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Abstract 13 

Fifteen HDPE agricultural nets were tested inside a micro wind tunnel (0.1345 m diameter) 14 

to establish their characteristic air flow rate vs pressure drop curves with velocities > 4 m s-1. The 15 

air pressure drop through the net was accounted for, with reference to the Bernoulli scheme, by 16 

means of the loss coefficient. Experimental results confirmed those available in the literature, in 17 

terms of the dependence of the pressure drop on the velocity squared and the net porosity, 𝜀, by 18 

means of the function ℎ(𝜀) = (1 − 𝜀2) 𝜀2⁄ . The influence of the orifice geometry was investigated 19 

and an effect equivalent to the increase in net porosity was identified in textile pores with elongated 20 

shapes. As with previous studies, the loss coefficient trend was found to fit the product of two 21 

functions, one depending on the porosity, and the other on the Reynolds number defined using the 22 

pore equivalent diameter. The calculated values of the loss coefficient show deviations from 23 

experimental results in the range of 19.9 to 41.1%. In addition, a new formulation for the loss 24 

coefficient, dependent only on the porosity and wet perimeter was proposed. Except for higher 25 
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porosity nets the simplified formulation,  showed the best match with the experimental data. The 26 

two formulations of the loss coefficient proposed here were compared with those found in the 27 

literature.  28 

 29 
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Nomenclature 32 

Abbreviations 33 
HDPE  High Density Polyethylene 34 
Variables and parameters 35 
𝐶𝑑  discharge coefficient, - 36 
𝐷  diameter of the micro wind tunnel, m 37 
𝑑𝑤𝑎𝑟𝑝  diameter of the warp, mm 38 

𝑑𝑤𝑒𝑓𝑡  diameter of the weft, mm 39 

𝐹𝑠  loss coefficient, -  40 
ℎ(𝜀) function of the porosity 𝜀 41 
𝑔(𝑅𝑒) function of the Reynolds number 𝑅𝑒 42 
𝐾  permeability parameter of the net, m2  43 
𝑙𝑒𝑞   equivalent diameter of the pores, mm 44 

𝑙𝑤𝑎𝑟𝑝  length of the empties into the warp direction, mm 45 

𝑙𝑤𝑒𝑓𝑡 length of the empties into the weft direction, mm 46 

𝑝 pressure, Pa 47 
𝑃𝑤 wetted perimeter of the orifice per square centimetre, mm cm-2 48 
𝑄 volumetric flow rate, m3 s-1 49 
𝑅 coefficient of correlation, - 50 
𝑅2 coefficient of determination, - 51 
𝑅𝑒 Reynolds number, - 52 
𝑅𝑒𝑙 Reynolds number based on the equivalent diameter of the pores, - 53 
𝑢 fluid velocity, m s-1 54 
𝑤, 𝑞, 𝑟  empirical coefficients, - 55 
𝑥 direction of the one-dimensional flow motion, - 56 
𝑌  inertial factor, - 57 
Greek letters 58 
∆𝑝 pressure drop, Pa 59 
𝜀 porosity, - 60 
𝜇 dynamic viscosity, kg m-1 s-1 61 
𝜌 density, kg m-3 62 

1. INTRODUCTION 63 

Plastic nets are widely used in various agricultural applications to protect crops from hail, 64 

wind, snow, or strong rainfall in fruit-farming and ornamentals, to shade greenhouses or to 65 
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moderately modify their microenvironment. Nets are also used for protection against insect virus-66 

vectors and birds, as well as for harvesting and post-harvesting operations (Castellano et al., 2008).  67 

In some cases, nets are placed on the vents of the structure; in others they cover the entire 68 

structure (e.g. the so called net-house or screen-house). In both cases, the air flowrate through the 69 

net determines both the structural design, the wind loads on supporting elements (Robertson et al., 70 

2002; Mistriotis & Castellano, 2012), and the ventilation performance, together with buoyancy and 71 

convective phenomena (Teitel, 2007).  72 

Net types are characterised by different structural features, such as the form of threads, 73 

fabrics, shape and dimensions of fibres and their meshing which affects the physical properties of 74 

nets such as weight, shading factor, radiometric properties, porosity, air permeability, mechanical 75 

characteristics and durability. Starting from the performance required to the net, knowledge of the 76 

influence of the structural features on the nets physical properties allows for a proper design of the 77 

membrane.  78 

Several studies have been done to correlate the pressure drop of the air flow with the 79 

geometric characteristics of the net and the fluid velocity. Net characteristics when penetrated by air 80 

have been evaluated either in terms of permeability, based on the motion equation of a fluid through 81 

a porous medium expressed by the Forchheimer equation (Bartzanas et al., 2002; Fatnassi et al., 82 

