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ABSTRACT

THE STRUCTURE OF CANOPY FLOW FIELD

A model study of canopy flow over high roughness elements was
carried out in the Army Meteorological Wind Tunnel at Colorado State
University using roughness consisting of pegs 9 cm high and 0.48 cm in
diameter arranged in four patterns. The mean velocity and the turbulence
intensity were measured within and above the roughness elements. Empiri-
cal expressions derived from field measurements for mean velocity pro-
files, turbulent velocity, and turbulence intensity were used to examine
the data obtained in this model study. The logarithmic profile was
adapted to analyze the data of mean velocity above the canopy. In this
analysis, the friction velocity and the roughness parameter were calcu-
lated from the mean velocity profiles and related to the density of
roughness elements to show the effects of roughness density on the flow
field. The growth of the internal boundary layer was estimated from
the mean velocity profiles and the turbulence intensity. The results
of estimation were compared with semi-empirical equations. Although
the coefficient of anisotropy above the canopy in this model study is
larger than that in the field, the model study gave data about the turbu-
lent flow field similar to the field data. Hence, this model was veri-

fied to be suitable for the study of diffusion.
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Chapter I

INTRODUCTION

The study of the effect of roughness on the turbulent boundary
layer is one of the most important problems yet to be solved in fluid
mechanics. When the structure of a turbulent boundary layer is related
to the characteristics of roughness, the results can be applied to vari-
ous practical problems. For example, the growth of crops or trees is
closely related to temperature, humidity, and the rate of exchange of
carbon dioxide or moisture in and above these plants. A knowledge of
the effect of roughness on the flow field may suggest what is the best
manner to space crops or trees. If the direction of prevailing wind is
known, it should be possible to find the best arrangement of a crop or
tree planting to diminish frost damage. Moreover, the proper method of
dispersion of agricultural medicines will be determined when the direc-
tion and speed of wind are known.

The canopy flow field, which is the flow field affected by a crop
or forest, changes its characteristics with variations in the shape,
stiffness, and configuration of the vegetative element. That is, various
structures of mean velocity and turbulence will occur depending upon the
characteristics of the roughness element. The flow field in the case of
flexible roughness (for instance a rice plant) is quite different from
that in the case of stiff roughness (trees, corns) (20, 28). Numerous
experiments have been made varying the roughness parameters, for example,
changing height, diameter or stiffness of the roughness, or the free
stream velocity (9, 18). Many theoretical and experimental expressions

have been proposed for these individual experiments (3, 4, 25, 28).



Since the canopy flow field shows different aspects depending
upon the characteristics of the roughness, most of the equations pro-
posed for a specific configuration cannot be successfully applied to a
different configuration. Progress in the tall roughness problem has
been curtailed because most of the data available to describe the phe-
nomena have been obtained in field experiments. Field experiments are
inherently difficult and costly due to the vagrancies and unsteadiness
of the atmosphere.

In this study, the wind tunnel was used to obviate the mentioned
difficulty found in field experiments for the necessary flow conditions
could be maintained as long as desired. The structure of the prototype
canopy flow field is so complex that only a limited number of parameters
should be selected to describe the model flow field. Even if a surface
has only one single type of roughness element, the flow over such a
roughness will depend not only upon the form and height of the roughness
elements but also upon the density, i.e., the number of elements per
unit surface area. Furthermore, the manner in which the roughness
elements are distributed on the surface will also influence the flow.
The primary purposes of this study were to characterize the effect of
roughness configuration on the mean velocity profiles and the turbulence
intensity and to compare data taken in the wind tunnel with some empiri-
cal formulas derived from the field data.

The roughness utilized in this study was the result of arrays
of pegs, whose individual height and diameter are 9 cm and 0.48 cm,
respectively. The flow field above and within the roughness elements

were studied for four different configurations of roughness.



Measurements of mean velocity and turbulence intensity were compared

with existing empirical equations.



Chapter II

THEORETICAL BACKGROUND OF VEGETATIVE CANOPY RESEARCH

2.1 Review of Literature

Many experiments have been completed to study flow characteristics
over a variety of large size roughness elements. Early work in this
area is summarized in the book by Geiger (7). Further studies may be
classified according to the character of the roughness elements. Meas-
urements have been made over wheat, rice, corn, sugar beets, tea plants,
and various forests (1, 7, 21, 25, 26, 28).

Among the various types of large size roughness elements, rice
and wheat are similar in response to the wind. These roughness elements
are characterized by the waving phenomena and the self sealing which
depends on the wind speed. The waving phenomena cause the eddy struc-
ture to be different from that generated by the stiff roughness. Self
sealing causes a change in the roughness parameter in the estimation of
mean velocity profiles. The flow field above and within the rice plant
has been investigated to study the exchange processes concerning the
growth of rice by the staffs of the National Institute of Agricultural
Sciences (Japan) (10, 11, 12, 26). The flow field over a wheat crop
has been examined by Penman and Long (17). In their measurements, wind
profiles are observed to have a completely different shape in calm and
windy weather. For the study of vertical transport processes in the
lowest portion of the earth's atmosphere, Tan and Ling proposed that
separate studies must be made of the quasi-steady and transient states
in the micrometeorological boundary layer of the earth (25). They also

reported a set of field measurements over a wheat crop.



Roughness like corn and trees is less flexible than rice and
wheat, so that the stiff roughness behaves against the wind in a differ-
ent manner. Uchijima and Wright measured the mean velocity and turbu-
lent velocity in and above a corn crop (28). The generalized wind pro-
file in the corn crop was approximated by an empirical equation in which
the wind velocity at the top of corn is used as the reference wind
velocity. In a similar manner, the turbulent velocity profile was em-
pirically approximated by using a turbulent velocity at the plant height
as the reference velocity. To present momentum transfer coefficients,
Lemon and Wright measured the flow field within and immediately above
the corn canopy (30). The wind in pine stands was measured for the
study of fire behavior and spread by Cooper (5). Mean horizontal wind
speed profiles within and above a plantation of Japanese larch were
obtained by Allen (1). He pointed out that a log-profile analysis of
above-vegetation wind speeds yields a wide range of values for the
roughness length parameter, Zy > and the zero-plane displacement, d .
His turbulence measurements showed deeper penetration of large eddies
during high winds. The tree spacing is shown to be the important fac-
tor for the estimate of the variation in wind speed from power spectra.
It is pointed out from the measurements of the intensity of turbulence
within a deciduous forest by Huston, that wind speeds in a forested
area appear to be related in a regular manner to the wind speed meas-
ured on the outside (8). In addition, he observed that measurements of
the intensity of turbulence tend to be stable with height and vary
regularly with the stability ratio.

According to a concept of controlled micrometeorological

experimentation, as outlined by Lettau, two different wind profile



modification experiments in air flow over the ice of Lake Medota,
Wisconsin, were made by employing an array of conifer saplings in the
first case and bushel baskets in the second case (22). The same type
of experiments on wind profiles within and above an artificial Christmas
tree forest planted on the Lake Mendota ice were made by Stearns (23).
These experiments stand between field experiments and model experiments
in a wind tunnel.

Relatively few model studies have been carried out concerning the
flow over large roughness elements in a shear layer. A study of the
flow over flexible roughness has been made in the wind tunnel by Plate
and Quraishi (18). This model study showed good agreement of the labo-
ratory data with the field data of wheat and corn. To determine the
necessary width of a normal windbreak, a wind tunnel experiment was
performed by Iizuka (9). In his experiments, model trees were 15 cm
in height and had crowns of iron net. Flat plates of iron net and board
of the same height (15 cm) were also used as roughness for comparison.

The results of this experiment were also found to be similar to those

of the field experiments. In the study of the turbulent diffusion over
a rough surface, Yano developed the concept of momentum defect super-
position in the wakes of an array of roughness elements (31). Pegs
4.45 cm in height and 0.48 cm in diameter were used as roughness ele-
ments. The pegs were spaced 2.54 cm in the longitudinal and lateral
directions. The roughness surface was 12.2 m long and 1.83 cm wide.
The free stream velocity was set at 3.0 m/sec. Reference is made in
Chapter IV to his theoretical results, relevant to the present research
results. Similarity of flow patterns over barriers in the wind tunnel

are discussed in detail in the report by Woodruff and Zingg (29). It



is pointed out that the problem of similarity becomes complicated if
the body is placed in an already existing turbulent boundary layer, but
at sufficiently high Reynolds numbers the drag coefficient is indepen-
dent of Reynolds number.

To analytically understand the structure of the canopy flow
field, Poppendiek considered a force balance on a differential lattice
through which fluid is flowing (20). An expression for the velocity

profiles is derived by postulating that the mixing length increases

linearly with distance from the boundary in the turbulent layers within
and above the boundary resistance region but the rates of increase in
these two layers are different. In this paper, limited sets of experi-
mental results are reported about the velocity profiles over an orange
orchard and a brush field. The characteristic parameters of wind flow
in an idealized vegetative canopy were examined by Cionco, Ohmstede and
Appleby (3). The ideal canopy in this report is characterized by the
assumption that (i) there exists a uniform vertical distribution of
both the area density and the drag coefficients of the leaf-stalk confi-
guration; (ii) the drag coefficient of the leaf-stalk configuration is
independent of local Reynolds number; (iii) the mean velocity distribu-
tion within the canopy is exponential; (iv) there is a constant mixing
length; and (v) a constant turbulence intensity exists within the can-
opy. The velocity profiles within and above the canopy which result
from the idealized canopy are analogous to the logarithmic wind pro-
files based on the roughness and zero-plane displacement. Restricting
consideration to the turbulent transfer of momentum, Cionco developed
the model to predict the canopy wind profile within semi-rigid canopies

(4). Making the same assumptions concerning the general characteristics



of the canopy's mixing processes, a solution was given for the wind
profiles within a semi-rigid canopy. It is concluded in his study that
although the model has limitations for semi-rigid vegetation, it yields

reasonable results for canopies that meet the model's requirements.

2.2 Similarity
Geometrical, dynamical and thermal similarity must be achieved

to complete the flow similarity in two systems of different length

scales. The roughness used in our experiments is not related to any
specific prototype so that geometrical similarity is not discussed
here. Moreover, since the experiments have been made under the ther-
mally neutral condition, the requirement for thermal similarity need
not be considered either.

For complete dynamic similarity, the Rossby number (Ro),
Reynolds number (Re) and Froude number (Fr) would have to be the same
for both the model and the prototype (2). The Rossby number (Ro) can
be eliminated from the requirements for similarity if the prototype
length in horizontal plane is less than 150 km. The Froude number
which is the ratio of a reference inertial force divided by a reference
body force produced by differences in specific weight becomes important
only when temperature differences exist. Iizuka based his model study
in the wind tunnel on the assumption that the effects of Reynolds num-
ber on the application of the model study to actual flow field are very
small (9). This is justified by the fact that the Reynolds number may
have a great influence on a streamlined body but separated flow about
elements like trees results in inertially dominated flow. This assump-

tion about the effects of Reynolds number is supported in the discussion



of similarity of flow patterns in the wind tunnel by Woodruff and
Zingg (29).

In addition to the similarity in the dimensionless parameters,
the boundary conditions must be the same for both model and prototype.
Accordingly, similarity in upstream conditions and in conditions at the
upper boundary must be satisfied as well as the geometric similarity of
the lower boundary. In our experiments, the upstream turbulent boundary

layer was thickened artificially and the velocity profile measured

upstream was observed to have the logarithmic distribution characteristic

of the lower atmospheric flow field.

