainly on the wind direction,
but the results were not strictly linked to spexcifind directions as both flow groups occurredrats
covering ranges of wind directio@verall, theQ,, occurred for wind directions between (272 and
83)° and (93 and 264)Qy occurred for wind directions between (4 and 1%i)d (201 and 355)°. It
was seen that the airflow rates with uni-directloil@vs not only occurred as expected for winds
normal or diagonal to the opening and the airflates with bi-directional flowsccurred not only for
side winds. The unexpected results, as normal wiatproduced a bi-directional flow, were mainly
caused in circumstances of low wind velocities prabably in non-perfect isothermal conditions.

02 0.2

> >
{015 8 015 8
(] [0}
3 =]
g g
101« 101 &
2 2
s ©
005 @ 1005 @

0 0

0 2 4 6 8 10 12 0 2 4 6 8 10 12

(a) Wind velocity MM (m/s) (b) Wind velocity MM (m/s)

Fig. 4: Wind profile distribution and cumulative relative frequency graph of the total velocity at the meteomast for the airflow
rates with occurring (a) uni-directional and (b) bi-directional flows

12
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Fig. 5: Wind rose with data of airflow rates with (a) uni-directional flows series and (b) bi-directional flows series in the side
openings of the test facility

3.2 Assessing theairflow rate for unidirectional flowsin the side vents

3.2.1 Preliminary data analysis with ANN

The data of the airflow rates with uni-directiofialvs in the side vents were applied to ANN. The
input variablegU|, |Y|, |X| andU measured on the meteomast were used as inpuirfloeaates as
output. Table 1 shows the mean R2-values and skemidard deviations of the relation between the
referenceQ and the results of the ANN with different configtions. The R2-values for the total
velocity |U|, perpendicular velocity¥’|, and velocity vectot/ gave very high results above 98%. The
standard deviation between the 8 different ANN’semeery small so there was no need to look for the
best configuration of ANN as these three inputatalgs all resulted in good correlations. The pearall
velocity componentX| gave lower R2-values compared to the other inpriabkes, therefore this

component was left out for further processing.

Table 1: Mean and SD of the R2-values for the measured andadelled data for different input variables (%)

Input Mean SD
|U| 98.12 0.15
Y] 98.28 0.07
|X| 55.49 4.63
U 99.40 0.08

3.2.2 Modelling and analysis of simple airflow rate algoithms

Table 2 presents model parameters and the analgsidts from the linear curve fitting of the

candidate input variables for tlig,;. The parameters showed that the coefficient foutingariable

13



341 |Y| stayed approximately the same for models with tsymariables|Y| and U . The results for the
342 regression analysis showed that [ttig |Y| andU input variables yielded good linear correlationghwi
343 the airflow rate data for uni-directional flows. Wever, the Bland-Altman analysis showed that the
344  |Y|- andU-models had slightly better results than the tegdbcity |U|. The|Y| component appeared
345  to be the most important contributor in the cotielabecause the results for thd-model, with only
346 the perpendicular velocity component as input \deiawere comparable #@. The results with the
347 |Y| and U-input variables lay in the same range, with thigetaslightly higher for the regression
348 correlation and lower for the Bland Altman corriedat The graphs (Fig. 6) confirm the good
349 agreements for the reference and modelled airfltest Only small differences can be seen between
350 the graphs, depending on the different input véembsed. A possible explanation was that all gsaph
351 included modelled data witf¥'|-velocity component as input 8|, |Y| and U. Because this data
352 concerned uni-directional flows, tH&|-velocity component (perpendicular) was mostly éarthan
353  thel|X|-component (parallel) and on top of this, combinétth a lower regression coefficient foxr|.

354 The graphs show a deviation for the data to theessgon line for low values. Even though no extra
355 heat was added, it was possible the stack-effectroed and gave some airflow rate for some
356 situations with a high sun, a clear sky and abdlya sow wind speed.