2003; Miguel et al., 1997, Miguel et al., 1998; Miguel et al., 2001; Valera et al., 2005), or in terms 83 

of the coefficient of discharge or, equivalently, by its reciprocal, the loss coefficient, based on 84 

Bernoulli’s flow theory (Bailey et al., 2003; Brundrett, 1993; Fatnassi et al., 2002; Ishizuka et al., 85 

2000; Kittas et al., 2002; Kosmos et al., 1993; Montero et al., 1996; Munoz et al., 1999; Pearson 86 

and Owen, 1994; Teitel et al., 1999; Wanga et al., 2007). Previous studies have mainly been based 87 

on experimental results on flat woven simple orthogonal weaves with weft and warp threads, or 88 

round monofilament high density polyethylene (HDPE) nets. Empirical correlations were found 89 

between the airflow characteristics and the structural parameters of tested nets, mainly the porosity 90 

and the Reynolds number. In most cases, insect proof nets and thermal screens, which are 91 



4 

 

characterised by low porosity generally in the range from 5 to 30%, and by low Reynolds numbers, 92 

were investigated because they reduce the natural ventilation, capacity of greenhouses which has 93 

negative consequences for greenhouse microclimate, increasing the interior temperature and 94 

humidity (Fatnassi et al., 2006; Harmanto et al., 2006).  95 

Ordinarily, porosity is considered as the main geometric parameter when defining the net air 96 

flow characteristics through a net even if porosity itself is not able to describe the airflow through 97 

the porous media because nets with the same porosity show a different behaviour when subject to 98 

airflow. Many studies in the literature have demonstrated that the loss coefficient is a function of 99 

the porosity and of Reynolds number. At low Reynolds number, the flow is laminar and the loss 100 

coefficient increases as the Reynolds number decrease (Blevin, 1984) but in high-𝑅𝑒 turbulent flow, 101 

air pressure drop is largely independent of 𝑅𝑒. Other geometric parameters such as thread diameter, 102 

wet perimeter, mesh size and kind of fabric have been observed to play a fundamental role. For 103 

instance, Teitel and Shklyar (1998) emphasised the importance of hole geometry finding out that a 104 

distance between two adjacent threads of a woven screen smaller than five times the thread 105 

diameter affects both the pressure drop through the net and the downstream flow pattern. 106 

In order to evaluate the influence of the construction parameters of agricultural nets on the 107 

airflow through them, a micro wind tunnel was built – basically inspired by UNI EN ISO 9237 108 

recommendations on the Testing and Engineering Laboratory at Sachim srl (http://www.sachim.it), 109 

an Italian HDPE technical textiles manufacturer. The experimental results in terms of loss 110 

coefficient of eleven flat woven and four knitted round monofilament HDPE nets, with different 111 

porosities, mesh size and thread diameter are reported in this paper.  112 

2. MODELS FOR FLUID FLOW 113 

The steady-state incompressible flow of a fluid through a highly porous medium in which 114 

the volume of the solid matrix exceeds that of the fluid contained within can be expressed by the 115 

Forchheimer equation: 116 
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𝜇

𝐾
𝑢 + 𝜌 (

𝑌

𝐾0.5) |𝑢|𝑢 =
𝑑𝑝

𝑑𝑥
 (1) 117 

Where, the permeability parameter 𝐾 represents the ability of the medium to transmit the 118 

fluid through it and, as consequence of the dimensional analysis, it is expressed in m2, 𝑢 is the 119 

upstream velocity of the fluid in m s-1, 𝜌 is the density of the fluid in kg m-3, the inertial factor 𝑌 120 

represents an empirical function which depends primarily on the micro-structure of the porous 121 

media (Bailey et al. 2003) . Equation (1) is derived from the general motion equation of one-122 

dimensional mass transfer through a permeable material (Miguel et al., 1997) and expresses the 123 

gradient of pressure drop perpendicular to the direction of the flow, 
𝑑𝑝

𝑑𝑥
⁄ , as a function of the 124 

upstream fluid velocity. The viscous resistance predominates at low velocities of the fluid, when the 125 

voids occupied by the fluid are smaller than those occupied by the solid matrix and when the path 126 

through the porous medium is comparable with its cross section (Bejan, 2013).  127 

Some authors, considering a net equivalent to a porous medium, used Eq. (1) to describe 128 

the airflow thorough a net. In order to analyse the airflow characteristics of greenhouse screening 129 

materials, and to determine the permeability parameter 𝐾 and inertial factor 𝑌, Miguel (1998) and 130 

