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. Summary

. A brief review of windbreak aerodynamics is presenied and tests of model shelter
fences in a simulated atmospheric boundary layer are described. Measurements of mean

. wind velocity, RMS velocity fluctuations and energy specira for the streamwise velocity

. component were made in the lee of model fences of permeability 0%, 20%, 34% and 50%.

Results of the tests are compared where possible with existing field and wind-tunnel data,

with due regard for the uncertainty of hot-wire anemometer measurements in a bluff

body wake. The turbulence mecasirements define the leeward flow regions which are

dominated respectively by the bleed flow and by the displacement flow. For these two

regions separate empirical relationships between mean velocity and turbulence intensity

are given. In these tests the 20% permeable fence gave the best overall reduction in lee-

ward mean velocity. However, in practice it may often be more cost-effective to build

a relatively higher fence of greater permeability.

1. Introduction

Reports of windbreak performance frequently show disagreement be-
tween results of separate field tests of similar windbreaks. Generally quanti-
tative agreement between full-scale and wind-tunnel model tests of wind-
breaks nas also been mediocre. This is well illustrated by the comprehensive
review of van Eimern et al. [1]. In addition there is a scarcity of turbulernice
measurements in the flow downstream from windbreaks and uncertainty as
to the optimum permeability for a windbreak.

The tests of model shelter fences described here were carried out in a
rigorously simulated neutrally stable atmospheric boundary layer {2]. The
mode] flow had a 1/6-power-law mean velocity profile and turbulence struc-
ture characteristic of flow over a full-scale surface of roughness length z, =
50 mm. By carrying out mean-velocity and turbulence measurements it was
intended to obtain a clearer picture of the leeward flow field and provide:

(i) greater justification for accepting resuits of model windbreak tests
as indicative of full-scale performance;
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(ii) a more quantitative relationship between mean velocity reduction
and turbulent intensity downstream of shelter fences.

2. Windbreak aerodynamics — a review

2.1 Theoretical models — windbreak drag coefficients

The aerodynamic action of a windbreak is simple in principle. The wind-
break exerts a drag force on the wind field, causing a nett loss of momentum
in the incompressible airflow and thus a sheltering effect. As the permeability
of a windbreak is reduced, the ‘bleed flow’ through the windbreak decreases
and the drag force increases. This is accompanied by a greater upward deflec-
tion of the approach flow, and below a certain permeability, a region of large-
scale separated flow in the lee of the windbreak. The more impermeable the
barrier, the stronger appears to be the turbulent eddying in the separation
zone and the steeper the return of the displacement flow to ground at its
downstream reattachment point (see Fig.1). Kaiser [ 3] was probably the
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Fig.1. Streamline sketches of windbreak airflow.
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first to make the distinction between ‘mean wind reduction’ and ‘wind pro-
tection’, pointing out that while a less permeable windbreak may cause a
greater reduction in mean wind speed, the greater turbulence in its wake
may make it less effective for overall wind protection than a more permeable
one. -

The lack of satisfactory analytical solutions to the Navier—Stokes equa-
tions in the highly turbulent flow in the region of a windhreak has led in-
evitably to a preference for empirical descriptions of windbreak airflow,
based on field and wind-tunnel data. Kaiser [ 3] proposed a theoretical model
for flow over a permeable barrier. The analysis treats first the top edge of the
. fence and later the whole fence surface as a momentum sink, and the three-
dimensional diffusion equation is applied in analogy to diffusion of smoke
downstream of a chimney. The theory gives a qualitative prediction of mean
wind reduction in the lee of a windbreak but overestimates reduction of
mean velocity in the sheltered zone. Seginer and Sagi [4] and Plate [5] have
proposed theoretical models relating windbreak drag to the leeward mean
velocity field. A control volume analysis of streamwise momentum loss in
the flow over the barrier is used. Assumptions regarding mean velocity and
shear distributions prevent these models from giving good quantatitive
estimates of windbreak drag.

Experimental data from fieid and wind-tunnel tests show that windbreak
drag increases with:

(i) decreasing permeability

(ii) an increase in the ratio H/z,, or, an increase in windbreak height rela-
tive to the effective terrain roughness.

