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a b s t r a c t

The interaction between citrus trees and wind was studied in a wind tunnel. Wind flows at mean

velocities between 1 m/s and 3 m/s were simulated, as well as with different energy content

at turbulence small-scale. The wind modeling methodologies applied to do so are presented. At a

mean velocity, if the turbulence small-scales’ energy is high, the consequent leaves’ displacement is

greater than when the former is low, decreasing the contact time between the leaf and the fruit.

Nevertheless, the rest of the tree components do not present significant differences in their responses.

This led us to infer that the greater energy at turbulence small-scales could be correlated with a lower

period of time a leaf rubs against an adjacent fruit. Therefore, leaves’ mechanical action and the

consequent damage could be reduced increasing the turbulence small-scale energy content.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In Uruguay, between 10% and 40% of damage on citrus fruits
is caused by the deteriorative actions of wind, which results in
the discarding of the fruit from exportation, as reported by
Gravina (1998), Martı́nez (1995) and Montes (personal commu-
nication). The main cause of such damage, which affects the
appearance of fruits and produces huge economic losses is the
hitting, rubbing and cutting produced by branches and leaves
moved by the wind, causing scars and brazes on the fruit peel.

In 2004, the Crop Production Department of the School of
Agronomy together with the Institute of Fluids’ Mechanics and
Environmental Engineering of the School of Engineering, both
from Universidad de la República—Uruguay, undertook a research
program aimed to analyze wind damage on citrus fruits in
Uruguay, whose main objective was to provide a description of
wind damage on citrus fruits from a physical and biological point
of view. As a result, a design criterion for a wind protection
system was proposed, and a theoretical model to describe the
movement of the trunk, branches and leaves was developed.
In particular, to describe the fruit peel damage process, it was
necessary to understand the interaction between wind and trees.

Quoting Green (1968), damage on citrus fruit caused by
the wind is associated to high mean wind velocity (greater than
5 m/s). In order to solve this issue, farmers implement several
measures, such as using live wind fences (Owen-Turner and
ll rights reserved.

: þ598 2 7115277.

.

Hardy, 2006), which consist of tree rows located around the
orchards. The live fences would decrease the mean wind velocity.
Notwithstanding, this strategy does not actually imply a reduc-
tion in the damage caused to the fruit. Alternatively, other
farmers use artificial wind fences consisting of plastic screens
(Freeman, 1976; Green, 1968; Owen-Turner and Hardy, 2006)
with small mesh size (2 mm–3 mm). But this strategy does not
render positive results.

From the observation of the movements of a tree, different
displacement scales could be identified, such as leaves, branches
or trunk displacement.

These different scales of movement could be associated to the
damage occurred through the different fruit growing stages.
When fruits are in the early growing stages (smaller than 1 cm),
their surface presents irregularities on which adjacent leaves
specially the old ones tend to rub them (small scale movement),
whereas, the damage in adult fruits would be associated to the
movement of branches, which hit the fruits (large scale move-
ment). Following the evolution of the fruit damage process
conducted by the agronomy group in charge of this project, the
damage produced during the early growing stages was identified
as the most significant since it is the one that produces rejection
from exportation as it is also quoted in Brodrick (1970), Campbell
(1967), Dodson (1966), Freeman (1976), and Gravina et al. (2005).
Therefore, the most significant damage is that associated to the
movement of leaves. We consider as an important target to
understand how the different parts of a tree, specially the leaves,
are moved by the wind.

Several authors that describe the large-scale turbulence pro-
duced by the interaction of trees and wind such as Brunet et al.
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(2003), Finnigan and Brunet (1995), Gardiner (1995), Ruck and
Adams (1991), Scarabino (2005) and Shaw (2006) can be quoted.
However the large-scale turbulence could be associated, princi-
pally, to large scale tree’s movements. The interaction between
citrus trees and wind, especially the effect of the small-scale
turbulence at low mean wind velocity, is scarcely reported. These
turbulence scales would be associated to small-scale movements
of a tree.

Within the framework of this research program, we intended
to provide a description of the orchard’s flow field, the mean and
the turbulent velocity component included. From field measure-
ments we characterized the flow in the orchard. Then the
response of different tree-components was analyzed in wind
tunnel tests.

