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ABSTRACT

The velocity and longitudinal turbulence intensity distributions
inside and above a forest canopy along its center line were investigated.
For this purpose a model forest canopy was used in a meteorological
wind tunnel.

The results indicate that the flow may be divided into an entrance
and fully developed region followed by a short adjustment distance
close to canopy end; The entrance region has a decisive effect on the flow
characteristics through the canopy. The velocity and turbulence
inside the canopy are strongly affected by its structure. A similar
qualitative variation for both velocity and turbulence was found in
and above the canopy. Its influence stretches over more than U4
roughness heights above it. Generally, the results are 'in relatively
reasoneble agreement with field measurements.

Investigation of the modified logarithmic law for describing the
velocity profile above the canopy revealed that both flow parameters,
i.e., friction velocity and roughness length, are not local constants.

On the contrary, they vary drastically with height. It is suspected
that this is due to the fact the assumption of constant shear stress
throughout the boundary layer or significant portions of it is not

satisfied.
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1. INTRODUCTION

Wind movement within and above forest and vegetative canopy is of
utmost importance in analyzing the various exchange processes which
occur within such a canopy. The flow field and these transport
processes are strongly affected by the canopy structure. Even if the
roughness is uniformly distributed it has a strong influence on the
resulting turbulent flow. Furthermore, with changing flow conditions
the interaction between the velocity field@ and the roughness may
change considerably.

In the immediate vicinity of a canopy and through it the velocity
is relatively small whereas large turbulence intensity may prevail.
Furthermore, a rather strong three-dimensional turbulent velocity
field is generated by the roughness elements.

Theoretical analysis of this flow is extremely difficult due to
the complexity of the interrelation between velocity field and roughness.
Hence, for obtaining a better understanding of this problem it is
imperative to carry out detailed experimental studies. Field
measurements are inherently difficult due to the relatively high cost
involved in setting up measurement stations, the continuous weather
changing conditions and the instrumentation available for performing
them. On the other hand, the wind tunnel which has proved its use-
fulness in fluid mechanics studies provides satisfactory conditions
for investigating the flow within and outside canopies. The flow
conditions can be maintained unchanged over enough long time periods
for performing adequate investigations. Furthermore, suitable

instrumentation and measurement techniques are available.



Study of airflow in and outside a forest canopy have been
initiated in the recent past at the Fluid Dynamics and Diffusion
Laboratory, Colorado State University. For this purpose a model
forest canopy was employed in a meteorological wind tunnel. Surveys
of the mean velocity and longitudinal turbulence intensity aleng the
canopy center line, i.e., the x-axis, were carried out inside and
above the canopy. The measurements were performed at constant up-
stream velocity and canopy configurations and structure. The use of
modified logarithmic law for describing the velocity variation with

height above the canopy was investigated.



2. EXPERIMENTAL APPARATUS

The aim of the experimental program was to investigate the flow
field, i.e., mean velocity distribution and turbulence characteristics,
within and above a forest canopy. This was to be achieved by using a
model forest canopy in an adequate wind tunnel. This flow can be
considered equivalent to flow within and above relatively high rough-
ness elements randomly distributed in a turbulent boundary layer.

The flow within the lower atmosphere, i.e., atmospheric-surface-
layer, can be simulated satisfactory in suitable boundary-layer wind
tunnel. An extensive discussion about simulation of atmospheric motion
by wind-tunnel flows can be found in References 1 and 2. The use of
simulated wind-tunnel flow for studying flow patterns caused by trees
is widely employed today. Unfortunately, most of these investigations
concentrated on various particular cases. As early as 1927, Tiren (3)
attempted to evaluate the drag of a conifer crown. Other studies
related to different specific problems using models were conducted. For
instance, model investigation of windbreaks characteristics are reported
in References 4, 5, 6, 7 and 8. Field and wind tunnel drag measurements
of deciduous and coniferous trees reported in References 9, 10, 11 and
12 show reasonable agreement between prototype and model results. How-
ever, dynamical simulation of full-scale tree and forest was yet attempted
due to the complex structure and geometry of the former. Consequently,
detailed studies of the flow within and above simulated forest canopy
of random configuration is of prime importance. Furthermore, field
measurements are relatively difficult and inherently costly. As a

result investigation of model forest cancpy using the wind tunnel was



undertaken in the Fluid Dynamics and Diffusion Laboratory at Colorado
State University.

Firstly, wind tunnel studies using flexible roughness elements (13)
and peg elements (14) were conducted. Next, drag measurements of model
trees (15) and preliminary velocity and diffusion measurements (16)
employing simulated forest canopy in a wind tunnel were performed. The
model trees and canopy utilized in the aforementioned two works are
generally similar to the canopy model used in the present work which is
described later.

The flow in wind tunnel is of different scale than the full-scale
flow and, therefore, geometrical, kinematical, dynamical and thermal
similarity must be achieved. The experiments reported herein were
performed under thermally neutral conditions. Hence, thermai similitude
can be disregarded. Next, the size of the model trees, i.e., the rough-
ness elements, used is not related to any particular full-scale forest
tree. As a result the geometrical similarity is irrelevant.

For achieving dynamic similitude the Rossby (Ro), Froude (Fr) and
Reynolds (Re) number, respectively, must be the same for both the simu-
lated and field flow [1]. Rossby number expresses the Coriolis force
effects due to the system rotation. In general,it can be eliminated
from the similarity requirements if the horizontal length scale of
the full-scale forest is smaller than about 150 km [1]. Since the model
canopy horizontal length is not related to any particular prototype
forest the Rossby number condition can be neglected. Moreover, any
full-scale forest used for comparison purposes should be within the

aforestated horizontal scale limit.



The body forces effects caused by specific weight differences
are represented by the Froude number. These forces are produced by
temperature variation over relatively small vertical distances. Hence,
Froude number becomes impertant for flow with density stratification.

Our experiments were carried out at constant ambient temperature, i.e.,
thermally neutral conditions. Thus, the Froude number equality re-
quirement can be discarded.