2.3 Mean Velocity Profile

For the case where the size of the roughness elements is such
that the Reynolds number of the flow in their vicinity is large, the
structure of the flow field becomes complex, and a number of parameters
should be considered to describe the flow field. For instance, the
roughness height and the number of roughness elements per unit area will
affect the flow. Moreover, the manner in which the roughness elements
are distributed on the surface will be of influence. Yet for conven-
ience, the formulas which describe the velocity profiles in this type
of flow should not be too complicated, hence, to simplify the profile
description, the flow field is usually divided into two regions. One
of the regions is the flow field above the roughness, the other is the
flow inside the roughness elements.

In 1925, Prandtl expressed the fully developed turbulent pipe
flow near the smooth surface in non-dimensional form on the assumption

that the shearing stress at the wall T, density of fluid p and
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the viscosity u have an affect on the velocity profile but that the

diameter does not. Hence,

U - £ (zu/v)
vt/
or
Z U T
4] * 0
- = = — . 2-1
TR f ( = ) where U, 5 (2-1)

When the effect of the roughness is considered, the law of similarity,

Eq. (2-1), expands to

Z U, k, U

Y

*®

U f( (2-2)

U*

where kr is a representative roughness length scale. For the case of
a very rough surface with high Reynolds number flow condition, Nikuradse's
pipe measurements show that the mean velocity distribution is completely

independent of viscosity; thus the relation becomes

x| -

L.
U, T

n EE—+ C
where the experimental constant Cr depends on the type of roughness.
In order to apply this concept of the velocity profile for the
rough pipe to the flow over a flat plate covered with relatively high
roughness elements, the action of roughness can be interpreted as being
equivalent to a shift of the flat plate upward, or a zero-plane dis-

placement, while kr in the pipe flow can be replaced by an effective

roughness size, or a roughness length Zo
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Thus, the steady wind velocity profiles in the atmospheric shear

layer over the roughness may be expressed for an adiabatic or neutral

case by
u _ 1 Zz - d
T > (Z > h) (2-3)
0
where
k = 0.4 , von Karman's constant
Z = Height above ground
h = Height of roughness element
U, = Vro/p Friction velocity
d = Zero-plane displacement
Zo = Roughness length
T Shear stress
0 Mass density.

The velocity profile given by Eq. (2-3) is called the logarithmic
profile. This expression has been derived by modifying the expression
for the fully developed turbulent velocity profiles in a smooth pipe
to apply the flow on the rough flat plate.

Several normalized wind profiles measured within a corn field
by Stoller and Lemon are in good agreement with one another (24). From
this fact, Saito concluded that the gradient of wind velocity withiﬁ a
crop is proportional to the reference wind velocity (wind velocity at

the height of the corn), so that

dU
-(‘17 = P(Z) . Uh (2_4)
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where P(Z) 1is a proportionality factor dependent upon wind velocity

only (21). Under the boundary condition given by U = Uh at the crop
surface Z = h , Eq. (2-4) becomes
h
" J, paz
U=U e - (2"5)

He also suggested that the same equation mentioned above for the corn
field is valid for the wheat field data, although P in the flow over
the surface covered by wheat is a function of not only Z but also U

because of the presence of the self sealing.

An ‘exponential wind profile within the wheat field is also
obtained empirically by Inoue, that is,

- -a(h-2)
U = Uh e

(2-6)
where o = const. He indicates, however, that the condition a = const.
throughout the height of the roughness element is not well satisfied in
the general case. The roughness in our experiments consists of pegs
whose height h and diameter ¢ are 9 cm and 0.48 cm, respectively.
Therefore, the behavior of flow within the roughness elements might be

similar to the behavior of flow in a corn field rather than in a wheat

field.

2.4 Growth of Internal Boundary Layer

The mean velocity profile depends on the roughness over which
the wind has blown and is blowing. If the wind blows steadily over a

homogeneous roughness of large fetch, the profile of mean velocity will
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be in equilibrium with the underlying surface. It will be worth
considering the case where the flow experiences an abrupt change in
roughness. Two-dimensional and steady flow is assumed to flow at right
angles to the line of the change in roughness. Whenever a flow passes
over an area of different surface roughness, the flow does not immedi-
ately adjust at all levels to this new surface, rather the adjustments
occur gradually. The depth of the new equilibrium layer increases with
downstream distance from the line of discontinuity in roughness. This
zone where finite time and distance are required for the flow to reach

equilibrium with the new surface will be called the internal boundary

layer.

By considering the net gain of momentum due to vertical flux
into the region bounded by the top of the boundary layer, which is
simply equal to the difference in the shearing stress between the top
and bottom of the column of air, Elliot (6) arrived at the following
differential equation

1. 4 1, | dH gn H . k?

[ZnH'Z’H+z—n—H (l'ﬁ)] & -t mm) 7

where the velocity profiles were assumed to follow Prandtl's logarithmic

law whose validity has been established, and

Z
H=3_ o e e
Z » XTF ¢ Z
0 0 0
Zo = Roughness parameter
§ = Height of boundary layer
x = Horizontal coordinate, positive downwind and primed

quantity refers to values outside the boundary layer.
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The solution to the above relation may be approximated by the simple

expression
H= ay" for x > 103

Evaluation of a and n yielded the relation

Z

§ = (0.75 - 0.03 &n =) Z

0.2 0.8
Z! o x
o)

(2-7)

This expression implies a discontinuity in stress; however, it is very
simple to apply in practice if the transition zone is narrow enough.
Panofsky and Townsend (16) removed this discontinuity on the
assumption that the friction velocity (¥t/p where 1 is the local
shear stress)below the boundary increases with height. Using the equa-

tion of continuity and the equation of motion, they derived

2 o
2 o)
o k (§" 1) &n 7
dy 1-S 2 7 5 7
—2 (ZI’IH) +(§S—-2—) ZnH-(ES—4)
where
4n (Zé/zo)
B = g
an—-- 1
0

This relation was approximated after the necessary numerical integrations

by

0.30

o) Z0.2 x0.8 (2-8)

Except near che roughness discontinuity, the theories given above are

in good agreement on the shape of the inner boundary layer growth.
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A different approach to the problem of the growth of internal
boundary layer has been made by Miyake (14). He assumed that the verti-
cal rate of spread of a surface change is proportional to the standard
deviation of the vertical velocity, and that it takes place locally in

a framework moving with the local mean wind. Then

(2-9)

where O is the standard deviation and A is a constant, and

For neutral conditions, U 1is given by the logarithmic law and Oy is
estimated as 1.05 U, according to a summary of unpublished data (15).
The constant A is evaluated separately for each roughness. Assuming
Gaussian distribution of vertical velocities, the internal boundary is
chosen to be such that one percent of the air affected by the surface

reaches above it. Then the solution to Eq. (2-9) reduces to
x = H (2n H-1) (2-10)

The advantages of this theory are that it can be generalized to unstable
air and that it presents a simple physical interpretation of the growth

of the boundary.

2.5 Turbulence Intensity and Shear Stress

The investigation of turbulent velocity within and above the
canopy is important to improve the understanding of the mass transport
and heat transfer phenomena. Even if we restricted ourselves to deal
with the behavior of the flow close to the ground covered by plants,

the energy dissipation due to the turbulent or fluctuating quantities
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in a boundary layer are treated from the statistical viewpoint so that
the correlation products of the turbulent velocity components play im-
portant roles in the studies related to the fluctuating quantities.
However, the main purpose of the turbulence measurements reported herein
is to find a relation between the mean velocity and the turbulent ve-
locity. Accordingly, the data taken in the wind tunnel are compared
with the expressions obtained empirically. Further discussion about
correlation of the turbulent components, distribution of the mixing
length, etc., is not given here.

Several scientists have attempted to correlate the turbulent
velocity at various heights with the mean velocity because the structure
of turbulence depends not only on the conditions of roughness elements
over which the flow is observed, but also on the flow's upstream his-
tory. The general expression is difficult to infer from the limited
data taken in field measurements.

In 1952, Inoue (13) proposed the following expression.
VR = 273 (10g 2/20)‘2/3 . (2-11)

By replacing the term log Z/Zo by Zl/4 as an approximation, Eq.

(2-11) becomes

R - Y%

In the case where the roughness is high,
V&« z-a (2-12)

This relation has been used to evaluate the data taken in the wind

tunnel.
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For the turbulent velocity within crops, the following expression

has been empirically formed by Inoue (11).
-B(1 -
V P/Uh « ¢ Bl - 2/h) (2-13)

The above expression is based on the experimental results that the tur-
bulence intensity is almost independent of height within the canopy.
Meanwhile, Uchijima and Wright have claimed that the intensity of turbu-
lence within crop canopies is not constant but decreases gradually down-
ward from the top of crop height (28).

The structure of turbulence in the wind over a large size
roughness is highly nonhomogeneous and nonisotropic. Accordingly, it
is difficult to find a simple relation between the longitudinal
turbulence component u' and the vertical component w' . The verti-
cal turbulence component w' 1is theoretically found to be nearly equal
to the friction velocity U, (10). The experimental results of the
ratio w'/U, are reported to fall between 0.8 and 1.8 for the case of
rice plants (11, 26). On the other hand, the vertical turbulence com-
ponent w' over a rice plant was measured to be about one third of the
longitudinal component u' when the wind speed is strong enough to
cause a waving motion of the rice plants (11).

The friction velocity U, in the nonisotropic turbulent flow

field is defined by

u, = % =\/w . (2-14)

The turbulent shear stress -puw is a very important quantity for the
study of the mean velocity distribution and the momentum transport

phenomena.
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In our experiments, unfortunately, the measurements of -uw
are reliable only in the case of pegs spaced 2.54 x 2.54 cm (sq).
Hence, only in the case of 2.54 x 2.54 cm (sq), the turbulent shear

stress is compared with the vertical turbulence components (w')
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Chapter III

EXPERIMENTAL APPARATUS AND PROCEDURE

The objective of the experiments was to obtain data on mean wind
velocity and turbulence intensity within and above a canopy consisting
of peg elements, in order to relate the configuration of the roughness
to the structure of the flow field.

The measurements described in this report were carried out in the
Army Meteorological Wind Tunnel in the Fluid Dynamics and Diffusion

Laboratory at Colorado State University (19).

3.1 Wind Tunnel

The recirculating meteorological wind tunnel, driven by a 250 hp
d.c. motor, has a 27 meter long test section with a normal cross-
sectional area 1.8 x 1.8 m. A set of fine screens reduces ambient tur-
bulence to a level of less than 0.1 percent. A trip fence (turbulence
stimulator), located just upstream from the test section, serves to
stabilize the flow pattern as well as to provide a thicker turbulent
boundary layer than would exist without it. The artificial roughness
used was placed in the tunnel to cover an 11 meter length of the test
section floor beginning 12.2 m from the upstream end (Fig. 1). 1In all
measurements, the slope of the test section ceiling was adjusted to
make the pressure gradient zero in the flow direction. An additional
turbulence stimulator made from strips of flexible plastic 6.3 cm wide
and 0.019 cm thick was placed on the first 3 m of the wind tunnel floor

to make the turbulent boundary layer thicker at the test section. The



20

floor section between the rough surface of pegs over which measurements

were made and the flexible roughness of plastic strips was smooth (9.2m).

3.2 Arrangement of the Roughness Elements

The rough surface was composed of 18 aluminum plates into which
pegs 9 cm in diameter and 0.48 cm in height were inserted as the rough-
ness elements.