357  All three proposed models could identify the trirflawv values consistently and had good estimation
358 performances, witjY| and U as the best input variables for the models. Inmrtable|Y| had
359 preference of choice over componebitdecause one component less was needed to obtalarsi

360 modelling performance.

361
362
363 Table 2: Model parameters of the airflow rate related to a input variable: coefficient of variable (p; ;) and constant
364 (c); regression analysis results for the modelleaind measured totalQ,,;: slope (a), intercept (m3/h) (b) and coefficient
365 of determination (R?)
I nput P c P2 a b R2
10| 3267 0 - 0.92 1234 0.96
7| 3588 0 - 095 673 0.96
g 3346(r) 0  653(X]) 0.94 866 0.97
366
367 Table 3: Bland Altman results for the comparison of a modied to measuredQyy;
| nput Po .5
10| 0.07  -1033
7| 0.03 -457
U 0.05 =722
368
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Fig. 6: (Linear) correlation between the reference and the modelled Quni for input variables (a) total velocity |U|; (b) perpendicular
velocity |Y; (c) velocity vector U

3.2.3 Ventilation opening effectiveness
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Fig. 7: boxplot E-factor for airflow rates with unidirectional flows

Formula [3] which calculates the airflow rate witie opening effectiveness through the inlet opening
proposed by ASHRAE (2009) was applied to the datide reference airflow rates to determine the
E-values. Fig. 7 shows a boxplot of tRevalues calculated for each reference airflow rdtee
medianE was 0.59 and the 25- and 75-percentile were MB83)a64 respectively. Outliers were found
below 0.36 and above 0.78. Not all outliers weawe on the boxplot as some even got up to 6. The
E-values plotted against total wind velocity in F&.(b) showed that the these outliers were only
appearing for low velocities smaller than 1 m/snathematical artefact. This could be explained
because th&'s result in very high values when divided by th&sg wind velocities. For finding any
correlation between th& and the incidence angle and the wind velocityse¢heutliers where
separated from the data. A R2-value of 0.23 an8 @ds found for the incidence angle and the wind
velocity respectively. The regression coefficie@t903 and 0.12 showed an increaseEofvith
increasing incidence angle and wind velocity respely. Fig. 8 (a) showed overall lowé&-values
when the wind became more parallel with the openingother words, when the incidence angle

decreased.
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3.3 Assessing theairflow rate for bidirectional flowsin the side vents

3.3.1 Preliminary data analysis with ANN

Table 4 presents mean R2-values and their stardandtions of between the referer@g and the
results of the different ANN. The input variabl&$ and U gave highest correlations and therefore
showed best potential to find a good fit widy. The perpendicular compondif{ still showed to be a
very important factor to assess the airflow ratgenefor bi-directional flows occurring for mainly
diagonal and parallel winds. The tangential compbneas still for this dataset the least good
predictor for the airflow rate modelling, but itd@me a more important determination factor for the
airflow rate correlation compared to the resulten@,,, probably due to the character of the wind
(diagonal to parallel). Because of the lower resotimpared to the other input variablgg, was left
out for further processing. The total velocjty| resulted in lower results than found for the uni-
directional flows. An explanation could be that thiedirectional flows have largdiX| components
compared tdY|. This can result in a large total velocity, butsagn for the input variable]|, it will

not necessarily result in a good relation withah@ow rates.

Table 4: Mean, standard deviation (SD) of the R2 correlatiorcoefficients (%) between measured and ANN modelled
Q,; for different input variables

Input Mean SD
|U| 88.21 1.82
Y] 96.76 0.70
|X| 64.87 4.92
U 98.74 0.88
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3.3.2 Modelling and analysis of simple airflow rate algoithms