The Reynolds number which expresses the viscous forces effect
imposes a relatively strong limitation on model similitude for any
laminar flow. The model canopj Reynolds number will be smaller by a
few order of magnitude than the prototype flow. In other words, the
viscous forces would be dominant for the simulated flow. It is, further,
important to notice that generally the proctotype flow is turbulent. 1In
such a case the Reynolds number equality considering the turbulent
Reynolds number for the field flow can be satisfied [1]. On the other
hand, for sharp-edged bodies and flow about trees the flow is practically
inertially dominated. Thus, the mean flow pattern is assumed to be
Reynolds-number independent. Recent experimental investigations seem
to indicate that trees drag coefficient and wake characteristics are
approximately independent of Reynolds number [9, 10, 11, 12, 13, 14, 15,
16]. However, in comparing turbulence characteristics between the
prototype and the simulated flow considerable caution must be exercised [1].

Finally, kinematic similarity for the upstream velocity profile and
boundary conditions must be satisfied. The upstream velocity should vary

following the logarithmic law characteristic of the lower atmosphere.



Futhermore, for achieving similar flow conditions the model canopy has
to be located within the boundary layer. The latter does simulate the

atmospheric-surface-layer. Consequently, the boundary layer must be

artificially thickened.

2.1 Model forest canopy

A model forest canopy 1100 cm long and 183 cm wide was used. A
schematic diagram of the canopy is displayed in Fig. 2.1 which also
shows the system of coordinates used and all important dimensions. The
canopy base was built of 18 identical aluminum plates 0.5 cm thick. On
the face of these plates holes of 0.5 cm diameter were drilled. The
model trees were inserted into these holes.

Model trees made from plastic simulated-evergreen boughs were
employed. A sketch of the model tree is depicted in Fig. 2.1 which
also shows its dimensions. The latter was arbitrarily selected based on
commercially available plastic trees. However, based on average height of
real spruce trees of 20 m [17] the height-ratio scale reduction is about 1:110.

The model trees were randomly distributed such that no distinet rows
were evident but within about 6 cm diagonal grid. The elements

density, i.e., number of trees per unit area o , was approximately

N
1 tree/kL6 cm2. This density number is averaged over the total area of
the model canopy.

It is, further, possible to represent the plastic tree by using a
combination of two simple geometrical shapes. The truck can be described

by a cylinder whereas the crown by a cone (see Fig. 2.1). The crown

volume is about 222 times larger than the stem volume. As a result the



trunk volume can be neglected. Then, a volumetric density number is
defined as the ratio of the volume occupied by the crowns to the total
volume of the canopy. The latter is 18 cm height. Since about 4360
model trees were distributed along the canopy, the volumetric density

number oy is approximately 26%.

2.2 Wind tunnel

The experimental investigation reported herein was conducted at
Colorado State University, Fluid Dynamics and Diffusion Laboratory
Army Meteorological Wind Tunnel [18]. This tunnel is of closed circuit
type and its axial propeller is driven by a 250 hp DC motor. The propeller
is capable of generating air speeds up to about 36 m/sec in a 183 x 183 cm
test section. The air speed can be changed continuously by varying
the pitch of propeller blades and the motor speed. The test section is
26 m long constructed from eleven identical test sections of about 2.4 m
long each. It is conceived such that a turbulent boundary layer about
60 cm thick can be obtained in the last downstream section with a
smooth boundary surface. The tunnel contraction ratio is 9:1. The
free stream turbulence intensity at the test section entrance, i.e.,
downstream of the damping screens, is less than 0.1%. A schematic
diagram of the wind tunnel is displayed in Fig. 2.2 which also shows the
canopy, the system of coordinates used and all important dimensions.

The tunnel ceiling can be adjusted mechanically for obtaining zero
pressure gradient along the test section. For this purpose eight static
pressure taps located £.44 m apart, as shown in Fig. 2.1, were employed.
The removable side panels are made of glass in order to allow visualization

of the flow.



The model canopy was installed along the last 11 m of the test
section (see Fig. 2.2). Its leading edge was located 15 m downstream
of the test section entrance. A turbulence-generator made from flexible
plastic strips (10 cm height, 0.63 cm wide and 0.019 cm thick) were
regularly spaced along the entrance test section. It extends
over 3 m.

A traversing mechanism, electrically operated, was employed for
moving the measurement probes (Pitot-static tube and/or hot-wire
anemometer) continuously along lines parallel to the x, y and z-axis,
respectively. The carriage system permitted fine control of position

within 1 mm,

A photograph of the model canopy installed in the wind tunnel

is given in Fig. 2.3.



3. EXPERIMENTAL TECHNIQUE AND INSTRUMENTATION

3.1 Pressure and velocity measurement

Static pressures on the ceiling of the test section were measured by
means of an electronic pressure meter of capacitance type (Trans-Sonic,
Equibar Type 120A). This meter is a differential micromanometer with a
resolution of 0.0001 mm Hg. Its overall range is 30 mm Hg and is divided
in eight ranges from 0.01 to 30 mm Hg full scale.

A Pitot-static tube located 1 m upstream of the canopy and 1 m
above the tunnel floor was used to measure the pressure and the free-
stream mean velocity (see Fig. 2.2). A hemispherical standard Pitot-
static tube with an impact orifice of 1/8-in in diameter was utiiized [19].
The reading of the Pitot-static probe were also monitored by means of

a Trans-Sonic pressure meter.

3.2 Mean velocity and turbulence intensity measurement

The mean velocity distribution and the longitudinal turbulence
intensity within and above the roughness was measured by means of a
single hot-wire anemometer. The hot-wire anemometer is the principal
tool for turbulent research today. It has its widest application in
turbulence measurements but it is also a very useful instrument for
the measurement of mean velocity, i.e., time-averaged velocity.

In our work we were concerned with generally low velocities,
ranging up to about 6 m/sec, and turbulence intensities which were low
(above the canopy) and quite high (within the canopy and in its immediate

neighborhood). The hot-wire system used in the present experiment is a
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unit designed and built at Fluid Dynamics and Diffusion Laboratory. This
is a fully transistorized hot-wire anemometer bridge of constant temp-
erature (CT) type [20].

