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Abstract
This study used a wind tunnel to examine turbul_ent. flow in thinned forests and
downwind of shelterbelts. High frequency measureménts of the wind components were
made using a Dantec triaxial hot-wire probé. Four thinning treatments were studied, con-
sisting of uniformly spaced model trees with plant area index (PAI) = 4.5, 1.7, 0.7 and 0.4.
Turbxlﬂence statistics up to the fourth order, as well as results from quadrant analysis and
spectral densities, were compared to a similar field study, showing good agreement be-
tween model and ﬁeid results. Length and time scalgs associated with the canopy turbu-
lence were described with linear stability theory. Forest thinning was shown to increase
turbulent energy and momentum transport within the cahopy. Four shelterbelt widths
were studied in both laminar and turbulent flows. Profiles were measured at both up-
stream and downstream positions, and without shelterbelts present. Turbulence statistics
up to the fourth order, spectral densities and results from quadrant analysis were exam- 7
ined. The turbulent flow cases showed little variation with width due to mixing of the

flow by turbulence, while the laminar flow cases showed strong differences between

widths extending much further downwind.
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Chapter 1: Introduction

1.Introduction

Public demand. for greater environmental awareness in the forest industry has
spurred research into the impacts of various management practices. One important factor
for the regeneration of stands and the health and growth of the remaining tfees is micro-
climate. To fully predict the impact‘ of forestry practices on microclimate, understanding
turbulence in and around a forest is essential. "I‘his'research was conducted in order to
characterise the eﬁe&s of several forestry practices on turbulence regimes. In particular, it
examines thinning of forests, as happens with selectiv¢ logging or shelterwoods, and shel-
terbelts, that are required by the Forest Practices Code of British Columbia in riparian

- ZOnes. |
Clearcutting has4 been the dominant method used to harvest timber in British Co-
lumbia. Alternative strategies include shelterwoods (where isolated trees or clumps of
trees are left standing) and seiective logging (where trees are harvested individually or in
small groups). Two major céncems which must be addresséd in selecting a harvest system
are windthrow of remaining trees and microclimate for regeneration. Both are influenced
strongly by windspeed and turbulence, which in turn are largely determined by clearing
size, structure and orientation. The first part of this study intends to clarify the effects of
uniform thinning on turbulence regimes within a forest. Uniform thinning resembles both
single tree selection énd shelterwoods, the former by direct analogy and the later because

isolated trees or groups of trees spread over a clearing correspond to uniform thinning

~ with very high percentage removal.
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Shelterbelts appear in a variety of agricultural and forestry situations. In particu-
lar, riparian zones must be left uncut creating a narrow strip of vegetation, i.e. a shelter-
belt. The width of these zones is regulated by the Forest Practices code; the second part
of this study is concerned with how the width affects the wind forces acting on the trees
and the downwind turbulence regiine. These are important issues for the survival of the
standing trees, which are usually in shallow, wet soils and prone to blowdown, and for the
downwind microclimate, which will influence regeneration of the cut area.

Because of the extreme difficulties in making systematic, timely and cost-effective
measurements in the field, this study was conducted in a wind tunnel. This has many ad-
vantages, allowing conditions to be carefully controlled and many measurements to be
made in a short period of time. However, there is concern as to the applicability of wind
tunnel results to real-world situatiéns. This issue has been addressed as part of this study

by comparing measurements made in the wind tunnel with published field data.
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2.Turbulent Airflow in Canopies of Varying Density

2.1.Introduction
- Clearcutting has been the dominant method used to harvest timber in British Co-
lumbia. Current public demand for more aesthetic practises has driven the forest industry
to consider alternative strategies, including shelterwoods (where isolated clumps of trees
are left standing) and selective logging (where trees are harvested individually or in small
groups). - Two major concerns which must be addressed in selecting a harvest system are
windthrow of remaining trees and microclimate for regeneration. Both are influenced
strongly by windspeed and turbulence, which in turn are largely determined by clearing
size, structure and orientation. This study was conducted to clarify the effects of uniform
thinning on turbulence regimes within a forest. Uniform thinning resembles both single
tree selection and shelterwoods, the former by direct analogy and the latter because iso-
lated trees or groups of trees spread over a clearing correspond to uniform thinning with
very high percentage removal. Because of the extreme difficulties in making systematic,
timely and cost-effective measurements in the field, this study was conducted in a wind
tunnel.
Recently Green et al. (1995) bublished a field study on thg effects of tree spacing
on turbulence characteristics. Their study was conducted in a Sitka spruce plantation in
stands of three different densities. Amiro (1990) has also examined turbulence in three

different boreal forests which had different densities due to different species composition

in each stand. Lee and Black (1993) have reported on turbulence in a coastal Douglas-fir
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stand in British Columbia. These studies have improved our understanding of turbulence
and wind speed within and above forest canopies. The present work examines detailed
measurements made uﬁder controlled conditions.

. Wind tunnel studies have made significant contributions to understanding canopy
flows, and to techniques for analysing turbulence data. Seginer ef al. (1976) studied tur-
bulence in and above a canopy composed of stiff cylindrical rods. Raupach ef al. (1986)
examined a canopy composed of metal strips. Brunet et al. (i994) explored turbulence in
and above a canopy composed of thin flexible rods designed to simulate a wheat crop.
These studies laid the foundation for 'understanding model canoéies in the wind tunnel,
and the range of canopy structures provides a framework for understanding the similarities
and differences between our various thinning treatments.

The main objective of this chapter is to provide basic information on how turbu-
lence statistics, length scales and spectra are affected by changes in canopy density. In
order to accémplish this, high-frequency wind speed measurements have been made in and
above four canopies with different planting densities. 'Results have been compared to the
above-mentioned studies and discussed in terms of thé real-world consequences of thin-
ning to blow-down and forest microclimate. A second objective of this study was to ex-
amine the functioning of the wind tunnel model and the triaxial hot-wire probe in the high

turbulent intensities of a canopy. A third objective was for this study to serve as a baseline

reference for Chapter 3, which examines shelterbelts.
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2.2.Materials and Methods

2.2.1.Wind Tunnel

This experiment was carried out using the same wind tunnel and model as Chen et
al. (1995 — hereafter referred to as CBNA) in their forest clearing experiment. The wind
tunnel, owned by the Department of Mechanical Engineering at UBC, had a working sec-
tion 25 m long by 2.4 m wide by 1.5 m high. A constant windspeed (as measured by a
pitot tube-manometer system at the front of the tunnel) of 8 m s was used. Turbulent
ﬂow. simﬁlating the atmospheric boundary layer in neutral conditions was vgenerated by
‘Counihan spires (Counihan 1969), bluff bodies (boards), and roughness elements (wooden
blocks) (Figure 2.1). Downstream of tﬁe blocks was 6 m of model forést extending across
the tunnel. The equilibrated depth above the forest extended more than 2h (where 4 is
tree height) above the tree tops (CBNA). The spires generate a boundary layer depth §

approximately equél to their height, i.e. 6 = 1.25 m. The origin of the wind-tunnel co-

ies  clements

Spires Bluff Large roughness Small Forest (6 m)
I. €.
- (4.8m) (1.2m)

Figure 2.1: Turbulence generating arrangement
in the wind tunnel.

5
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ordinate system used in this study was at the edge of the small blocks (x = 0 m), with z =0

at the floor and y = 0 halfway across the tunnel.

2.2.2.Instrumentation

Cartesian wind vectors were measured using a three-dimensional (3D) hot-film
constant temperature anemometer (model 56C01, Dantec Elecfronik, Denmark). The
probe (Model 55R91) had three orthogonal sensing ﬁi)res each at 54.7° to the probe axis,
giving an acceptance cone of 70.6°. Calibration of the probe was performed following
Jorgensen (1971), who described the effect of pitch and yaw on the signal from a single
hot-wire. Full details of the calibration procedure are in Appendix I.

Voltage signals from the probe were recorded using a 486-based PC with an A/D
board (Multi-functional carrier PCI-20098C-1, Intelligent Instrumentation, USA). At
every sampling' location signals from the 3 probe wires were recorded for 20 s at 500 Hz,
creating raw voltage files of 3x10,000 data points. Data was ‘streamed’ directly onto a
hard' disk drive and later transferred to optical disks. Processing of the data was done
from the optical disks by first converting the raw voltage signals into velocity vectors in

hot-wire co-ordinates, then performing a transformation to shift to wind-tunnel co-

ordinates. Mean velocities (#, v and w) and fluctuations (u’, v’ and w’) were then calcu-
lated, where u, v and w are the streamwise, cross-stream and vertical components, respec-

tively.

2.2.3.Model Trées and Forests

The model forest consisted of individual model trees inserted into drilled holes in
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sheets of 1.2 x 2.4 m plywood. Full planting density was 500 trees m™> (used by CBNA)
in staggered rows. The trees, composed of plastic strips with an interwound steel wire
trunk, were 15 cfn tall and 4.5 cm wide. They were made using materials supplied by a
Christmas tree manufacturer (Barcana, Granby, Canada). Foliage was completely re-
moved on the lowest 1.5 cm to simulate a branch-free ‘trunk’ spaée and the upper portion
of the trees was trimmed to a conical shape, giving the per tree plant area profile shown in
Figure 2.2.

The treatments used in this study consisted of four uniform thinnings (referred to
as A, B, C and i)) which maintained the relative positions of the trees while incréasing the

absolute spacings. Density, spacing and plant area index (PAI) are listed in Table 2.1 for

LANEE BN I | 1 vy 17171 Y7171

1.00

0.75

z/h

0.50

025

0.00

"A(z) (cm*cm™)

Figure 2.2: Average plant arca per unit height for a single modei tree.
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each treatment, along with other basic pararheters. For compan'sorg parameters from
other studies cited in this chapter are included in Table 2.1, along with the acronyms used
to identify them in the text. It should be noted that GGH had a plant area distribution with
the greatest density around z/4 = 0.4 with much less leaf area in the upper third of the
canopy. The iwo wind tunnel sfudies, RCL and BFR, had an even distribution with z,
more like this study. Full density of 500 trees m™> was not used in this study due to the
risk of damage to the probe within the canopy and expected probe inaccuracy for the very -
high turbulence intensities found in thé full forest.