In regard to (ii) above, Plate [5] suggests a drag law of the form

Cpx = FD/(I/zpuiH) = A log (H/zy) + B (1)
where A and B are constants

Equation (1) was proposed in analogy to a drag law derived by Good and
Joubert [6] for impermeable barriers mounted in a smooth wall boundary
layer. This equation is more relevant to the fully aerodynamically rough
flows mostly found in nature, and implies that the smoother the terrain on
which a windbreak of given height and permeability is erected, the greater
will be the reduction in mean velocity in the leeward flow.

2.2 Influence of approach wind velocity profile and turbulence structure

It was not until the late 1950’s that the importance of the turbulence
structure in the approach flow was clearly recognised, and it is still common
to find windbreak models tested in smooth wall boundary layers. It has been
found that with increasing upstream terrain roughness and more turbulent
approach flow, the smaller is the zone of reduced wind velocity downstream
of the windbreak. Flow reattachment distances and drag coefficients for
impermeable fences tested in different wind-tunnel flows illustrate this. Arie
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and Rouse {7] tested barriers with symmetrical tail splitter plates in uniform
flow and found a reattachment distance on the splitter plate of 17TH (H =
half barrier width) at Reynolds numbers, U_ H/v, of about 10°, where the
flow pattern had become independent of Re. The corresponding drag co-
efficient Cp was approximately 1.4. Good and Joubert [6] tested fences in
a smooth wall turbulent boundary layer and found reattachment distances
of 13H to 14H and, for example Cp = 1.28 at Rey = 1.76X10°. de Bray [8]
tested fences in a partially simulated atmospheric boundary layer generated
by a curved perforated metal screen, with and without additional floor rough-
ness in the form of wooden blocks. Here reattachment distances of 11.6H
and 11.2H were found for approach flow velocity profiles that were 1/7 and
1/4 power law respectively. The corresponding drag coefficients were 0.72
and 0.66 respectively.

With permeable fences also, less reduction in mean wind speed and lower
drag coefficients can be expected with increasing approach flow turbulence
(or velocity-profile power-law exponent). This is shown by results of
de Bray [8] for fences of 50%, 55% and 70% permeability. Reports indicate
that reattachment distances of 10H to 15H occur in the field. Kaiser [3]
recognised the importance of approach-flow turbulence and attempted to
quantify the dependence of windbreak performance on the upstream sur-
face roughness. He postulated a ‘wind reduction extension factor’ to equate
results from one test site to those measured over different terrain. Such
factors should not be required in scaling up wind-tunnel test results if the
model flow is correctly simulated.

A similarity analysis of the turbulent Navier—Stokes equations for the
atmospheric boundary layer leads to flow modelling parameters, which,
if held the same in both model and full-scale flow, should enable the wind-
tunnel model to accurately predict full-scale performance. Assuming fully
aerodynamically rough flow and geometric similarity of the two fences, then
the four basic similarity parameters are,

2/20, Vu§[Us, Ly, [20 and Uezo/Kpy,-

The first of these is a geometric scaling parameter, the second and third re-
quire similarity of profiles of turbulent intensity and integral scale respec-
tively, and the fourth indicates that the shear-stress profiles and momentum-
transfer processes in the model and full-scale flows should be similar. These
modelling parameters imply similarity of the appreach flow turbulence
structure. More specifically, the spectral density nS(n)/u? should be the same
in model and full-scale flows at the same dimensionless frequency, nH/U,

and relative height, z/H. In an equilibrium rough wall boundary layer, Jensen’s
simple model law may suffice for similarity:

Hm/z()m = Ha/Z()a (2)

This law is not adequate for the non-equilibrium boundary layer found at
the model test position in most wind-tunnel simulations.
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The modelling parameters above take cognisance of the fact that with
increasing surface roughness the approach flow turbulence will be higher,
and this causes a more rapid recovery of streamwise momentum in the lee-
ward zone. Tests of flat plates in uniform flows of different turbulent inten-
sities (Bearman [9]) indicate that eddies whose scale is of the order of the
fence height are important in this mixing process.

Jensen’s [10] results were the first clear demonstration in the field that
increasing approach flow turbulence caused poorer mean wind reduction
downstream of a windbreak. Baltaxe [11] and van Eimern et al. [1] also
note the importance of the approach wind structure. The latter in their re-
view cite reductions of windspeed of at least 20% for distances of 18H—2TH
. downstream of windbreaks on level land in Denmark, but distances of only
7H—18H in the more mountainous terrain of Switzerland where the surface
roughness tends to be much larger relative to windbreak height.