Table 5 shows the model parameters and the raesfulte correlations of the models built for the bi-
directional flows. Table 6 gives the results of Bland Altman analysis. Both input variablds|
and |Y| applied to theQ, gave lower results for the regression and Blanmnah correlations as
applied to theQ,,;. These showed that applying input variafg alone gave insufficient information
to assess the airflow rate with bi-directional flownput variableU gave a very good correlation,
ANN showed that{X| alone was insufficient for assessing g, but gave satisfying results in
combination with|Y| (U). The regression and Bland Altman results werd Hiag input variablel/
compared to the other variables. The graphs onS&how that the total velocity/| gave the least
good correlation for the modelled and refere@geThe input variablg¢Y| alone improved the results,
which could indicate thaly| is more important thafX| to assess the ventilation rate. Though the
modelling weight of |X| is less heavy than the weight |81, |X| is still of great importance for the
accuracy of the model to find the best resultstiierQ,. These findings can be seen in the model
parameters for input variabl#,the coefficient of|Y| was more than 3 times higher than the
coefficient of | X|, but was found lower than the coefficient [#f] when only this parameter was used.
The models with the best fit, the models with inpariable U, confirmed the importance in
differentiation in models fo@, andQ,, by a significant lower value of coefficient (| for Q, than

for Qun.

Table 5: Model parameters of the airflow rate related to a input variable: coefficient of variable (p; ;) and constant
(c); regression analysis results between the motld and measured totalQ: slope (a), intercept (m3/h) (b) and
coefficient of determination (R2)

Input P c P2 a b R2
10| 2164 0 - 0.69 2410 0.76
Y| 3597 0 - 1.10 -1354 0.92
g 2736(r) O 808(X) o0.97 174 0.96

Table 6: Results of the Bland-Altman analysis for bi-diretional airflow rates.

Input Po .5
7| 025  -1988
4 0.14 1595
U 0.01 -29
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Fig. 9: (Linear) correlation between the reference and the modelled Qyi for input variables (a) total velocity |U|; (b) perpendicular
velocity |Y[; (c) velocity vector U

3.3.3 Ventilation opening effectiveness

Similar to results of th&,, the E-values for th@, were also calculated. Fig. 10 shows a boxplot of
the E-values forQ,. The median value was 0.41, the 25- and 75-pdleentre 0.31 and 0.47
respectively. The outliers were found above 0.7Mil&r to the E-values of th€,,, high E-values
appeared with low wind velocities (Fig. 11). Similk@ the data for the unidirectional flows, the
outliers seen imig. 9 are appearing only for low wind velocities (<1 jnfSorrelations were calculated
for the data without these outliers. The E-valuesrdased with increasing incidence angle, a
regression coefficient of 0.0051 and R2z-value @50were found for the regression line. No clear
relation was found with the total wind velocity nrseeed on the meteomast, the R2-value was found to
be small (5 x 18). The opening effectiveness showed the same bamlraversus the perpendicular
and parallel velocity component as seen for thal teglocity: small velocity components gave high
values and velocity components above approximdtety's gave, they did not give extra information

to the opening effectiveness.

T T T T T T T T T

— — L — — i R + o+

0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8

Fig. 10: boxplot E-factor for airflow rates with bidirectional flows
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4 Discussion

Easy models to measure naturally ventilated airilates are widely available in literature. Chulet a
(2015), Choiniére et al. (1992) already found Imearrelations between the total velocity and the
airflow rates in naturally ventilated greenhoudésés (1988), Verlinde et al. (1998), Yu et al. 200
in test rooms in wind tunnels, ASHRAE (1981) andheidge (2012) for naturally ventilated
buildings. Other researchers as Joo et al., (284d) Lo et al., (2012) suggested a linear fit betwe
the perpendicular componelit| and velocities in the opening in a large dairpktand a multi-zone
test building respectively.