An examination of some previously published data on heat transfer
from fine heated wire shows that there are relatively large inconsistencies
among the results of different experiments [21]. Nonetheless, the general
trend of the results is the same. All show clearly a power law dependence
of the heat loss on wire Reynolds number. The exponent varies from 0.45
to 0.52, depending on the mean velocity, but the general tendency is to
accept a square-root law, i.e., the so-called King's law [22].

In our work we always relied on an appropriate calibration curve for
each particular wire used. With regard to the power law dependence, the
1/2 power law, as will be shown later, was satisfied approximately for
most of the velocities of interest. It is important to notice that at
very low velocities, viz., velocities smaller than about 0.10 m/sec, the
King's law is not satisfied any more [21].

The simplified and operational form of the relation for the heat
transfer from a wire placed normal to the flow, i.e., the King's law,
assuming, as is usually done, that the wire resistance is linearly
related to its temperature [21, 23] is

B = Ei + AU1/2 s {2.1)

where E 1is the actual voltage drop across the wire, Eo the voltage
drop in still air (zero velocity or shielded hot-wire) and U is the
undisturbed air velocity. The constant A depends on wire configuration
and properties and on air properties. Furthermore, both A and Eo

depends on the chosen resistance ratio. The latter expresses the ratio
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of the actual wire resistance Rw to its cold resistance Rwoc
(unheated wire in still air).

If u is the fluctuation parallel to the mean velocity U , Eq. (2.1)
can be written

(E+e)? = 52 + AT + w2 (2.2)

where the overbar denotes mean (or time-averaged) values, and Eo is

a constant under the chosen operating conditions. In the above relation-
ship the mean velocity is designated by U and E stands for the time-
averaged voltage drop across the wire, i.e., the DC voltage necessary

to balance the bridge under steady conditions. The fluctuating component
of the velocity is denoted by u and the corresponding instantaneous
voltage drop by e , i.e., the instantaneous AC voltage. Under the
assumption of relatively small fluctuations higher order terms in the
binomial expression of (E + e)2 and (U + u)l/2 can be neglected.
Then, after some manipulation (separation of the bridge voltage into DC
and AC parts and taking root-mean-square of both voltage components),

the turbulence intensity, which is commonly defined as urms/ﬁ. , is

given by

5 , (2.3)
O

where the subscript rms denotes square-root of mean (time-averaged)
square values, i.e., u  and e .

It is, futher, important to underline that Eq. (2.3) is valid when
the mean velocity is relatively high in addition to the condition of

small fluctuation. At low velocities, i.e., when (E - Eo)/E0 < 02

the coefficient of the right side of Eq. (2.3) increases drastically [21].
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Hence, at small velocities this relationship can not yield satisfactory
and reliable results. Recently, a new hot-wire method for low velocities
with large fluctuations was developed by Sadeh et al. [21]. This method
requires in addition to the bridge module an adequate linearizer unit.

A program for constructing a new hot-wire anemometer system has recently
been completed. Currently, the performances of this new unit are checked.
With the completion of the latter this new modular system will be

employed during future experimental studies of the canopy flow.

As mentioned earlier the experiments reported in this work were
carried out using a simple CT anemometer. Consequently, high turbulence
intensity measurements, viz., larger than about 50 to 60%, at relatively
low velocities are disputable., Nevertheless, the hot-wire survey was carried
out for obtaining,at least,an overall picture of turbulence intensity variation.
In connection with the hot-wire anemometer unit the following
auxiliary equipment was used:
(1) A digital DC voltmeter (Hewlett Packard, Model 34L40A)
for monitoring of various output voltages;
(2) A true root-mean-square meter, TRMS (DISA, Type 55D35) for
measurement of rms values;
(3) A dual-beam oscilloscope (Textronix, Type 502A) for quick
assessment of the output signal pattern, calibration and
monitoring of the instantoueous AC signal.
A simplified block diagram of the equipment used is shown in Fig. 3.1
A wire of nominal diameter, dw , 0.005 mm and aspect ratio, 1/dw,
(1 being the wire length) of 520 was used. The wire was made of copper-

plated tungsten. A standard straight probe (DISA Type 55A22)was utilized.
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In connection with this probe a coaxial cable is employed and, therefore,
its resistance is taken into account in establishing the wire hot
resistance.

Accurate calibration of the hot wire was of particular importance
primarly at relatively low velocities within the roughness. The
calibration was effected in the wind tunnel by changing the free-stream
velocity. For this purpose the hot wire was located 1 m upstream of the canopy
leading edge and 1 m above the tunnel floor, i.e., in the same plane with the
Pitot-static tube. The latter was utilized for measuring the mean velocity.
Unfortunately, the lowest stable velocity attainable in the tunnel is
about 0.8 m/sec. For smaller velocity ranging between the latter and
0.5 m/sec the calibration was approximated by linear extrapolation. No
calibration was performed for lower velocity than the former. Recently,

a calibrator (Thermo-Systems, Calibrator Model 1125) was purchased. This
apparatus permits accurate calibration in the velocity range 300 m/sec to
about 5 mm/sec. Presently, this calibrator is being used.

A sample of the kind of calibration curves obtained using the wind
tunnel is provided by Fig. 3.2. The 1/2 power relation (E2 « Ul/2) was
reasonably satisfied. It is relevant to notice that calibration curves
do not extrapolate as straight line toward the origin. In all the cases
the theoretical still air voltage, Eoth , obtained by linear extrapola-
tion, was smaller than the measured voltage at zero velocity (hot-wire
shielded), E, - On the average E ., was found to be about
0.935 Eom o This behavio; is peculiar at low velocities
due to free-convection effects. The reproducibility of the calibration

curves was within 1 to 3%.



1k

It is, further, important to notice that during the calibration the
hot-wire was oriented just as it would be in the test run. This permits

to account for free-convection effects.
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4. EXPERIMENTAL RESULTS
This exploratory experimental investigation of flow imside and above the
canopy had the following main purposes:
(1) To study the mean velocity evolution along the canopy.
(2) To investigate the turbulence intensity variation along the canopy.
(3) To examine the roughness effects on both mean velocity and
turbulence.
(4) To determine guide lines for future work based on the results of
this study.
The system of coordinates used in the presentation of the results is
portrayed in Figs. 2.1 and 2.2. The origin is at the geometrical center
of the canopy leading edge. As the experimental results are presented
below, some pertinent discussion is interspersed wherever is deemed

helpful for their proper interpretation.