2.8 Influence of approach wind mean velocity

It is frequently assumed that bluff bodies, e.g., fences or buildings,
erected in a turbulent wind, have leeward flow patterns independent of
Reynolds number, Rey. If H varies, this will only be true when the ratio
H/z, remains constant. If the approach flow velocity U, , varies, leeward
flow patterns may change depending on the upstream surface roughness.
Both densen [10] and Kaiser [3] concluded that in fully aerodynamically
rough neutrally stable flow, windbreak leeward flow patterns should be in-
dependent of approach flow velocity. This is suggested by eqn. (1) and is
generally accepted today. In cases where a change in wind protection has
accompanied a change in mean wind velocity, such as reviewed by Baltaxe
[11] and van Eimern et al. {1], a change in atmospheric thermal stability
has usually occurred.

Early wind-tunnel tests of model shelter fences were almost invariably
carried out in the smooth floor boundary layer of an aeronautical wind
tunnel (e.g., see Woodruff and Zingg, [13]). In such tests similarity of the
Reynolds number UyH/v was used as the modelling criterion. Because the
importance of the wind’s turbulence was not recognised, results from such
tests were only a qualitative indication of full-scale windbreak performance.

2.4 The leeward flow field — influence of windbreak permeability

The pressure drop in the bleed flow as it passes through a windbreak is
followed by pressure recovery in the flow downstream of the windbreak.
With decreasing permeability the pressure drop across the windbreak in-
creases. Plate [5] illustrates that with a less permeable barrier, the lower base
pressure is accompanied by a stronger Coanda effect causing earlier reattach-
ment of the displacement flow downstream of the barrier. When the wind-
break permeability is low, stagnation occurs downstream in the bleed flow.
The lower the permeability of the windbreak, the closer behind it lies the
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stagnation point, and the mean flow pattern in this vicinity is poorly de-
fined. However, with a solid fence there is a well defined recirculating eddy
in the separation zone.

Most observations agree (e.g., van Eimern et al. [1]; Baltaxe [12]) that
above a geometric permeability of 35%—50% a zone of stagnated flow and
large-scale eddying (eddy scale of the order of the fence height} is no longer
evident in the leeward flow. Such observations are supported by the analog-
ous work of de Bray {14] and Valensi and Rebont [15] who tested bluff
rectangular plates of various permeabilities in uniform flow. With windbreaks
the upper limit of 50% permeability could be expected where the openings
in the barrier are more sharp-edged.

The literature is generally vague concerning the relationship between mean
velocity and turbulence in the leeward flow. Early work was mostly done
with cup-counter anemometers with occasional visualisation of turbulence
by means of tatter rags or rotating vanes. Effects of turbulence were often
missed. For instance, van Eimern et al. [1] say: “Beneath the peak of the
airflow is the zone of greatest wind reduction, the ‘dead calm area’ as
Kreutz has called it”. van Eimern et al. point out that more recent field re-
ports show that zones of large mean velocity reduction are also zones of in-
tense turbulence. This is verified by experimental results in Section 3 of this
paper.

Available field and wind-tunnel results indicate that with increasing wind-
break permeability there is a lesser reduction in mean velocity and lower
turbulence intensity in the near wake, but a slower recovery to the upstream
condition in the far wake. At the same time the mean velocity minimum,
which occurs close to the ground, moves further downstream from the fence
and lies at or just upstream of the zone of strongest turbulence. With a more
permeable fence and consequently higher bleed flow velocity, there is less
shear in the flow at the fence-top and thus weaker streamwise momentum
transfer from the displacement flow back into the sheltered region.

Windbreak generated turbulence should ideally be of small scale and inten
sity so as to decay rapidly. Data of Baines and Peterson [16] and Naudascher
and Farell [17], obtained from wind-tunnel tests of screens, indicate that for
a barrier of given geometric permeability, ¢, the turbulence intensity and
scale at a given location x/H downstream increases with the size of the ele-
ments in the barrier, i.e., with the coarseness of the permeability. As a general
rule it is therefore desirable that a shelter fence should have fine rather than
coarse openings in it.

Caborn {18] and van Eimern et al. [1] give good summaries of field Wmd
break performance. The latter summarise their review by saying: ‘“‘the
sheltered zone reaches up to about 30H in the lee and 5H to windward of
the belt, but that for a wind reduction of 20% or more, only 20H should be
reckoned”. They reviewed reports where mean wind-speed reductions ex-
tending anywhere between 1H and 10H to windward and 8H to 60H to
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leeward were found. Reconciling such variations requires information on

the approach flow structure and wind measurement heights, z/H. More recent
data for tree and hedge windbreaks are given by Sturrock [19] and for fence
windbreaks by Hagen and Skidmore [20]. Data from these authors is used

in Fig.4.