Valera et al. (2005) tested several screens in wind tunnel, and their findings allowed to state a 131 

correlation between the screen permeability parameter and inertial factor to the porosity 𝜀. The 132 

porosity 𝜀 is a geometrical property defined as the ratio of the non-solid volume (voids) to the net 133 

total volume. 134 

The motion regime is described by the Reynold number, 𝑅𝑒 = 𝜌𝑢𝑑 𝜇⁄ , which can be 135 

interpreted as the ratio between inertial and viscous forces; in the general motion equation of one-136 

dimensional mass transfer through a permeable medium, 𝑑, expressed in m, is assumed as the 137 

diameter of the particles of the solid matrix (Bejan, 2013). In the formulation concerning the airflow 138 

passing through a net, 𝑑, which is the geometrical parameter to be used to account for the 𝑅𝑒 value, 139 

can represent, depending on the author, either the mesh size (distance between wires, pore 140 

equivalent diameter, etc.) or the wires diameter. 141 
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For low velocities (𝑅𝑒 < 1) the quadratic term in Eq. (1) can be neglected and the equation 142 

reduces to Darcy’s law: 143 

𝑑𝑝

𝑑𝑥
=

𝜇

𝐾
𝑢 (2) 144 

Increasing the air flow velocity, Miguel et al. (1997) assumed empirically that 𝑅𝑒 = 150 145 

was the threshold value above which the convective inertia effects dominate. Consequently the 146 

linear term of Eq. (1) can be neglected and the pressure drop remains that described only by the 147 

quadratic term. This leads to the following Bernoulli’s formulation:  148 

 ∆𝑝 = 0.5
 𝜌

𝐶𝑑
2  𝑢2  (3) 149 

where the characteristics of the porous medium are accounted for by the discharge coefficient 𝐶𝑑. 150 

Bailey et al. (2003) evaluated the airflow resistance of greenhouse vents with insect screens 151 

using the relation proposed by Brundrett (1993): 152 

∆𝑝 = 𝐹𝑠
1

2
𝜌𝑢2  (4) 153 

where the loss coefficient 𝐹𝑆 was directly correlated to the discharge coefficient 𝐶𝑑 = 1/√𝐹𝑠 154 

(commonly used to quantify the flow resistance of an opening). Brundrett (1993) and Bailey et al. 155 

(2003) expressed the loss coefficient as: 156 

𝐹𝑠 = 𝑔(𝑅𝑒)ℎ(𝜀) (5) 157 

with 158 

𝑔(𝑅𝑒) =
𝑤

𝑅𝑒
+

𝑞

log(𝑅𝑒+1.25)
+ 𝑟 log(𝑅𝑒)  (6) 159 

and ℎ(𝜀) defining the influence of the screen porosity 𝜀, expressed as  160 

ℎ(𝜀) =
1−𝜀2

𝜀2    (7) 161 

In Eq. (6) the Reynolds number is based on the diameter of the wires forming the screen. 162 

The first term in Eq. (6) dominates when 𝑅𝑒 < 1; the third term provides the nearly constant value 163 

at high Reynolds numbers (𝑅𝑒 > 200); the second term accounts for the transition between the first 164 

and third terms. Bailey et al. (2003) used Eq. (6) as the basis for the correlation of the pressure drop 165 
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coefficients of five insect screens, and, based on their experimental results, suggested coefficients 166 

different from those proposed by Brundrett (1993) (Tab.1). Brundrett (1993) showed that Eq. (7), 167 

proposed originally by Pinker and Herbert (1967), fitted the data better than other alternative 168 

expressions, cited in the literature, such as 1 − 𝜀 𝜀2⁄  and  (1 − 𝜀)2 𝜀2⁄  . Previously, also Pinker and 169 

Herbert (1967), according to Eq. (5), suggested to split 𝐹𝑆 into two independent components as 170 

well: a screen porosity function ℎ(𝜀) and a Reynolds number function 𝑔(𝑅𝑒). With reference to the 171 

latter, they tested four different expressions and stated that it was difficult to discriminate among 172 

them as the particular form of ℎ(𝜀) was more important than that of 𝑔(𝑅𝑒). 173 

Munoz et al. (1999) showed that the choice of either the Forchheimer or Bernoulli equations 174 

makes little difference in the calculated values, such difference decrease when the screen pore 175 

dimension increases. Kittas et al. (2002) used both the porous medium method and the Bernoulli 176 

equation to calculate the pressure loss coefficient of the tested screen with a porosity of 0.6 and the 177 

values obtained were different up to only 3%. Teitel (2001) compared the two methods and 178 

concluded that they agreed well in their predictions of the pressure drop through screens. In 179 

addition, Teitel (2007) showed that the differences among the various studies were larger for the 180 

values of parameters 𝐾 and 𝑌 in Eq. (1) than for those of 𝐹𝑆 in Eq. (5). In this research a loss 181 

coefficient approach, based on Bernoulli equation, was adopted. 182 

3. MATERIALS AND METHODS 183 

3.1. Laboratory devices 184 

A micro wind tunnel (Fig. 1) was purposely designed and built at Sachim srl testing and 185 

engineering laboratory (Castellano et al., 2015). The steel wind tunnel had a circular cross- section 186 

with diameter 𝐷 = 0.1345 m and presents a test section upstream and downstream the specimen of 187 