4,1 Establishment of the flow

To begin with,the wind tunnel ceiling slope was adjusted for
approximately zero pressure gradient along the test section. The latter
was indicated by null differential pressure taken from eight
equidistant pressure taps along the test section and a Pitot-static
tube. It was located in the free stream as shown in Figs. 2.1 and 2.2.
The pressure difference was approximated within 0.001 mm Hg.

The experiments were carried out.at constant free-stream velocity of
6 m/sec. The latter, denoted by Uo° , was measured 1 m upstream of

the canopy by means of a Pitot-static tube.
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Hereafter, unless mentioned otherwise, all the results are presented

in dimensionless form. The dimensionless coordinates are defined by

X,¥,2 = X/h, y/h9 z/h s (h-l)
where h is the canopy height, i.e., h = 18 cm , and the dimensionless
velocity by

V=V/u, (4.2)
As mentioned earlier, the mean velocity in the atmospheric boundary

layer is approximated by the logarithmic law [1]

U 4. Z
—_—i = AN, S
o

where Zg is the roughness length and «k stands for von Karman's

universal constant. Usunally, it is assumed to be about 0.4. In the

logarithmic law U, is the friction velocity
U, = /ro/p , (k.4)

where T is the shear stress at the wall and p stands for air density.
It is important to notice that this logarithmic universal velocity
distribution law is based on the assumption of constant shearing stress
throughout the boundary layer [24]. This wall law is widely used in
describing the veiocity distribution within the atmospheric surface
layer. Both constants U, and zZ depend on local conditions and
upstream velocity. For given conditions they can be determined from the
local measured velocity distribution.

The mean velocity profile within the atmospheric surface layer can be
also described by a power law

U = Za s (’4.5)
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where @ is a constant. Its value depends on the local roughness
conditions. In Reference 25 a value of 0.28 is suggested for wooded
area and of about 0.16 for open country region.

The upstream mean velocity (time-averaged velocity) was measured
along the z-axis at 1 m upstream of the canopy, i.e., at x =-=1m ,
in plane y = 0 . The measurements were performed by means of
single hot-wire at 18 stations over a distance of 60 cm. In carrying
out these measurement the hot-wire was positioned for maximum output.
According to cosine law [23] the wire is most sensitive to the resultant
normal velocity. It was found that the latter was aligned with the
x-axis within less than 0.5O yaw or pitch angle.

The measured mean upstream velocity distribution along
the z-axis is displayed in Fig. 4.1. The results were reproducible
within about 3 to 5%. It was found by plotting the measured velocity
on B8emilogarithmic paper that the logarithmic law is reasonably
satisfied. For the given free-stream velocity of 6 m/sec and for the
smooth area upstream of the canopy it was found that U, = 25 cm/sec
and z_ = 0.0094 cm.

Simultaneously, it was found that the mean velocity varied satisfact-
orily according to the power law. The value of the power o was
approximated to be about 0.14. Its value is about 12% less than the
value suggested for open country in Reference 25. Consequently, the
upstream velocity distribution was deemed adequate for the experiment
since both the wall law and the power law were found to be effective

for the wind tunnel flow.
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4.2 Mean velocity survey along the canopy

The mean velocity was measured at 10 locations along the model
canopy over a distance of 12 m. Two stations were located 1 m upstream
and downstream of the canopy leading and trailing edge, respectively.

The measurements were performed by means of a single hot-wire anemometer
(see Section 4.1) along the canopy center line i.e., in plane y = 0 ,
along the x-axis. At each location the measurements were carried out

at 1T stations over a distance of 60 cm along the z-axis, i.e., 8 stations
were located inside the canopy and 9 stations above the canopy.

The measured velocity distributions at the aforementioned 10 positions
are displayed in Figs. 4.1, 4.2 and 4.3, respectively. Within the canopy
a relatively strong deceleration occurs over a distance of about 15 to
20 roughness heights, i.e., over about 3 to 4 m from the leading edge.
This is clearly discerned by observing the evolution of the mean velocity
as shown in Figs. 4.1 and L.2. Similarly to pipe flow this region can
be defined as the entrance region. Furthermore, most of the deceleration
takes place within only about 5.5 roughness heights from the leading edge.
Beyond this distance the entrance region effect is less pronounced.
Nevertheless, the diminishing of the velocity is still observed up to
about 20 h from the leading edge.

Subsequently, the velocity reaches a state of relative equilibrium
over the remainder of the canopy. No more drastic changes do occur and
a fully developed flow region is achieved. Toward the trailing edge of
the canopy a slight growth is observed over a distance of about 5 h
followed by a larger increase downstream of the canopy. This is
due to the velocity variation along the smooth surface leewind of the

canopy.
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It is important to remark the roughness configuration effect on
the vertical velocity gradient inside the canopy. Generally, higher
velocities were measured along the trunk than along the first 1/3 of the
crown., The former extends over 0.28 h whereas the latter over 0.72
of canopy thickness. Throughout the beginning of the entrance region,
i.e., up to X = 5,58 , the largest velocities within the canopy were
monitored along about 1/2 of the trunk as shown in Fig. 4.1. This region
of relatively larger velocities is called the jet region. The latter
is caused by the stem spacing. Downstream of this position the flow
Jjetting is less pronounced. Within the fully developed flow domain
the jetting effect gradually vanishes. The velocity is practically constant
along the stem throughout the second half of this region. Only close
to the trailing edge the jetting does redevelop.
A minimum velocity was monitored at all stations at approximately
half of canopy height, i.e., at about 0,3 of crown height. This
minimum is followed by a slight rate of increase. A maximum is reached
at the canopy outer edge, i.e., at Z = 1 , except for the jetting region.
It is interesting to examine the changes in velocity at constant
height along the canopy, in other words, to follow the velocity
evolution along particular isoheights. The results for 14 isoheights
within and above the canopy are portrayed in Figs. 4.l and 4.5, respectively.
The relative extents of the entrance and fully developed flow regions
within the canopy are clearly distingushed. Throughout the former
the velocity decreases by about 95%. Subsequently through the fully
developed region the velocity is practically constant up to about
Z = 0.7T. Its magnitude is determined by the entrance region downwind

velocity. At higher elevations the velocity oscillates within this region
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with a peak at about % = 28 and a minimum around X = 42 to U5. This
variation is probably due to the crown shape effect. The relatively
small acceleration close to the trailing edge and downstream of it is
also observed. It seems that the velocity field throughout the es-
tablished flow region is determined by entrance domain conditions
and crown configuration.