An optimum windbreak permeability of 35%—50% is often suggested
{1, 18, 20]. This is based on best overall reduction in mean velocity given by
an integral of U/U, over the distance of say 20H downstream, usually mea-
sured at a single height 1 to 2 m off the ground. However the optimum per-
meability appears to depend on the permeability configuration, the approach
flow structure and the number of measurement heights in the leeward flow.
For instance, at low H/z, ratio (probably less than 40) Schultz and Kelly
[21] found an optimum permeability of 25% for a 1.22-m-high vertically
slatted snow fence, measured at a height z/H = 0.5. Hagen and Skidmore
{20], measuring at z/H = 0.125, found an optimum fence permeability of
40% based on the integral J.z;o U/Uyd (x/H). However their graphed data in-
dicate that if the overall reduction in wind speed were evaluated over several
heights using fz fio U/Uyd (x/H) d (2/H), their 20% permeable fence would
have been the optimum.

Typical field data [1, 10, 18—21, 23, 25] indicate that an effective wind-
break should give a mean velocity reduction of 50% up to 10H downstream,
20% up to 20H downstream and a maximum reduction of 70%—80% 1H to
5H downstream, these values measured at z/H = 0.5. Effects of the windbreak
on the flow may still be noticeable 60H to 100H downstream. The vagueness
in many reports of field work shows a need to specify accurately approach
flow boundary layer structure, geometric permeability of the windbreak and
measuring instrument heights.

3. Wind tunnel tests of model shelter fences

3.1 Experimental procedure

The model fences were located 9.15 m downstream from the entrance to
the wind-tunnel working section, immersed in a boundary layer 0.9 m deep.
Profiles of mean velocity and u component turbulence intensity for this
model atmospheric flow are shown in Fig.2. Energy spectra for the u velocity
component in the approach flow at 2 = 50 mm, 150 mm and 600 mm are
shown in Fig.3. More complete data for the turbulence structure of the flow
are given by Raine [2].

Fences of permeability 0%, 20%, 34%, 50% and 59% were tested, and
various distributions of permeability used. Discussion in this paper is restricted
to results obtained from four representative fences:

0% permeable — 16-gauge aluminium alloy,
20% permeable — horizontal evenly spaced wood slats, B/H = 0.064.
24% permeable — uniformly punched 20-gauge steel sheet, D/H = 0.08,
50% permeable — horizontal evenly spaced wood slats, B/H = 0.064.
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Fig.2. Approach flow mean velocity and turbulence intensity profiles,

For the main tests a fence height of 50 mm was used, causing only 4%
blockage of the 1.22 m X 1.22 m cross-section of the wind tunnel. Initially
scale-effect tests were carried out with fences of 25 mm, 50 mm and 100 mm
heights. Surface roughness downstream of the fences was Torro baseboard,
similar to Lego.

Flow measurements were restricted to mean velocity, U, velocity fluctua-
tions, u, and u component energy spectra. Flow measurements were made
with two linearised DISA 55D0OO hot-wire anemometer sets, using 55 F31
and 55 F25 miniature single-wire probes with the wire set horizontal and the
mean flow perpendicular to the wire. The hot-wire signals were also fed from
the anemometers to a Bruel and Kjaer Type 2114 1/3 octave bandwidth
spectrometer and Type 2305 level recorder for spectral analysis. Analysis of
the effects of mean flow inclination and large turbulence intensities on the
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Fig.3. Energy spectrum for the u velocity component in approach flow.

linearised constant-temperature hot-wire signal in the fence leeward flow
indicated possible errors on U and u'/ U of about + 1% at u'/U = 0.2 and

+ 5% at u'/U = 0.4. The need to know higher than second-order correlations
of the turbulent velocity components at high turbulence intensity rendered
the error analysis very approximate. However, it was considered that the
hot-wire anemometer would give acceptable quantitative information for
engineering applications. Hot-wire traverses were made to a distance of 45H
downstream of each fence and to a height of 4H. After checking lateral uni-
formity, traverses were restricted to a point just off the tunnel centreline.