The pegs were arranged in four patterns:

a) The pegs were spaced 2.54 cm in the longitudinal direction
and in the lateral direction. This arrangement is designated as 2.54
X 2.54 cm (sq).

b) The pegs were spaced 5.08 cm in the longitudinal direction
and in the lateral direction. This arrangement is designated as 5.08
X 5.08 cm (sq).

c) One peg was inserted at the center of a square formed by
four pegs spaced 2.54 cm in both longitudinal and lateral directions.
That is, pegs were spaced 1.80 cm on the diagonal. This arrangement is
designated as 1.27 x 1.27 cm (diag).

d) One peg was inserted at the center of a square formed by
four pegs spaced 5.08 cm in both longitudinal and lateral direction.
That is, pegs were spaced 3.60 cm on the diagonal. This arrangement is
designated as 2.54 x 2.54 cm (diag). These four arrangements of pegs
are shown in Fig. 2. In the cases of 2.54 x 2.54 cm (sq) and 5.08 x
5.08 cm (sq), the measurements of the mean velocity and turbulence within
or just above pegs were made at the center of a square formed by four
pegs. In the cases of 1.27 x 1.27 cm (diag) and 2.54 x 2.54 cm (diag),

one peg was removed and the measurements were made at this position.
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3.3 Measuring Equipment

3.3.1 Mean velocity profiles - The free stream velocity was

set tobe 12 m/s at x = - 1 mand z = 1 m. Since the tunnel ceiling
was set for a zero pressure gradient the mean velocity above the canopy
boundary layer remained constant. The mean velocity profiles were
measured by using not only a pitot static tube but also a hot-wire
anemometer, because the turbulence level in and immediately above the
canopy is very high, which introduces a large error in the pitot static
tube measurement. The accuracy of a hot-wire anemometer is not ex-
pected to be as sensitive to the high turbulence intensity in the meas-
urement of mean velocity.

The pitot static tube and the single hot wire were installed on
a vertical carriage so that the vertical position of the pitot tube and
the hot wire could be changed continuously by the driving action of a
small d.c. motor. The hot-wire probe used for the experiments is the
tungsten wire of 0.005 mm in diameter and approximately 2.54 mm in
length, soldered on a Disa hot-wire probe. The resistance of the wire
was kept constant by continuously correcting the amount of current re-
quired to maintain the bridge balance of a Colorado State University
Solid State Anémometer System (32).

The outputs of total and static pressure from the tube were
connected to the two ports of an electronic differential pressure trans-
ducer (Trans-sonic, Equibar type 120). The d.c. voltage output of this
pressure transducer was recorded on an x-y plotter versus the output
which indicated the vertical position of the carriage.

The wind speed can be calculated by the relation,
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U= 2.36 -p— (3-1)
where

Ah = dynamic pressure in mm Hg

o = air density in slugs/ft

U = wind speed in ft/sec.

To measure the mean velocity by the hot-wire anemometer, the
output voltage from the single hot wire was recorded on an x-y plotter
versus vertical position of probe. The mean velocity can be determined
from a calibration curve which shows the relation between the output
voltages of the hot wire and the mean velocity as measured by a pitot

static tube.

3.4 Turbulence Intensity Profiles

The longitudinal and vertical turbulence profiles were measured
by monitoring the a.c. signal of the hot-wire anemometer probes. The
longitudinal turbulence u' was measured by a single-wire probe. The
fluctuating voltage required to maintain the bridge balance was pre-
sented on an x-y recorder from an RMS meter (B & K, Electronic Volt-
meter, type 2409). The vertical turbulence intensity was measured by
a cross wire (x-wire, Disa 55A32). The fluctuating signals of two
wires through an RMS meter were presented on an Xx-y recorder.

The data of turbulence intensity were interpreted according to
the relations described below. For the longitudinal turbulence measure-
ments by a single hot wire, the relation between the turbulent velocity

u' and the output voltage of an RMS meter Y €2 is given by
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=5

u' = \V EZ = —-\'-E_ (3—2)

(dE/dU)

where (dE/dU) is the sensitivity of a hot wire, namely the slope of
the single wire calibration. In the case where a cross wire is used to
measure the vertical turbulence intensity distributions (w') and the

turbulent shear stress (-uw ) , the following relations were used to

calculate those values.

Ve - |L(—L . 2 (5-3)
(dE/du)? (dE/dU2)
€2 e2
T ) N S - (3-4)
(mudmi (dﬂdm%

where e2 is the fluctuating output voltage through an RMS meter and
(dE/dU) 1is the sensitivity of a cross wire determined from the wire
calibration. The subscripts 1 and 2 refer to the values corresponding
to each of two wires of a cross-wire probe.

.The measurements described by Eqs. (3-2) and (3-3) were also
checked by a second, somewhat less accurate method by using a sum and
difference circuit which gives the instantaneous sum and difference of
the output signals from a cross-wire probe. The longitudinal and verti-

cal components (u' and w') are given by

= 5
u' = Ve u | e (3-5)
2(dU/dE)?
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- 2

s Y = | —2 (3-6)
2(du/dE)?

in which E? = (el + 62)2 , that is, the mean square of the instan-

taneous sum of the output signals from a cross-wire probe, and
Eﬁ = (el - ez)2 . In the above two relations, the sensitivity of the

two wires of a cross-wire probe are assumed to be the same.



Chapter IV

RESEARCH RESULTS AND DISCUSSION

The purpose of the experiments was to find the characteristics
of the flow field within and above the roughness elements variously
arranged. Therefore, the mean velocity profiles and the turbulence
intensity were of primary interest.

The experimental results are separately described in the
following three sections with respect to mean velocity profiles, the

groewth of boundary layer and turbulence intensity.

4.1 Mean Velocity Profiles

The mean velocity profiles in the vertical direction can be
divided into two parts, that is, the mean velocity profiles within the
canopy and those above the canopy. The velocity profiles within and
above the canopy are quite different from each other.

One criterion, possibly the most reasonable one, for the
division of the mean velocity profiles into two parts is the height of
the roughness elements. (In the experiments, the height of roughness
elements was equal to 9 cm).

Figures 3, 4, 5 and 6 are non-dimensional isoheights of the
flow above and within the canopies. These figures suggest that flow
above the canopy is divided into two regions along the canopy, namely,
initial and quasi-established regions. In the initial regions, the
change in the mean velocity dominates. The quasi-established region

is characterized by smaller, yet finite changes in the mean velocity.
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This is the reason that this region is called "quasi-established"
instead of "established" or "equilibrium."

It is observed from the comparison of the lengths of the initial
regions in four different densities of roughness that the retardation
of flow is closely related to the density of roughness. With more dense
roughness, the retardation of flow becomes larger. It is also shown in
these four figures that the region between x 8.0 mand x = 10.0 m
can be regarded as the region which characterizes an equilibrium flow

field and might be a model of an actual canopy flow.

Figures 7, 8, 9 and 10 are the streamlines in four cases. As
shown in Fig. 11 (2.54 x 2.54 cm (sq)), the lateral distribution of the
mean velocity within the canopy is not uniform. According to the meas-
urements made by Yano (31), the velocity profiles directly behind the
roughness elements are not the same as the velocity profiles between two
elements, even if the profiles are taken at a very far downwind distance
from the leading edge of the rough surface. But this difference in pro-
files becomes negligible above the rough surface. In our measurements,
the velocity magnitude varies by up to 30 percent laterally within the
canopy. The lateral distribution of the mean velocity immediately above
the canopy may not be uniform, although the measurements in the lateral
direction above the canopy were not made for our study. But for con-
venience, the velocity distribution was assumed to be two-dimensional in
the calculation of these streamlines to obtain a qualitative picture of
the flow field. These figures also show that the initial region is af-
fected by the roughness density, and, in this region, the flow patterns
differ from each other according to the density of roughness. With den-

ser roughness elements, more flow is pushed upward. Between x = 0.2 m



and 3.0 m , the flow immediately above the roughness elements seems to

repenetrate into the roughness.

The streamlines in the case of pegs spaced 1.27 x 1.27 cm diag
reveal that the adjustment of the ceiling of the wind tunnel to make
the pressure gradient along the canopy zero had not been done correctly,
so that the flow was accelerated beyond x = 7.0 m . In the case of
pegs spaced 2.54 x 2.54 cm (sq), perturbations in the streamlines near
the end of the canopy may result from irregular ceiling adjustment.

Because of the small change in the gradient of streamlines, the
region near the end of the canopy should again be called a ''quasi-
established" region.

In Figs. 12 and 13, the mean velocity profiles taken in the wind
tunnel are compared with field data for a deciduous forest taken by
Tourin and Shen (27). The roughness consisting of pegs is expected to
simulate the deciduous forest in winter. As shown in Fig. 12, the wind-
tunnel data of the velocity profile, especially the data for the cases
of 1.27 x 1.27 cm (diag) and 2.54 x 2.54 cm (sq), fit the field data well.
Concerning the velocity profile above the canopy, the data for the cases
of 1.27 x 1.27 cm (diag) and 2.54 x 2.54 cm (sq) also fit the field data
well. Tourin pointed out that the field data in summer are not accurate

in measurements of the mean velocity within the canopy.

The measured values of the mean velocity described in Chapter II
are given in Tables 1, 2, 3 and 4. The values of the mean velocity from
the floor (Z = 0) to Z = 60 cm were taken by using a single hot
wire. The values above Z = 60 cm were measured by a pitot static
tube. Although a single hot wire was expected to give better results

in the regions of the high turbulence level than a pitot static tube,
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as mentioned in Chapter III, a fairly large discrepancy existed be-
tween the values given by a hot wire and by a pitot static tube, even
at Z = 60 cm where the turbulent velocity is very small compared with
the local mean velocity. Yet the values measured by a hot wire and a
pitot static tube at this height should be nearly equal.

After repeating the calibrations of the hot wire to find the
causes of this discrepancy, it was realized that a very small difference
of the output voltage from a hot wire for a high velocity gives a large
difference in the mean velocity. Moreover, the calibration curves
themselves shifted with time after a hot wire was stabilized for an
entire day; however, the shape of the calibration curve for the hot
wire, namely, the sensitivity of a hot wire dE/dU remained the same.
This shift of the calibration curve is large enough to cause the dis-
crepancy between the measured values of the mean velocity by a hot wire
and a pitot static tube. The following method was adopted as a
reasonable and practical method of correction based on the above
results. First, the voltage corresponding to the velocity by a pitot
static tube at Z = 60 cm was found from the calibration curve of a hot
wire, which is designated as E, . The output voltage of a hot wire
at Z = 60 cm is designated as E2 . Then the curve of the output
voltage of a hot wire recorded by an x-y recorder was shifted as a
whole by adding AE = El - E2 to the values of this curve. From this
modified curve of the output voltage, the mean velocity up to Z = 60 cm

was evaluated from the calibration curve of a hot wire. Figure 14

shows the example of the corrected velocity profile.