989 mm. The system allows to vary the air flow velocity in the range of 0 ÷ 15 m s-1. The pressure 188 

drop upstream and downstream the fabric specimen is measured by means of a manometer 189 

(Aerofiltri MM200600, see http://www.aerofiltri.it) able to appreciate a pressure difference in the 190 
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interval of 0 - 200 ± 5 Pa. The pressure measurement sections were remote from the specimen by 191 

more than 5 diameters in order to minimise the effects of the net on the upstream and downstream 192 

flow. In addition, the test setup allowed the orientation of the plastic net sample to be modified 193 

inside the wind tunnel with respect of the airflow (90° when perpendicular, 60°, 45° and 30°). 194 

However, in this paper only measurements with nets perpendicular to the airflow are reported. 195 

The air flowrate through the wind tunnel was measured by means of a hot wire anemometer 196 

(SMC PF2A712H, see https://www.smc.eu) in the flowrate range of 0.01 - 0.20 ± 1.7 10-4 m3 s-1  197 

with pressures in the range 0.1 - 1.5 MPa.  198 

The distributed pressure drop due to the roughness of the inner surface of the pipe was 199 

calculated by means of three measurements without net samples at different air velocities. For each 200 

tested net, the average value of the distribute pressure drop (calculated as a function of the air 201 

velocity) was subtracted to experimental data gathered. 202 

The air velocity, to be used for the fluid dynamics calculations, was calculated with respect 203 

to the tunnel cross section. Upstream air velocities < 4 m s-1 were not consistent with the 204 

characteristics of the manometer as a pressure difference < 5 Pa occurred. The ambient temperature 205 

was in the range of 20 ± 1 °C, in compliance with the sensor specifications. 206 

The tests were carried out setting up a pressure drop across the specimen (for this purpose 207 

the rotational speed of the fan was adjusted); after waiting for the system to reach a steady state and 208 

measuring the corresponding air flow rate through the net in the wind tunnel. 209 

3.2. Tested nets 210 

The net samples were divided in two main sets: set A (Fig. 2a) and set B (Fig. 2b). The first 211 

set contains the flat woven nets, characterised by a simple orthogonal weave between weft and warp 212 

and with the same thread thickness of the warp and of the weft. As a function of the geometry 213 

characteristics, the set A is split into three subsets: A1 (𝑑𝑤𝑎𝑟𝑝 = 𝑑𝑤𝑒𝑓𝑡 = 0.28 mm) with porosity in 214 

the range 34.4 - 71.6%; A2 (𝑑𝑤𝑎𝑟𝑝 = 𝑑𝑤𝑒𝑓𝑡 = 0.23 mm) with porosity in the range 42.3 - 71.1%; 215 
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A3, with almost the same porosity ( ≈ 50%) and different thread thickness (Table. 2). In the further 216 

analysis, the net A3-N1 will be considered also as an element of the subset A1; the same will 217 

happen for the net A3-N2 referring to the subset A2. Knitted nets, also referred to as Raschel 218 

membranes, having different porosities in the range 35.5 - 84.0% formed the set B (Table 2).  219 

The porosity of flat woven nets (set A1, A2 and A3) was calculated analytically as 𝜀 =220 

𝑙𝑤𝑎𝑟𝑝𝑙𝑤𝑒𝑓𝑡 [(𝑑𝑤𝑎𝑟𝑝 + 𝑙𝑤𝑎𝑟𝑝) + (𝑑𝑤𝑒𝑓𝑡 + 𝑙𝑤𝑒𝑓𝑡)] ⁄ . With respect to the knitted nets of set B, the 221 

geometry of the mesh was less regular and porosity was estimated by image analysis (Castellano et 222 

al., 2008). Net samples were scanned at a resolution of 1200 dpi by a commercially available image 223 

analysis tool (Adobe Photoshop CC). Images were converted into black (net) and white (empty). A 224 

representative area was selected from each image and the percentage of white pixels of the whole 225 

picture was evaluated by means of the same software. Measurements were repeated at least twice 226 

for each sample, using areas of different size, and an average value was obtained. 227 