The linear scale of the simulated atmospheric flow was about 1:300 based
on matching the wind-tunnel u velocity component spectra with the model
atmospheric spectrum of Harris [26]. The value of z, estimated from the
approach flow mean velocity profile was consistent with a 1: 300 model
scale, and at the windbreak position H/z, was about 100,

The preliminary scale effect tests showed a consistent trend for greater
mean velocity reduction and higher turbulence intensity at any leeward point
(x/H, z/H) as fence height increased. For example, with both solid and 50%
permeable fences, values of relative velocity, U/U,, were up to 30% lower
when H = 100 mm than when H = 25 mm. This trend with increasing H/z,.
bears out comments made in section 2.1. It also emphasises that the model-
fence height should be chosen in accordance with the requirement for scaling
the approach flow turbulence spectrum nS(n)/u? versus nH/U pointed out in
section 2.2.
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3.2 Results and discussion

The U/U, isotachs, plotted in Fig.4 for each of the four fences, exhibit
a generally greater mean velocity reduction with decreasing fence permeabili-
ty. There is an accompanying increase in the maximum displacement flow
velocity, and the velocity minimum moves closer to the fence. Secondary
velocity minima occur at x/H = 0+ and 2/H = 0.7 with the 34% and 50%
permeable fences. With the solid fence the downstream flow reattachment
point was at x/H = 9. Wind-reduction performance of the different fences
was compared by evaluating the integral (for each fence)

“Total Velocity'= [ * [** U/latx/H)d(z/H) (3)

On this basis the best overall wind-velocity reduction (lowest “Total Velocity’)
was given by the 20% permeable fence, and the order of merit for the different
fence permeabilities was 20%, 0%, 34%, 50%. The isotachs of Fig.4 show good
similarity to field results of Hagen and Skidmore {20]. In Fig.5 comparison
of horizontal mean velocity profiles with earlier work [1, 8, 10, 12,13, 19—
251 is made at the height z/H = 0.5. This height was chosen to suit availability
of data from other reports, and the above order of merit for the fence per-
meabilities was preserved with eqn. (3) evaluated at z/H = 0.5 only.

In Fig.5 there is considerable scatter between different test results owing
to differences in terrain, atmospheric stability and thus in effective H/zq
ratio. With the solid fence, for instance, at x/H = 12 U/U, varies between
about 0.2 and 0.6. There is, however, a clear trend for greater mean wind
reduction with increasing H/z,, and the present test results agree well with
field results where a similar H/z, value prevails. This comparison of field and
wind-tunnel windbreak performance would be better referred to the approach
flow turbulence spectrum content in each case. However, field-test results
usually give a description of only the surrounding terrain and perhaps the
approach flow mean velocity profile; hence H/z, makes a convenient if less
precise scaling parameter.

Graphs of u'/U ‘isoturbs’, or constant-turbulent-intensity contours are
shown in Fig.6. Lower turbulent intensity at any location (x/H, z/H) is
generally found as fence permeability increases. Compare for instance the
relative position of the 0.4 or 0.5 isoturb. Comparison of Fig.6 with Fig.4
clearly shows that regions of high turbulent intensity are regions of low mean
velocity, also that respective turbulent intensity maxima close to the ground
lie 1H to 2H downstream of mean velocity minima. For a given value of
U/U,, u' /U tends slightly higher with less permeable fences, apparently due
to stronger shear in the flow at the fence top. To examine more closely the
relationship between mean velocity and turbulent fluctuations in the leeward
flow, the u' fluctuations were plotted as u'/Uy isoturbs in Fig.7. This shows
that at any downstream point (x/H, z/H) the RMS fluctuation, u', varies
much less with permeability than does mean velocity, U, indicating that
higher values of u'/U behind denser fences are due more to a large reduction
in U than to higher u' levels.
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Since Uy is constant, Fig.7 is a dimensionless plot of absolute RMS fluc-
tuation levels and shows that the maximum value of u' occurs not close to
the ground as with u'/U but just above and to leeward of the top of the
fence. Thus the high shear initiated at the fencetop is the dominant source
of turbulent velocity fluctuations in the leeward flow, even with the most
permeable fence. This turbulence diffuses vertically as it is convected down-
stream by the displacement flow and enhances streamwise momentum trans-
fer down into the sheltered zone. In the approach flow, the value of u'/U H
was approximately 0.2 up to z/H = 2. Fig.7 shows, therefore, that over a
significant part of the leeward flow field below z/H = 1, the fence has caused
a reduction in RMS velocity fluctuation level. This is particularly noticeable
close behind the fence, where there is a triangular ‘quiet’ zone bounded by
the fence, the ground, and the line joining the top of the fence to the ground
at x/H = 8.0. In this zone u' determined by the bleed flow structure and thus
by the fence permeablhty, is low so that u'/U  is 0.1 to 0.12. The turbulence
intensity, u'/U, is nevertheless high because of the low mean velocity. The
bleed flow begins to experience the displacement flow turbulence approxi-
mately along the line joining the top of the fence to the ground at x/H = 8.0.
Near the ground u'/U maxima appear to occur along this line. Outside the
‘quiet’ zone the turbulence structure is dominated by the fluctuations of
much greater magnitude diffusing downward from the fence-top turbulence
source. Far downstream of the fence the approach flow turbulence inten-
sity levels should be regained.