A citrus tree was tested in the wind tunnel of the Institute
of Fluids’ Mechanics and Environmental Engineering of the School
of Engineering, from Universidad de la República—Uruguay. The
main objective of the tests was to study the response of different
tree components, under turbulent flows’ action and link it with
the wind flow characteristics existing inside a citrus orchard.

In order to simulate wind flow orchard’s characteristics,
several turbulence production systems were studied.

The displacements (i.e. responses) of trunk, branches and
leaves under wind action, and the wind velocity were simulta-
neously measured. Moreover, the aforementioned displacements
were visualized and recorded with a digital video camera.

A theoretical model linking the deflection of the tree compo-
nents and the velocity of the oncoming wind flow was studied.
2. Material and methods

2.1. Specimen tree description

A young specimen of ‘Navelate’ oranges was obtained with a
height and foliage width to facilitate its location in the wind
tunnel’s test section. The wind tunnel is an atmospheric boundary
layer and open suction type one, whose test section presents a
cross section of 2.25 m width, 2.10 m high and 17 m long.

The tree was 106 cm high, whilst the leaves’ size varied from
50 mm length and 28 mm width to 157 mm length and 89 mm
width (see Fig. 1).

The orchard’s trees height (prototype) and the model tree
height ratio were roughly 3, whilst the leaves’ dimensions did not
present significant differences between such trees. Therefore, the
tree located in the wind tunnel constituted a scaled distorted
model of a typical tree found in a citrus orchard.
Fig. 1. Specimen tree view, inside the wind tunnel.
2.2. Turbulent flow simulation

The adequate simulation of atmospheric flow’s vortex struc-
tures interacting principally with leaves was prioritized. Never-
theless, all turbulence scales being modeled were verified.

The vortices with scales equal to or lower than a leaf’s size and
the ones with scales equal to or greater than the branches, in the
studied process in this paper, will be defined as the turbulence
small-scale and big-scale, respectively.

The turbulence small-scale energy content was characterized
with the turbulence small-scale parameter defined by Melbourne
(1979). Such parameter is defined as

y¼
f ssSuðf ssÞ

s2
u

I2
u � 106

¼
EnergyðlssÞ

Energy means flowð Þ
ð1Þ

where Iu ¼ su=U is the turbulence intensity, su and U are the
standard deviation and mean of wind velocity respectively, fss is
the characteristic frequency of small-scale turbulence (defined by
applying Taylor’s hypothesis as f ss ¼U=lss), lss is the incident flow
vortices’ length-scale exchanging the greatest part of energy with
leaves-size scale vortices, and Su is the longitudinal velocity
power spectral density.

From previous turbulence spectral analysis of orchards’ wind
velocity measurements (Cataldo et al., 2011), two ranges of values
of such parameter were identified.

The first range of turbulence small-scale parameter values
is between 800 and 2000 and the second one is between 3000
and 5000. In the orchard, longitudinal integral length scale of the
order of trees’ height (�3 m) was found. Then, simulations of
wind flows with turbulence small-scale parameter lying in each
of the aforementioned ranges were performed.

In order to perform the wind tunnel flow simulation, several
turbulence production systems were studied. Fences with differ-
ent mesh sizes and porosities, at different distances upstream of
the tree, were installed following Batchelor (1960), Farell and
Youssef (1992), Groth and Johansson (1988), Richardson (1989)
and Richardson and Richards (1995). Also, spires with two
different heights were used. Two mean velocity values, one close
to 1 m/s and the other one close to 3 m/s, were selected. As it is
shown in Cataldo et al., 2011 these velocity values are typical in a
citrus orchard.

A hot wire anemometer TSI, model IFA100 with three chan-
nels, was used to measure wind velocity. The anemometer was
calibrated in the wind tunnel of the School of Engineering, which
has all its instruments traceable with the International System.
A bent probe was used. The probe positioning was achieved with
the use of a lancet moved by a four-degrees-of-freedom position-
ing robot. Velocity signals were processed with a specific devel-
oped program, obtaining mean value, standard deviation and
power spectral density of the fluctuating velocity component
calculated following Newland (1984). Most significant turbulence
parameters, such as longitudinal integral length scales and the
energy content at turbulence small-scales, were obtained from
the spectra.

From the analyzed alternatives two turbulence production
systems were selected.

A 380 mm mesh-size fence, with rectangular cross section of
120 mm width bars, located 165 cm upstream of the tree position,
was a first simulation system. With such system a flow with high
energy content at small-scales was well simulated. y values
between 4236 and 6513 and an average turbulence intensity
value of 30% were obtained.