Four profiles were measured at each of four streamwise stations per treatment.
For each treatment the same relative positions were uéed at each station (Figure 2.3). The
stations, measured at position #1, were at x = 1.8, 4.3, 5.1 and 5.9 m. Little evolution was
observed from 1.8 to 4.3 m, and none beyond that. Therefore, the pr.oﬁles shown here are
the even-weighted average of the twelve profiles with x > 4.3 m. The exception to this was

A, which was too dense to permit more than one profile at each station, therefore profiles

- @
‘121./‘

Figure 2.3: Profile positions relative to

trees. Element separation, A, also shown.
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shown for A are averaged ﬁ'om three profiles at x = 3.1, 5.1 and 5.9 m. Weighting was
not applied to any treatment because sample calculations showed no significant changes in
first and second order statistics when a weighting scheme was tested. All profiles con-
sisted of 30 vértical measurement pointsat z=2,3,5, 7, ..., 59 cm (zZh = 0.13, 0.2, 0.33,

0.47, ...,3.93).
2.3.Results

i.3.1.Mean Vglocitieé |

Profiles of mean horizontél wind speed normalised by friction velocity (#/u, ) are
shown in Figure 2.4. Since u. was nearly constant across treatments, tﬁese profiles are a
good indication of the shape of u alone. As expected, u increases in the canopy as it is
thinned. This is also true above the canopy, vextending above zh = 2. Below z/h=0.5 the
profiles show relatively constant values, very much like a mixing layer. There is a clear
inflection point for all treatments at z = h, and ﬁ;/ ¢ at z = h increases as PAI increases.

All profiles sﬁow a suggestion of a secondary maximum near the floor. This is at the top
of the defoliated trunk space, though CBNA have shown that this maximum is not caused
by blow-through. A similar maximum has been reported byvboth LB and GGH in the field.
Well above the canopy, treatment A departs significantly from the others. This is due to a

higher free stream velocity (about 5% greater) and a lower u-.

10
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i | Also shown in Figure 2.4 are 2 treatments from GGH with comparable PAI. Their

profiles show the same features observed in this study and display similar magnitudes for

T aes T
— - B 17 ‘
| —- C (0.7) A J
..... D (0.4)
x GGH4 (3.2) i
3F + GGH8(0.8) / .

z/h

12
U/ite

Figure 2.4: Mean horizontal windspeed (1 ) from four treatments
normalised by friction velocity. Data from GGH also shown
for comparison. Numbers in parentheses indicate PAT.

similar PAI. GGH observed lower values for similar PAI within the canopy, but this can
be explained by the foliar distribution of their canopy, which had the greatest density con-

centrated around zh = 0.4,
Figure 2.5 shows profiles of measured vand w . " Conservation of mass implies

that the large, relatively constant w above the canopy is an error, since there is no hori-

zontal acceleration within the canopy. These values could be interpreted as a probe mis-

11
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alignment of around —1.5°. Another possibility is an unknown wind tunnel pattern, per-
haps due to leakage. Currently there are measurements at only one cross-stream position;
the possibility of a large sca_le circulation will haye to be investigated in the future. Since
these values are much smaller in laﬁﬁnar flow in the empty wind tunnel, it is possible that

they are caused by turbulence.

_ | ' Chapter 2: Forest Thinning
|
|

-03 -02 -0.1 0 0.1 -03 -0.2 -0.1 0.0
v (m S'l). w (m s'l)

Figure 2.5: Mean cross-stream (v) and vertical (w) velocities
from the four treatments.
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2.3.2.Roughness Parameters

2.3.2.1.Momentum Transport and Friction Velocity

Profiles of normalised momentum transport (W/ u?), shown in Figure 2.6, ex-
hibit a clear constant stress layer above the canopy extending above 2/ =3. Within the
canopy, u'w’ rapidly falls to zero, with the denser canopies producing a more rapid fall.

Positive values of #'w’ are not seen in this study. GGH show similar results, with greater

4 ¥ l Ly {L L) l L l L) I LS T
| —— A (066ms") |
—— =B (0.72m s
—-C (071 ms™)
3 N e D (0.70 ms™) -
x GGH4
2/ GGHS
2 » -
1 -
0 1 1 N ] " Lo+ 1 | S |

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

2
u'w'/us

Figure 2.6: Normalised momentum transport (u'wu .2).
Parentheses give values of u,.
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PAI leading to a more rapid decline of #'w’ in the canopy. However, GGH show a less
rapid fall for comparable PAI, due to their foliar distribution. Below z/4 = 0.4, where

most of their leaf area is located, their values agree closely with this study.

The measured u'w’ at the lowest point, z/h = 0.13, increased somewhat as the for-
est was thinned, however as a fraction of the constant stress layer, it increased from 2% in
treatment A to only 7% in treatment D. This shows that little momentum is béing ab-
sorbed by the floor, even when the canopy is very sparse. This is expected since the floor
of the wind tunnel is very smooth.

Values for the friction velocity (u+) (listed previously in Table 2.1) have been cal-
—\V/
culated as the average of (—u’w’)1 : from z = h to 2h. For.treatments B, C and D the val-

ues of u» are within 3% of each other, while A is about 9% lower. For comparison Table
2.2 shows the predictions of Raupach’s (1992) drag partition model (hereafter R92) for
u+/uy together with values measured in this study. His predictions agree very well with the

present observations, being within 10% for all treatments.

Measured Predicted
Treatment ah uuy, z/h d/h uuy z/h
A | 0.85 0.34 0.056 0.87 0.31 0.06
B 0.79 0.28 0.072 0.77 0.31 0.11
C 0.70 0.24 0.071 0.72 0.25 0.13
D 0.67 0.20 0.067 0.69 0.22 0.09

Table 2.2: Roughness parameters measured in the present study and predicted by R92.
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2.3.2.2.Zero-plane Displacement
Zero-plane displacement (d) was calculated as the height of mean momentum ab-

sorption (Jackson 1981), defined formally as:

h ]
zdz;zw s ‘ ,
dz
o dz

Numerical integration over the averaged profiles of #'w’ gave values for d/a listed in Ta-
ble 2.2. Also listed are the predictions of R92, with measured and predicted values within
4% of each other for all treatments. A calculation of d with the drag coefficient (C,) as-

sumed to be constant with height, i.e.

d= ( Iohz(;)zdz) / ( Ioh(;)zdz) , 2.2)

yielded values consistently about 10% lower than shown in Table 2.2.

2.3.2.3.Roughness Length
Roughnéss length (zo) was calculated using the logarithmic profile for the inertial

sublayer in neutral conditions,

@)=, 23)

~ at z = 2h (with von Karman’s constant k = 0.4). Valugs from this height were used be-
cause calculation of eddy diffusivities for momentum (discussed in section 2.3.4.2) showed
a small neutral inertial sublayer around z/h =~ 2 (Figure 2.14). This produced the values
shown in Table 2.2. The agreerﬁent with R92 is not as good for z,, though the trend of

lower values for A and D agrees, showing that the maximum z, occurs with PAI ~ 1 to 2.
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It is possible that the measurements underestimate z, because of the lack of a fully devel-
oped inertial sublayer. This happens in wind tunnels because the ceiling is on the order of
10h, as opposed to the planetary boundary layer which is on order of 100/ for forest

canopies.

2.3.3.Turbulence Statistics

2.3.3.1.Standard Deviations
Figure 2.7 shows profiles of normalised standard deviations for the three wind
components (o,/us, 0,/us and o,/u+). Within the canopy these increase as density de-

creases. Atz > h all three components rapidly fall to constant values which are not influ-

4 l ' L
- a - - - =
3 — - — —
z/h N i s i i
2 - - — —
1 |- — - - -
L ¢ f// " 11 ] -
0 N 1'. L | A
0 1 2 3 0 1 2 0 1 2
o,/u, o /u, c,/u,
. . . — A 495
Figure 2.7: Mecan profiles of normalised standard deviations of
; - ——= B (7
threc wind components (0, /u+, 6 /u. and 6, /us). Values from c (0.7
GGH also shown. Legend in (b) applics to all plots, numbersin | ____._ D (0:4)

parentheses indicate PAIL X GGH4 (3.2)

+ GGHS (0.8)
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enced by density. Kaimal and Finnigan (1994) give typical roughness sublayer values for
o/us and /u+ of 2 and 1.1, respectively. Values for o;/u; agree closely, though o,/u«
here is somewhat higher at 1.4. Values from GGH4 and GGH8 are also plotted in Figure
2.7. Again, these show excellent agreement, with GGH8 (PAI = 0.8) falling close to
treatment C (PAI = 0.7), and GGH4 (PAI = 3.2) case falling in between treatments A and
B (PAI=4.5 and 1.7, respectively). GGHS, not shown, generally falls in between GGH4
and GGHS.

In contrast to oy/u., turbulence‘ intensity (I; = o, /u), not shown here, increases as

the density increases. Peak values of 1, found at z/4 = 0.5, increase from around 0.4 in D

to 0.7 in A. Turbulent kinetic energy (e = %(0'?)), however, naturally follows the plots in

Figure 2.7 with a constant value above all the canopies of about 2 m” s,

2.3.3.2.Correlation Coefficient

'Proﬁles of the correlation coefficient (r,, = ;ﬁv_’/auow) are shown in Figure 2.8.
There is a clear peak at z/2 = 1, with the denser canopies being more negatively corfelated.
Above the canopy all four treatments rapidly collapse to 7,., = —0.35 to 0.4, very close to
typical atmospheric sqrface layer values. BFR found similar profiles of 7., in their wind
tunnel model of waving wheat (PAI = 0.47), suggesting that 7., is not strongly affected by

canopy structure and stiffness.

17
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Taw

Figure 2.8: Profiles of correlation coefficient (r, ).

2.3.3.3.Skewnéss and Kurtosis

Profiles of skewness (Sk; = ;3/ o}, i =u, v or w) are shown in Figure 2.9. All

treatments céllapse together rapidly above the cénopy, while in the canopy skewness in-
creases in magnitude with increasing density. Values from GGH4 and GGHS are also
' shown, with excellent agreement for Sk, and Sk,, and good general agreement for Sk,.
GGH report higher values for Sk, within the canopy, bossibly due to our probe underesti-
mating some w’events. This could happen when eddies outside the cone of acceptance of
the probe are reported as being within the cone, thereby reducing the reported w and
leading to an underestimation of Sk,. This phenomenon was discovered during calibration

of the probe and is caused by flow interference from the arms that hold the wires. On the

18
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other hand, the difference could be due to the different PAI distributions. LB report Sk, =
0.7 and Sk, =—-0.5 at zzh = 0.5 for their‘canopy of PAI = 5.4. Amiro (1990) also reports

Sk,=1to 1.5 and Sk, = —0.5 to 1.2 for PAI = 2 to 10.