It is, further, important to notice that the velocity variation
along and above the canopy is qualitatively similar to velocity change
within the roughness. This is clearly shown in Fig. 4.5. The velocity
decrease characteristic to the entrance region stretches up to more
than two roughness heights above the canopy but, its horizontal extent
is only about 10 roughness heights. Furthermore, the rate of decrease
diminishes with height, e.g., from about 80% at Z = 1.11 to approximately
10% at Z = 3.33. Similarly to the flow within the canopy, a so-called
fully developed iegion can be defined. Throughout the latter the
velocity varies within about 5% around the entrance region downwind
velocity at each height. The slight velocity increase toward the canopy
end was also observed.

Next, based on the vertical velocity distribution the boundary-layer
thickness growth along the canopy was approximated. It was defined,
as commonly done, as the distance from the wall where U/Uco = 0.99 .

The latter was computed by smooth extrapolation of the measured velocity
displayed in Figs. 4.1, 4.2 and 4.3. The results are shown in Fig. k4.6.
In this figure the boundary-layer thickness is made dimensionless

with respect to roughness height. The boundary-layer thickness
increases gradually from L4 roughness heights upstream of the canopy

to more than 5.5 h close to the canopy end. The strongest growth

occurs within the entrance region. Throughout the fully developed

flow domain the rate of growth is rather small, e. g.,
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over 66% of the canopy length it grows only by 10% whereas the growth

over the entrance region is more than 30%. It is important to bear in
mind that the canopy causes the development of an internal boundary
layer. Consequently, the total thickness is the result of both outer
and internal boundary layer. In order to obtain a better estimation of
the boundary-layer thickness velocity measurements up to about 6
roughness heights above the canopy are necessary.

The mean velocity within the atmospheric shear layer above
roughness is usually described by a modified logarithmic law [26, 27]
similar to basic wall law as expressed by Eq. (4.3). The modified

law is

1 z - d
==ln = s (4.6)
o

Sle

where d is the zero-plane displacement. Thus, a third parameter is
introduced because of the roughness. Generally, the zero-plane dis-
placement is a function of the free-stream velocity and local roughness
conditions. It can be determined experimentally for given flow conditions
in a similar manner to the evaluation of the other two parameters U,
and z_ (see Section 4.1). In Ref. 13 is suggested that the zero-plane
displacement caﬁ be approximated by the canopy height, i.e., d = h .
This result was employed throughout the present work.

In order to assess the validity of the logarithmic law the velocity
variation along the z-axis was plotted on semilogarithmic paper. A
sample of the velocity distribution is displayed in Fig. 4.7 at x=5.0m .
Similar velocity profiles were prevalent at the other stations including

the entrance region. Two zones of linear variation can be clearly
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discerned. The first zone, denoted by I , extends over a distance of
about T0% of canopy height while the second, designated by II, stretches
over more than one roughness thickness. It is suspected that zone I
indicates the extent of canopy top wake whereas zone II the thickness of
the internal boundary layer. The total boundary layer thickness is given
by the internal and external boundary layer. The former is caused by the
roughness and does thicken the external (or natural) boundary layer. The
measurements within the outer zone (II) did not extend over enough length
for obtaining a better approximation of the internal and total boundary-
layer thickness than suggested in Fig. 4.6. It appears that measurements
up to more than 6 roughness heights are necessary.

The friction velocity and roughness length were computed at
each station for both inner and outer zone. Their behavior along
the ZX-axis are shown in Figs. 4.8 and 4.9, respectively. In these
figures the friction velocity is made dimensionless with respect to
U, and the roughness length with respect to canopy height h .
Within the outer zone the friction velocity exhibits a drastic change
throughout the entrance region. It amplifies by more than 6 times
over a distance of about 10 roughness heights. Its peak value occured
roughly at the middle of this region. As the fully developed domain
is approached it diminishes gradually. Through the latter the friction
velocity is practically constant. However, it is still about 2 times
larger than at the canopy leading edge. A slight increase is observed
toward the roughness trailing edge. In the inner region the friction
velocity reveals a slightly periodical variation with about +15% around
0.32 throughout both regions. The roughness length exhibits a similar

change as U, 1in the outer zone. On the other hand, throughout the
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inner zone it decreases by about 3 times along the entrance region and
leading portion of the established flow domain. Along the latter it
firstly augments strongly. A maximum of approximately 0.47 is reached
at %X = L.5. Subsequently, it decays drastically as the trailing edge
is neared. The important feature of these results is the entrance
region decisive effect upon the friction velocity, i.e., on the shear
stress, and roughness length. Thus, the flow similarity parameters
are pracitically determined by the entrance region flow conditions.
Besed on the computed values of U, and zg it was found that
the modified logarithmic law is reasonably satisfied along the canopy.
In other words, similarity velocity profiles were obtained. The
results at 5 stations along the canopy, 2 within the entrance region
and 3 along the fully developed flow domain, are displayed in Fig. 4.10.
As mentioned earlier, the logarithmic distribution is based on
the assumption that both U, and zo are constant with height at a
given position and for given conditions. Hence, it is interesting
to find their values from the local measured velocity variation. By
means of Eq: (4.6), they were computed over successive equal intervals
of about 1 to 2 cm. The results for both friction velocity and roughness
length at four stations are shown in Figs. 4.11 and 4.12, respectively.
One station is located in the entrance region and the remainder three
are in the fully developed flow domain. They are made dimensionless

with respect to U and h , respectively. A rather strong change with height

~

is observed. Within the fully developed flow domain Uy increases

by about 10 times over a distance of 2.5 canopy heights. At the
station located in the entrance region the friction velocity increases
continuouslyup to about 1.5 roughness thicknesses being followed by

a monotonical decrease. The roughness length distribution reveals a

similar change. For instance, in the fully developed flow region it
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increases from practically zero to more than 0.25. Consequently,
the validity of the logarithmic law is disputable. Fortuitously,
at first glance it appears that the velocity distribution does obey
it. However, the variatiors with height of the friction velocity and

roughness length are in contradiction with the basic assumption that

they are local constants. In other words, the assumption of constant
shear stress [2L4] is not satisfied. It is possible that over relatively
very small intervals the logarithmic law is effective. On the other
hand, it is not applicable throughout the entire boundary layer or
significant portions of it. This is clearly indicated by the results

presented.

