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Effect of shelter porosity on downwind flow characteristics
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Abstract. Previous wind-tunnel studies were focused mainly on lonely standing windbreaks or wind fences
with respect to their wind velocity reduction efficiency and effective shelter distance. In presented wind-tunnel
study, we investigated the effects of a three different fence porosities (0.5, 0.25 and 0) embodied in a shelter-like
building for coal convey by means of two-component Laser Doppler Anemometry (LDA). The turbulent flow
characteristics behind the fences were compared with those performed without the fence. For characterization of
the fence effectiveness we used following quantities: wind-speed and turbulence kinetic energy reduction, and
time fractions of the turbulent coherent structures associated with the sediment transport (sweeps and outward
interactions). Results from mentioned quantities revealed that for the case of embodied fence the shelter construc-
tion has significant impact on the flow characteristics behind. The fence of the 0.5 porosity has been indicated as
the most shelter effective considering the studied quantities.

1 Introduction

The windbreaks or wind fences have been studied since
the 1940th. The main objectives of these studies remain
the same: shelter efficiency and the factors that help to op-
timize the windbreak or wind fence design with respect to
control the particle sedimentation (sand, dust, snow, etc.).
The fence shelter efficiency is evaluated as the reduction
of the wind velocity and downwind distance for which
wind velocity remains below the threshold velocity [1].
Here the threshold velocity relates to the particle move-
ment initiation. Previous studies (e.g. [2]) observed that
the shelter efficiency is mainly influenced by the fence ge-
ometry and porosity. As one might expected, lower poros-
ity brings about higher wind velocity reduction. However,
higher turbulent intensities, shear stresses and pressures
are produced as well. These flow turbulent characteristics
are unfavourable to fence efficiency since decreasing the
fence shelter distance and enhancing the particle uplift just
downstream the fence.

In this paper, we present twofold extension relating to
the fence shelter efficiency analysis: construction complex-
ity and turbulent coherent structures. Previous wind-tunnel
studies were mainly focused on a lonely standing wind-
breaks or wind fences. However, there are many practical
fence applications. Thus, in present study, we considered
the fence integration into the shelter for avoiding the coal
dust escape from an convey belt to the surrounding area.
This will give a better insight into a practical fence utiliza-
tion.

The second fence shelter efficiency analysis extension
follows the experimental study on aeolian sediment trans-
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port over a sand dune [9], which revealed that the turbu-
lent coherent structures, sweeps and outward interactions,
have a dominant influence on sand transport. This finding
is in contrast to research in fluvial domain where turbulent
structures associated with the bursting processes, sweeps
and ejections, were found to be dominant for sediment
transport [3].

2 Experimental setup

The experiment was carried out in the low-speed Environ-
mental wind-tunnel of the Institute of Thermomechanics
of the Czech academy of sciences in Novy Knin. For de-
tailed wind-tunnel description see [4]. The schema of the
shelter model for convey belt of scale 1:100 positioned at
the wind-tunnel test section with respect to the wind-tunnel
coordinates is presented in figure 1a. Detail of the model,
where the measures are normalised by the shelter model
characteristic height # = 90 mm (H = 9 m at full scale), is
presented in figure 1b. The fence, made of polypropylene
fibres, was positioned at the leeward side of the shelter at
x/H = 0 and z/H = 0.17 and runs along the entire lateral
shelter leeward side (from y/H = —8.3 to y/H = 8.3). The
gap that arisen between the bottom of the wind tunnel and
the fence is necessary for dust explosiveness prevention.
We investigated the following fence porosities € = 0, 0.25
and 0.5, defined according to [5] as

55

where B is the fence opening width and D is the fence fibre
diameter.
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Fig. 1: Schemas of the shelter model with respect to the wind-tunnel coordinates x,y and z: (a) isometric view of the whole model
incorporated in the wind-tunnel measuring section; (b) detailed side view with the origin of the coordinate system for the measurement
grid (the origin of the y coordinate is in the middle of the model lateral direction, 16.6H/2).