4 T T I T
|
£
3k = = ; . - .
z/h
2t - - - = -
1} . - - = -
X J
0 2 i " L 1
-1 0 1 2 3 -10 -05 00 05 1.0 -2 1
Sk, Sk, Sk,
—— A (4.5)
Figure 2.9: Profiles of skewness of velocity components -—= B (.7
(Sk,, Sk, and Sk ). Data from GGH also shown. Numbers - g ((gg
in legend indicate PAI for each treatment. x  GGHA 3.2)
+ GGH8 (0.8)

Profiles of kurtosis ( X7, =;Z/ o}, i=u, vorw) are shown in Figure 2.10. All
treatments collapse together to the Gaussian value of 3 above the canopy, vwhile atz<h
Kr; increases with increasing density. Kr, was found to be greater than Kr,, which is op-
posite of what GGH report. As with Sk, the probe may have underestimated Xr,. LB
and Amiro both report lower Kr; values than this study for comparable PAI, and they re-

port Kr, higher than Kr,. The differences between treatments in this study are larger and
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~ more defined than seen by other researchers, which may be due to the PAI in this study

being nearly uniform with z.

4 LI B B B B
3 L - -
z/h L
2+ - L
| B n B
N
o =
0.1.’:"{1.1.1. .
0 2 4 6 8 1012 0
Kr,
. ) ) — A @4S5)
Figure 2.10: Kurtosis of the velocity components (Kr,, Kr, and Kr, ), —— B (L7
shown with results from GGH. —— C (07
......... D (0.4)
x  GGH4 (3.2)
+ GGHS (0.8)

2.3.3.4.Integral Length Scale
The single-point Eulerian length scale as estimated from the integral time scale by

applying Taylor’s frozen-turbulence hypothesis is:

I =-i-'-2>- J'O” 7P+ e 2.4)

1
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where i = u or w, T is time lag and 7; is the first zero-crossing of the autocovariance func-
tion. Though this scale should only apply to cases of isotropic, stationary, homogenous
turbulence, it is found to provide useful information when not all of these conditions are
met. Profiles of the normalised length scales L,/ and L./h are shown in Figure 2.11.
Within the canopy all treatments show L,/A < 1, while above z/4 = 2 all treatments col-
lapse together to L/h ~ 2.5. Values from GGH are also plotted, showing consistently

greater values for both L,/h and L./h. 1t is possible that they report higher values either

. 1.0
Lu/h L /h

— A @5)

Fi ) . . ——= B (U7

igure 2.11: Profiles of horizontal and vertical —— Cc D

integral length scales normalised by tree height :

(L/h). Data from GGH also shown, numbersin | """ D (0.4)
legend indicate PAL. x GGH4 (3.2)
+ GGHS (0.8)
o RCL(0.23)
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because of a different row configuration (their rows were not staggered) or because of the
different PAI distribution in their study. Also shown are values from the metal strip can-

opy of RCL. Their values are similar to this study, given their PAI = 0.23.

0 2 4 6 8 10 1200 05 1.0 1.5 2.0 2.5 3.0

L /A L /A
. . — A (4.5)
Figure 2.12: Profiles of horizontal and vertical ——— B (17
integral length scales normalised by element —— C(0.7)
separation (L /A). S B D (0.4)

x GGH4 (3.2)
+ GGHS (0.8)
o RCL(0.23)

To consider the effect of tree spacing on L, and L,, Figure 2.12 shows profiles of
L./A and L./A, where 4 is element spacing defined as the distance from one element to its
closest downstream neighbohr (see Figure 2.3). Again, values from GGH and RCL are

also plotted. - They collapse together very well, with L,/A falling to 1 in the canopy and
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'Lu/A around 0.25 in the canopy. This suggests some éontrol of in-canopy eddy size by
element spacing. Above the canopy, however, the various treatments diverge considera-
bly. The ratio /A ranges from 0.8 to 15 in the data shown, however the data of BFR (not
shown here) does not show th¢ collapse of L/A, possibly because of the waving of their

canopy and its very narrow spacing.

2.3.4.Drag Coefficient and Eddy Diffusivity
2.3.4.1.Drag CoefTicient

C; was calculated as a function of z for each treatment as

-2 Su'w
Cd = )
a(z)(u)" &

(2.5)

where the gradients were calculated by finite differences using the averaged profiles in
Figure 2.6 yielding the profiles in Figure 2.13. These profiles show that C; is not constant
with height, invalidating equation (2.2). Overall, C; decreases as PAI increases. Assum-

ing the trees behave like cylinders of breadth, b = 4.5 cm, the Reynolds numbers (Re =

ub/ v) for the treatments range from 1500 to 7000 for A to D, respectively. In this range,
a cylinder has C; = 1.0, while the canopies show C; = 0.3 to 0.4. Since C; > 1 would be
expected if Re has been overestimated (which may be due to the small branches reducing
the effective ) these results indicate a shelter effect which increases, though not at all z, as

more trees are added to the canopy.
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Cd

Figure 2.13: Profiles of drag coefficient (C,).

2.3.4.2.Eddy Diffusivity

Eddy diffusivities for momentum were calculated as

u'w'
=—— . 2.6
'" oul & (2:6)
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Profiles of K, are shown in Figure 2.14, along with the neutral stability inertial sublayer
prediction K, = kus«(z —d). As found in previous wind-tﬁnnel studies (BFR, RCL), the
measured K,, is higher within the canopy and roughness sublayer due to wake effect turbu-
lence and close to the neutral value around z/2 = 2. Above that, the predicted values con-
tinue to rise while thé measured values tend to stay at a constant valué. Also seen in other
wind tunnel stud_ies- (RCL, BFR), this indicates that the roughness sublayer blends directly
into the outer layer with virtually no inertial sublayer, as discussed previously in Section

23.23.

zh

2/h

-0.5 0.0 0.5 1.0 -0.5 0.0 05 1.0
2 - 2 1
K, (m s) K, (m°s")

Figure 2.14: Momentum eddy diffusivity (K, ) for the

four treatments. Dotted line represents inertial-sublayer
diffusivity K_, = ku.(z - d).
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2.3.5.Spectra

Normalised power spectra (f S..(f)/0.”) of the u component are shown at four
heights for all treatments in Figure 2.15. The spectra were computed based on Welch’s
method with an FFT using a Hanning window (Matlab Signal Processing Toolbox, Math-

works, Inc.). This method smoothes the high frequency signal at the expense of some of
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Figure 2.15: Normalised power spectra of u for the four — A
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the low frequency signal. These spectra are from the profiles measured at x = 5.1 m
(position #1). The spectra collapse together with this séaling, particularly in the low fre-
quency end near the peak. At higher frequencies there is more scatter, with A having
more energy. This is noticeable even at z/4 = 3.93, where the canopy is not expected to
influence high frequency métions. All spectra in Figure 2 15 show a clear inertial subrange
following the —2/3 power law for about a decade. At the high frequencies the spectra
show an increase in energy, mdst likely due to aliasing.

The si)ectral peak (f,) wés estimated for each measurement point with a separate
calculation which computed the spectral density at many frequencies around the peak,
enabling a more precise estimate. At z > A, f, = 3 Hz for all treatments, while within the
canopy f, increased slightly. The constant f, with height is consistent with coherent eddies
of height ~ h for z/h < 2. Above this, the constant f, suggests that the eddies scale to a
velocity and lengtﬁ scale, U and L, with a ratio of order ~/u; (BFR, RCL). Following BFR
and taking U ~ 6.5 m s™ (an average speed above the canopy) gives L ~ 0.265 and peak
wavelength U/f, ~ 1.65, comparable to their L = 0.215 and U/f, = 1.75. Note that L ~ L,
atzh> 2. | | |

Figure 2.16 shows f S,.(f)/c,’ for the same measurement positions as Figure 2.15.
The treatments collapse ‘together at all frequencies with the scaling shown here. For these
spectra fou ~ 2j;. There is no clear inertial range present, instead there is a plateau at f>
‘ Jow Which begins to fall slightly around f= 100 Hz. Broad peaks in f S,.(f) have been re-
ported befdre (RCL) but there is no obvious explanation for the lack of inertial subrange

here unless it is due to the acceptance angle problem discussed in section 2.3.3.3.
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Figure 2.17 shbws the co-spectra for #w’”. These spectra do not collapse as well
as the single-component spectra, with A having much less low frequency energy within
and just above the canopy, indicating that little transport occurs through motions at these
frequencies. These plots closely resemble the w spectra, with the peak between 5 and 10
Hz and a broad plateau at higher frequencies, indicating that w’is responsible for much of
the momentum transport and that the transport happens across a range of higher frequen-

cies. It is undoubtedly the influence of w on these co-spectra which prevents them from
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showing the expected —4/3 slope inertial subrange.
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Figure 2.17: Normalised power spectra of u'w’ for the four A

treatments at z/h = 0.73, 1.0, 1.67 and 3.93. . - g

......... D

2.3.6.Comparison with Linear Stability Theory

Linear stability theory considers oscillatory perturbations of a laminar flow and
predicts the length and time scales of periodic modes that evéntually.develop into large
scale coherent structures. Raupach et al. (1989) (hereafter RFB) have discussed the the-
ory as it applies to caﬁopy flows by examining the stability characteristics of plane inviscid

shear flow with an inflection point. The theory considers the mixing region between two
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constant flows, u; and u,, and defines a length scale, L,, which is equal to half the distance

of the mixing layer. For the canopy case, the mixing layer extends fromz=h — L, to h +
L;. In the special case of u; = 0 (with u; being the canopy flow), L, ~ u, / (Gu/ a)|n.
The theory predicts that the wavelength, A,, which is the streamwise distance be-

tween coherent eddies, is given by

27 '
A =—1"L_. 2.7
=32, @7

RFB suggest that A, can also be estimated from the spectral peak () as

u

A=
- Jp

(2.8)

where u, is the convective velocity of the coherent eddies. RFB say that u; is a good es-
timator of u. but Shaw ef al. (1995) have recently presented measurements of %, which
.show u. =~ 2uy, in the canopy and roughness sublayer. Combining equatioﬁs (2.7) and (2.8)
yields an expression for ., i.e.