4.3 Turbulence intensity survey

Simultaneously with mean velocity measurements the longitudinal

turbulence intensity based on local mean velocity

7 - -me " (h.7)

was monitored. Its variations along the z-axis at 8 stations along the
canopy and at two stations located 1 m upstream and downstream of the
canopy , respectively, are displayed in Figs, 4.13, L4.1L4 and 4.15. The
turbulence intensity change upstream of the canopy (at X = - 5.55)
is shown in Fig. 4.13. At this station the turbulence diminished
approximately linearly from about 18% at % = 0.056 to 4% at % = 3.33 .
The latter location is 2.33 roughness heights above the canopy. Note
that the free-stream natural turbulence is approximately 0.1%. The
turbulence does decrease as the velocity increases. The relatively
large turbulence intensity of the approaching flow is clearly discerned.
Over the canopy height it decayed only by 8%, viz., from 18 to 10%.

The turbulence variation along the z-axis at canopy leading edge

(¥ = 0) is also shown in Fig. 4,13, TIts change is practically similar
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to the upstream turbulence. Only along roughness height slightly
larger values were measured. It is equal to the upstream turbulence
beginning from % = 1.11 .

Within both the entrance and fully developed flow regions relatively
large turbulence intensities were measured inside the canopy. Generally,
a similar variation is observed at all stations along the canopy. The
turbulence augments continuously along the stem and along about
3/4 of the crown. At all stations it reaches a maximum followed by a
subsequent decay. It is important to notice that these local maxima
were monitored at approximately the same heights at all the stations
along the canopy. It was measured at 2 = 0.83 + 10% .

Throughout the entrance region turbulence intensity as high as 90%
was recorded. The latter was measured at X = 16.66 . At the other
two stations, i.e., at % = 5.55 and 11.11 , maxima of about T0% were
monitored. As mentioned earlier, these high turbulence results are
disputable due to low velocities prevailing inside the canopy and the hot-
wire system employed. However, undoubtedly they do indicate the local
turbulence behavior. As the canopy top is approched the turbulence
decayed gradually. At this position intensities of 60 to 65% were
measured. Above the roughness the turbulence attenuates monotically.
Over a distance of 2.33 roughness heights it diminished to about T to
10%.

Within the established flow domain a similar variation was
monitored. Lower levels of turbulence were measured inside the canopy.

Nevertheless, maxima of 7O to 80% were still recorded. The results
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are shown in Figs. 4.14 and 4.15. At canopy top slightly smaller turbu-
lence than within the entrance region was measured. At all stations it
was smaller than 60%. Above the canopy it decayed in a similar manner

as through the entrance region but &enerally, lower values were measured.

The turbulence variation downstream of the canopy is displayed
in Fig. 4.15. Lower turbulence was measured along the canopy
height, however, it was still possible to discern a maximum of about
48%. The latter was measured at % = 0.5 . Above the canopy, starting
from z = 1.11 , it was practically equal to the turbulence within
the established flow region. Thus, the influence of the roughness
extended downstream of it. In order to assess the roughness effects
downstream of it, measurements over larger distance are needed.

It is, further, important to examine the turbulence intensity
variation along particular isoheights. Thus, to follow the turbulence
evolution along the roughness inside and above as determined by its
configuration. The results for 8 isoheights inside and above the canopy
are shown in Figs. 4.16 and 4.17, respectively. The turbulence does
increase dramatically inside the canopy through the beginning of the
entrance region. Based on its value upstream of the canopy (at
x = -1 m) the turbulence is amplified more than 7 times over a distance
of about 5.5 roughness heights. It should be recalled that the velocity
decreases by about 95% over this distance. Subsequently, through the
remainder of the entrance region and extablished flow domain the turbu-
lence revealed an irregular periodical variation. The oscillations
are more prominent along the crown than along the stem. Thus, the

roughness element shape causes local changes in the turbulence. As
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the canopy trailing edge is neared a continuous decrease was monitored.
Throughout this region the velocity exhibits a slight increase.

The turbulence amplification through the entrance region was also
observed above the canopy. It occured more gradually extending from
over 10 roughness heights at 2 = 1.39 to more than 25 h at Z = 3.33 .
Furthermore, the degree of amplification is smaller than inside the
canopy, €.g., at % = 1.39 the turbulence intensity is amplified to
about 6 times its upstream value while at % = 3.33 to about 4 times.
Within the established flow region the turbulence decayed slightly as
the trailing edge is approached. With larger distances from the roughness
the rate of decrease is smaller.

The important aspect of these results is the strong dependence
of turbulence variation upon canopy structure. The roughness affects
the turbulence above it up to more than two canopy heights. Thus,

the boundary layer above the canopy is highly turbulent.

4.4 Comparison with field results

In order to assess the validity of simulating wind flow inside and
above forest canopies in wind tunnel is of utmost importance to compare
these results with field measurements. Unfortunately, as yet the
published field results are rather scarce and questionable for conducting
such a comparison. In particular, full-scale data about turbulence
intensity variation is completely insufficient and unsatisfactory.