A 125 mm mesh-size fence, with circular cross section of
25 mm diameter bars, located 165 cm upstream of the grid, and
six evenly spaced triangular spires, was used as a second simula-
tion system. With such system, a flow with low energy content at
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small-scales was well simulated. y values between 671 and 2216
and an average turbulence intensity value of 18% were obtained.

With both systems, we obtained flows with the highest energy
content vortices with scales of interest (leaf’s size), i.e. the turbu-
lence small-scale.
2.3. Strain measurements

Strain gages were attached to different parts of the tree, to
measure their strain under wind loading. Each strain gage in a
balanced quarter bridge connection scheme was installed. The
unbalanced voltage when a tree component is deformed was
acquired.

A National Instruments data logger system based on a chassis
NI SCXI-1000, with a signals conditioner NI SCXI-1600, a transdu-
cer NI SCXI-1122, and a 16 channel terminal block NI SCXI-1322
was used. In the present test five previously calibrated channels
were used.

The calibration consisted in loading a particular branch,
calculating the strain at a specific position of the branch from
deflections measurements with a micrometer (following Popov,
1998) and comparing this result with the strain measured with a
strain gage attached at the same specific position of the branch.
A calibration factor C was obtained for each channel of the data

logger, as the relation between both strain values.
Four strain gages were attached to the tree: one on the trunk,

two on boughs and the last one on a petiole. All strain gages were
positioned around the middle of each tree component.

The analyzed tree components presented the dimensions that
are in Table 1.

Also, a reference strain gage was attached to a piece of wood,
free of deformation, but under the same temperature gradient of
the other four strain gages, for the purpose of temperature
compensation (Moore et al., 2005).

The tree was submitted to different turbulent flows. Strain and
velocity data were simultaneously measured. The strain data
sampling rate was settled at 400 Hz and the sampling time was
163.84 s, whilst the velocity data sampling rate was settled at
1000 Hz and the sampling time was 65.536 s. In both cases, a total
of 65,536 data were obtained.

Previous to wind tunnel tests, a damping test was done, in
order to obtain the resonance frequency and damping ratios of
each tree component.
2.4. Calculation of deflection

Following Hook’s law the relation between strain and deflec-
tion of a beam is linear. Also, as suggested by Moore et al. (2005),
‘‘Within the range of linear-elastic material behavior, the strain in
a tree stem or branch should also be linearly proportional to
displacement.’’

First of all, measured voltage values were corrected by tem-
perature compensation. Then the true strain values were calculated
multiplying the measured strain (obtained from the temperature-
compensated voltage values) by the calibration factor C.
Table 1
Dimensions of several tree components.

Tree component Mean diameter (mm) Length (mm)

Trunk 16.8 375

Bough 1 7.65 200

Bough 2 9.15 200

Petiole 3.1 32
Then, least squares regressions were used to fit a linear model
for each component (Moore et al., 2005; James and Kane, 2008).
These linear models were used in the wind tunnel tests, to obtain
the deflections from the strains measurements.

Finally, the fluctuant components of deflections were calculated
as a first order strain fluctuation function.

2.5. Relation between deflection spectrum and velocity spectrum

Frequency response of different components of the tree was
investigated through spectral analysis. Theoretical relationship
linking the spectrum of the fluctuating deflection (Sx) and the
spectrum of the turbulent velocity (Su) is quoted in Holmes
(2001), for the case of single-degree-of-freedom systems. Similar
models could be fitted to the case of the different components of a
tree, as quoted in Moore (2002) and James and Kane (2008). Such
relation could be expressed as follows:

Sxðf Þ ¼
1

k2

4D
2

U
2

Hðf Þ
�� ��2w2ðf ÞSuðf Þ ð2Þ

where k is the spring stiffness, D is the mean drag force, U is the
mean wind velocity, 9Hðf Þ92

is the mechanical admittance (Clough
and Penzien, 1993; Moore, 2002), and w2ðf Þ is the aerodynamic
admittance (Baker, 1995; Moore, 2002).
3. Results and discussions

3.1. Damping tests’ results

From damping tests the strain evolution shows a damped
sinusoidal shape. The waves’ frequency corresponds to the reso-
nance frequency (fres) of each part of the tree. From the same
curves, the damping ratio (x) of each tree component could be
deduced. Table 2 resumes these values.