2z
“=04

JoLs- (2.9)
Visual inspection of the u profiles in Figure 2.4 shows that L, ~ h/2 = 0.075 m for
all treatments. For comparison, Table 2.3 lists values of L; = u, / (ﬁ;/ a) |;,; For A and B

the agreement is close, since the assumption of ¥ = 0 is a good approximation in the

denser canopies. However, as the canopy is thinned, # increases in the canopy and L, can
no longer be estimated in this way. For further calculations, L, = 0.075 m will be used for
all treatments. From equation (2.7), this gives Ax = 1.2 m for all treatments and, assuming

that equation (2.8) holds for this data, equation (2.9) gives u, = 3.5 m s™. Values of u/u

30



Chapter 2: Forest Thinning

listed in Table 2.3 show that u. ~ 2u; holds for the denser canopies, but as the canopy is

- thinned, u; increases to approximately u, in D.

Treatment | , . a:/‘;, ) %_ - o_zz fpg
A . 0.06 1.8
B 0.09 1.4
C 0.11 1.2
D 0.16 - 1.0

Table 2.3: Values from linear stability computations
for the four treatments.

2.3.7.Turbulence Budgets

2.3.7.1.Turbulent Kinetic Energy
The TKE budget for stationary flow through a canopy with no streamwise evolu-

tion or buoyancy (after Raupach and Shaw, 1982) is

% A 5;x-” 3 =
—g—>=—(u’w >¥— uu; —&T —3‘:(‘4’ e>
P P, I

_§<;";">-g(w)+ - @
T, - T T D
where P; is shear production, P, is wake production, 7; is turbulent transport, T is dis-
persive transport, T}, is pressure redistribution, 7, is molecular transport, and D = —¢ is the
viscous dissipation. Brackets and double-primes represent volume average and fluctua-
tions, respectively. P; and T; can be directly evaluated from our measurements and D has

been estimated from the inertial subrange of the u spectra according to the Kolmogorov
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hypothesis:

SBu ()= a7 Qaf luy™? . 2.11)
with o, taken to be 0.55 (after BFR). T and T, m are thought to be negligible and P, cén be

estimated (Raupach and Shaw 1982) as

uw') |

= (2.12)

P, =—(u)
The residual is then thought to be approximately equal to 7,,.

Profiles of the observed TKE. budget are silown in Figure 2.18, normalised by
hud. P, P, and D all peak around z = h while D and T, balance-P, above the canopy
with little residual. T:is a sink above the canopy and a source within the canopy. D is a
greater loss term than 7, af all z. The residual is a large term in the canopy. Since it is ex-
pectgd to be composed mostly of T » and to be on the same order as T;, this could indicate
an underestimate of D, possibly from ‘leaf’ scale motioné, which are smaller than the space
occupied by the three hot-wires and therefore unresolvable by them. If D has been under-

estimated in the canopy by a factor of 2, the residual would approximately equal -7, eve-

rywhere but the region near the top of the canopy. This would bring the e budget from D

(PAI = 0.4) into close agreement with the budget of BFR (PAI = 0.47).
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Figure 2.18: Profiles of normalised turbulent P,
kinetic energy budgets for the four treatments. —— P,
Terms defined in text. —_—T
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P; increases in the region of z = h with PAIL. The peak of P, is nearly constant
across treatments, however it is more exteﬁsive inside the thinner canopies,‘ occurring
deeper within the canopy. Because of this, the ratio P/P, is reduced as the canopy is
thinned. As a sink, 7 shows little variation with density above the canopy, but inside the
canopy it is a source term whi'ch.is stronger for the denser canopies above z/2 = 0.5, and

stronger for the thinner canopies below that. Above and at the top of the canopy, D is a
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larger sink as the density increases, while below 2/ = 0.8 it becomes weaker as the PAI
increases. The residual peak is therefore greatest and sharpest for the denser canopies. It

should be noted that for A, all terms in the budget are essentially zero below z/4 = 0.5.

2.3.7.2.Shear stress
With the same conditions as for the e budget (stationary flow with no evolution or

buoyancy), the shear stress budget can be written as (BFR 1994)

u'w' —\ O ; — -_r" —n _,."
i—l =0= —<w'2>—-—-——< > - ufu}"————au-" + U] a4 —£<u’w'2> _
a X724 x; & | &
£, F, T,
—£<;',W">"‘é<p’u'>+ p'(al’ +ﬂ) _2V ﬁ% +
174 174 & & X &;
I T, @ D
1 ’ 14 d" ’ ’ a"
+7_U S[VI(P " — VES)"L vi(p'ny - v—é—h'—)}ds (213)
P,

where the terms have the same meaning as for the 7KE budget with the addition of @,
which is pressure-strain term and the dominant force for dissipation, since D is generally
negligible. Following RCL, we neglect T, owand P, §v}ﬁle P, anci T; can be evaluated di-
rectly from our measurements, leaving the residual equal to T}, + (IJ This is shown in Fig-

ure 2.19.
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As with the e budget there is a peak in shear production at z = A. Turbulent trans-
port is only about a third of P,, leaving a large residual, which is expected since it is the
dominant dissipation term. T; is a source term at all z > A, and a sink within the canopy.

The magnitudes we see here for treatment D (PAI = 0.4) agree closely with those reported
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by BFR (PAI = 0.47). All terms in the shear stress budget decrease with decreasing den-

sity.

2.3.8.Quadrant-hole analysis

In quadrant analysis, the » W’ series is split into the quédrants of the u*~ w’planeT
These are labelled as outward interactions (I: #”> 0, w’> 0), ejections (II: u’< 0, w’> 0),
inward interactions (/II: u’< 0, w’% 0) and sweeps (IV: u’> 0, w’<0). A normalised
conditional stress is defined as

11
o0, T

Si,H =

. |
j ww'I, . dt (2.14)
0 ’ .

where T is the averaging time interval (20 s for this data), and /; is an indicator function
which is 1 when #%is in the i quadrant and [u%{> Ho,o, and 0 otherwise. H is a di-
mensionless parameter called hole size. Note that often instead of the normalised stress, a
stress fraction is calculated by replacing 6,0, in (1) with #'w’. This study has used the
former (following RCL) because the normalisation allows comparison of flows with dif-
ferent correlation coefficients. A hole size, H, is also defined wherein half of the normal-

ised momentum transport takes place, i.e.

4
ZSi,H' =
i=1 _

With this 4, the time fraction for half of the momentum transport can be calculated as:

r 2.15)

N [

1t
t =?Z [ 1t . (2.16)

i=l o

Figure 2.20 shows the quadrant analysis at z2 = 0.73, 1.0, 1.67 and 3.93. Sweeps
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clearly dominate in-canopy transport in all cases, with extreme events becoming increas-
ingly farther from the mean as PAI increases. At z/4 = 0.73, outward interactions also
play a role, showing that occasionally faster air moves up ﬂém lower regions of the can-
opy. This has been observed before, as discussed by GGH, and they also report increasing
positive contributions to total stress momentum with increasing density. Though not
shown here, the contﬁbution of the interactions increases with greater depth into the can-
opy. At z/h =1 outward interactions are small, and the relatively large sweeps have dimin-
ished somewhat. Above the canopy (z/2 = 1.67), sweeps and ejections are nearly equal
and clearly stronger than the two interactions (which are also approximately equal). At
2/h = 3.93 ejections have become dominant over sweeps (as expected from Sk, and Sk,)
indicating that this position is in fhe outer layer. Time fractions for half of momentum
transport, shown in Figure 2.21a, merge to a constant value of about 8-9% above the can-
opy, as seen by RCL, LB and in Chapter 2. Within the upper canopy transport becomes
more intermittent, with increasing density leading to increasing intermittency. Momentum
transport occurs in very large and infrequent gusts, implying that eddies of smaller size are
-not important for transport. Thé lower half of the canopy apparently reverses the trend,

though results there, especially in A, may be due to measurement error.
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Profiles of H" and S4¢/520 (the ratio of sweeps to ejections) are shown in Figure
| 2.21b and c, respectively. Above the canopy, both quantities rapidly converge to near
constant values, with H”around 2 and S,0/S;0 at 1. Within the canopy increasing density
leads to increased values for both variables. The high H’indicates that the large events
responsible for 1/2 momentum transport are very far from the mean, and the high S, /S5,
indicates that sweeps form the dominant portion of momentum transport. GGH report
S4,0/S2,0 close to this study for their dense case (GGH4), while their_ thin case (GGHB) is

lower than any treatment reported here. RCL claim that X-wire probes can cause overes-

0'4 L l L '} l L k. l 1 1 l 1
10 5 0 5 1010 5 0 5 10
H
— A
Figure 2.20: Quadrant-hole analysis at four ——— B
heights, indicated in upper right of each graph. —_—c
......... D
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timates of Sy¢/S56, however the close agreement between GGH4 and this study suggest
that this is not occurring with the triaxial probe. RCL report S40/S;0 ~ 1.3 in their canopy
of PAI = 0.23, which fits closely with the data presented here. It is unclear why GGHS is
lower than expected since the leaf area distribution would suggest higher valueé around

z/h = 0.4 given the pattern shown here.

4 T ' L] ' 1 I T ' ¥ L] ' T I L] l L] l ' L] ¥ l ) I T
5 a L ¢
3 f— - - o
2 - — j— —
1 . - .
0 L l l L
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H’ time fraction (%) : S,/850
— A @4S5)
Figure 2.21: a) Hole size for 1/2 momentum transport. b) time fraction for ——— B (17)
1/2 momentum transport. c)Ratio of sweeps to ejections. —— C (0.7
--------- D (0.4)
x GGH4(3.2)
+ GGHS (0.8)
2.4.Discussion

This study is unique in having examined turbulent flow in a canopy of varying

density in a wind tunnel. The results agree very well with results of GGH from the field.
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This gives confidence thét the wind tunnel results are applicable to real-world situations.
The few disagreements between the present study and GGH are most likely due to hot-
wire probe errors. In particular, the probe underestimates higher-order statistics of w,
which may also be related to the lack of observed inertial subrange in the w spectra. The
uw co-spectra show large portions of transport occurring at higher frequencies, however
the quadrant analysis indicated that large gusts were primarily responsible for momentum
transport. This discrepancy points toward the probe overestimating high-frequency w.