This is probably due to the complexity of field measurements and the

state of art of suitable instrumentation.
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Recently, Shinn [28] reported results of mean wind and turbulence
measurements in and above a jungle-like coastal forest about 30 m high.
These measurements were performed under isothermal conditions at eight
heights up to about 60 m and at 3000 m from any forest border. Thus, they
were carried out within the fully developed flow region. The field results
for the mean velocity and longitudinal turbulence intensity are displayed
in Figs. 4.18 and 4.19, respectively. In these figures.the mean wind is
made dimensionless with respect to the uniform velocity and the vertical
and horizontal (z and x-axes) distances with respect to the canopy height.
Since no results about the uniform velocity are reported, it was approximated
by extrapolation of the measured wind up to about 2 canopy heights above
the forest. It was found to be 5.5 m/sec. The turbulence is generally
anisotropic but only its longitudinal component is shown in Fig. 4,19,
Throughout the canopy it is the predominant component and, furthermore,
only it was measured during the wind tunnel experiment. The turbulence
intensity results displayed in this figure are based on the local mean
velocity.

Wind tunnel results within the established flow domain for both mean
velocity and turbulence intensity are also shown in these figures. The
latter was obtained at % = 52.77 (x = 9.5m) whereas the field results
at X = 100, both locations being in the fully develcped flow region.
Recall that the mean velocity and turbulence intensity are practically
constant throughout this region and that the model canopy extends over
61.11 rcughness heights. Generally, the mean velocity does exhibit a
similar qualitative variation. Moreover, throughout most of the canopy
height the velocity is exactly the same. They begin to differ close to

canopy top. At Z = 0.8 the field velocity is larger than the wind tunnel
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results by about 4% whereas at % = 0.9 by 18%. Above the cancpy the
difference increases. For instance, at Z = 1.5 the former is larger than
the latter by about 70%. A similar general agreement is obtaired when
comparing the wind tunnel results with some real forest measurements
reported in References 3, 17, 29, 30, 31, and 32.

The longitudinal turbulence intensity change with height reveals
also a similar behavicr in both cases. The field results are slightly
larger throughout the canopy but starting from about Z = 1.4 they
are practically equal. Note that the prototype turbulence intensity
measured at 2z = 0.31 was not included since it was not recorded on the
same tower as at the other stations. The local discrepancies in mean
velocity and turbulence intensity are probably due to the relatively
crude instrumentation employed during field investigations. Ndnetheless,
the important aspect is the reasonable general similarity of the wind

tunnel and prototype forest results.
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5. CONCLUSIONS

The results presented in this work indicate clearly that the flow
characteristics inside and above the canopy are determined by the
entrance (or transition) region. The latter extends over a distance
of about 15 to 20 roughness heights. As yet field measurements within
this domain are not available. However, a similar transition distance
was observed in relation with the effectiveness of shelter belts [33].
The entrance region is followed by a fully developed flow domain which
stretches over most of the canopy length. Throughout this region both
the mean velocity and longitudinal turbulence intensity exhibit a
state of relative equilibrium. A third region extending dver about
5 roughness heights is‘observed close to the trailing edge. Through
this region relatively small velocity increase occurred due to the
flow adjustment to the conditions downstream of the canopy.

The velocity and turbulence intensity inside the canopy is
strongly affected by the roughness elements shape. Slight velocity
acceleration occurred along the trunk, i.e., the jetting effect, where-
as it reaches a minimum along the crown. Simultaneously, the turbulence
intensity is the highest at about 0.83 of canopy height. Intensities

as high as 80 to 90% were monitored.

Outside and along the canopy the velocity and turbulence show a
similar variation as within it. The three flow regions are easily
discerned. The canopy affects the flow above it up to more than
4 roughness heights. A turbulent boundary layer extending roughly up

to more than U4 roughness heights above the canopy was measured.
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Generally, at each position the velocity appears to obey the
modified logarithmic law. The friction velocity and roughness length
do change strongly through the entrance region and are practically constant
along the established flow domain. On the other hand, particular local
computation of friction velocity and roughness length revealed that both
vary drastically with height. Thus, the so-called characteristic para-
meters of the velocity profile are not local constants and cannot be
determined using the logarithmic law. Consequently, the constant shear
stress assumption and, moreover, the validity of this law are disputable,
albeit, at first glance, it seems that the logarithmic distribution
is reasonably satisfied.

Lastly, comparison with field measurementshows that the flow
characteristics within and above vegetative canopies can be satisfactorily
simulated in the meteorological wind tunnel. Thus, it is economically
feasible to study the various effects of canopy characteristics on the

flow field.
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Fig. 2.3 Overall View of Model Forest Canopy
and Wind Tunnel.
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APPENDIX A

Mean velocity and longitudinal turbulence intensity

The results for the mean velocity and longitudinal turbulence
intensity along the canopy center line, i.e., along the x-axis,
are summarized in Table 1. In this table the dimensionless
coordinates are defined by Eq. (4.1), the dimenionless mean
velocity by Eq. (L4.2) and the longitudinal turbulence intensity by
Eq. (4.7). Note that u' = urms(z).

A schematic diagram of the experimental arrangement is shown

in Fig. 2.2. The results summarized in this table are displayed

in Figs. 4.1 to 4.3 and 4.13 to L4.15, respectively.



MEAN VELOCITY AND TURBULENCE INTENSITY

TABLE 1

X (m) -1.00 0 .00 2.00 3.00
% -5.55 0 .55 11.11 16.66

z U U u'/u ] U u'/u ] U u'/u ] U u'/u ] U u'/u
(cm) (m/s) (m/s) (m/s) (m/s) (m/s)

1.0 0.06 | 3.42 0.570  0.139 | 2.02 0.337  0.214 1.37  0.228  0.253 | 0.58  0.097  0.345 | 0.50  0.083  0.543
3.0  0.17 3.72  0.620  0.139 | 2.62 0.437  0.197 1.32  0.220  0.330 | 0.40  0.067 0.434 | 0.36  0.060 0.598
5.0 0.28 | 3.92  0.653 0.130 | 2.79  0.465  0.192 | 0.59  0.098  0.655 | 0.36  0.060  0.580 | 0.30  0.050 0.658
7.0 0.39 | 4.20 0.700  0.120 | 2.96  0.493  0.178 | 0.36  0.060  0.673 | 0.27  0.045 0.723 | 0.23  0.038  0.740
9.0 0.50 | 4.33 0.722  0.119 | 3.10  0.517  0.158 | 0.30  0.050  0.560 | 0.31 0.052  0.715 | 0.29  0.048  0.738
12.0  0.67 | 4.45 0.742  0.113 | 3.17  0.528  0.146 | 0.30  0.050  0.550 | 0.48  0.080  0.634 0.42 0.070  0.843
15.0  0.84 | 4.58  0.763  0.107 3.31 0.552  0.129 | 0.30  0.050 0.810 | 0.64  0.107  0.727 | 0.48  0.080 0.966
17.0 0.95 | 4.62 0.770  0.106 | 3.50  0.583  0.127 | 0.72 0.120  0.578