3.2. Wind tunnel tests’ results

Spectral density curves of velocity fluctuations along with
spectral density curves of deflection fluctuations, for some parts
of the tree, under certain turbulent flows obtained from measure-
ments, are shown in Figs. 2–4. The effect of both admittances can
be appreciated, and a peak in Sx curves could be identified as the
resonance frequency of the corresponding tree component, fol-
lowing the premise of Section 2.5.

Qualitatively and quantitatively the measurements results
follow the theoretical model predicted in Section 2.5.

Values of resonance frequency (fres) estimated from the spectral
peak and the deflection’s quadratic mean (sx

2), for each part of
the tree under different flows actions (U, su

2, and y), are shown
in Tables 3 and 4 for low and high small-scale energy content,
respectively. In each case, three flows with different mean velocities
were tested, but special attention we will devote to results obtained
for mean velocity equal to 1 m/s. Such velocity is most frequently
presented inside citrus orchards at trees’ height (Cataldo et al., 2011).

The petiole movement’s amplitude (�sx
2) in the high small-

scale energy test resulted almost a hundred times greater than in
the low small-scale energy case. On the other hand, the trunk and
Table 2
Values of resonance frequencies and damping ratios.

Trunk Bough 1 Bough 2 Petiole

fres (Hz) 1.7 3.3 3.3 3.7

x 0.144 0.093 0.091 0.078



Fig. 2. Spectral density curves of velocity and deflection, for the petiole, with 1 m/s

flow and (a) low small-scale energy, and (b) high small-scale energy.

Fig. 3. Spectral density curves of velocity and deflection, for bough 1, with 2 m/s

flow and (a) low small-scale energy, and (b) high small-scale energy.
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boughs’ displacements did not present relevant differences
between the low and high small-scale energy tests.

As a consequence, when a low small-scale energy flow blows
around a tree, the gap between tree components is very small,
although such components may be moving in opposite sense.
When a high small-scale energy flow blows around the tree, the
petiole displacement’s amplitude increases by two orders of
magnitude while the displacement of other parts does not increase
with significance. As a consequence the leaves are separated from
other parts of the tree for a relatively long period of time.

We guessed the order of the contact time between a leaf and an
adjacent fruit, under both energy levels. We proposed the following
criterion: if the leaf’s movement presents amplitude smaller than
10% of the fruit size (�1 mm), the leaf and the adjacent fruit would
be in contact, while when such amplitude is greater than 1 mm
there would be no contact between them. Following the aforemen-
tioned criterion the contact time was assessed as 94% of the total
time, for the low small-scale energy test, whilst it decreased to 21%
for the high small-scale energy test. The same results from wind
tunnel visualizations were observed. Then, a greater time contact in
a flow with low energy content at small-scale turbulence would be
obtained than in a flow with high energy. As a consequence, a
greater damage would be awaited in the first kind of flows.

3.3. Dimensional analysis

To identify the most significant variables in the leaves’
response a dimensional analysis was performed. The variables
involved in the leaves’ movement are the following: deflection’s
quadratic mean (sx

2), the resonance frequency of the tree compo-
nent (fres) as a scale of the small-scale turbulence frequency, the
wind mean velocity (U), the air kinematic viscosity (nair), the
longitudinal velocity power spectral density at the resonance
frequency Su(fres), and the tree component’s mean diameter (f).
A relationship between the aforementioned magnitudes is
assumed as follows:

s2
x ¼ F f res,U,nair ,Su f res

� �
,f

� �
ð3Þ

In a first guess we used U and f as fundamental magnitudes,
but we didn’t find a clear-cut relation between the dimensionless
parameters. Then, we selected vair and fres as fundamental
magnitudes and the following dimensionless numbers could be
deduced: s2

x=ðnair=f resÞ, U=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nairf res

p
, f=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nair=f res

p
and Suðf resÞ=Vair .

The relation between the dimensionless parameter would be as
follows:

s2
x

ðnair=f resÞ
¼ G

Uffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nairf res

p ,
Suðf resÞ

nair
,

fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nair=f res

p
 !