Two important consequences of thinning a forest have been shown by this study.
First, the amount of momentum absorbed by the forest did not change very much, and the
amount absorbed by the floor increased dnly slightly as the canopy was thinned. This |
means that each tree experiences a greater force and morﬁent as the forest thinned. Other
factors being equal, this means the thinned forest should experience greater amounts of
blowdown than the unthinned forest. ‘In addition, turbulent energy increased in the
thinned cases, and momentum transport became less intermittent (therefore more effi-
cient). This means transport of scalars will increase significantly in thinned stands, and so
affect the microclimate. In particular evaporative demand will increase as will temperature
extremes (especially when changes to the radiation budget are also considered).

The u spectra clearly showed that the frequency of the energy containing eddies
did not change with height or treatment. Linear stability theory predicted a changing u,
based on L, = u;/(0u/dz)|,. However, visual inspection of the u profiles showed L, = h/2
was a better estimate for all treatments. Using this L, gave a u. consistent with the meas- -
ureﬁénts of Shaw et al. (1995) fqr the denser treatments, and suggested that u. = 2u,

does not hold for thinner canopies. Measurements of L, showed that above the canopy
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the eddy size did not change with treatment, but that when the eddies penetrated the can-
opy they were broken down into eddies approximately as large as the canopy openings.

GGH showed a similar result, as did RCL.

2.5.Conclusions

This study has shown that canopy density strongly influences turbulent regimes.
Thinning of forests through such practices as selective logging may have a negative impact
on the forest. In particular, the microclimate will become harsher and blowdown of re-
maining trees more ﬁkely. However, these are influenced by many other factors, such as
soil strength, tree structure and surface roughness, which also must be taken into account
when considering alternative harvesting practices.

In addition, this study has shown that_results from the wind tunnel generally agree
with field studies. This is important not only for validating this study, but also for other
studies conducted using the wind tunnel. It also shows that the triaxial probe is capable of
measuring turbulent flows, with the caveat that higher-order w statistics and spectra may
be inaccurate. In particular, it implies that the results of Chapter 3 conceming shelterbelts

are relevant to the real-world.
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3.Wind Tunnel Study of Shelterbelt Flow: Comparison of Laminar and Turbulent

Flow Regimes

3.1.Introduction

Shelterbelts appear in a variety of agricultural and forestry éituations. In particu-
lar, ﬁpaxian zones (the area around stream beds) must be left uncut creating a narrow strip
‘of vegetation, i.e. a shelterbelt. Th'e. \;\ridth of these zones is regulated by the Forest Prac-
tices Code of British Columbia; this study is concerned with how the width affects the
wind forces acting on the trees and the downwind turbulence regime. These are important
issues for the survival of the standing trees, which are usually in shallow, wet soils and
_ prone to blowdown, and for the downwind microclimate, which will influence regenera-
tion of the cut area.

Our understanding of air flow downwind of windbreaks has improved significantly
over the last few decades. Raine and Stevenson (1977) studied artificial fences of varying
porosity in a wind tunnel and were able to demonstrate the importance of fence-top gen-
erated turbulence. Wilson (1985) showed excellent agreement between a second-order
closure model for windbreak flows and measured first apd second order turbulence statis-
tics. Heisler and DeWalle (1988) and McNaughton (1988) together provided compre-
hensive reviews of the effects of windbreak structure on wind flow and the effects of
windbreﬁks of leeward microclimate, respectively. Zhuang and Wilson (1994) examined
coherent structures in windbreak flow and their role in momentum transport. .Wang and

Takle (1995) have also recently presented a model of flow around shelterbelts. An impor-
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tant conclusion of these studies is that upstream turbulence greatly affects downstream
characteristics and recovery. Further, while we have a firm understanding of simple two
dimensional windbreaks, the full effects of structure, and in particular width, remain to be
fully explored.

The objective of this study was to characterise the effects of shelterbelt width on
downstream turbulence. This was accomplished using a wind tunnel model with 1, 2, 4
and 8 rows of model trees planted perpendicular to the flow. Measurements were taken
with a fast-response hot-wire anemometer in both turbulent and laminar upstream flows.
In this chapter turbulent statistics up to fourth moment are examined, as well as spectral
data. These are discussed in relation to transport of momentum and turbulent energy to

understand the development and recovery of downstream flows.
3.2.Materials and Methods

3.2.1.Wind Tunnel
This experiment was carried out using the same wind tunnel and model trees as in

Chapter 2. The wind tunnel, owned by the Department of Mechanical Engineering at

UBC, had a working section 25 m long by 2.4 m wide by‘ 1.5 m high. For this experiment,

a constant windspeed (as»measured by a pitot-manometer system at the front of the tunnel)
of 8. m s~ was used. Measurements were made in both laminar and turbulen_t ﬂows. For
the laminar case the wind tunnel was empty except for the shelterbelts. For the turbulent
case a flow simulating the atmospheric boundary layer in neutral conditions was generated

by Counihan spires (Counihan 1969), bluff bodies (boards), and roughness elements
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(wooden blocks) (Figure 2.1). Beyond the blocks the tunnel floor was smooth with the

shelterbelts placed 10h# (where /4 is tree height) downwind from the blocks. The peak tur-

bulent energy downwind of the blocks is at 104 (Liu et al. 1995), so this location for the
shelterbelts provided maximum contrast with the laminaf case.

The co-ordinates used in this chapter are similar to Chapter 2, with z =0 at the
floor and y = 0 directly in the middle of the tunnel. The x position, however, is given in
relation to the shelterbelts with negative indicating distance upwind from the leading edge
and positive disténce downwind of the trailing edge. Note that for reporting this squeezes
the shelterbelts into two dimensions with no longitudinal extent, though the width of the

shelterbelts is important when flow development over them is considered.

-3.2.2.Instrumentation

Cartesian wind vectors were measured using a 3D hot-film constant temperature
anemometer (model 56C01, Dantec Electronik, Denmark). The probe (Model 55R91)
had three orthogonal sensing fibres each at 54.7° .to’ the probe axis, giving aﬁ accepfance
cone of 70.6‘;. Calibration of the probe was performed following Jargensen (197‘1), who
described the effect of pitch and yaw on the signal from a single hot-wire. Full details of
the calibration procedure are in Appendix I.

Voltage signals from the probe were recorded using a 486-based PC with an A/D
board (Multi-functional carrier PCI-20098C-1, Intelligent Instrumentation, USA). At
‘every sampling location signals from the 3 probe wires were recorded for 20 s at 500 Hz,
| creating raw voltage files of 3x10,000 data points. Data was ‘streamed’ directly onto a

* hard disk drive and later transferred to optical disks. Processing of the .data was done
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from the optical disks by first converting the raw voltage signals into velocity vectors in

hot-wire co-ordinates, then performing a transformation to shift to wind-tunnel co-

ordinates. Mean velocities (#, v and w) and fluctuations (#4 v’and w’) were then calcu-
lated, where u, v and w are the streamwise, cross-stream and vertical components, respec-

tively.

3.2.3.Model Trees and Shelterbelts

The model shelterbelts consisted of individual model trees inserted into drilled
hbles in sheets of 1.2> ?2.4 m plywood. Hole spacing equalled. tree breadth, and rows
were staggered. The trees, composed of plastic strips with an interwound steel wire
trunk, were 15 cm tall and 4.5 cm wide. They were made using materials supplied by a
Chn'stmas‘ tree manufacturer (Barcana, Granby, Canada). Foliage was completely re-
moved on the lowest 1.5 cm to simulate a branch-free “trunk’ space and the upper portion
of the trees was trimmed to a conical shape, giving the per tree plant area profile in Figure
- 22,

Four widths were used in this study: 1, 2, 4 and 8 rows. All were studied in both
laminar (L) and turbulent (T) flow, so each case will be denoted by the number of rows
and either T or L (e.g., 8L is the eight row break in the laminar tunnel). Also .included in.
this study are measurementé made in the turbulent tunnel with no windbreak, denoted OT.

Following Wang and Takle (1995), the resistance coefficient (k;) was estimated as
h
k= | Coata)at. | G.1)
0

The drag coefficient (C;) was estimated using a force/moment balance which measures
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force and moment independently. Measurements were made on trees placed in 1 and 2
row breaks in laminar flow. This led to a range of C, from which 0.75 was taken as a
typical value. The leaf area density a(z) was calculated for each shelterbelt as the total leaf
area divided by the volume occupied by 1 row of trees at each z. This produced &, = 10,
20, 40 and 80 for the 1, 2, 4 and 8 row breaks, respectively.

Profiles consisted of 16 vertical measurement points at z=2, 3, 5, 7,..., 25, 35, 45
and 60 cm (zh = 0.13, 0.2, 0.33, 0.47,..., 1.67, 2.33, 3 and 4). Profiles were sampled at
x/h = -1.0 and ~0.3, and at x4 = 0.3, 1.0, 1.5, 3, 6, 9 and 18. Not all x positions are
shown in this chapter to avoid overly complicated figures. In the laminar case, an addi-
tional profile was also measured at x/2 = 36. Measurements were also made at the eight z
> h positions just above the back row of each windbreak. For the one, two and four row
cases, the first three positions downwind were measured at th locations — directly behind
a tree and in between the trees in the last row (Figure 3.1). Profiles at these positions

were calculated as a simple average of the two locations.
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-—Between trees

Behind tree |

Figure 3.1: Overhead view of shelterbelt
measurement positions.

- 3.3.Results

3.3.1.Mean Velocities

Profiles of # for both laminar and turbulent cases are shown in Figure 3.2. In the
turbulent case the different widths have similar effect, though reduction immediately lee-
ward increases slightly with shelter width. By 9h the profiles have returned to their 14

| values. This demonstrates the similarity between flow downwind of the blocks and the

shelterbelts since the —1hA profiles are 94 downwind of the blocks.

Because # =0 atz = 0, there is a clear secondary maximum near the floor, where
wind blows through the trunk space. This feature disappears by 64 downstream. There is -

speed-up right over the shelter, indicated by the bump near z = 4 in the x = h profiles.
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The effect of the shelterbelts on windspeed extends only up to z = 2h, and this decreases
with distance downstream.