The wind-tunnel free stream velocity was maintained
at 6 m s~ during the whole experiment. For the charac-
teristic height of the shelter model the Reynolds number
was sufficiently high (Re = 34600) to fulfill the Reynolds
number independence (Re.;; = 11000), recommended by
[6]. The free stream velocity also fulfil the criterium for the
fence porosity independence on pressure drop according to
[7].
The turbulent boundary layer simulating the moder-
ately rough atmospheric boundary layer for the area of the
interest (e.g. moderate hills, shrubs) was developed along
the 20 m long wind-tunnel development section. Four vor-
tex generators were spaced laterally at the beginning of the
development section and the remaining part was covered
by the roughness elements. The boundary layer character-
istics were measured at the model entrance with the two-
dimensional Laser Doppler Anemometry (LDA) based on
DANTEC BSA F-60 burst processor. The parameters of
the longitudinal velocity profile (roughness length z, dis-
placement length dy and friction velocity u,) were derived
from the logarithmic law and are compared with those
recommended by the VDI guidelines [§8] in table 1. The
parameters of the longitudinal velocity profile as well as
the longitudinal and vertical turbulent profiles (not shown
here) were in accordance with the VDI guidelines [8].

3 Data Analysis
The data were collected from the measured grid of the ver-

tical plane xz downstream from the fence by LDA system
at a rate ranging from 1 to 2 kHz. The sampling time for

Table 1: Approaching boundary layer parameters for moderately
rough terrain

Zo (m) do (m) u, (ms™)
Exp 0.15 0 0.17
VDI 0.12-0.18 0 —

each point of the measured grid was kept constant at 90 s.
The measurement error was established on 0.83% from 36
measured reference velocities, U,.r, obtained during the
experiment from the same point at dimensionless height
z/H=15.5.

The origin of the coordinate system for the measure-
ment grid is depicted in figure 1b, where the scheme of the
vertical cut at y = 0 is presented. We measured at 6 heights
13 points downstream from the fence for each fence poros-
ity and without the fence. One extra height (z/H = 0.1),
consisting of 5 downstream points, was measured to pro-
vide the data below the fence gap (z/H < 0.17, see figure
1b) for each model type as well.

For analysing the fence effectiveness, we used a dimen-
sionless wind-speed reduction coefficient according to [2]

Udim
Ry=1- , 2
v Udimo @
where Ugin = U/U,.s is the dimensionless mean ve-

locity measured at a given point and fence porosity and
Udgimo = Uo/ Uyepo is the dimensionless mean velocity mea-
sured at the same given point without the fence. The same
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Fig. 2: Dimensionless longitudinal velocity reduction coefficient of the fence with porosity € = 0 (squares), € = 0.25 (diamonds) and
€ = 0.5 (circles) as a function of the dimensionless streamwise distance from the fence, x/H, for four different dimensionless heights

z/H=10.2,04,0.7 and 0.9.

was applied for the dimensionless turbulent kinetic energy
reduction coefficient

TKE gim
TKEd[mO ’

Here, we assumed that the turbulent flow is a quasi two-
dimensional and used the following formulas for dimen-
sionless turbulent kinetic energies

_ () +(w'?)

<u/2> + <w/2>
TKEjy = ————, TKE4mo = ——————,
. 202 a0 202
4)

ref ref0

where ' and w’ is the fluctuation of the longitudinal and
vertical velocity, respectively, ( ) is the time averaging
and the zero index denotes the case without the fence. If
Ry and Rrgp are equal to one, the fence reduces the wind-
speed and turbulent kinetic energy to zero and is 100% effi-
cient. The negative values mean that the fence is increasing
the wind-speed and turbulent kinetic energy, respectively.

Assuming the same approach for the sand transport [9],
we performed the quadrant analysis according to [10] in
order to identify turbulent coherent structures. This condi-
tioning technique separates the flow into four discrete cat-
egories according to four quadrants of the scatter plots of
two turbulent quantities, #’ and w’ : 1. outward interactions
W > 0,w > 0), 2. sweeps (u” > 0, w < 0), 3. inward
interactions (¢’ < 0, w’ < 0) and 4. ejections (' < 0,
w’ > 0). We used the hole quadrant analysis in order to fil-
ter insignificant events such that the attribution of the flow

3

Rrxe =1

structure occurred if |v'w’| > o, Where o, is the stan-
dard deviation of the kinematic stress #’w’ and represents
the selected ”hole threshold”.

We analysed the fence porosity efficiency with respect
to relevant events for sediment transport (sweeps and out-
ward interactions) by means of their time fraction to the
total sampling time 7 defined by [11] as

1 T
D= fo Lo, 5)

where D, and D is total sweep and outward interaction
durations within 7', respectively, and /; is the indicator
function, where I; = 1, if ¥’w’ is within quadrant i = 1,2
and /; = 0, otherwise.