4.1.1 Mean velocity profiles above canopy - Figures of the

experimental mean velocity profiles in the region between X = 8.0 m
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and X = 10.3 m were prepared as U/U, versus (Z—h)/Z0 according to
Eq. (2-1), because Eq. (2-1) is the expected expression of the velocity
profile in the established region. In Eq. (2-1), three parameters,

U, (friction velocity), d (zero plane displacement), and ZO (rough-
ness length), are unknowns. They are to be determined from the measured

wind profiles. If three values of the velocity distribution are known,

the three parameters U

« » d and Zo can be found from a system of

three equations with three unknowns. That is, if U , U, and U

1 2 3
are the wind speed at the heights Z1 5 22 and 23 , respectively,
Uu, , d and Zo are determined by the following three equations:

U2 - Uy i n (22 - d)/(Z1 - d) (4-1)
U, - U, in (2, - d)/(Z, - d)
' k (U1 - U2) (4-2)
* en(z,-d)/(Z,-d)
1 2
Z1 -d (4-3)
% = XUT,

Since d is difficult to evaluate from the measured velocity profiles,
d was assumed to equal the height of the roughness elements h =9 cm
in the computation. This approximation has been applied successfully
previously by Plate and Quraishi (18) for flow over a canopy of flexible

plastic strips. Hence,

k (U1 - U2)

«2)
Ue = —7 -1, (4-2)
n 1 )
Zy - h
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Z1 -h

= ——— 4-3)
o ekul/U* ( )

The calculated values of U, and Z0 are shown in Figs. 15 and 16.
Some values of the friction velocity are also shown with respect to the
density of roughness in Figs. 17 and 18.

Next, the values of the friction velocity U, in the region
between x = 8.0 m and 10.3 m were recalculated by adopting the average
values of Zo in this region for each case of four different densities

of roughness according to the relation

(4-4)

where U1 is referred to as the velocity at any one height Z1 in the
region where the velocity profile plotted U versus &n (Z-d) is a
straight line. Figures 19, 20, 21 and 22 show the logarithmic velocity
distributions calculated with the values of k =0.4, d=h=9cm,
the average values of Zo and the corrected values of U, in four
cases of roughness density. The mean velocity profiles are roughly
approximated by the logarithmic profile except near the top of the
roughness. Because of this exception, it should be observed that the
logarithmic profile is not good enough to represent the entire velocity
profile above the canopy. In fact, the mean velocity profiles measured
in the field are also approximated by the logarithmic form, but cannot

be well defined in that form. Yano (31) suggested that one should sepa-

rate the profile into 5 zones depending upon the flow characteristics.
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In his arguments, zone 2 is defined as the horizontal two-dimensional
wake zone of the pegs. The magnitudes of wind velocity in this zone

and the zone's extent decay in the wind direction. Zone 4 is defined as
the turbulent shear flow zone where logarithmic or power law theory
satisfies the experimental data. Zone 3 is a type of transition zone
which connects zone 2 and zone 4. Yano pointed out that when the loga-
rithmic or power law is applied to the velocity profile in zone 4, then
it is necessary to specify zone limits; however, the upper limit of

zone 3 is not clear. If the upper limit of zone 3 is defined as the
height where the velocity profiles plotted versus 2&n(z-h) deviate

from a straight line, this limits zone 3 for the 9 cm pegs to 2.5~ 3.0 h.
In zone 3, the periodic velocity profile in the lateral direction is also
observed to change gradually to a uniform profile by Yano.

In the case of roughness elements spaced 2.54 x 2.54 cm (diag),
the friction velocity U, was also estimated from the measurements of
the drag force by means of a shear plate. This result is shown with
the results calculated from the velocity profiles along the canopy in
Fig. 23. In the initial region, the differences between the values of
the friction velocity U, estimated from the velocity profiles and
from the drag measurements are large. In the initial region, the veloc-
ity is in the state of transition so that the friction velocity esti-
mated from the mean velocity profiles is not necessarily of the same
order as that obtained from the drag measurement. The friction veloc-
ity calculated from the drag force suddenly increases near the leading
edge of roughness because the stagnation pressure exerted on the front
of roughness contributes to the increase of the drag force in this re-

gion. In the quasi-established region, the difference between the
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friction velocities estimated from velocity profiles and the drag force
is at most 32 percent of the values obtained from the drag balance.

4.1.2 Mean velocity profiles within canopy - Experimental wind

profiles within the canopy have been expressed empirically for field

data as
o -a(h-Z)
U= Uh e
or
gn 3— s = glhe2)
h
The logarithmic values of L are plotted against (h-Z) as shown

U
in Fig. 24. It is concludedhthat the above relation holds well for the
data obtained in the wind tunnel as well as for field data. This rela-
tion fits quite well for the cases of 5.08 x 5.08 cm (sq) and 2.54 x 2.54
cm (diag), although the value of o is not constant along the canopy.
For the case of 1.27 x 1.27 cm (diag), the roughness is so dense that the
flow near the ground surface is almost zero. Therefore, it cannot be
confirmed as to whether the exponential velocity profile actually exists
in very dense roughness. As pointed out above, the value of o is not
constant along the canopy, but it has been verified that the velocity
at an arbitrary height within a canopy is readily estimated if the
velocities at the top of roughness element and at any other height are

measured. The values of o evaluated are given in Table 17.

4.2 Growth of Internal Boundary Layer

The growth of the internal boundary layer was estimated in two
manners. One estimation was made from the data of mean velocity pro-

files on the assumption that the logarithmic profiles in the internal
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boundary layer are different from those upstream of the discontinuity
of roughness, although the logarithmic profiles hold both upstream and
downstream of the change in roughness. The measured values of wind
velocity were plotted against the logarithm of height minus roughness
height, Z - h . As shown in Fig. 25, a break in the profile occurred
at the intersection of two logarithmic profiles. The height of this
"kink" is regarded as the height of the internal boundary layer. The
other estimation was realized from the data of turbulence intensity,
u'/Ulocal The internal boundary layer height was taken as the height
at which the turbulence intensity becomes equal to the intensity in
front of the roughness (x = -1Im) . The results of the estimation are
shown in Figs. 26, 27, 28 and 29. 1In Figs. 30 and 31, the same results
are plotted in logarithmic scale. From the figures in logarithmic

scale, the heights of the internal boundary layer are evaluated for

four different arrangements of roughness as follows.

For 1.27 x 1.27 cm (diag), §-h = 0.183 x0-809
For 2.54 x 2.54 cm (sq), s-h = 0.338 x0-7%7
For 2.54 x 2.54 cm (diag), §-h = 0.152 x0-768
For 5.08 x 5.08 cm (sq), s-h = 0.128 x°- 781

According to the evaluation of the growth of internal boundary
layer by both Elliot (6) and Panofsky and Townsend (16), the height of
the internal boundary is given as

§ = const xo'8 (4-5)

when the roughness parameters upstream and downstream of change in
roughness are known. In their theoretical work, the displacement

height (d = h in our case) 1is regarded as small compared with the
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height of the internal boundary layer. Moreover, their equations are
actually available for the large value of x . Yano analyzed the de-
velopment of the internal boundary layer by taking the width envelope
of the combined wakes (31). He pointed out that the development of the
internal boundary layer cannot be represented by a power function as

x* , but at the local zone of the far downwind distance from the lead-
ing edge of the rough surface, the height of internal boundary layer §
is approximately represented by the function of x* where o = 0.8. In
our experiments, the roughness height is large compared with that of the
internal boundary layer, particularly when the growth of the internal
boundary layer close to the change in roughness is of interest; the ef-
fect of the roughness height on the growth of boundary layer cannot be
ignored. Therefore, the difference between the height of internal
boundary layer and the roughness height, &-h , will be substituted

into Eq. (4-5) instead of the boundary layer height, & . Thus

8-h = const x0-& . (4-6)

As seen above, the plotting of data according to Eq. (4-6) seems to give
the good results. To estimate the growth of the internal boundary layer
near the change in roughness, an estimation based on turbulence inten-
sity gives better results than one based on mean velocity profiles. 1In
the case where the height of the internal boundary layer is estimated
from turbulence intensity data, the relation (4-6) will hold, although

it is in fact derived for large value of ¥

4.3 Turbulence Intensity

Profiles of the longitudinal component of turbulent velocity

(u') are shown in Figs. 32 to 35c. The turbulence intensity u'/U
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for four different densities of roughness are also shown in Figs. 36 to
b. From these figures, turbulence is observed to reach an equilibrium

state beyond x = 8.0 m (x/h = 89) 1in our experiments. As stated in

Cahpter II, the turbulence intensity profiles are proposed to be func-

tionally

w /U = V52U « (Z-h) 3

or

log (u'/U) « - %-log (Z-h)

According to the above relation, the ratio of log (u'/U) to log

(Z-h) must be equal to minus one half. But, as seen in Fig. 40, a
"kink'" exists at Z-h = 20 cm (Z/h = 3.3). The ratios log (u'/U)/log
(Z-h) for (Z-h) 1larger than 20 cm lie between -0.48 and -0.70 ,

while the ratios below the "kinks' are far from minus one half. Appar-
ently, in the lower region, a three-dimensional wake caused by the top
of the roughness elements interacts with the upper shear layer. To
describe the turbulence intensity profiles immediately above the rough-
ness, the interaction of the three-dimensional wake should be considered
in more detail. The measured values of turbulent velocity u' and tur-
bulence intensity u'/U are given in Tables 5 to 12. The slopes of
turbulence intensity profiles in the exponential form (i.e., the value

' =
of a in %— = (z-h) 0‘) are given in Table 18.

Figures 4la, b and c show the turbulent velocity profiles within

crops plotted according to Eq. (2-13) and estimated as follows:

For 2.54 x 2.54 cm (sq), B = 1.38
For 2.54 x 2.54 cm (diag), B = 1.02
For 5.08 x 5.08 cm (sq), B = 0.72
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In the case of 1.27 x 1.27 cm diag, the density of roughness is large,
and the mean velocity and turbulent velocity within the roughness could
not be measured accurately.

Figures 42 to 44b show the profiles of vertical component of
turbulent velocity for three cases of different arrangements of pegs.
In Tables 13 to 15, the measured values of w' = 'Vfga— are given. The
coefficient of anisotropy is a measure of the anisotropy of turbulence.
It is very important in turbulent diffusion because the square of it
represents the ratio of total eddy energy for the vertical (or lateral)
and longitudinal components of wind velocity (27). The vertical coeffi-
cient of anisotropy is given by w'/u' . Tourin and Shen reported that
the vertical-longitudinal coefficient of anisotropy above the deciduous
forest canopy under neutral and stable conditions has a value of 0.4 (27).
This coefficient is also observed to increase with height in the surface
layer under neutral and stable conditions due to u' decaying more ra-
pidly with height than does w' . The field data obtained for rice plants
give 0.33 as this coefficient w'/u' (26). The coefficient of aniso-
tropy (w'/u') above the canopy for our measurements falls between 0.5
and 0.7. Within the canopy, high intensity turbulence exists so that
the measurements of u' and w' are not sufficiently accurate to give
a quantitative picture. To improve the accuracy in this measurement,
the use of a linearizer is recommended. In Fig. 45, the wind tunnel

data are compared with field data taken by Tourin (27).

Figures 46a and b show the profiles of the turbulent shear

stress for the case of 2.54 x 2.54 cm (sq). The measured values of
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-uw are given in Table 16. The ratio of w' to \/|uw| is between
1.0 and 1.8 in the quasi-established region, while in the initial re-
gion this ratio is between 1.4 and 3.7. Yano also predicted the ratio
w;/\/ﬁﬁr should be a constant (31). From the field measurements, the
ratio w'/7\/ |uw| is observed to fall between 0.8 and 1.8 (26).
Therefore, the roughness models in our experiments can be used for the

study of the transport phenomena.
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Chapter V

SUMMARY AND CONCLUSION

The structure of a canopy flow field was investigated for four
different densities of roughness elements. The following results were
obtained:

1. The mean velocity profiles above the canopy are roughly
approximated by the logarithmic profile except for the region up to
2.5~ 3.0 h from the floor.