18.0 1.00 | 4.80  0.800  0.099 | 3.57  0.595  0.ll6 | 0.92  0.153  0.568 | 0.90  0.150  0.676 1.21 0.202 0.668
20.0 1.11 4.80 0,800 0,099 3,88  0.647 0,108 1.00  0.183  0.491 1.42  0.237  0.550 1.23  0.205 0.539
25.0 1.39 | 4.88  0.813 0.098 | 4.16  0.693  0.105 | 2.02  0.337 0.377 1.72  0.287 0.487 1.72  0.287 0.456
30.0 1.67 | 5.06 0.843  0.092 4.62  0.770  0.096 | 3.42  0.570 0.217 2,19  0.365  0.404 1.96  0.327 0.437
35.0 1.94 | 5.06 0.843  0.088 | 4.71 0.785  0.091 4.16  0.693  0.164 2.69  0.448  0.368 | 2.59  0.432 0.374
40.0 2.22 | 5.24 0.873 0.082 | 4.88  0.813  0.081 4.67  0.778  0.096 3.17  0.528  0.310 3.13  0.522 0.278
45.0  2.50 | 5.34  0.890  0.068 | 5.02 0.836  0.074 | 5.06 0.843  0.076 | 4.28  0.713  0.193 3.92 0.653  0.231
50.0 2.78 | 5.66  0.943  0.057 | 5.15 0.858  0.071 5.15  0.858  0.076 | 4.97  0.828  0.127 | 4.37 0.728 0.192
55.0  3.05 | 5.71  0.952 0.048 | 5.43  0.905 0.057 | 5.34  0.890  0.070 5.38  0.897  0.105 | 4.80  0.800 0.152
60.0  3.33 [ 5.71  0.952  0.035 5.52  0.920  0.041 5.34  0.890  0.069 | 5.57  0.928 0.085 | 4.88  0.813  0.114
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MEAN VELOCITY AND TURBULENCE INTENSITY

TABLE 1

(Cont'd)

X (m) 5.00 7.00 9.50 11.00 12.00
X 27.77 38.88 52.77 €1.11 66.66
z Z U U u'/u U ] u'/u U U u'/u ] U u'/u ] U u'/u
(cm) (m/s) (m/s) (m/s) (m/s) (m/s)
1.0 0.06 | 0.14  0.023 0.759 | 0.19  0.032 0.780 | 0.28  0.047  0.640 | 0.50  0.083  0.431 0.50 0.083  0.810
3.0 0.17 | 0.21  0.035  0.575 | 0.24  0.040  0.677 | 0.29  0.048  0.678 | 0.53  0.088  0.472 | 0.92 0.153 0.657
5.0 0.28 | 0.17 0.028 0.730 | 0.25  0.042  0.625 | 0.25  0.042  0.555 | 0.42  0.070  0.559 1.32 0.220 0.417
7.0 0.39 | 0.24 0.040 0.579 | 0.19  0.032  0.710 | 0.15  0.025  0.795 | 0.40  0.067  0.545 1.39 0.232 0.489
9.0 0.50 | 0.26 0.043  0.615 | 0.18  0.030  0.795 | 0.18  0.030  0.600 | 0.25  0.042 0.752 1.42 0.237 0.485
12.0  0.67 | 0.38 0.063 0.716 | 0.30  0.050  0.723 | 0.28  0.047  0.697 | 0.37  0.062  0.710 1.66  0.277 0.450
15.0 0.84 | 0.81  0.135  0.761 0.44  0.073  0.828 | 0.58  0.097 0.876 | 0.88  0.147  0.688 1.93  0.322 0.400
18.0 1.00 1.44  0.240  0.562 1.02  0.170  0.655 1.23  0.205  0.572 1.93  0.322 0.513 1.96  0.327 0.412
20.0 1:11 1.61  0.268  0.487 1.44  0.240  0.498 1.72 0.287  0.441 2.07  0.345  0.402 2.02 0.337 0.407
25.0 1.39 2,25  0.375  0.374 1.99  0.332  0.350 2.07  0.345  0.335 2.72  0.453  0.307 2.76  0.460 0.328
30.0 1.67 .40 0.400  0.313 | 2.40  0.400  0.289 | 2.8  0.477  0.289 | 2.92  0.487  0.241 2.92 0.487 0.285
35.0 1.94 | 2.82  0.470  0.267 | 3.20  0.533  0.264 3.03  0.505  0.281 3.39  0.565  0.215 | 3.24 0.540 0.218
40.0  2.22 | 2.99  0.498  0.260 | 3.35  0.558 0.236 3.13  0.522  0.244 3.61 0.602 0.218 | 3.39  0.565 0.214
45.0  2.50 | 3.35  0.558  0.237 3.42  0.570  0.212 3.78  0.627  0.204 | 3.96  0.660  0.180 | 3.76  0.627 0.193
50.0  2.78 | 3.72  0.620  0.216 | 3.80  0.633  0.178 | 4.00 0.667 0.184 | 4.33  0.722  0.173 | 3.84 0.640 0.173
55.0  3.05 3.80  0.633  0.208 | 4.08 0.680  0.172 | 4.20  0.700  0.165 | 4.75  0.792  0.162 4.04  0.673 0.148
60.0  3.33 | 4.08 0.680 0.182 | 4.20 0.700  0.170 | 4.37  0.728  0.162 | 4.58  0.763  0.150 4,28 0.713  0.135
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