ð4Þ

Then, we analyzed the dependence of the variable s2
x=ðnair=f resÞ

with the independent variables. We found a clear dependence of
s2

x=ðnair=f resÞ with the variable Suðf resÞ=Vair as it is shown in Fig. 5.
In this figure f=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nair=f res

p
appears as a parameter.

An upward tendency in the petiole’s deflection when the
energy content of vortices at petiole’s resonance frequency is
increased can be observed in Fig. 5. Also, an upward tendency



Fig. 4. Spectral density curves of velocity and deflection, for the trunk, with 1 m/s

flow and (a) low small-scale energy and (b) high small-scale energy.

Table 3
Results of low small-scale energy test.

U (m/s) 1 2 3

su
2 (m/s)2

0.021 0,0932 0.212

y
1116 1075 1126

Tree component fres (Hz) sx
2 (mm)2 fres (Hz) sx

2 (mm)2 fres (Hz) sx
2 (mm)2

Trunk 1.9 1.31E�05 1.9 5.92E�05 1.7 6.43E�04

Bough 1 2.5 1.73E�05 3.2 4.49E�05 3.5 1.73E�04

Bough 2 1.2 1.52E�05 3.5 4.56E�05 3.5 1.64E�04

Petiole 3.7 2.81E�01 3.0 3.99Eþ00 3.7 2.18Eþ01

Table 4
Results of high small-scale energy test.

U (m/s) 1 2 3

su
2 (m/s)2

0.132 0.728 1.46

y
6092 7705 7646

Tree component fres (Hz) sx
2 (mm)2 fres (Hz) sx

2 (mm)2 fres (Hz) sx
2 (mm)2

Trunk 1.9 1.20E�04 1.5 1.16E�03 1.6 3.06E�03

Bough 1 3.5 4.55E�05 3.3 8.68E�04 3.1 4.94E�03

Bough 2 3.3 6.15E�05 3.1 8.13E�04 3.2 2.04E�03

Petiole 3.7 1.47Eþ01 3.5 1.17Eþ02 4.0 2.96Eþ02

Fig. 5. Dimensionless TKE at petiole’s resonance frequency.

Fig. 6. TKE level at petiole’s resonance frequency, at sites A4 and A5.
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for all tree components is observed, but the petiole movement’s
amplitude is five orders of magnitude greater than for other parts
(trunk and boughs). Then, an increment of the parameter
Suðf resÞ=nair would produce a small change in the movement’s
amplitude of such parts but a big increment of the petiole
movement’s amplitude.

3.4. Prototype application

Fig. 6 shows the same result as Fig. 5 but only for the petiole.
In such figure are indicated the values of the parameter
Suðf resÞ=Vairobtained from prototype measurements in two differ-
ent sites, identified as A4 and A5, inside of the same orchard. In
such sites different small scale turbulence energy levels were
determined, as it is indicated in Fig. 6. In the site A4 the parameter
Suðf resÞ=Vair takes a value around 81, while in A5 such parameter
has a value around 156. These values were obtained for the
prevailing wind direction in each site inside of the orchard.

From Fig. 6 we could deduce the amplitude of the movement
of a petiole in a tree located at the orchard. As an example, in the
site A5 the amplitude of movement of a petiole would be 10 times
greater than the movement of the petiole of a tree located at site
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A4, and as a consequence the contact time, between leaves and
fruit, would be greater in site A4 than in site A5.
4. Conclusions

Two typical flow conditions in a citrus orchard were simulated
in the wind tunnel, and the responses of a specimen tree were
studied. The principal difference between both flow conditions is
the energy content at small-scale turbulence.

Comparing the low and high small-scale energy flows, the
petiole’s movement was found to be the most significant differ-
ence in the tree response. Moreover, at the same mean velocity,
the petiole’s movement presented greater amplitude under a high
small-scale energy flow than under a low small-scale energy flow.

Then, the time a leaf would be in contact with an adjacent
fruit would be lower for the first case, meaning a lower damage
production.

An approach to a theoretical model of a tree response under
wind action was proposed to characterize the tree response using
information about the wind flow.

The description of the flow inside an orchard could give rise to
identify sites where different proportions of damaged fruit would
be found, as quoted sites A4 and A5. As site A4 was found more
harmful than A5, in terms of discarded fruit (Gravina et al., 2011),
we could say that the mechanism that produces damage on fruits
is strongly linked with the energy content at small-scales. More-
over, the wind flow that produces more damage would be the one
presenting less energy content.
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