4 Results
4.1 Reduction coefficients

The dimensionless longitudinal velocity reduction coeffi-
cient, Ry, of three fence porosities as a function of the di-
mensionless streamwise distance from the fence, x/H, is
presented in figure 2. The four graphs of Ry are plotted for
dimensionless height z/H = 0.2, 0.4, 0.7 and 0.9, respec-
tively.

As one expected, the solid wall, € = 0 (square sym-
bols in figure 2), has the highest wind-speed reduction.

02084-p.3



EPJ Web of Conferences

RTKE

0.5 1 1.5 2 25 3 35

z/H=0.7

o b b b b b bl
1 1.5 2 25 3 35 4 45

z/H=10.9

RTKE

-2.5

&

RN D S D G

©
OGO\G/ZO\Q"~@w"®“*o

Slapan

15 2 25 3 35
x/H

e b b b b b b b b
1 4

0.5 1 15 2 25 3 35 4 4.5
x/H

Fig. 3: The same as in figure 2 but for the dimensionless turbulent kinetic energy reduction coefficient.
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Fig. 4: Reduction coefficient of the (a) dimensionless longitudinal velocity and (b) dimensionless turbulent kinetic energy for the fence
porosity € = 0 (squares), € = 0.25 (diamonds) and € = 0.5 (circles) as a function of the dimensionless streamwise distance from the

fence, x/H, at dimensionless height z/H = 0.1.

However, this reduction is absolute (for all investigated
heights) only at the fence vicinity (x/H = 0.1). For heights
z/H > 0.4 we can observe that Ry decreases with the in-
creasing downstream distance and height. The Ry is even
lower than the Ry of the fence with the highest porosity
(e = 0.5) for x/H > 1.5 and z/H > 0.2. The values of Ry
in case of the solid wall means that the backward wind di-
rection (vortex) is present. The wind-speed reduction is in-
dependent on the dimensionless downstream distance x/H
from ceratin value of x/H. We can observe that the higher
the height the shorter the downstream distance is for the

wind-speed reduction independence on downstream dis-
tance.

Another parameter for determining the fence effective-
ness, the dimensionless turbulent kinetic energy reduction
coefficient Rrxg, is presented in figure 3. The meanings of
the symbols and coordinates are the same as in figure 2.

From Rygp point of view, the solid wall is even the
worst case with respect to the sediment transport behind
the shelter. It increases the turbulent kinetic energy (nega-
tive values of Rrxr) at downstream distances further than
x/H = 0.5 at all investigated heights, compared to the
case without the fence. Both investigated porous fences
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Fig. 5: The same as in figure 2 but for the dimensionless vertical momentum flux.

are more efficient compared to the solid wall. The best
results of Rrgr are achieved with the fence porosity of
€ = 0.5 (circles in figure 3), where up to the downstream
distance of x/H = 2 and for the lower investigated heights
(z/H = 0.2 and 0.4) the fence still reducing the TKE, com-
pared with the case without the fence. At the vicinity of the
fence (x/H < 1), the TKE reductions of the fence with 0.5
porosity are very similar with those from the fence of 0.25
porosity (diamonds in figure 3).

If we observe the effect of a necessary vertical gap be-
tween the fence and the bottom of the model (z/H = 0.1),
we can see from the figure 4a and figure 4b that strong
wind-speed accelerations and not so strong turbulent ki-
netic energy reductions occur for all investigated porosi-
ties, respectively. Thus, the simulated vertical gap has un-
favourable effect for sediment transport.

Because of better wind-speed and turbulent kinetic en-
ergy reductions are attained by fence of 0.25 and 0.5 poros-
ity, respectively, the most favorable porosity cannot be
stated. Hence, turbulent coherent structure analysis at fol-
lowing chapter would give a better insight to the fence
porosity effectiveness.

4.2 Turbulent coherent structures analysis

Because the presented turbulent coherent structures are the
partitions of the total vertical momentum flux («’'w’), we
present the dimensionless momentum flux (u'w’)/ Urze P in
figure 5 as well. As in previous presented results, the ver-
tical momentum flux is plotted as a function of dimension-

less streamwise distance x/H at four graphs for dimension-
less heights z/H = 0.2, 0.4, 0.7 and 0.9, respectively.