In the laminar case the shelterbelts exhibit a much stronger relative effect on mean

wind, with greater difference between treatments. The reduction of  extends beyond x =
18h and above z = 3h, and at x = 36h there is still not full recovery of the upstream profile
(which changes only slightly with x in the empty tunnel). There is strong speed-up over
top of the shelter and clear blow-through near the floor. As the shelter widens there is an
increase in magnitude of leeward reduction and break-top speed-up as well as in horizon-
tél and vertical extent of effect. Qualitatively, both laminar and turbulent cases exhibit

similar features, however the laminar case exaggerates the effects.
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Figure 3.2: Mean horizontal windspeed profiles. Numbers
in graphs indicate distance from the wind breaks. Top

plots from turbulent tunnel, bottom from laminar tunnel.
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In both laminar and turbulent cases the ‘profiles at x/h = 1 have many features in

common with canopy profiles and mixing layers (Chapter 2, Raupach et al 1989). Around

zh=0.5, u becomes nearly constant with z, and in the laminar case # becomes constant
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above z/h = 1.5. There is a clear inflection point near z/4 = 1 as seen in mixing layers and

the canopy profiles of Chapter 2.
Vertical wind shear (o”;;/ ¢ ), calculated by finite difference, is shown in Figure 3.3.

The turbulent case is similar for all treatments, with 2T and 4T having somewhat larger
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gradients at x = z = h, the region of maximum shear for all treatments. The gradients peak
at about 50 5™, in contrast to the laminar case where gradients are well over 100 s‘%. 2L
creates the strongest shear extending to 184 downwind. 8L exhibits the weakest gradient
with the shortest horizontal extent, though it is still twice that of the turbulent cases. This
is so despite the fact that 8L has the greatest leeward reduction of . This is because of

the horizontal extent of the 8 rowS which drags on the flow and reduces u above z = A,

thereby reducing the gradient.
3.3.2.Turbulence Statistics

3.3.2.1.Momentum transport

Figure 3.4 shows profiles of momentum transport #'w’. In the turbulent case the
treatments all have similar profiles with no significant differences except for 8T at x = h,
where u'w’ is smaller from zh = 1.5 to 3.5. This is due to the drag of the 8-row break,
which is developing a boundary layer and beginning to act like a full forest. The maximum
transport occv;urs'at x= ﬁh where the profile resembles u'w’ profiles seen in mixing layers
(Raupach et al 1989). Throughout much of the measurement region above z = A, u'w’
maintains fairly constant values around —0.5 m® s just as seen above the canopies in
Chapter 2. Within the sheltered zone u'w’ shows positive values for all treatments. This -
extends past 34 downwind, exéept for 8T, and is due to blow-through from the ‘trunk’

region of the shelterbelts. The profiles still show a peak at z = h out to x =9h, which is

not seen downwind of the blocks.
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As expected, the laminar case profiles have u'w’
the shelter. The maximum values do not develop until 9 to 184 downwind, where the
53

boundary layer near the floor, and remain zero where the flow is still laminar downwind of
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peaks are much greater than in the turbulent case. The maximum also increases in magni-

tude as the shelterbelts widen. The profiles from 3 to 18/ closely resemble mixing layer

profiles, with the maximum #'w’ developing downwind of the maximum shear. This

shows the time necessary for the shear to develop into turbulence. For u in this region of

about 5 m 57, the shear takes approximately 1/3 s to develop from the windbreak to the
point of maximum «'w’. There are positive values in all treatments near the floor, expand-

ing out from z/h = 0 to between 3 and 94 downwind. The area of positive u'w’ is largest

in 1L, where the trunk space is most porous.

3.3.2.2.TKE

Profiles of turbulent kinetic energy (e = %a,-z , where Einstein summation is used)

are shoWn in Figure 3.5. These plots bear a strong resemblance (but reversed in sign) to

the u'w’ plots, indicating a close relationship between momentum transport and e. Both
graphs share many of the same features, including the constancy of e across turbulent
treatments, and the increase in e with break Width in the lénﬁnar cases. In fact, 8L has a
peak e nearly 40% greater than the turbulent éases. 8T shows a reduction of e above z/A

= 1.5 in the 1A profiles due to the drag of the wide shelterbelt.
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Figure 3.6 shows the percent change in e from OT to the turbulent break cases cal-
culated by interpolating values from the OT case to the actual x positions measured in each

shelter treatment. For each treatment there is a region of increasing e extending out from
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the top of the break; however, the peak is at 95 déwnwind, while in the laminar cases the
peak is 184 downwind of the break. The vertical extent of é is also much greater in the
laminar cases. The turbulent-tunnel pattern, with a peak increase in e centred around x4
= 10, has been also been reported by Finnigan and Bradley (1983), Raine and Stevenson
(1977) and simulated by Wilson’s (1985) model. These plots show a triangular zone of
- reduced e extending approximately from the top of the shelterbelts to the floor at 95, as
- described by Wilson (1985) and McNaughton (1988). This is the quiet zone; the wake

zone, where e is enhanced near z = 0 by shelter-generated turbulence, is at x > 9.

percent change

" Figure 3.6: Percent change in e from NT to turbulent tunnel shelter cases. —— 40w

Figures 3.7a, b, ¢ and d show profiles of the dominant terms of the e budget

(Raupach and Shaw 1982). Shear production (Figure 3.7a) is defined

=0,
Fo=—uu; == (3.22)

i
which can be simplified by assuming that the lateral components are negligible. This

leaves
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_ 7511 ’ Iaw M Iau 2
- P=-u"——u'w——-u'w—-w

3.2b
/ > > 2 (3.2b)

| »| ¥

where the horizontal gradients were found to be generally an order of magnitude smaller
than the vertical, and the third r.A.s. term was estimated to be at least 3 times the last term.
Thus, shear production has been estimated using just the third r.A.s. term above (as it is
done for horizontally homogeneous cases). |

Turbulent transport (Figure 3.7b) is given by

T,=-Z1 | 33)

where we can again assume the y component to be negligible and the vertical gradient
much larger than the horizontal gradient.
Dissipation (Figure 3.7c) was estimated from the spectra according to Kol-

mogorov’s hypothesis

Buf)=a,PQaf [u)™? e
with o, = 0.55 (after Brunet et al. 1994) and the inertial subrange assumed to be 30 to 120
Hz for all positions. The figures show that the largest € occurs with the peak P;, and fhat
€ and P; are in approximate balance throughout much of the measurement area.
The residual (Figure 3.7d) should be composed mostly of pressure transport (7;),
with some wake production (P,) immediately leeward of the break. The residual is close
to 0 thrbughout much of the measurement region, and generally follows 7; in magnitude, |

which is expected if it is composed mostly of 7.
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I,=0, / u is the turbulent intensity). In the turbulent tunnel 7., is nearly constant above z

=h ét ~0.35 to —0.4, which is typical of atmospheric surface layer values. The only de-
viations are within the sheltered zone behind the breaks, where there' is a drop in magni-
tude. This indicates that turbulence is not efficiently transporting momentum in this re-
gion. The profiles at x = A closely resemble those in the canopy flows of Chapter 2. In
the laminar case, the areas where r,,, is defined resemble the turbulent case with positive
values near the floor and development at greater z to a fairly constant value around -0.4.
However, the positive region is much larger, particularly for the narrower shelterbelts. At
x=h, 7w does not have a clear value or pattern, but is around zero for all treatments.

This indicates a lack of structure in the turbulence until 34 downwind.

3.3.2.4.Skewness and Kurtosis

Skewness of horizontal and vértical velocity components (Sk; = u—,'i /o?},i=uand
W, respectivdy) is shown in Figure 3.9a and b. In the turbulent case, Sk, (Figure 3.9a)
crosses zero at about z = 2A throughout the measurement region — not only in the shelter
treatments but also in the OT case (not shown). Above 2A it‘is negative and below posi-
tive. The largest values occur immediately leeward of the breaks and adjust back toward
- upwind values by 9h. As with the u profiles, this demonstrates similarity between the
flow downwind of the blocks and downwind of the shelter, despite the differences in ex-
tent and porosity. Beyond 94 there is little development of these profiles. The profiles at

1h and 34 have the same shape and magnitude és canopy profiles with 14 resembling a
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denser canopy (see Chapter 2).
In the laminar case, upstream values (theoretically undefined but practically calcu-

lable) are around zero except for a large peak between z4 = 0.5 and 1. This is not an ef-

— 1l row
- 2 TOW
—— 4row

8 row

Figure 3.9a: Profiles of horizontal skewness (Sk ). Numbers
in graphs indicate distance from shelterbelts. Top plots

from turbulent tunnel, bottom from laminar tunnel.
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fect of the shelterbelts, it also appears in 'proﬁles measured with the wind tunnel com-
pletely empty. It is due to the mixing of the floor bpundary layer with the flow higher up.
As with the turbulent case, downstream of the shelter there is a positive peak in the Sk,
profiles, however it does not develop until 34 downwind and it is still visible at 18A.
Abové z = h downwind of the shelter there is a region of strongly negative values which
moves higher as x distance increases. This is the border of the turbulent layer created by

the shelterbelts, similar to the peak above the floor boundary layer, and its rise shows the

“development of the layer. As with # and u'w’, the Sk, profiles show a strong resem-

blance to a mixing layer. In a typical mixing layer, Sk, is positive towards the slower
stream and negative towards the fastef stream (Raupach ef al. 1989).  This is seen from
x’h =1 to 18, with the zero-crossing at z/h = 1, as expected since the inflection point is
also there.

- The Sk, profiles (Figure 3.9b) share many characteristics of Sk, with the sign re-
versed. In the turbulent case, however, rather than negative values behind the shelter, as
in a canopy, there are negative values near z = h and positive lower down right Behind the
shelter. This‘is due to faster air blowing through the trunk space. The positiQe values dis-

appear by 3A, and the profiles adjust to upstream values by 64 downwind. The laminar

 case profiles of Sk, are very much like the Sk, profiles, though the upstream peak is not as

large in magnitude. As discussed in Chapter 2, Sk, may be underestimated by the probe.

Kurtosis of horizontal and vertical velocity components (K, =u/* /o, i =u or w,

respectively) is shown in Figure 3.10a and b. The turbulent case profiles show a value of

3, consistent with a Gaussian normal distribution, throughout most of the measurement
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3h. 8T shows a more peaked distribution

region, except right behind the shelter to x

extending farther, while as the shelter narrows Kr, decreases and quickly returns to 3.
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Kr, > 3 in the upper measurement region. Kr, shares the same features as Kr, with the

caveat from Chapter 2 that actual magnitudes may be underestimated.
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3.3.2.5.Integral Length Scale

Figure 3.11 shows profiles of the horizontal integral length scale calculated as
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L= Q J' G+ o) 3.5)
o; Y0

where i = u or w, 1 is time lag and 7, is the first zero-crossing of the autocovariance func-
tion. Though this scale should only apply to cases of isotropic, stationary, homogenous
turbulence, it is found to brovide useful information when not all of these conditions are
met. The plots have been normalised by A to facilitate comparison with other studies. For
laminar flow, L, is undefined and so is not calculated where ever I, < 5%.