In this article, the input variabld#g|, |Y|, |X| andU were tested to find the best input variable in a
simple linear model for airflow rate assessmentbiath uni-directional @, ) and bi-directional @)
airflows. For Qu., U and|Y| were found to be the most accurate input variabsre|Y| was the
most practical input variable because only one ariglocomponent was needed. For 2D or 3D
ultrasonic anemometers both the tangential and alokmlocity component are available, which
makes the input variablé most accurate and practical for all wind direcsion

In literature mostly it is not clearly specified gther the proposed models can be appliedfgrand
Qui- Though, if specified, it is mostly stated thatsb were proposed fQ, and when used fdDy;,

the accuracy will be low [9,13]. No specific modelsre found in literature for assessing airflovesat
based on direct measurements with occurring btioral flows caused by the wind effect (not to be
confused with models for bi-directional flows dwetémperature differences). Our study suggested to
use a multiple linear model where the tangential perpendicular velocity components ) are both
included.

ThoughU was found to be a good input variable for b@h andQy;, it was not suggested to use the

same parameters for both models due to the differeim character of the flow pattern.
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E is assumed to be a constant depending on the duiadtion, [0.5-0.6] for perpendicular winds and
[0.25-0.35] for diagonal winds [24]. The median ojg effectiveness of 0.59 for the reference
airflow rates was found to lay within these randtg values of percentile 75 and above (outlides),
within the range between 0.64 and 0.78. One passikplanation for the higher values #found in
this study might be that no obstructions were prege the test facility during measurements. The
suggestecE value in literature of 0.5-0.6 are given for preat use in naturally ventilated stables
where animals and the arrangement of pen equiprabaott partition walls and obstacles inside the
buildings can affect the efficiency of the veniibat [29].

In literature, the reference velocity to calcultiie opening effectivenessis the total velocityU].
N&aas (1988) and Yu et al. (2002) confirmed the wandle of incidence is the most important factor
influencing opening effectiveness. Our study sutggeso usdY| instead of |U| within the formula,
due to the results wher’| correlated better witfQ,,. The suggested values of the opening
effectivenessK) should be checked in another study for it appad@ness with this new parameter.
For Qu, the situation was different. The results of thegperiments showed that the perpendicular
velocity component]Y| had a major influence on the resulting airflow satbut the tangential
component{X| had also an important contribution on the airfiate. This means that applyihg| as
suggested foQy would give less accurate results because no tontof the tangential component
was present. The use [f| could also lead to less accurate results, bechisg@arameter does not
allow for a differentiation in the magnitude |of| or |X|. ForQy it is suggested not to use the formula
with the opening effectiveness |45 or |Y| are not giving accurate results to assess thewirfite. In
this situation the multiple linear regression witishould be used for accurate results.

Further research should focus on commercial anhoakes with large openings (dairy stables) to

validate the model findings of this study.

5 Conclusions

In order to find a fast and simple airflow rate esssnent technique for a naturally ventilated test
facility, a linear model was applied using velocieasurements on a meteomast of 10m height.
Different combinations of velocity components wasted to find the most accurate input variable to
assess the airflow rate. The total velocity/ |, the perpendicular{X|) and the tangential velocity
component |X|) and the velocity vectort) of the air velocity were tested as input variabl€he
calculated airflow rates were compared to the esfee airflow rates measured by the the detailed
method developed by Van Overbeke et al., 2015.

In addition, the data for modelling the airflowasatwas split in uni- and bi-directional flows (ogjie

directions are present in the airflow pattern obpening).
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For uni-directional flows]Y| andU yielded the most accurate airflow rates, tholigh being the
easiest input variable because only one velocitypument was needed to model the airflow rates. For
this reason, it was found to give the best corimtatsing|Y| in ASHRAE's formula of Q=ExA}J|.

A multiple linear model was suggested for airflates with bi-directional flows. The input variable
was found to be the best input variable. Tholighwas found to have the most weight within the

models.|X| was found to be an important contributor too folmanurate estimation of the airflow rate.
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Highlights

Linear models were proposed for airflow rates with both uni- and bi-directional flows
Different input variables were compared: the total air velocity, the perpendicular (|Y|) and

tangential velocity component |X|, and the velocity vector U.
« A modification to the opening effectiveness equation is proposed.