In Raschel membranes all threads are linked each other in order to prevent the unravelling of 228 

the textile; the net is formed by longitudinal chains (warp) and transversal knitted elements (weft) 229 

formed by one or more filaments (Fig. 2b).  230 

For the purpose of this study, the knitted nets weave was considered equivalent to an 231 

orthogonal one formed by mono-wire threads (Tab. 2). The pitch of the filaments was known from 232 

the data sheet of the net; the equivalent thickness of the weft was measured based on an image 233 

processing software. An equivalent thickness of the warp, made of longitudinal chains, was 234 

determined to match the value of the porosity coming from the image processing. 235 

The equivalent diameter of the pores (𝑙𝑒𝑞 = 4𝑙𝑤𝑎𝑟𝑝𝑙𝑤𝑒𝑓𝑡 (2𝑙𝑤𝑎𝑟𝑝 + 2𝑙𝑤𝑒𝑓𝑡) ⁄ [mm]), the 236 

elongation ratio of the pores (𝑙𝑠𝑓 = min[𝑙𝑤𝑎𝑟𝑝, 𝑙𝑤𝑒𝑓𝑡] / max[𝑙𝑤𝑎𝑟𝑝, 𝑙𝑤𝑒𝑓𝑡] [-]) and the “wetted” 237 

perimeter of the orifice per square centimetre (𝑃𝑤 = [100/(𝑑𝑤𝑎𝑟𝑝 + 𝑙𝑤𝑎𝑟𝑝)(𝑑𝑤𝑒𝑓𝑡 +238 

𝑙𝑤𝑒𝑓𝑡)] [((𝑑𝑤𝑎𝑟𝑝 + 𝑙𝑤𝑎𝑟𝑝) + (𝑑𝑤𝑒𝑓𝑡 + 𝑙𝑤𝑒𝑓𝑡)) 2] [mm cm-2]), are reported in Table 2. 239 
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The loss coefficient 𝐹𝑆, was calculated by means of Eq. (4) as a function of the air velocity 240 

inside the wind tunnel in the range between 4.0 and 17.7 m s-1. Each net was tested three times and 241 

the average value was taken into account for the following calculations. 242 

The significance of the correlation, when two series of data were compared, was evaluated 243 

by means of the coefficient of correlation, R. The coefficient of determination, R2, was used to 244 

describe how well the regression line approximates the experimental data points. 245 

4. RESULTS AND DISCUSSION 246 

All the investigated nets clearly showed a second order very high correlation – coefficient of 247 

determination 𝑅2 > 0.99 – between the measured upstream air velocities 𝑢 and pressures drop ∆𝑝 248 

across the net inside the wind tunnel. Consequently, according to the Bernoulli’s theory, a parabola, 249 

with the vertex coincident with the axes origin, as Eq. (4) – ∆𝑝 =  
𝜌

2
 𝐹𝑠𝑢2  – was assumed. The 250 

coefficients 𝐹𝑆 of all investigated nets, in the upstream air velocity range 4.0 - 17.7 m s-1, were 251 

evaluated by means of the ordinary least squares method (Table 2). The coefficient 𝐹𝑆, which 252 

describes the slope of the parabola, depends on the geometric characteristics of the net and the 253 

porosity plays an important role. Results confirmed that Eq. (7) – ℎ(𝜀) = (1 − 𝜀2) 𝜀2⁄  – proposed 254 

by Brundrett (1993) gives the best correlation with 𝐹𝑆 (𝑅 = 0.87) with respect to alternative 255 

expressions, such as: ℎ(𝜀) = 𝜀 (𝑅 = −0.78); ℎ(𝜀) = 1 − 𝜀 𝜀⁄  (𝑅 = 0.85); ℎ(𝜀) = 1 − 𝜀 𝜀2⁄  (𝑅 =256 

0.86); ℎ(𝜀) = (1 − 𝜀 𝜀⁄ )2 (𝑅 = 0.86). Figure 3a presents, for each tested nets, values of Eq. 7 257 

plotted against the values of the loss coefficient. The correlation between 𝐹𝑆 and ℎ(𝜀) =258 

(1 − 𝜀2) 𝜀2⁄ , was assumed to be linear (Fig. 2a). Considering the whole set of the nets, the 259 

coefficient of determination of the linear regression curve was lower (𝑅2 = 0.87) than each set 260 

evaluated separately (𝑅2 > 0.98) (Fig. 3a). This result was probably affected also by the small 261 

number of data points for each set, even if the different behaviour of sets A and B was distinctly 262 

observable (Fig. 3a). Sets A1 and A2 are described by two very similar regression lines, meaning 263 
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that the difference in thickness of threads is not so significant to their slope. Set B regression line 264 

shows a lower rate of the slope of the regression line from those of sets A1 and A2 (Fig. 2a). 265 