2. For the mean velocity within the canopy, the exponential
velocity profile holds well for the data obtained in the wind tunnel as
well as for field data.

3. When the roughness height is large compared with the height
of the internal boundary layer, the height of the boundary layer is

approximated by
§ - h = const - x*

where

To evaluate the height of the internal boundary layer close to
the change in roughness, an estimation based on turbulence intensity
gives good results.

4. The turbulence intensity profiles above the canopy can be
divided into two parts. One is the region above Z/h = 3.3 and the
other region is below Z/h = 3.3. 1In both regions, the turbulence

intensity profiles can be approximated by
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log (u'/U) « - a log (Z2-h) ,

but the values of o in two regions are quite different. To represent
the turbulence intensity profiles below Z/h = 3.3 , the effects of the
three-dimensional peg wake should be considered.

5. The turbulence velocity within the canopy can be represented
in the exponential form (Eq. 2-13) and is related to the mean velocity
at the top of roughness.

6. The coefficient of anisotropy above the model canopy is
20% ~ 80% larger than that measured in the field.

7. The ratio w'/WJ?if- falls between 0.8 and 1.8, and agrees
quite well with the results for flexible crops obtained in the field.

No data were found for similar measurements in a stiff canopy, such as

a forest.
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APPENDIX A

THE EFFECT OF TURBULENCE ON THE MEASUREMENT OF MEAN VELOCITY

There is a high turbulence level in or immediately over the
canopy. This high turbulence level introduces a large error in a pitot
static tube measurement because the holes on the side of a pitot static
tube for the measurement of static pressure sense not only the static
pressure but also the dynamic pressure due to the turbulent velocity.
As mentioned in Chapter III, the mean velocity profiles were measured
by using a hot-wire anemometer in addition to a pitot static tube in
order to reduce or to estimate the error introduced into the mean veloc-
ity measurements by the high turbulence.

The effect of turbulence on the measurements of the mean
velocity as evaluated by Hinze and Corrsin are briefly discussed with

respect to a pitot static tube and a hot-wire anemometer.

A.1 Pitot Static Tube

Goldstein suggested that the total-head tube measured the total
head of the total velocity vector on the assumption that the frontal
part of the tube might be considered a point of stagnation. In this

case,

ptot - Pstat *

By e b7 47 o7 +7] :
= PStat *zp (U +u +v +w . (A-1)
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However, in fact, the diameter of the total-head-tube hole is not
infinjtesimally small. The finite diameter of the total-head-tube
hole causes deviations from the above relation (A-1). The total pres-
sure measured by the tube is not equal to the total pressure existing
in the center of the tube hole, since a lateral velocity gradient in
turbulent flow may give a difference in velocity over a distance equal
to the hole diameter. Moreover, the static pressure will be measured
too low, mainly because of the lateral turbulent velocities perpendicu-
lar to the tube. Unfortunately, there has been no systematic investi-
gation concerning the effect of turbulence on the readings of the pitot
static tube.

Some idea of the effect of turbulence can be obtained by making
use of the sensitivity characteristic of a pitot tube to deviations of
the flow direction. The empirical relation for this characteristic can

be roughly approximated by

= 1 2 -1 L2
(Ptot)means B Pstat L Ueff e (cosu¢ 1) 2 P Ueff (A=2)
and
1 2
- = -1) = A-3
Pstat)means Pstag = A teost=1) 50 U (A-3)
where cos ¢ = L5 , A and B are constant.
U
eff
= i1l 2 2 2
Ueff = “/(U + U)é + Ve +w
s . . u \4 w
After the series expansions according to powers of — , — and —
U §] U

Eqs. (A-2) and (A-3) read
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D - —r "2 a2 i
(Ptot means Pstat + l-p U2 [1 b Bttt
2 T2
U
52 2 T wh 2.2
- B (» + W A L 2 véw )J (A-4)
202 8ut
_ =)
P - P =oALl 2| ¥ +ws
stat means stat 2 )
2U
o 1 by 1 2502
, Yt v 2 v J (A-5)
8 Ut
By combining the expression (A-4) and (A-5)
3 -(F )
tot| means stat|/ means
,}— e 2 o "
= l-pﬁz 1 &= A e S (B-A) Y st
2 72 202

In the case of an isotropic turbulence, or in the case of u

this yields

7T 1l m u? o
(Ptot)means B (Pstat)means =g el [1 F i =k ¥ A)J

U

From static measurements, it has been found that A =~ 1 and B = 3

Hence,

— —1 _‘2 u2 )
(Ptot)means - (pstat)means =zl [1 * aE'J . (A-7)
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This expression is also obtained by Hinze and Van der Hegge Zijnen who
neglected the effect of the total turbulence velocities and considered

only the axial turbulent velocity in Eq. (A-1).

A.2 Hot-Wire Anemometer

An estimate of the effect of large turbulent fluctuations on
the hot wire response was made as suggested by Corrsin. The hot wire
is sensitive essentially to the velocity components perpendicular to
it since the velocity component parallel to the wire has comparatively
little cooling effect. Hence, to estimate the effect of large turbu-
lent fluctuations on the cooling of the wire, only longitudinal and
lateral turbulent velocity components perpendicular to the wire are

considered. Then,

= 2 2
Ueff = W/(U + Uu)c +w

A series expansion gives

2 2
Ugpe = B jle—m + 20 = & & .
& 1] 20 203

According to the results of King's solution for the subsonic convection
of heat from small cylinders in continuum flow, the mean heat loss is

given by

where A and B are constant. Hence, the value of VUeff must be

considered instead of the value of Ueff . Thus,
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i
Q—‘
—
=
+
c
L —
N
+
=
N

eff

\[:' u 1 w2 1lu 1 ud 3 uw?
LA =t f=gi y=uh 1 =g
20 U i us ik
The time average of the above expression is
= = = =3 ol
= o V7 1 -2f 20 1w 53 ...
eff 8U2 4U-2 1633 8 U‘3

From the above expressions, it is noticed that a "mixture'" of the two
turbulence components u and w affects the cooling of the wire. The

expressions of VUeff may be equated with 7/ Umean . For Umean

— — 1 u? 1 w? 1u 3 uw?
= U 1l - — 4+ =— 4+ —— - — +
mean 4U2 2-0-2 8U3 4 U—g
R
U 0]

Then, the correction of the measured value for large turbulence may be
either negative or positive depending on the ratio u?/w? . In the
case of local isotropy, that is, u? = w2 , the correction is negative

so that the actual velocity is smaller than the measured value.
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TABLE 1. VALUES OF MEAN VELOCITY
(1.27 x 1.27 cm diag.)
X=-1.0m X=-0.5m X=0m X=0.5m X=1.0n X=2.0m X=3.0m X=4.0m X=5.0m
m/s m/s m/s m/s m/s m/s m/s m/s m/s
1.0 6.25 6.00 Ly - -- - - - -
2.0 6.60 6.22 3.97 - -- - - == --
3.0 6.82 6.42 4.45 -- 0.33 0.27 0.27 0.27 --
5.0 715 6.73 5.15 -- 0.38 0.75 0.45 0.60 --
7.0 7.38 7.02 5.77 0.30 0.62 1.35 1.05 1.12 1..25
9.0 7.60 7 .25 6.38 0.95 1.14 2.05 2.00 1.82 1.97
12,0 7.85 7.56 T+d? 2.65 2.45 3.10 3:10 3.00 2.80
15.0 8.08 7.83 7w 4.85 3.90 4.03 3.90 3.90 3.50
20.0 8.38 8.24 8.32 8.15 6.50 5.40 5.07 4.95 4.55
25.0 8.74 8.64 8.7 9.14 8.75 6.75 6.18 5.85 5.52
50.0 9.13 9.03 9.2 9..37 9.53 8.15 7.23 6.77 6.42
35.0 9.53 9.42 9.7 9.57 9.82 9.13 8.22 777 T2l
£0.0 9.90 9.77 10.2 9.80 10.08 9.82 9.11 8.77 8.10
£5.0 10.25 10.12 10.57 10.10 10.35 10.32 9.80 9.43 8.79
50.0 10.59 10.50 10.91 10.42 10.63 10.60 10.23 9.95 9.28
55.0 10.95 10.90 10.14 10.75 10.92 10.80 10.52 10.35 9.78
60.0 11.18 11.25 11.30 ) 6 O 11.18 10.95 10.69 10.72 10.23
65.0 11.40 11.47 11.52 11.45 11.40 11.08 10.85 10.98 10.68
70.0 11.62 11.67 s (e 11.68 11.62 11.25 11.03 11.24 11.03
75.0 11.70 11.75 11.85 11.85 11.82 11.43 11.30 11.43 11.30
80.0 11.80 11.82 11.92 11.87 11.90 11.65 11.42 11.66 11.48
85.0 11.85 11.85 11.95 11.95 11.95 11.88 11.65 11.78 11.67
90.0 11.90 11.90 1197 11.97 11.97 11.95 11.85 11.90 11.80
95.0 11.93 11.93 11.97 11.97 11.97 11.97 11.92 11.95 11.92
100.0 11.95 11.95 11.97 11.97 11.97 11.97 11.95 11.95 11.95
105.0 11.97 11 .97 11.97 11.97 11.97 11.97 11.97 11.97 11,97
110.0 11..97 11.97 11.97 11.97 11.97 11.97 11.97 11.97 11.97
Z cm X=6.0m X=7.0m X=9.3m X=10.3m X=11.0m
m/s m/s m/s m/s m/s
1.0 -- -- 0.82 0.78 1.02
2.0 -- -- 0.0 0.85 1.09
3.0 -- -- 0.97 0.97 1.17
5.0 -- 0.47 1.18 1,37 1.48
7.0 1.00 0.85 1.87 1.97 2,12
9.0 2.06 1.70 3.04 2.96 333
12.0 3.10 2.90 4.40 4.35 5.05
15.0 3.82 3.74 5.10 5.32 5.82
20.0 4.67 4.82 6.00 6.50 6.80
25.0 5.52 5.63 6.85 7.22 7.53
20.0 6.42 6.38 757 2.:83 8.15
35.0 7.27 7.18 8.20 8.35 8.63
40.0 8.02 8.00 8.72 8.80 9.06
45.0 8.71 8.66 9.12 9.18 9.45
50.0 9.28 9.20 9.50 9.60 9.78
55.0 9.75 9.68 9.86 9.88 10.10
€0.0 10.12 10.10 10.20 10.20 10.40
€65.0 10.44 10.52 10.52 10.50 10.68
70.0 10.72 10.88 10.83 10.81 10.95
75.0 11.00 11.20 11.15 11.08 11.22
80.0 11.31 11.45 11.40 11.33 11.48
85.0 11..57 11.65 11.60 11..55 11.69
$0.0 11.83 11.80 11,75 11.70 11.85
$5.0 11.92 11.92 11.85 11.83 11.92
100.0 11.95 11.95 11..92 11.92 11.95
105.0 11.97 11.97 11.95 1195 11.97
110.0 11.:97 11.97 11.97 11.97 11.97
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TABLE 2. VALUES OF MEAN VELOCITY

(2.54 x 2.54 cm sq.)