The effect of the gap is evident at the height z/H =
0.2 and up to downstream distance from the fence x/H =
1.5, where upward momentum flux occurs. At the middle
height (z/H = 0.4), the fence momentum flux reduction
effect ((u’w’)/Ufe/, ~ 0)up to x/H = 1.5 can be observed.
For higher levels, the strong momentum flux downwards
are present from downstream distances even close to the
fence (x/H > 0.5). The lowest values of the momentum
flux are attained by the fence of the 0.5 porosity across the
downstream distance and up to z/H = 0.7.

The time fractions of the relevant coherent structures,
sweeps (D;) and outward interactions (D), with respect to
the dimensionless streamwise distance x/H and height z/ H
are presented in figure 6. Using the hole quadrant analysis
that filters the “weaker” coherent structures brings about
the maximum time fraction decay approx. to 0.3 of the total
momentum flux (approx. 70% of the events are filtered,
not shown here). Thus, the maximum time fraction value
of the sweep or outward interaction might be 0.3 from all
investigated points.

The strong impact of the height on sweep time frac-
tions can be observed from figure 6 (D>, filled symbols).
At the levels higher than the middle height of the fence
z/H > 0.4) and at the downstream distances further than
one height of the fence (x/H > 1), the sweep time frac-
tions dominates over outward interaction ones. The highest
values of the sweep time fractions (around 10% of sam-
pling time) are attained by solid wall (filled squares). If
we consider that the time fractions are filtered from the
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Fig. 7: (a) Dimensionless vertical momentum flux and (b) sweep (D,, filled symbols) and outward interaction (D;, empty symbols) time
fractions for the fence porosity € = 0 (squares), € = 0.25 (diamonds) and € = 0.5 (circles) as a function of the dimensionless streamwise

distance from the fence, x/H, at dimensionless height z/H = 0.1.

insignificant ones, the dominant sweep time fractions oc-
cupy approx. 30% of the relative sampling time at these
higher levels. In comparison with the sweep time fractions
for the fences of the 0.5 and 0.25 porosities, this represents
approx. four time higher occupancy of the relative sam-
pling time. The lowest values of the sweep time fractions
between can be observed for the fences of 0.25 porosities
(filled diamonds) at all investigated heights.

The outward interaction time fractions (D;, empty
symbols in figure 6) attained the highest values for the
solid wall at heightz/H < 0.9. For porous fences, the high-
est values can be observed the fence vicinity (x/H < 1.5)
and lower heights (z/H < 0.4). This points out on the ef-

fect of the vertical gap below the fences. As for the case
of the sweeps, the lowest values of the outward interaction
time durations are attained by the fence of 0.25 porosity.
However, these values are slightly lower than in case of the
fence with 0.5 porosity. Compared with the sweeps, lesser
impact of the height on outward interaction time fraction
can be observed.

From figure 7a and figure 7b we can see no significant
effect of the fence porosity on total momentum flux and
coherent structure time fractions in the region close to the
vertical gap (z/H = 0.1), respectively. In the case of the
coherent structure time fractions the outward interactions
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(empty symbols in figure 7b) are more frequent than the
sweep events (filled symbols in figure 7b).

5 Conclusions

The presented wind-tunnel experiment on porous shelter
model revealed the impact of the geometry and poros-
ity on downstream flow quantities. We demonstrated that
not only the wind-speed and turbulent kinetic reduction
coefficients but also the vertical momentum flux and its
partitions should be taken into account for the shelter ef-
ficiency determination with respect to the aeolian sedi-
ment transport. According to these turbulent quantities the
non-porous shelter shows the most unfavourable flow for
the sediment transport, hence the worse shelter efficiency.
The necessary shelter construction arrangement, compris-
ing the vertical gap below the shelter porous/non-porous
leeward wall, has unfavourable effect on shelter efficiency
of all investigated shelter porosities. The best shelter per-
formance associated with the highest turbulent kinetic re-
duction, the lowest total vertical momentum fluxes, and
very low dominant turbulent coherent structures time frac-
tions were observed for the shelter of 50% porosity. This
porosity was worse than others only for the wind-speed re-
duction coefficient and have slightly lower values of the
dominant coherent structures time fractions than the fence
of 25% porosity. These results for the very high fence
porosity suggest that the vertical gap at the shelter leeward
wall would be unnecessary considering the dust explosive-
ness limits, hence improve sheltering effect.
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