Concerning set A3, composed of nets with almost the same porosity but with different 266 

geometrical characteristics, nets A3-N1 and A3- N3 can be observed to show almost the same loss 267 

coefficient, 𝐹𝑆,𝐴3−𝑁1 = 2.00 (dwarp = dweft = 0.28 mm) and 𝐹𝑆,𝐴3−𝑁3 = 2.01 (dwarp = dweft = 0.17 mm) 268 

respectively, while net A3-N2 (dwarp = dweft = 0.23 mm) a lower value of the loss coefficient 269 

(𝐹𝑠,𝐴3−𝑁2 = 1.53). This result, systematically obtained performing measurements on the three nets, 270 

confirmed that, for the investigated range of air velocity, the thickness of the wires did not affect the 271 

loss coefficient and that porosity is not the only geometric parameter to be taken into account for 272 

the evaluation of the loss coefficient. This is likely due to the hole geometry of net A3-N2, whose 273 

elongation ratio is very low: 𝑙𝑠𝑓 = 0.09 (Table 2). The elongated shape of the hole appeared to 274 

generate an effect on the air flow equivalent to a porosity increase. The same effect was identified 275 

in net A1-N3, where there was a high deviation between the measured (𝐹𝑆,𝐴1−𝑁3 = 2.14) and fitted 276 

correlation (Fig. 3a). Also, correlating an equivalent increase of the porosity to a low value of the 277 

elongation shape factor is possible: 𝑙𝑠𝑓 = 0.23 (Table 2). 278 

These results suggest the use of an equivalent value of the porosity 𝜀𝑒𝑞, depending on the 279 

hole elongation ratio of pores 𝑙𝑠𝑓 (Table 2), according to the following Eq. (9):  280 

𝑙𝑠𝑓 ≥ 1
3⁄     →      𝜀𝑒𝑞 = 𝜀 (9) 281 

𝑙𝑠𝑓 < 1
3⁄     →      𝜀𝑒𝑞 = 𝜀(− 1

3⁄ 𝑙𝑠𝑓 + 1.11)  282 

The coefficients of Eq. (9) were defined empirically based on the experimental results. 283 

Because commercially nets require mechanical resistance and shape stability, nets with 𝑙𝑠𝑓 ≥ 1
3⁄  284 

are not common. In tested nets, the equivalent porosity 𝜀𝑒𝑞 was different from the measured 𝜀 only 285 

for nets A1-N3 and A3-N2, the latter not being normally available off the shelf, but was specifically 286 

manufactured to the purpose of the present experiments. Based on the definition of the equivalent 287 

porosity in Eq. (9), the formulation of Eq. (7) had to be changed to: 288 
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ℎ(𝜀𝑒𝑞) = (
1−𝜀𝑒𝑞

2

𝜀𝑒𝑞
2 ) (10) 289 

The correlation between 𝐹𝑆 and ℎ(𝜀) improved when using ℎ(𝜀𝑒𝑞) improving from 𝑅2 =290 

0.97 to 𝑅2 = 0.98 for set A1 and from 𝑅2 = 0.93 to 𝑅2 = 0.98 for set A2 (N.B. net A3-N2 is also 291 

an element of A2 (Fig. 2)).  292 

The dependence of 𝐹𝑆 on a function ℎ(𝜀𝑒𝑞) of the porosity and on a function 𝑔(𝑅𝑒) of the 293 

Reynolds number has been also investigated. Concerning 𝑔(𝑅𝑒), a distribution based on the Eq. (6) 294 

using the empirical coefficients proposed by Brundrett (1993) (Table 1) was assumed, but, unlike 295 

Brundrett (1993), the Reynolds number was calculated using the equivalent diameter of the pores 296 

𝑙𝑒𝑞, (𝑅𝑒𝑙 =
𝜌𝑢𝑙𝑒𝑞

𝜇
):  297 

𝑔(𝑅𝑒𝑙) = [
7.125

𝑅𝑒𝑙
+

0.88

log(𝑅𝑒𝑙+1.25)
+ 0.055 log(𝑅𝑒𝑙)] (11) 298 

Hence, the loss coefficient of tested nets became: 299 

𝐹𝑠(𝑅𝑒𝑙, 𝜀𝑒𝑞) = [
7.125

𝑅𝑒𝑙
+

0.88

log(𝑅𝑒𝑙+1.25)
+ 0.055 log(𝑅𝑒𝑙)] (

1−𝜀𝑒𝑞
2

𝜀𝑒𝑞
2 ) (12) 300 

The formulation of 𝑅𝑒𝑙, due to the geometry of tested nets, induces higher values than 𝑅𝑒, 301 