Height X=-1.0m X=-0.5m X=0m X=0.5m X=1.0m X=2.0m X=4.0m X=6.0m
Z cm
m/s m/s m/s m/s m/s m/s m/s m/s
1.0 6.60 6.35 4.33 285 0.73 0.73 075 0.75
2.0 6.95 6.67 5.75 2./55 0.73 0.75 0.80 0.75
3.0 7..25 6.93 6.40 2.58 0.73 0.80 0.88 0.80
5.0 7.75 7.33 6.94 2.63 0.76 0.96 1.12 0.97
7.0 8.12 7.64 .22 2,72 1..32 1.38 1.62 1.38
9.0 8.37 7.83 7.42 3.20 2.25 2.00 2.25 2.10
12.0 8.63 8.16 7.68 5.23 3.85 3.55 3.45 3.02
15.0 8.83 8.40 7.93 7.50 5.67 5. 13 4.50 3.81
20.0 9,10 8.68 8.35 9.30 8.35 6.58 5.65 4.80
25.0 9.39 8.97 8.80 9.55 9.28 7.85 6.60 5.65
30.0 9:72 9.31 9.20 9.72 9.65 8.85 7.42 6.50
35.0 10.05 9.70 9.55 9.95 9.89 9.42 8.27 7.30
40.0 10.40 10.05 9.85 10.30 10.12 9.75 9.02 8.05
45.0 10.78 10.35 10.15 10.60 10.35 9.97 9.65 8.73
50.0 11.09 10.70 10.45 10.83 10.62 10.20 10.10 9.26
55.0 11.27 11.00 10.74 10.87 10.37 10.43 9.75
60.0 11.40 11.20 10.98 11.07 10.57 10.67 10.13
65.0 11.48 11.38 11.23 11.25 10.79 10.88 10.50
70.0 11.55 11.49 11.45 11.48 11.05 11.05 10.75
75.0 11.60 11.57 11.57 11.57 11.25 11.22 10.93
80.0 11.63 11.61 11.61 11.61 11.43 11.35 11.13
85.0 11.63 11.63 11.63 11.63 11.55 11.49 11.30
90.0 11.63 11:63 11.63 11.63 11.60 11.58 11.42
95.0 11.63 11.63 11.63 11.65 11.65 11.55
100.0 11.68 11.68 11.68
105.0 11.68 11.68 11.73
110.0 11.68 11.68 11.73
Height X=7.45m X=8.5m X=9.5m X=10m X=11m
Z cm
m/s m/s m/s m/s m/s
1.0 0.75 073 0.68 0.60 0.95
2.0 0.75 0.80 0.75 0.65 1.00
3.0 0.80 0.87 0.85 0.80 1.05
5.0 0.97 1.12 1.12 1.12 1.27
7.0 1.38 1.50 1.53 1.60 1.70
9.0 2.10 2.08 2.10 2.07 2.43
12.0 3.02 3.02 2.90 3.00 3.33
15.0 3.81 3.81 3.54 3.65 3.80
20.0 4.80 4.80 4.50 4.48 4.52
25.0 5.65 5.51 5:33 5:15 5:21
30.0 6.50 6.18 6.05 5.77 5.90
35.0 7.30 6.90 6.75 6.35 6.60
40.0 7.98 7.67 7.27 6.90 7.23
45.0 8.55 8.44 7.85 7.37 7.85
50.0 9.00 9.13 8.34 7.90 8.43
55.0 9.42 9.70 8.88 8.42 8.98
60.0 9.81 10.13 9.40 8.82 9.45
65.0 10.17 10.50 9.77 9.27 9.92
70.0 10.50 10.82 10.12 9.66 10.31
75.0 10.75 11.05 10.37 10.02 10.62
80.0 11.00 1¥.25 10.65 10.28 10.85
85.0 11.22 11.41 10.95 10.55 11.05
90.0 11.42 11.55 11.18 10.75 11.20
95.0 11..55 11.67 11.33 10.98 11.33
100.0 11.68 .73 11.45 11.23 11.45
105.0 11,73 11.73 11..55 11..37 11 .55
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TABLE 3. VALUES OF MEAN VELOCITY
(2.54 x 2.54 cm diag.)
Z cm X=-1.0m X=0.0m X=0.5m X=1.0m X=1.5m X=2.0m X=3.0m
m/s m/s m/s m/s m/s m/s m/s
1.0 7.05 4.50 3.52 1.45 0.97 0.88 1.10
2.0 7.30 5.68 3.52 1.50 0.99 1.12 1,30
3.0 7.50 6.53 3.65 1.63 1.08 1.38 1.50
5.0 7.90 7.40 3.75 2.00 1.58 1.92 1.95
7.0 8.23 7.92 4.03 2.57 2.25 2.48 2.37
9.0 8.55 8.25 4.95 3.56 3.02 3.23 3.00
12.0 8.77 8.65 7.23 5.20 4.42 4.18 4.10
15.0 8.95 8.80 8.80 6.95 5.80 5,35 5.05
20.0 9.30 9.25 9.50 8.95 8.15 6.80 6.40
25.0 9,55 9.45 9.75 9.55 9.37 8.20 7.63
30.0 9.80 9.77 9.90 9.80 9.80 9.25 8.50
35.0 10.10 10.00 10.05 10.00 9.92 9.70 9..35
40.0 10.45 10.25 10.18 10.12 10.02 9.93 9.77
45.0 10.65 10.53 10.35 10.30 10.35 10.00 9.90
50.0 10.87 10.75 10.57 10.55 10.52 10.20 10.20
55.0 11.08 11.00 10.85 10.75 10.67 10.35 10.40
60.0 11.30 11.20 11.10 10.95 10.88 10.65 10.55
65.0 11.58 11.43 11.33 11.15 11.15 10.87 10.73
70.0 11.77 11.70 11.58 11.43 11.43 11.10 11.00
75.0 11.92 11.86 11.75 11.67 11.70 11.40 11.30
80.0 12.00 11.97 11.90 11.80 11.90 11.65 11.54
85.0 12.00 11.97 11.97 1197 12.00 1 .77 11.65
90.0 12.00 12.00 12.00 12.00 12.03 11.90 11.78
95.0 12.00 12.00 12.00 12.05 12.00 11.90
100.0 12.05 12.00 12.00
105.0 12.00
110.0
Z cm X=4.0m X=6.0m X=8.0m X=9.0n X=10.0m X=11.0m
m/s m/s m/s m/s m/s m/s
1.0 1.35 .13 1.23 1.23 1.38 1.583
2.0 1.58 1.32 1.45 1.47 1.60 176
3.0 1.83 1.48 1.63 1.72 1.85 1.95
5.0 225 1.85 2.15 2.05 2.25 2.30
7.0 3.00 2.30 2.52 2,55 2.64 2.80
9.0 3.63 2.77 2.93 2.98 3.05 3.30
12.0 4.32 3.42 3.60 3,65 3.62 3.95
15.10 5.02 4.15 4.12 4.40 4.15 4.37
20.0 6.20 S:11 4,77 527 5.02 5.25
25.0 7.07 5.90 555 5.85 5:.71 5.88
30.0 8.00 6.78 6.33 6.51 6.30 6.65
35.0 8.80 7.45 6.95 7.05 6.95 7.25
40.0 9.40 8.27 7.45 755 7.45 7.85
45.0 9.85 8.80 7.80 8.05 8.05 8.35
50.0 10.20 9.40 8.55 8.55 8.55 8.67
55.0 10.40 9.80 8.98 8.95 8.97 9.10
60.0 10.57 10.14 9.45 935 9.40 9.47
65.0 10.75 10.44 9.90 9,72 9.90 9.80
70.0 11.00 10.73 10.:25 10.10 10.25 10.17
75.0 11.25 10.97 10.63 10.50 10.56 10.53
80.0 11.50 11.20 10.90 10.80 10.88 10.82
85.0 11.65 11.38 11.14 11.05 .7 11.04
90.0 11.76 11.50 11.34 11.25 11.37 11.28
95.0 11.84 11.70 11.50 11.43 11..55 11.43
100.0 11.92 11.86 11.62 11.60 11.73 11.68
105.0 12.00 11.95 11.75 11.75 11.80 11.78
110.0 12.00 12.00 11.85 11.83 11.85 11.83
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TABLE 4. VALUES OF MEAN VELOCITY
(5.08 x 5.08 cm sq )
Zcm X=-1.0m X=0.0m X=0.5m X=1.0m X=1.5m X=2.0m X=3.0m
m/s m/s m/s m/s m/s m/s m/s
1.0 7.05 4.17 3.65 3.15 2.62 1.83 2.32
2.0 7:52 5.2 3.79 3.22 2.70 1.95 2.35
3.0 8.13 6.00 3.85 3.35 277 2.20 2.46
5.0 8.57 7.20 4,15 3.62 2.97 2.80 2.92
7.0 8.75 7.65 4.75 4.12 3.35 3.03 3.67
9.0 8.85 8.13 5.83 4.93 4.07 315 4.43
12.0 9.02 8.52 7.51 6.58 5.50 5.00 5.25
15.0 9.17 8.75 8.30 7.87 7.05 5:97 6.05
20.0 9.40 9.12 8.75 9.95 9.57 7.62 7.60
25.0 9.85 9.40 9.30 9.22 9.35 8.85 8.78
20.0 10.10 9.57 9.50 9.50 9.67 9.40 9.23
25.0 10.27 10.00 9.67 9.80 9.97 9.67 9.55
40.0 10.75 10.27 9.85 9.92 10.15 9.80 9.85
45.0 10.95 10.62 10.17 10.25 10.35 9.97 10.16
50.0 11.27 10.95 10.27 10.53 10./55 10.04 10.43
55.0 11.43 11.15 10.80 11.00 10.95 10.50 10.62
60.0 11.60 11.50 11,27 11.20 11.20 10.98 10.80
65.0 11.81 11.80 11.48 11.41 11.42 11.33 11.04
70.0 11.92 11.92 11.72 11.58 11.62 11.58 11.28
75.0 12.05 12.00 11.81 11.78 11.85 11.78 1152
80.0 12.09 12.08 11.92 11.92 11.92 11.92 11.73
85.0 12.09 12.09 11.97 11.97 12.00 11.98 11.83
90.0 12.09 12.09 11.97 11.99 12.02 11.98 11.95
95.0 12.09 11.97 12.00 12.02 12.00 12.00
100.0 12.00 12.00 12.02 12.00 12.00
105.0 12.00 12.00 12.02 12.00 12.04
110.0
Z cm X=4.0m X=6.0m X=8.0m X=9.0m X=10.0m X=11.0m
m/s m/s m/s m/s m/s m/s
1.0 2.07 2.55 2.50 1.95 2.07 2.75
2.0 2.21 2.64 2.55 2.05 2.30 2.92
3.0 2.31 215 2.70 2.36 2.50 3.12
5.0 2,92 3.17 3.00 3.05 3.05 3.50
7.0 3.50 3.57 3.40 3.36 3.40 3.94
9.0 4.33 4.18 3.88 3.58 3.65 4.42
12.0 5.10 4.90 4.55 4.45 4.45 5.08
15.0 5.83 5.55 5. 33 5.12 5.07 5.64
20.0 {6.78 6.30 6.04 5.55 5.68 6.25
25.0 7.78 7.13 6.83 6.34 6.52 6.75
30.0 8.75 7.70 7.39 7.10 TelS 7.30
35.0 9.40 8.30 8.00 7.89 7.87 8.03
40.0 9.68 9..12 8.52 8.70 8.57 8.53
45.0 10.03 9.50 8.90 9.25 9.12 8.85
50.0 10.27 10.02 9.45 9.80 9.63 9.23
55.0 10.50 10.27 9.80 10.02 9.98 9.80
60.0 10.75 10.54 10.11 10.15 10,13 9.95
65.0 10.97 10.85 10.43 10.40 10.35 10.30
70.0 11.28 11.04 10.85 10.82 10.78 10.73
75.0 11.53 11.18 11.15 11,13 11.08 11.15
80.0 1Y.75 11..35 11.35 11,37 11..25 11:35
85.0 11.94 11.52 11.57 11.50 11.45 11.58
90.0 12.00 11.62 11.70 11.67 11.60 11.79
95.0 12.05 11..72 11.82 11.76 11.66 11.93
100.0 12.05 11.82 11.88 11.88 11.80 11.98
105.0 11.93 11.93 11.93 11.93 12.05




TABLE 5. TURBULENT VELOCITY; u' =Y/ a° (Unit; m/sec)

(1.27 x 1.27 cm diag.)