At large z in the turbulent proﬂlés, L./h maintains steady ?alues around 2 to 2.5, as
found above the modél forests in Chapter 2. Right behind the shelter, L, drops to émall
values, as it does within a canopy. At 18h downwind of the breaks, the profiles are gen-
erally straight, indicating that away from the breaks and roughness elements L, is inde-
pendent of z. Again the profiles at 94 replicate those upwind, shqwing similarity between
flow downwind of the shelter and downwind of the blocks. There is no systematic differ-
ence in L, with treatment in the turbulent case. .

In the laminar c?ase,,L,, is very small behind the shelter out to 184 downwind. The
turbulence éenerated by the shelter is af a small scale, and it is not until the shear produced
lturbulence'begins to dominate that the eddies develop to qrder h. At lafge x, 1L produces.
éomewhat smaller eddies, while the other 3 treatments produce largef eddies of about the
same size.

The vertical length scale L,, bears a strong resemblance to L, with magnitudes on
the ordef of 0.3L,. In addition, L, shows an upwind peak in the turbulent case around z =
h, showing vertical structure develops as the air begins to be forced up over the break. In

the laminar case there are relatively large values for L, at the top of the downwind turbu-
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lence region, indicating vertically coherent motions. These structures have L,, ~ L,, which

is not seen in canopy flow.
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3.3.3.Spectra

Spectra were computed for all data based on Welch’s method usiﬁg an FFT and a
Hanning window (Matlab Signal Processing Toolbox, The MathWorks, Inc.). This
method smoothes the high frequency signal at the expense of some of the low frequency
signal. Dué to difficulties in presenting a large number of spectra only selected positidns
are shown from the 1 and 8 row cases (in both turbulent and laminar flow). In the turbu-
lent case (Figure 3.12a and b) the u spectral peak tends to shift to higher frequency behind
the breaks, as reported by Raine and Stevenson (1977) and Zhuang and Wilson (1994),
though here it shifts only by about a factor of at most 2. The spectral peak adjusts back to
upstream values in 3 to 6A. The spectral energy right behiﬂd the breaks at z2 = 0.5 also
drops considerably, and does so more.as the shelterbelt widens. The peaks do not change
with width. All spectra sho§v a clear inertial subrange spanning about a decade. At zh =
1, xh =1 and 3 and at zh = 0.5, x/h = 3 the ratio of lower frequency energy (near the
peak) to higher frequency increases, showing that larger motions are quite important in the
lee of the shelterbelt even if smaller than their upwind counterparts. There is a decrease in
the energy content behind the break at 24 = 0.5:xh = 1 and-3, followed by full recovery.
From 9h to 18 there is a decrease again in spectral energy due to dissipation of turbulent
energy.

In laminar flow spectra are zero, but within the turbulent regions there is a shift by
about a factor of up to 10 to lower peak frequencies as one ﬁoves downwind. The peaks
are initially at higher frequencies in the 1L case than in the 8L, and the 8L spectra are
broader than 1L. The spectra downwind in the 8L case have somewhat higher peak fre-

quencies than the turbulent cases. The decrease in peak frequency with x is greater in the
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laminar cases, though it happens just as quickly. In the laminar case there is more energy
right behind the 1L case than further downwind, which is related to Blow—through due to
its relatively hlgh porosity. An inertial subrange usually develops by 34 downwind. It is
not as broad as in the turbulent case, though it grows as x increases. The spectra fall off
faster at the higher frequencies than the expected —2/3 slope. 4By 6h the laminar spectra
begin to resemble the turbulent spectra. In the 8L case the energy is greatest at x/4 = 18,
where the ratio of energy in the lower to higher frequencies is greater than seen elsewhere.
In all laminar treatments there is less energy in the very lowest frequencies than in the tur-
bulent treatments.

Spectra of the w component are shown for the same positions as above in Figure
3.13ato d. In general, th‘ese resemble thé w spectra seen in Chapter 2, with large amounts
of energy in the high frequencies and no —2/3 slope. As discussed in Chapter 2, the high
frequency energy in these spectra may be due to probe error. At z/h = 0.5 the energy
drops behind both breaks and recovers to upstream values in 3 to 6. Here there is little
change from 6 to 18h. As with the u spectra, there is an increase in the ratio of lower. to
higher frequéncy energy, seen at both heights at x4 =3 and 6 in the 1T case, and at zh =
1:x/h=1, 3 and 6 in the 8T case.

For the 1L case there is a very strong high frequency signal in w at x/4 = 1, though
there is very little energy for 8L. In both laminar cases there is little low frequency,

though there is more in the 8L case. By 184 downwind, the 8L case has generated spectra

that closely resemble spectra from the turbulent tunnel. As with #, the w spectral energy

in the 8L case increases with x with a maximum at 184 and a decrease after that. In the

IL case the high frequency peaks at x4 = 1 and decreases with x, though the low fre-
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quency increases somewhat with x.

The u‘w’ co-spectra, shown in Figure 3.14a to d, all closely resemble the w spectra,
indicating a close relationship between w fluctuations and momentum transport. Of par-
ticular note is the large amount of energy in the 8L case at x4 = 18, where the maximum
u'w’ and P, were found. However, as discussed in Chapter 2, the w spectra may contain

errors which also contaminate the %W’ spectra.
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Figure 3.12a: Spectra of u component for 1T at z/h = 1 (top)
and z/h = 0.5 (bottom). ‘
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Figure 3.12b: Spectra of u component for 8T at z/h = 1 (top)
and z/h = 0.5 (bottom).
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Figure 3.12c: Spectra of ¥ component for 1L at z/2 =1 (top)
and z/h = 0.5 (bottom).
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3.3.4.Quadrant-hole analysis
In quadrant-hole analysis the u % series is split into quadrants of the #’~w’ plane.

These are labelled as outward interactions (I: u"> 0, w’> 0), ejections (II: u’< 0, w’> 0),
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inward interactions (/II: u’< 0, w’< 0) and sweeps (IV: u’> 0, w’<0). A normalised

conditional stress is defined as
1 17T ., :
S,-H=———Iuw o dt (3.6)
o0, Td '

where T is the averaging time interval (20 s for our data), and I, is an indicator function
which is 1 when u%’is in the quadfant and Ju'w1> Ho,o, and 0 otherwise. Here His a
dimensionless parameter called hole size. Often é.stress fraction is calculated instead of
the normalised stress by replacing 6,0, in equation (3.6) with u'w’. The former has been
used here (following Raupach ef al. 1986) because it allows comparison between regions
of very.diﬁ‘erent correlation coefficients. A hole size, H’, is also defined wherein half of

" the normalised momentum transport takes place, i.e.

4
2 Sin =
i=1

Typical values for H”above a canopy are around 2 (Raupach et al. 1986, Chapter 2). This

- 3.7

(MY

analysis is undefined in laminar flow, and so has been left uncomputed where 7, < 5%.
Figure 3.15 shows profiles of the ratio S,¢/550 (sweeps to ejections). As expected,
the turbulent case profiles bear a strong resemblance to Sk, with the zero-crossiﬁg of Sk,
at z/h = 2 matching S4¢/5,0= 1. Behind the breaks sweeps become much more dominant,
with Sy0/52,0 increasing with shelter width. This extends some distance downstream, being
still noticeable at x/ = 18. A similar.dominance of sweeps is seen within canopies, and
follows from the fact that free stream momentum penetrates in gusts into the sheltered

zone.
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strongly dominant behind the breaks (though again the laminar cases have a farther reach-
ing effect). These plots show the importance of ejections at the top of the turbulent zone;
particularly far downwind at x4 = 36 where S;¢/S20 < 0.5. These profiles demonstrate
that behind the laminar breaks transport is dominated By downward gusts of faster air,
while the mixing at the turbulent/laminar boundary is dominated by updrafts of slow air.
Figure 3.16 shows that H”is about 2 (as seen above the canopies in'Chapter 2)
everywhere in the turbulent tunnel except in the sheltered zone. The high H’ values there
.are indicative of very infrequent gusts which differ by many standard deviations from the
mean. These gusts are responsible for large portions of morﬂentum transport in this re-
gion. In the 1amihar case, the shelter produces values in the downstream turbulence which
are a bit larger on average than 2, but fall to 2 by 364 downstream. A feature of note is
the region of large H’ at the top of the turbulent zone which indicates very intermittent

transport at the border between the laminar and turbulent flows.
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3.4.Discussion

Flow downwind of shelterbelts was shown to resemble a turbulent mixing layer.
This was demonstrated by the u, u'w and Sk; profiles, all of which displayed characteris-

tics typical of a mixing layer with an inflection point in # at z = 4. In the turbulent case,
mixing layer characteristics were limited to a region less than 0.5 in vertical extent
(centred at z = h) and reaching at most to x = 6. The resemblance in the lamingr case
was clearer, and extended to 184 downwind. The spectra from the laminar case far
downwind resembled spectra from the canopies of Chapter 2, the main difference being
that f, from the laminar shelter case was higher at 8 Hz. Given the apparent success of

linear stability theory in describing the data in Chapter 2, L, ~ 0.05 m was visually esti-

mated from the laminar case u proﬁlés at 1= 1. This gives (from equation 29 u.~6
m s, which is a typical wind speed in the region of large e. Though in itsélf this is hpt
evidence that linear stability theory correctly describes shelterbelt flows, it is in agreement
with Zhuang and Wilson (1994), who concluded that turb.ulence'downstream of a wind
break was dqminated by coherent structures similar to those found in a mixing layer.

The quiet zone in the turbulent case, defined as the region of reduced e leeward of
the shelterbelt, was seen to extend from the shelter top to the floor at x4 ~ 9, in agree-
ment with previous studies (Wilson 1985; McNaughfon 1988). This is also about where
the windspeed near the floor returned to its upstream value. This region shoWed very in-
termittent transport (seen in Sk; and Kr;, as well as in the quadrant analysis), particularly
near the top where mixing took place.