based on the wire diameters, especially in nets of set A with high porosity. Concerning set A, 𝑅𝑒𝑙 is 302 

within the range 95 - 1555, while 𝑅𝑒 is within the range 61 - 235. In set B, knitted nets, the 303 

dimensions of the equivalent diameter of the pore were more similar to the wire thickness and 304 

consequently the differences between 𝑅𝑒𝑙 and 𝑅𝑒 were slightly less; the calculated Reynolds 305 

numbers were in the range 383 - 1705 and 230 - 770 respectively. In both cases, due to the high 306 

values of Reynold number the flow motion was turbulent and the loss coefficient was expressed as 307 

Eq. (6) or Eq. (11) which presented a very low variation in the range of investigated velocities. 308 

Due to the high coefficient of correlation (𝑅 = 0.87) between ℎ(𝜀𝑒𝑞) and 𝐹𝑆 and to the 309 

function of the Reynolds number as described by Eqs. (6) and (11) which is almost constant when 310 

𝑅𝑒 > 200, a simplified expression of the loss coefficient, depending only on the geometrical 311 

characteristics of the net was proposed as alternative to Eq. (12): 312 
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𝐹𝑠(𝑐𝑛, 𝜀) = 𝑐𝑛ℎ(𝜀𝑒𝑞) (13) 313 

where 𝑐𝑛 is a constant parameter which accounts for the geometry of the net by referring to the 314 

wetted perimeter of the orifice per square centimetre 𝑃𝑤. With respect to other expression of 𝑃𝑤 , the 315 

best correlation with the loss coefficient 𝐹𝑠 was given by  𝑃𝑤
0.5 (𝑅 = 0.72). 316 

𝑐𝑛 = 0.0315 𝑃𝑤
0.5 (14) 317 

The coefficient 0.0315 was obtained assuming a linear correlation (Fig. 4) between the 318 

values of 𝐹𝑠 with the equation   𝑃𝑤
0.5ℎ(𝜀𝑒𝑞). As shown in Fig. 4, the simplified expression of the loss 319 

coefficient 𝐹𝑠(𝑐𝑛, 𝜀) allows to describe all the tested nets, flat woven and knitted, using only one 320 

linear correlation curve with a very high coefficient of determination (𝑅2 > 0.98).  321 

Finally, the pressure drop values measured in the micro wind tunnel for the tested nets were 322 

compared with those calculated, for the same nets, according to formulations proposed by Brundrett 323 

(1993) and Bailey et al. (2003).  324 

Concerning monofilament nets (sets A1 (Fig. 5), A2 (Fig. 6) and A3 (Fig. 7)) the 325 

relationship proposed by Brundrett (1993) and Bailey et al. (2003) presents a good correlation with 326 

experimental results, with percentage errors with respect to experimental results of 4.6 ± 2.7% for 327 

net A1-N3 and of 25.5 ± 1.1% for the net A1-N4 (Table 3). The percentage errors in Table 3 are 328 

calculated as the absolute values of the difference between calculated and experimental values 329 

normalised with respect to experimental values. At high porosities, calculated values of 𝐹𝑆 are very 330 

similar, since different coefficients proposed by the authors (Table 1) in Eq. 6 provide lower 331 

significant differences in values of 𝑔(𝑅𝑒) as the Reynolds number increases.  332 

Slightly different results can be observed for the knitted nets of the set B (Fig. 8). In this 333 

case, the relationships proposed by Brundrett (1993) and Bailey et al. (2003) provide higher 334 

differences with experimental results with respect to those calculated for set A1, A2 and A3. Such 335 

result was probably due to the adjustment of formulations proposed by Brundrett (1993) and Bailey 336 
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et al. (2003), defined by the authors for monofilament nets at low airflow speed, to knitted nets at 337 

high velocities.  338 

With reference to the relations proposed in this paper, the loss coefficient 𝐹𝑆(𝑅𝑒𝑙, 𝜀𝑒𝑞) 339 

introduced with Eq. (12) shows higher values than that calculated with Bailey et al. (2003) and 340 

Brundrett (1993), where it was derived from, except for knitted nets for which the percentage error 341 

was almost similar with other literature formulations (Tab. 4). Such result was due to the 342 

formulation of Reynolds number since the equivalent diameter of pores is higher than the diameter 343 

of the wire in nets of set A1, A2, A3 while it is comparable in set B nets. The loss coefficients 344 