Z\x -1.0m 0.5m 1.0m 2.0m 3.0m 4.0m Z\x 5.0m
4
cm cm
1.0 - - - - - - 8.0 .609
2.0 626 - - - - - 13.0 .866
3.0 .631 = . - e = 19.0 .933
5.0 .623 - - .324 - .259 24.5 .972
7.0 .615 - .299 .576 .552 .496 29.5 .986
9.0 622 .209 507 .724 .833 .704 35.0 .939
12.0 .640 .478 .825 .883 1.007 .895 40.5 .878
15.0 .675 .357 .978 .946 1.063 .946 46.0 .846
20.0 .659 477 .944 .000 1.102 .934 51.5 752
25.0 662 565 .706 .956 1,151 .915 56.5 696
30.0 .676 569 .608 .839 1.068 .905 61.5 .592
35.0 661 .570 613 .637 1.050 .899 65.0 .580
40.0 .635 .556 587 .521 .978 .858 70.0 .502
45.0 .574 821 .598 .500 .793 .883 75.0 426
50.0 .498 .482 .604 .480 .629 .744 80.0 333
55.0 .361 .426 573 .462 .540 .630 85.0 .270
60.0 .275 .364 .544 .427 .492 .534 90.0 .204
65.0 427 837 95.0 .148
70.0 .374 .454
75.0 .311 .407
80.0 .233 .356
85.0 .222 .305
90.0 .110 .246
95.0 .077 .170
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TABLE 6. TURBULENT VELOCITY; u' =/  (Unit; m/sec)
(2.54 x 2.54 cm sqg.)

Z\X -0.5m 0.0m 0.5m 1.5m 4.0m 6.0m 8.0m 11.0m
cm

1.0 - .956 - - .308 .300 .330 -
2.0 - .881 .465 - .385 317 .370 .353
3.0 .864 .810 .472 - .427 .410 .401 363
5.0 .844 .774 .521 .345 537 .509 472 412

7.0 .820 .744 .601 .645 .806 713 .630 525
9.0 .791 725 .743 .938 1.054 .990 .890 .705
12.0 773 .706 .094 1.345 1.329 1.150 1.162 .853
15.0 .770 .696 .123 1.512 1.333 1.230 1.203 .939
20.0 .797 .731 726 1.356 1.362 1.242 1.231 1.000
25.0 .808 .765 .586 .997 1.361 1.224 1.180 1.066
30.0 .821 .790 .580 .694 1.296 1.200 1.164 1.095
35.0 .820 .810 576 .592 1.192 1.143 1.142 1.084
40.0 .787 .800 565 .583 1.111 1.101 1.120 1.102
45.0 727 .805 562 .564 .934 1.023 1.111 1.078
50.0 .655 .751 .528 .541 .763 .951 1.112 1.032
55.0 545 .703 - .531 .645 .816 1.040 1.000
60.0 .430 .663 - 1T .563 .684 .969 .891
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TABLE 7. TURBULENT VELOCITY; u' = \/52 (Unit; m/sec)

(2.54 x 2.54 cm diag.)
2\x -1.0m 0.0m 0.5m 1.0m 1.5m 2.0m 3.0m 4.0m 6.0m 8.0m
cm
3.0 .780 1.050 .773 .430 .439 .545 .615 .678 .520 .587
5.0 .730 .900 .715 .536 666 .735 .814 .811 677 .785
7.0 .707 .758 .785 .765 .964 1.015 1.058 1.063 .870 .950
9.0 .699 .758 1.040 1.150 1.297 1.303 1.294 1.318 1.103 1.100
12.0 .692 .738 1.235 1.430 1.567 1.400 1.380 1.470 1.205 1.235
15.0 .690 725 .882 1.738 1.610 1.523 1.485 1.462 1.298 1.272
20.0 .705 .720 656 1.090 1.445 1.504 1.538 1.468 1.380 1.315
25.0 .703 .708 .646 .769 .975 1.265 1.505 1.435 1.363 1.330
30.0 .703 723 .651 .698 .702 .940 1.285 1.363 1.365 1.355
35.0 .700 .703 637 .698 .665 .790 1.125 1.235 1.355 1.340
40.0 678 .687 .640 712 .649 .700 .905 1.080 1.300 1.273
45.0 .628 .680 .638 .710 .648 .702 .745 .900 1.180 1.204
50.0 .585 .661 .625 .675 .653 .694 .689 .750 1.102 1.155
55.0 .493 .626 .598 .666 .628 .698 .964 .670 .970 1.072
60.0 .404 .586 .550 .633 .607 677 .700 .616 .850 1.002
Z\x 9.0m 10.0m 11.0m
cm
3.0 .523 .560 .514
5.0 .639 .680 .647
7.0 .851 .875 .836
9.0 1.066 1.088 1.110
12.0 1.210 1.154 1.255
15.0 1.270 1.200 1.190
20.0 1.278 1.220 1.180
25.0 1.283 1.247 1.195
30.0 1.320 1.214 1.225
35.0 1.306 1.220 1.218
40.0 1.250 1.210 1.235
45.0 1.224 1.192 1.200
50.0 1.155 1.148 1.147
55.0 1.150 1.110 1.088
60.0 1.092 1.082 1.050




TABLE 8. TURBULENT VELOCITY; wu'
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N

(Unit; m/sec)

(5.08 x 5.08 ¢m sq.)

z\x -1.0m .om 0.5m 1.0m 1.5m 2.0m 3.0m 4.0m 6.0m 8.0m
cm

1.0 .894 1.000 694 .606 .532 .519 652 641 .601 557
2.0 .869 .996 .715 .624 .556 .570 .667 .670 628 .577
3.0 .862 .762 740 665 .584 .636 .710 .701 678 618
5.0 797 .794 .816 .775 662 .831 .908 .872 817 .723
7.0 754 724 .903 .916 .816 .948 1.143 1.039 .980 .849
9.0 726 665 .775 1.101 1.067 1.131 1.314 1.242 1.150 .994
12.0 .702 .683 .657 1.106 1.219 1.308 1.434 1.366 1.259 1.122
15.0 722 678 .008 .953 1.217 1.345 1.500 1.434 1.327 1.217
20.0 734 661 .622 618 .988 1.188 1.497 1.429 1.354 1.261
25.0 760 676 .644 .583 .694 911 1.278 1.330 1.341 1.280
30.0 770 684 .651 .581 .588 694 1.000 1.222 1.282 1.260
35.0 772 .697 659 607 .576 600 .731 1.023 1.211 1.200
40.0 799 710 659 .602 .625 607 .629 .870 1.119 1.142
45.0 .737 .716 675 .630 .625 .602 613 .727 983 1.084
50.0 .710 .658 648 605 .605 606 .601 .648 879 1.052
55.0 .629 642 .621 .633 .592 601 .568 .633 776 .982
60.0 .528 .608 .633 .633 .571 .627 .588 .649 669 .915
Z\x 9.0m 10.0m 11.0m

cm

1.0 454 .502 .568

2.0 .490 .563 .627

3.0 .525 609 689

5.0 615 .745 817

7.0 .714 .844 .957

9.0 .863 .916 1.071
12.0 1.056 1.055 1.163

15.0 1.044 1.129 1.194
20.0 1.134 1.179 1.143
25.0 1.128 1.193 1.089

30.0 1.107 1.200 1.099

35.0 1.098 1.223 1.111
40.0 1.098 1.203 1.083
45.0 1.071 1.130 1.022
50.0 1.000 1.076 .937
55.0 .954 1.000 .851
60.0 .920 933 .796




TABLE 9.

TURBULENCE INTENSITY;

u' _ \/ﬁa

Ulocal Ulocal
(1.27 x 1.27 cm diag.)
Z\X -1.0m 0.5m 1.0m 2.0m 3.0m 4.0m Z X 5.0m
cm cm
2.0 .095 -- -- -- -- -- 8.0 «=o76
3.0 .093 -- -— -- -- -- 13.0 .284
5.0 .087 -- -- .431 -- .432 19.0 215
70 .083 -- .482 427 .526 .443 24.5 .179
9.0 .082 .218 .445 +353 417 .387 29.5 .156
12.0 .082 .180 337 .285 .325 .298 35.0 .129
15.0 .084 .074 .251 .235 .273 .243 40.5 .107
20.0 .079 .059 .145 .185 21,7 .189 46.0 .086
25.0 .076 .062 .081 .142 .180 .156 51.5 .080
30.0 .074 .061 .064 .103 .150 .134 56.5 .070
35.0 .069 .060 .062 .070 2T .116 61.5 .057
40.0 .064 .057 .058 .053 .107 .101 65.0 .054
45.0 .056 +052 .058 .048 .081 .087 70.0 .046
50.0 .047 .046 .057 .045 .061 .073 75.0 .038
55.0 .033 .040 .053 .043 .052 .062 80.0 .029
60.0 .025 .033 .049 .039 .051 .053 85.0 .023
65.0 .042 .047 90.0 .017
70.0 .034 .041 95.0 .012
75.0 .027 .036
80.0 .022 .031
85.0 .016 .026
90.0 .010 .021
95.0 .007 .014
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TABLE 10. TURBULENCE INTENSITY; ul
U U
local local
(2.54 x 2.54 cm sq.)