Interpreting the above results, the leeward flow is seen as regions dominated
respectively by the bleed flow and by the displacement flow. The bleed flow
reaches a velocity minimum, and the turbulence intensity an apparent maxi-
mum, in the intermittent flow zone at the boundary of the ‘reattaching’ dis-
placement flow.

The relationship between turbulence intensity and mean velocity was
further examined by plotting u'/1J against U/U, for each fence and each lee-
ward measurement point. It was found that for all the fences, outside the
previously defined ‘quiet’ zone and below 2/H = 1.2, u'/U was given to with-
in £ 10% by the equation

u' /U = exp(~1.67 U/U,) + 0.1 {1 - (U/U,)} (4)

Results are plotted, for example, in Fig.8 for z/H = 0.4 and 0.6. The points
lying outside the +10% limits of eqn. (4) lie in the ‘quiet’ zone. Here the less
well defined relationship between u' and U is given to within +13% by the
equation

u'/U=0.9-1.6 U/Ty (5)

Equations such as 4 and 5 may be used to pred1ct leeward turbulence inten-
sity from known leeward mean velocity data. The —1.67 index and 0.1 co-
efficient in eqn. (4) will tend to vary with approach flow turbulent intensity.
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Fig.8. Graph of u'/U vs. l_/'/(_jo at z/H = 0.4 and 0.6 — all four fences.

Energy spectra for the u velocity component are shown in Fig.9. Figure 7
indicates that close to the fence (x/H = 2, z/H = 0.6) the spectrum should be
dominated by the relatively-small-scale turbulence generated by the per-
meability elements of the fence, but further downstream (x/H = 6 and 15)
the spectrum should be dominated by the displacement flow and fence-top
generated:turbulence. In Fig.9 it is seen that this does occur. Close to the
fence (x/H = 2) the high-frequency turbulence shed by the fence elements
controls the spectrum shape, the dimensionless peak frequency being in
every case higher than in the approach flow, and this peak frequency in-
creasing with fence permeability. With the solid fence, this frequency is
determined by the approach flow velocity, Uy, and the fence height, H. At
x/H = 6 the influence of the larger-scale and more-intense fluctuations in
the displacement flow causes a regression towards the common approach
flow spectrum shape and generally towards a lower spectral peak frequency.
At x/H = 6 the solid fence shows its highest peak frequency, a feature also
noted by Hagen and Skidmore [20]. At x/H = 15 the spectra have largely
recovered the approach flow shape and a common peak frequency which is
still a factor of 2 to 3 higher than in the approach flow. At this point the
flow has more or less ‘forgotten’ the influence of the fence permeability.
Spectral peak frequency data summarised in Table 1 (which includes data
from additional fences) bear out the comments made above. In both Fig.9
and Table 1, the more permeable fences appear to recover the upstream
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TABLE 1

Spectral peak frequencies for the u velocity component at locations (x/H, z/H) down-
stream of different 50-mm-high fences