𝐹𝑆(𝑅𝑒𝑙, 𝜀𝑒𝑞) of set A1, A2 and A3 were lower than calculated ones (Figs. 5, 6 and 7) and the 345 

difference shows a low change of the net porosity within the interval 19.9 - 35.9 % (Table 4).  346 

The simplified formulation of the loss coefficient 𝐹𝑆(𝑐𝑛, 𝜀𝑒𝑞) of Eq. (13), shows a very good 347 

accordance with the experimental results (Table 3). In most cases, except for higher porosity nets 348 

with (A1-N1, A1-N2, A2-N1 and B-N1), 𝐹𝑆(𝑐𝑛, 𝜀𝑒𝑞) shows the best matching with the 349 

experimental data. In addition, the coefficient 𝐹𝑠(𝑐𝑛, 𝜀) describes the distribution of measured 350 

values with decreasing porosity better than other formulations do. Hence, when airspeed is above 4 351 

m s-1, it seems that the wetted perimeter of the net per square centimetre provides a better 352 

description of the airflow variation through the net compared to the function 𝑔(𝑅𝑒). Also, when air 353 

velocity is higher than 4 m s-1, the Reynolds number is high enough and 𝑔(𝑅𝑒) is almost constant. 354 

5. CONCLUSIONS 355 

The air flow through fifteen nets, at airspeeds above 4 m s-1, was experimentally studied 356 

using a purposely-built micro wind tunnel. 357 

The air flow motion was described using the Bernoulli equation in terms of loss coefficient. 358 

Results confirmed those available in the literature in terms of dependence of the pressure drop on 359 

the velocity squared and on the porosity by means of the parameter (1 − 𝜀2) 𝜀2⁄ . The investigation 360 
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dealt with the influence of the orifice geometry which, when in very elongated aperture shapes 361 

(𝑙𝑠𝑓 < 1
3⁄ ), cause an effect equivalent to a net porosity increase. The comparison between 362 

measured and calculated values showed that the net porosity is not sufficient to properly describe 363 

the pressure drop across nets. 364 

As suggested in other research literature, the loss coefficient was assumed to be the product 365 

of two different functions: ℎ(𝜀𝑒𝑞), depending on the equivalent porosity, and 𝑔(𝑅𝑒𝑙) depending on 366 

the Reynolds number. However, different from previous studies, the Reynolds number was 367 

calculated with reference to the equivalent diameter of the pores, and not to the diameter of the 368 

wire. As a result, 𝐹𝑆(𝑅𝑒𝑙, 𝜀𝑒𝑞)  showed deviation from experimental results in the range of 19.9 - 369 

35.9% and values of the pressure drop were found to be lower than those proposed in other 370 

formulations such as those proposed by Brundrett (1993) and Bailey et al. (2003).  371 

A simplified expression of the loss coefficient, depending only on the geometric 372 

characteristics of the net, was proposed supported by the  high correlation factor (𝑅 > 0.87) 373 

between  ℎ(𝜀𝑒𝑞) and 𝐹𝑆, and the graph of 𝑔(𝑅𝑒) which shows it was almost constant for 𝑅𝑒 >374 

200,. The loss coefficient was expressed as a function of the equivalent porosity and the wetted 375 

perimeter per square centimetre of the net. This simplified the expression of the loss coefficient, 376 

𝐹𝑠(𝑐𝑛, 𝜀), allowed all the tested nets (flat woven and knitted) to be described by only one linear 377 

correlation curve with a very high coefficient of determination (R2 > 0.98), particularly for nets with 378 

low porosity. At high wind speeds (above 4 m s-1), the wetted perimeter of the net per square 379 

centimetre seems to match the variation of the pressure drop through the net better than the 380 

functions 𝑔(𝑅𝑒) proposed respectively by Brundrett (1993) and by Bailey et al. (2003). The 381 

simplified formulation of the loss coefficient allows the prediction of pressure drop with respect to 382 

the air velocity with good accuracy and shows a percentage error with respect to experimental 383 

results in the range from 2.9% up to 24.6% for nets of set A1, A2 and A3. In most cases, except for 384 

higher porosity nets with, 𝐹𝑆(𝑐𝑛, 𝜀𝑒𝑞) shows the best correlation with the experimental data. This 385 
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result seems to be significant especially in knitted nets of set B for which the relationships proposed 386 

by Brundrett (1993) and Bailey et al. (2003) provide higher differences with experimental results 387 

with respect to those calculated for set A1, A2 and A3. A formulation of the loss coefficient not 388 

dependent on the air velocity using Reynolds number could be very appealing to designers using 389 

computational fluid dynamics as it allows simulations to be set up involving elements with pressure 390 

drop depending only on velocity as a parameter. 391 
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