In the turbulent case the e budget showed P, occurs in a vertically narrow band

91




Chapter 3: Shelterbelts

close to the shelter. ' In contrast, the laminar case showed P; occurs in a broader region .
which widens with increasing x. Both éases lend support to Wilson’s (1985) assertion that
the downstream increase in e is due to an increase in P,. Turbulent transport is moving e
away frbmthose areas where P; is strong source. Elsewhere in the turbulent case 7} is a
weak source, except along the border of the shelter zone, where it is a relétively strong
source of e. In the laminar case T; is a sink in the region of strohg production and acts to
move e both ﬁp and down. In the laminar case dissipation is stronger towards the ﬂdor,
indicating that higher up the transport terms — which accbunt for the mixing of the turbu-
lent and laminar regions — act as the main sink for e. The residual showed that P, and D
are roughly in bﬂmce throughout much of the region. The residual is most likely com-
posed fnostly of T, which mostly follows T; in shape and magnitude, except that it is not a
source along the border of the quiet zone in the turbulent Aéase. This may be due to P,
roughly balancing 7, in this region, just as the positive valués of the residual at x/4 =1 in
the laminar case are probably due in part to P,. The 1 to 34 downwind positions in the
turbulent case resemble canopy profiles, as do the 9h laminar profiles. This shows both

the time necessary for the development of the shear-generated turbulence, and the higher

- windspeeds in the laminar case. The turbulent case profiles all show their maximum values

at x = h and decrease with x after that, while in the laminar case the values increase with x
to maximum values around x/h =18. |
The results show that, in the turbulent case, vertical tranSport is taking place con-
tinuously everywhere but in the quiet zone. Quadrant analysis shows that below z = 2h
transport is dominated by faster air moving down, and above th?,t by slower air moving up.

The laminar case exhibits very uneven motion and transport, with large skewnesses and
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kurtoses dominating in the regions bordering the break-generated turbulence. In the upper
portions of the measurement area, this shows as intermittent spikes of slow air occasion-
ally ejecting ﬁp into the laminar flow area. In the region separating the quiet zone from
thé break-top generated turbulence the opposite occurs, with spikes of fast air moving
downwafds. The net effect in all cases is downward momentum transfer. In the turbu.lent
case momentum transfer is a relatively even and steady process while in the laminar case

exchange is very uneven in both time and magnitude.

3.5.Conclusions

Upstream turbulence has a strong inﬂgence on downwind flow. It acts to reduce
wind speed gradients and mix downwind flows, thereby reducing differences between
treatments. This means that in a turbulent environment shelterbelt width is not significant
for downstream flow in the clearing, and therefore will not exert much influence on mi-

croclimate there.
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4.Conclusions

This study hasbshown that turBuIence regimes in the forest are strongly influenced
by the density of the forest. As trees are removed from the forest, windspeed within the
canopy increases, as does turbulent energy. This will cause greater transport of scalars,
leading to increased evaporative demand and greater extremes in temperature. On the
other hand, it was shown that the width of a shelterbelt has little affect on danstream
conditions when the approach flow is turbulent (as is foﬁnd in tﬂe feal-world). This is due
to the greater mixing caused by the turbulence.

Linear stability theory was shown to be capable of describing the length scales of
the high energy eddy motions present in canopy flow, and ‘possibly in shelterbelt flow as
well. This is due to the strong influence of the shéar generated turbuléhce caused by the
presence of trees. The trees act to create é’steep gradient in mean windspeed which is
unstable, just as found in a turbulent mixing layer.

An irhportant outcome of this study is that the wind tunnel model and triaxial
probe have been sden to produce results which closely resemble field reshlts under simi-
lar conditions. This means that results from the wind tunnel can be extrapoléted to fhe
feal-world with é fair degree of confidence. 'fhis is important for future studies which will

test situations that can not be verified directly in the field.
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Appendix
Calibration of Dantec Triaxial Probe

This study used a Dantec triaxial hot-film sensor (type 55R91) to measure wind
speed components at high frequency. Calibration of the probe was done following, Jor-
gensen (1971) and -Bruun_(l995), who described the eﬁ‘ects of approach angle on seﬁsor
response and applied it to triaxial probes.

- The basic relationship between windspeed and voltage output for any hot-wire is

) Vz'— 02 2/n
U2 = Al
eff ( B J ( )

where Ug is the effective cooling velocity, V the voltage signal, ¥, the voltage at U = 0,
and B and n are factors determined by the calibration process. Vy, where i denotes wire
number, was measured with the probe in itS protective box at a range of ambient air tem-
peratures. There is a strong linear relationéhip between Vy; and air femperature that was
described by linear regression. For the probe used, the relationships are:

Vor =1.4126 — 0.00491 T
Vo2 =1.295-0.00368 T ' (A2)
: Vos=1.450 - 0.00659 T '
where T is temperature in °C. ' '

The effective cooling velocity is related to the wind vectors in wire co-ordinates by -
| U =U2+ U+ 202 (A3)

where k;; is the yaw factor and k; the pitch factor. Co-ordinates are defined for each wire
such that x; is perpendicular to the wire and parallel to its arms, y; along the length of the
wire and z; perpendicular to the x;~y; plane. Also defined are the angles a; and 8,, where
o, is the angle of the x;—z; plane to the wind and 6; is the angle of xi—y,- plane to the wind.
The probe is designed such that when it is level with wire #3 vertical (tilt B = 0°, rotation '
- @ =0°, a; = 0;=35.3° for all three wires.. |

Jorgensen (1971) derived equations for the pitch and yaw factors such that when 6;
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1/2

. 22 2/n, '
ky =— ! (V,.(a,.)z V;”J —cos’a; (A9)
sina, |\ V,(0)" -V,

and when q; = 0°,

S 12
k, =— 1 (V,.(B,-)z _Vg’) —cos?@,| . (A5)
sin6, |\ 7,07 72

For the triaxial probe, the equations form a linear system from which the wind components
are determined in terms of cooling velocities by matrix inversion. This yields
v (k1 &) (v
U j = k222 Ky 1 Y Zﬁ’,z (A.6)
U z2 1 k§3 k123 Uzﬁ”,s
where x, y and z are now co-ordinates deﬁnéd by the orthbgonal wires and k;; and k»; are
different for each wire. |
To fully calibrate the probe, a series of measurements was made in a laminar wind
tunnel with the probe oriented in various positions (Table A.1). Wind speed was meas-
ured independently by a pitot tube and manometer systerri. Each position was sampled at
windspeeds ranging from 2 to 16 m 5™, and signals recorded from all three wires. The
first position was with the probe in its normal sampling position (8 = 0° o = 0°). The
probe was then tilted down to B = —35.3° so that wire #3 became normal to the wind with
03 = 45°. Next the probe was rotated about its axis 120° so that a; = 0° and 6, = 45°. The
probe was then rotated again to o; = 0° and 6; = 45°. The next three positions began with
B =+54.7° and ® = 0°. This brought wire #2 to ‘true’ normal (a; = 0° and 6, = 0°) and
| aligned the other wires such that o; = 0°, 8, = 90°, a3 = 90° and 0 = 0°. Rotating the
probe 120° counter-clockwise brought wire #1 to ‘true’ normal, and one more 120° rota-
tion brought wire #3 to ‘true’ normal. Due to probe geometry, the truly normal wire in

the B = 54.7° position experiences interference from the other wires. This was demon-

strated by turning off the power to the other two wires, which did not change the signal
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from the active wire, showing that this is an air flow disruption effect rather than an effect

of heat from the other wires.

Position o; | 61 | oz | 62 oz | O;

B = -35.3°, wire #1 vertical | 0° | 45°|45°| 0° [ 45°( 90°

B = —35.3°, wire #2 vertical | 45°| 90° | 0° | 45°|45°| 0°

B = -35.3° wire #3 vertical | 45° [ 0° [45°]90°| 0° [ 45°

B =54.7°, wire #1 normal | 0° [ 0° 1 90°| 0° | 0° | 90°

B =54.7°, wire #2 normal | 0° | 90°| 0° [ 0° [90°( O°

B =54.7°, wire #3 normal [ 90°| 0° | 0° {90°| 0° | O°

Table A.1: Angles to wind for each wire in each position.

An initial estimate of n was first determined from equation (1). For this, the data

from the level position was used. For each wire a linear regression of In(V?-V)

against In(U) was calculated, with U measured by the pitot-manometer system used in

place of Ueﬁ' The slope of the line was equal to n for each wire.
With n and the data from the tilting and turning of the probe, ;; and &, were calcu-
lated using equations (3) and (4). As mentioned above, the measurements with a; = 6, =
0° were unusable, and so 0, and o; for equations (A.4) and (A.5), respectively; were held
constant rather than 0. Table A.2 summarises the positions used for determining k;; and

kzi. At each windspeed k;; and k»; were calculated, and the values taken as an average

across windspeeds. Imaginary numbers were discarded.
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V(o) from V(0) from change in a/0
kn|loa; =45 6,=90°| o= 0° 6,=90° 45°
kiz|0;=45° 0,=90°| = 0° B,=90° 45°
kis|os=45° 6:=90°| az= 0° ©;=90° 45°
kai{ou=45° 0,=90°| a; = 45° ©,=0° 90°
k2 | oy = 45° 92=.90° oy = 45° 92=04 90°
ks |oa;=45° 0:=90°| az= 45° ©;=0°|  90°

Table A.2: Probe positions used for each & factor calculation.

The k;; and k; thus determined were not final. They first were used in equation (2)
with the corresponding wind speed vectors as determined from the pitot-manometer
readings to calculate the effective cooling velocity for each wire. B, and n; were then
solved using Uy rather than U for each wire. The wind vectors for each wire were found
using o; and 0; by

U,=Ucosa,;cosb,
U,=Usinga; : (A7)
U,=Ucosa;sing,
Next k;; and k3; were recalculated with the new n;, followed by B; and »; with the new k;;
‘and k. All ky;, k2, B, and n, reached .steady values with only two iterations.

To calculate the #—v—w wind components in wind tunnel co-prdinates from the raw
voltage signals, U is calculated for each wire using equation (1). Then the velocity along
each wire is calculated from equation (5). Multiplying these vectors by a co-ordinate

transform matrix converts them from wire co-ordinates to wind tunnel co-ordinates. For

the orthogonal triaxial probe the transform matrix is
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cos45°cos353°  cos45°cos353° cos54.7°
—cos45° cos45° 0
—-c0s45°sin353° —cos45°sin353° cos353°
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