o X% . l.06 | %:6. Z.06 [% s an
FENCE TYPE ¢ | np (9_'1] 0 Ine "H) 0 fn _ﬂ_ﬁj g
H: {10 )] Uo | H: Ol O {H: Uls| Qg
Aluminium 0 8 |0171023}225{03 (037]-10 (0062 07
Horizonta! Wood Slats 20 16 (0411018 [14 3 {0170 3812 50074, 074,
Vertical Wood Slats 20 150 {17 {014{14 3 ]023]|033]12 5 0076 071
Perforated 20G Steel 34 50 (069]032] 18 017 [ O 51 8 10046 071
Torro Blocks |34 |40 JoeoJozr] 18 [0 o4ae] & Joosq 079
Horizontal Wood Slats 50 |40 |046,0 4111_1_3__ 010 |058|-8 |0044] 08
Vertical Wood Slats 55 ||100 1095|053] 16 | 013 |062] 8 |0.043 085
Wood Lattice Work " 159 [l160 [141]054] 16 |012 1065] 10 (0049 088
Average Peak Frequency 58 | 0.81 16 7 O_1_7M - ,? 63210 055
Standard Deviation, 0 o ] 496 | O 52 | 298| 006 2 0 |0.014
o -“(_Av;-':qge) T 086|064 018 | 035 021 |0 26
Approach Flow Values ™ 63 [0024 63 | 0024 63 0024 )

=at z= 50mm

form and dimensionless peak frequency more rapidly with downstream
distance than does the solid fence. Thls is perhaps to be expected. The solid

fence call be VisUdiewu Ciedibip a g ool Gl BGTI0 Lo 2t Arn neh flaw

and contributing a more permanent small eddy field to the larger-scale up-
wind turbulence.

The observer behind a windbreak in the field usually reports ‘high turbu-
lence’ in regions of low mean velocity, and thus appears to notice the
turbulence intensity, u'/U rather than the velocity fluctuations, u. However,
the definition of an ‘effective velocity’, in which the mean velocity at any
point must be weighted to allow for the annoying or damaging effect of the
turbulence intensity, has not been established. In the results presented, U/U,
required weighing very heavily, e.g., by forming the sum (U/U, + u'/U) in
order to change the heirarchy of wind-protection performance given by
eqn. (3). Generally it is desirable to obtain a large mean wind reduction with-
out raising turbulent fluctuations to a level where they are damaging. Criteria
are needed for the importance of shelter-fence leeward turbulence in agricul-
ture, industrial and commercial areas. In recreation areas, subjective human-
comfort tests carried out with people at leisure behind fences of various
permeabilities may help define an effective wind-shelter velocity.

Optimum mean wind reduction appears to be obtained with a 20%—30%
permeable fence. However, for little sacrifice in maximum wind reduction,
the builder with a fixed quantity of materials at his disposal may do better
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to construct a fence, say 3 m high and 50% permeable, rather than 2 m high
and 25% permeable. The higher fence would extend the height and fetch of
the leeward sheltered zone, in particular far downstream, as shown in Fig,10.
Improved shelter, in the form of lower turbulence intensity for a given mean
velocity reduction, may be obtainable by reducing the strong shear in the
flow at the fence top. In practice this suggests a fence with permeability in-
creasing from 0% at the base to 100% at the top.

s 3m high fence, 50% permeable
ge’fF - 2m . ., 25%
~6
=5
St
w3
2
1
0

o 8 1% 2 32 40 4B 56 64 72 80 88
DISTANCE DOWNSTREAM X m

Fig.10. Example of U/U, isotachs likely to be obtained downstream of 2 fences of similar
material cost. Protection given by 3-m fence is substantially better far downstream.

4. Conclusions

Tests of fences of four permeabilities have shown that model shelter fences
tested in a wind-tunnel flow may accurately predict full-scale performance
provided the atmospheric wind is modelled. Profiles of mean velocity,
LEYNOIUS s o, tatuiengd intoncitsr enectvy and integral scale should be

_correctly scaled.

Measurements of turbulence intensity and spectra for the u velocity
component in the fence leeward flows have given a clearer picture of the
respective zones of influence of the bleed flow and the displacement flow,
and show the rapid domination of the leeward turbulence field by the
turbulence diffusing into the sheltered zone in the ‘reattaching’ displace-

- ment flow. Equations have been given relating turbulence intensity and
relative mean velocity in:

(i) the ‘quiet’ zone dominated by the bleed flow

(ii) the more leeward part of the sheltered zone dominated by the displace-

ment flow.
- Before such equations can be usefully applied, quantitative field tests are
needed to determine the relative importance of leeward turbulence levels
~ and mean velocity reduction.

The experimental results have confirmed that a windbreak of low
to medium permeability gives better overall mean wind reduction than a
solid windbreak, and for the same price a higher more permeable fence can
give better overall protection.
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streamwise direction, mean velocity and fluctuating velocity
respectively

root mean square of the fluctuating u velocity component
Vu?
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boundary layer
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