Z\X -0.5m 0.0m 0.5m 1.5m 4.0m 6.0m 8.5m 11.0m
cm

1.0 - 221 - - 411 .400 452 -

2.0 - .153 .182 - .481 .423 .463 .353

3.0 .125 127 .183 - 462 .513 .460 .346
5.0 (115 .111 .198 .397 .479 525 .420 .325

7.0 .107 .103 .221 .478 .498 .516 .420 .307
9.0 .101 .098 .232 .440 .468 471 .428 .290
12.0 .095 .092 .209 .364 .385 .381 .384 .256
15.0 .092 .088 .150 .280 .296 323 .315 .247
20.0 .092 .088 .078 .182 .241 .259 .256 231
25.0 .090 .087 .061 .116 .206 .217 214 .205
30.0 .088 .086 .060 .075 .175 .185 .188 .186
35.0 .085 .085 .058 .061 .144 .157 .165 .164
40.0 .078 .081 .055 .059 .123 .137 .146 .152
45.0 .070 .079 .053 .056 .097 117 132 137
50.0 .061 .072 .049 .052 .076 .103 122 122
55.0 .050 .066 - .050 .062 .084 .107 111
60.0 .038 .060 - .048 .053 .068 .096 ,094
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1
TABLE 11. TURBULENCE INTENSITY; . = Z
U U
local local

(2.54 x 2.54 cm diag.)

z\x -1.0m 0.0m 0.5m 1.0m 1.5m 2.0m “.0m 4.0m 6.0
cm

3.0 .104 .161 212 .204 .406 .395 410 .370 .3¢1
5.0 .092 122 .191 .268 .422 .383 417 .360 .36
7.0 .086 .096 .195 .298 .428 409 146 .354 .378
9.0 .082 .092 .210 323 429 .403 431 1363 .3¢8
12.0 .079 .085 .171 .275 .355 .335 .337 .340 .3e2
15.0 .077 .082 100 .250 .278 .285 2294 .291 3.3
20.0 .076 .078 069 122 177 221 .240 .236 270
25.0 .074 .075 066 .081 .104 154 197 .203 L2101
30.0 .072 .074 .066 071 .072 .101 .151 170 201
35.0 .069 .070 .063 .070 067 .081 120 .140 .1s2
40.0 .065 .067 .062 .070 .065 070 .092 .115 L7
45.0 .059 .065 .062 069 .063 .070 .075 .091 J1ad
50.0 .054 .061 059 L0064 .062 .068 .067 .074 17
55.0 .044 .057 .055 .062 .059 067 .067 .064 099
60.0 .036 .053 .050 .058 .056 .064 066 .059 034
Z\x 8.0m 9.0m 10.0n 11.0m

cm

3.0 .360 .304 .303 .264

5.0 .365 .312 .302 .281

7.0 .377 334 .331 .299

9.0 .375 .358 .357 .330

12.0 .343 .332 .319 .318

15.0 .309 .289 .289 272

20.0 .276 .243 .243 .225

25.0 .240 .219 .218 .217

30.0 214 .197 .193 .186

35.0 193 .185 .176 168

40.0 171 166 162 .155

45.0 .154 .152 .148 144

50.0 .135 .135 134 132

55.0 .119 .128 124 120

60.0 .106 .18 115 112
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TABLE 12. TURBULENCE INTENSITY; T il
local locel
(5.08 x 5.08 cm sq.)

Z\X -1.0m 0.0m 0.5m 1.0m 1.5m 2.0m 3.0m 4.0m
cm
1.0 .127 .240 .190 .192 .203 .356 .281 .310
2.0 419 .195 .189 .194 .206 .342 ..284 .303
3.0 .106 k27 192 .199 .211 323 .289 .303
5.0 .093 .110 .197 .214 .223 ! .324 .311 .299
7.0 .085 .095 .190 .222 .244 .377 .311 .297
9.0 .082 .082 .133 .223 .262 .350 .297 .287
12.0 .078 .080 .088 .168 .222 .287 .273 .268
15.0 .079 .077 .073 .121 .173 .251 .248 .246
20.0 .078 .072 .071 .069 +L1S .196 .212 .211
25.0 .077 .072 .069 .063 .074 .144 .146 b
30.0 .076 .071 .069 064 .061 .106 .108 .140
35.0 .075 .070 .068 .06« .058 .076 .077 .109
40.0 .074 .069 .067 .061 .060 .064 .064 .090
45.0 .067 .067 .066 .061 .060 .061 .060 .072
50.0 .063 | .060 .063 .057 .057 .060 .057 .063
55.0 .055 .058 .058 .058 .054 .054 .053 .060
60.0 .046 .053 .054 .057 .051 .054 .054 .060
Z\X 6.0m 8.0m 9.0m 10.0m 11.0m
cm
1.0 .236 .223 .236 .243 .207
2.0 .238 .218 .243 .245 »215
3.0 .247 .229 .246 .244 221
5.0 .258 .241 .258 .244 .233
7.0 .275 .250 .264 .248 .243
9.0 .275 .256 .266 .251 .242
12.0 .257 .247 .252 237 .229
15.0 .239 .228 237 .223 212
20.0 .215 .209 .206 .208 .183
25.0 .188 .187 .184 .183 .161
30.0 .166 .171 .166 .168 .151
35.0 .146 .150 .155 +155 .138
40.0 J23 .134 138 .140 127
45.0 .103 .122 .126 .124 AL
50.0 .088 L1111 .104 o112 .102
55.0 0.76 .100 .101 .100 .087
60.0 .063 .091 .091 .093 .080




w' = \/WQ

TABLE 13. TURBULENT VELOCITY; (Unit; m/sec)
(1.27 x 1.27 cm diag.)

Z\X -1.0m 0.5m 1.0m 2.0m 3.0m 4.0m 5.0m
cm

3.0 471 -- -- - -- -- --
5.0 .596 - -- .192 -- .152 --
7.0 .613 - .274 .330 .324 .273 .332
9.0 .649 .183 .335 479 .536 .440 476
12.0 .679 .314 .640 .705 752 .690 .636
15.0 .706 .345 .870 .849 .853 .836 .750
20.0 .740 .609 .932 1.020 1.018 .953 .889
25.0 .751 .695 .760 1.060 1.126 1.000 .965
30.0 .751 .722 .710 .973 1.149 1.041 1.012
35.0 .743 .716 .725 775 1.104 1.051 1.039
40.0 .707 .704 .751 .706 1.143 1.010 1.035
45.0 .657 672 .757 .652 1.031 1.025 1.052
50.0 .564 .636 737 .633 .842 .902 .994
55.0 .484 .578 .716 .594 .737 .795 .890
60.0 .376 .514 .670 .557 .660 727 .797
5.0 .602 .700 .741
70.0 .537 .631 .644
75.0 .465 .558 .553
80.0 .395 .481 477
85.0 .297 427 .411
90.0 .235 .364 .352
95.0 .207 .295 .305
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TABLE 14. TURBULENT VELOCITY; w' = \/w? (Unit; m/sec)
(2.54 x 2.54 cm sq.)
Z\X -0.5m 0.0m 0.5m 1.5m 4.0m 6.0m 8.5m 11.0m
cm
2.0 -- -- .288 -- .119 -- -- --
3.0 .468 .567 «310 -- .145 .124 -- --
5.0 .483 .519 .389 ~155 .245 .206 -- .235
7.0 .500 517 .455 .268 .379 330 .280 .343
9.0 021 +528 .534 .432 .516 .463 + 238 .404
12,0 .548 «555 .691 .691 .678 .602 -- .562
15.0 ST7 .579 .686 .884 .833 .704 .466 .672
20.0 .600 .618 .523 1.028 .963 .815 .680 .823
25.0 .597 .638 .526 .868 .968 .874 .810 .896
30.0 .601 .655 533 .677 .927 .900 772 .818
35.0 .607 .645 533 .526 .870 .899 .800 .800
40.0 .584 .620 531 507 .775 .894 .835 ol 23
45.0 D37 .602 517 .500 .691 813 s 72 .693
50.0 .490 538 .454 .483 .591 « 752 .700 .667
55.0 437 476 -- .469 .517 .677 .561 .668
60.0 .370 .422 -- .430 .483 .608 .508 672
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TABLE 15. TURBULENT VELOCITY; w' = W (Unit; m/sec)

(5.08 x 5.08 cm 5.)

\x -1.0m 1.0m 2.0m 3.0m 4.0m 6.0m 8.0n <.0m
cm
3.0 .787 - .749 612 .360 .596 .604 573
5.0 .812 e 1.022 .643 .473 .634 667 ©67
7.0 .825 .234 1.026 +727 .662 727 .738 747
9.0 .820 .387 1.376 .793 .806 .813 .787 773
12.0 772 .621 1.462 .783 .803 .795 .831 754
15.0 .700 .451 1.300 .734 .710 .811 .835 752
20.0 .663 .570 1.071 .703 .619 .743 .756 822
25.0 .647 .555 0.754 .830 .748 .728 .652 853
30.0 .550 .599 .659 .860 .812 .628 .728 860
35.0 .424 .575 .582 .801 .758 .712 712 758
40.0 .235 .540 .511 .686 .741 .758 .703 615
45.0 .255 .523 .427 .602 .579 .747 .730 652
50.0 .105 .508 .368 .602 .528 .697 .555 648
55.0 .283 .391 .298 .569 .436 .659 423 600
60.0 .248 .236 -- .527 .369 .587 .201 550
Z\x 10.0m 11.0m
cm
3.0 633 762
5.0 772 .862
7.0 .886 .975
9.0 .975 1.03
12.0 1.11 1.06
15.0 1:12 1.07
20.0 1.05 1.03
25.0 1.02 1.02
30.0 1.02 1.02
35.0 .990 1.00
40.0 .991 .959
45.0 .982 .932
50.0 .926 .899
55.0 .875 .875
60.0 .845 .826
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TABLE 16. TURBULENT SHEAR STRESS -uw  (Unit; m?/sec?)

(2.54 x 2.54 cm sq)

\ 0.0™ 0.5™ a.0" 6.0™ 8.5" 11.0™

cm

3.0 «113 .006 .001 .014 .007 .005
5.0 .026 .007 .009 .026 .023 .009
7.0 .029 .027 .039 .067 .068 .022
9.0 .071 .091 « 111 3 | .108 .055
12.0 .104 «333 .250 .144 . 144 .093
15.0 .110 .339 . 287 . 145 171 .129
20.0 .129 .059 .259 .240 .203 .176
25.0 .137 .072 .327 .239 .243 « 232
30.0 .152 .112 .257 . 267 .250 .191
35.0 .154 .118 . 219 .276 .242 .177
40.0 «152 .131 .194 .298 .285 . 140
45.0 .152 .138 .094 .247 . 266 . 140
50.0 .143 .068 .054 .206 .307 .130
55.0 .130 - .039 + 152 «211 . 169
60.0 .098 -—-- .032 127 .184 +137




TABLE 17. VALUES OF o 1IN EQ. (2-6); MEAN VELOCITY WITHIN CANOPY
(1.27 x 1.27 cm DIAG)
X 2.0m 3.0m .Om 7 .0m .3m 10.3m
a .252 .342 .272 .330 .182 .182
(2.54 x 2.54 cm SQ)
X 2.0m 4 .0m .Om 7 .45m .5m 9.5m 10.0m
a .175 .162 .194 .194 .142 .151 .161
(2.54 x 2.54 cm DIAG)
X 1.0m 1.5m .Om 3.0m .Om 6.0m 8.0m 9.0m 10.0m
o .124 .163 .141 .181 .181 .106 .0995 .106 .0877
(5.08 x 5.08 cm SQ)
X 2.0m 3.0m .Om 6.0m 3. 0m 9. 0m 10.0m
a .0910 .0952 .0980 .0683 .0595 .0715 .0645
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TABLE 18. SLOPES OF TURBULENCE
THE EXPONENTIAL FORM

INTENSITY PROFILES IN

x(m) 6.0 8.5 11
Below a
kink - 0.350 - 0.317 - 0.174
Slopes
Above a
kink - 0.663 - 0.588 - 0.485
(2.54 x 2.54 cm diagl
x (m) 6.0 8.0 9.0 10.0
Below a
kink - 0.276 - 0.268 - 0.267 - 0.276
Slopes
Above a
kink - 0.701 - 0.609 - 0.530 - 0.477
(5.08 x 5.08 cm sq)
x(m) 6.0 8.0 9.0 10.0
Below a
kink - 0.233 - 0.203 - 0.233 - 0.208
Slopes
Above a
kink - 0.682 - 0.566 - 0.588 - 0.536
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